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ARTICLE INFO ABSTRACT
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Decarbonising and digitalising the energy sector requires scalable and interoperable Demand Flexibility (DF)
applications. Semantic models are promising technologies for achieving these goals, but existing studies focused
on DF applications exhibit limitations. These include dependence on bespoke ontologies, lack of computational
methods to generate semantic models, ineffective temporal data management and absence of platforms that
use these models to easily develop, configure and deploy controls in real buildings. This paper introduces a
Interoperability semantics-driven framework to enable DF control applications in real buildings. The framework supports the
Modularity generation of semantic models that adhere to Brick and SAREF while using metadata from Building Information
Brick Models (BIM) and Building Automation Systems (BAS). The work also introduces a web platform that leverages
SAREF these models and an actor and microservices architecture to streamline the development, configuration and
deployment of DF controls. The paper demonstrates the framework through a case study, illustrating its ability
to integrate diverse data sources, execute DF actuation in a real building, and promote modularity for easy
reuse, extension, and customisation of applications. The paper also discusses the alignment between Brick
and SAREF, the value of leveraging BIM data sources, and the framework’s benefits over existing approaches,
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demonstrating a 75% reduction in effort for developing, configuring, and deploying building controls.

1. Introduction

Several countries worldwide are committed to ambitious climate
goals for 2030 and 2050, driving a dual transition towards decarbon-
isation and digitalisation of the energy sector [1,2]. Decarbonisation
efforts have been made by leveraging renewable energy sources and
the electrification of heating and cooling. However, their inherent vari-
ability requires flexible consumption strategies to maintain a reliable
balance between supply and demand while minimising curtailment of
renewable sources [3]. Orchestrating such a balance between supply
and demand requires significant digitalisation efforts [4], which in-
clude tackling interoperability challenges to facilitate data exchange
between domains along the energy value chain and at their application
levels [5].

Given its significant share of the global energy demand, buildings
emerge as a promising sector for supporting decarbonisation efforts

through Demand Flexibility (DF) applications [6,7]. DF empowers con-
sumers to manage their demand according to local climate conditions,
user needs and grid requirements [3]. One of the most impactful DF
applications in buildings involves implementing supervisory control
strategies to shift and shed loads for Heating, Ventilation, and Air
Conditioning (HVAC) systems based on grid signals (e.g., prices or emis-
sions) [8]. Despite the potential of this approach, most of the available
research relies only on simulation, failing to capture nuances associated
with real-world implementation [9]. This limitation is partly due to the
lack of interoperable Building Automation Systems (BAS) in real build-
ings [1,10], which requires resource-intensive processes for configuring
and implementing advanced supervisory control applications, including
DF [11].

BAS often rely on various data inputs, formats, vendors, and com-
munication protocols to monitor and control building systems. This
heterogeneity makes it difficult for building applications, especially
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supervisory controls deployed at higher levels of the BAS hierarchy, to
seamlessly integrate and exchange data with these systems to oversee
and coordinate their operation [12]. Although software solutions such
as gateways facilitate BAS data exchange, onboarding (configuring)
new applications still predominantly rely on manual processes [13,
14]. Application developers often depend on BAS natural language
descriptions (metadata) of building systems and their data points to
discover, map and integrate required inputs and outputs [15]. The issue
is that such descriptions are usually bespoke and ambiguous and lack
relationships with building topology and equipment. Consequently,
developers must refer to supplementary documentation (e.g., technical
drawings and manuals) or seek assistance from building operators [16].
This often leads to ad-hoc and building-specific applications, requiring
repetitive and costly configuration efforts.

The industry and research community have acknowledged the po-
tential of semantic models to support building applications and smart-
grid use cases [17-19]. While the term “semantic models” is sometimes
used interchangeably with ontologies, this paper specifically refers to
such models as instances of ontologies that encode building domain
knowledge in a machine-readable manner [17]. By representing data
from specific buildings, these ontology-based models enhance data
interoperability, discoverability, and mapping. The improved interop-
erability is achieved by enabling diverse sources to share a unified
understanding of building data [14]. Meanwhile, the discoverability
and mapping are facilitated by providing semantic access to hetero-
geneous data, allowing applications to execute uniform queries across
the models from different buildings in order to discover and map
their data points [20]. This enables applications to abstract building-
specific intricacies, such as ad-hoc naming conventions, automating
their configuration and ultimately improving their portability [21,22].

The use of semantic models has been extensively investigated for
analytic purposes in various studies [23-28], yet their application
in control contexts remains relatively unexplored. Aside from that,
while semantic models offer significant value, they do not entirely
address challenges in point discovery and mapping, as these tasks are
still needed for generating the models in the first place [29]. This
makes it crucial to develop computational methods that automate such
generation. Existing studies have explored automating the discovery
and mapping of ontology concepts from BAS point lists to generate
semantic models. [30,31]. However, because BAS data sources often
lack contextual metadata (e.g., relationships between points, spaces,
and equipment), manual effort and expertise are still needed to orga-
nize the metadata before generating the model. To address this, recent
research has proposed the use of Building Information Models (BIM) to
complement BAS data and further automate the generation of semantic
models [29,32,33]. BIM are increasingly prevalent in the industry [34]
and offer comprehensive data on buildings’ physical and functional
aspects, which can reduce the need for human interpretation and
intervention in establishing connections between BAS points and their
contextual metadata (e.g., related location) [24,35,36]. Nonetheless,
these studies using both BIM and BAS have not considered the data
required for DF controls nor discussed the ontologies that are suitable
for them.

Moreover, the benefits of investing in methods to generate seman-
tic models only become evident when these models are consistently
used across various applications [37]. This is fully realised when the
models are built upon ontologies that can meet the data needs of
various applications and when they are based on established ontolo-
gies that are more likely to achieve widespread adoption in various
buildings. Well-established ontologies for building applications include
the Building Topology Ontology (BOT),' RealEstateCore (REC),* Brick,*

1 https://w3c-1bd-cg.github.io/bot/.
2 https://dev.realestatecore.io/ontology/.
3 https://brickschema.org/ontology.
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Smart Appliances REFerence Ontology (SAREF),* Semantic Sensor Net-
work (SSN) and Sensor, Observation, Sample, and Actuator (SOSA)°
[14]. While each of them has a different purpose, there is some overlap
in their scope, and collectively, they can model buildings, including de-
vices (e.g., chillers), measurement and control points (e.g., sensors and
setpoints) and topological and spatial relationships. In evaluating the
vocabulary (terms and concepts) within these and related ontologies, a
prior review by the authors indicated that Brick and SAREF combined
may effectively meet the data needs for DF applications, particularly
from the building perspective [38]. Compared to other ontologies, Brick
offered a more comprehensive formal structure, providing expressive
semantics for capturing operational and spatial aspects of building
systems. In contrast, SAREF, along with its various extensions, offered
significant potential in modelling numerous aspects related to DF. How-
ever, although both ontologies have been independently investigated
to support DF applications [39-42], their alignment and comparison
beyond their vocabulary have not yet been explored.

This paper aims to introduce a framework that uses semantic models
to support DF supervisory control applications in real buildings. We
expand upon our previous research [40], which proposed a framework
to enable the portability of DF control applications using Brick-based
semantic models. In this paper, we present a novel alignment be-
tween Brick and SAREF to accommodate and assess DF applications
based on both ontologies. We also provide open-source algorithms
as computational methods to automate the generation of semantic
models. The models adhere to concepts from the two ontologies and
map metadata from BIM and BAS sources. Moreover, we introduce
a web platform to develop, configure and deploy DF controls in real
buildings while leveraging their semantic models. The platform follows
an actor and microservices architecture [43,44], enhancing the benefits
of semantic models by allowing a modular design for controls. This
approach simplifies decoupling control logic from building-specific data
access methods and metadata, such as data point descriptions, and
enables applications to be easily reused, extended, and customised.
While developing this, our paper addresses the following research
questions:

1. How can Brick and SAREF concepts be aligned and fulfil the data
needs of DF applications?

2. How can BIM, through the use of semantic models, facilitate the
configuration and deployment of DF applications?

3. What are the benefits of deploying DF applications using the
proposed framework?

The remainder of this paper is structured as follows: Section 2
provides a literature review on related works. Section 3 describes the
proposed methodology to deploy our extended framework. Section 4
demonstrates the implementation of the semantics-driven framework in
areal building. Section 5 discusses the case study findings and examines
the research questions. Finally, Section 6 outlines concluding remarks
and future research directions.

2. Literature review

Many existing initiatives propose reference infrastructure and con-
ceptual architectures to assist in managing, exchanging, or securing
data across different domains. One such initiative is the Data Exchange
Reference Architecture (DERA) 3.0, introduced by the Bridge initia-
tive and supported by the European Commission. DERA 3.0 aims to
provide a systematic foundation for developing standard smart grid
solutions, including DF [45]. DERA 3.0 uses the Smart Grid Archi-
tecture Model (SGAM) dimensions to define potential data exchanges

4 https://saref.etsi.org/core/v3.1.1/.
5 https://www.w3.org/TR/vocab-ssn/.
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between multiple building and grid systems [46]. Among the SGAM di-
mensions, the interoperability dimension represents information man-
agement through multiple layers (component, communication, infor-
mation, function and business). Different interoperability layers should
be considered according to the use case and business area of a smart
grid solution.

This paper explores the use of semantic models within the SGAM
information layer to facilitate an interoperable and scalable deploy-
ment of HVAC-based DF applications in buildings. To support this
work, we review previous academic studies covering the new and
existing ontologies that can support data needs in DF applications, the
different methods available for generating semantic models based on
these ontologies, and existing semantics-driven frameworks for such
applications. Each of these topics is approached in the subsections of
this literature review, followed by an analysis of the existing research
gaps and a summary of the proposed contributions of this paper.

2.1. Ontologies for demand flexibility

Semantic models are built on (or instantiated from) ontologies
that rely on technologies such as Resource Description Framework
(RDF),° Web Ontology Language (OWL)” and Shapes Constraint Lan-
guage (SHACL).® Through the ontologies, they aim to formalise the
representation of domain knowledge and link heterogeneous data in
a meaningful, consistent and machine-readable manner [47]. To be
effective, though, the underlying ontologies of the semantic models
must cover the data needs for the applications they are supporting [48].
While each DF application may have unique data requirements, prior
studies on characterising and specifying DF controls in buildings have
identified a common set of data inputs and outputs [14,38,40,49-54].
These typically include BAS data points and configuration parame-
ters, such as indoor environment metrics, power and energy data,
preferred setpoints, weather conditions, scheduling information, acti-
vation timing, threshold values triggering control actions, DF operation
parameters and control commands. Capturing these types of data and
their contextual metadata (e.g., related location or equipment) within
ontologies is critical to ensure that semantic models can help configure
and deploy DF applications.

Several studies have introduced new or expanded existing ontolo-
gies to support DF [12,41,55-64]. One such example is the Ope-
nADR ontology [57], which was created to model grid communication
concepts based on the internationally recognised OpenADR standard
(v2.0) for Automated Demand Response. However, some of these on-
tologies are poorly documented or undisclosed, which hinders their
widespread reuse [12,55,56,58,59,61]. Even when they are open and
well-documented, many, including OpenADR, lack tools for instanti-
ation or maintenance support from a consortium or standardisation
body.

Furthermore, many custom-built ontologies for DF fall short in
terms of expressivity or alignment with other schemas to represent
HVAC system information as needed to support DF controls for HVAC
effectively. Although Hviid et al. (2022) acknowledge the use of Brick
for building information representation, their work focuses on intro-
ducing a novel ontology for describing related building analytic ap-
plications (e.g., weather prediction, flexibility estimation) rather than
providing comprehensive alignment with Brick [61]. As such, there is
a need to investigate the use of more established and expressive on-
tologies that can represent HVAC-specific information for DF controls,
along with tools and methodologies that facilitate their generation into
semantic models.

6 https://www.w3.org/RDF/.
7 https://www.w3.0org/OWL/.
8 https://www.w3.org/TR/shacl/.
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2.2. Brick and SAREF ontologies

Brick and SAREF are well-established ontologies that have been ex-
plored to support DF applications. Brick has gained significant traction
in the research community across diverse use cases [14,17,22,27,37,65]
and its modelling concepts have been integrated with the upcoming
ASHRAE 223 standard [66]. In recent research, Brick supported the
configuration and portability of DF applications [39,40]. Meanwhile,
SAREF is supported by the European Telecommunications Standards
Institute (ETSI) and has proven a reference ontology to promote in-
teroperability between several standards within the DF domain [67].
Owing to this, SAREF has been recommended as an essential asset of
the DERA 3.0 [45]. This ontology was also used to enhance the inter-
operability of DF applications in recent work [41,42]. However, while
both ontologies demonstrate promise and potential paths to adoption in
Europe (SAREF) and the US (Brick), their alignment and comprehensive
comparison have not yet been pursued. The absence of a mapping
between both ontologies hinders the ability to comprehensively com-
pare them or to reuse applications developed based on one of them
across buildings modelled based on the other. For instance, Brick-driven
portable applications, such as those developed in [39,40], are not
easily deployed in buildings with SAREF-driven models. The opposite
applies to the SAREF-driven applications, as proposed in [41,42]. This
highlights the need and potential for proposing an alignment between
the two.

2.3. Semantic models generation

Many works on the automated generation of semantic models rely
on Rule Markup Language (RML) [68-70], which uses mapping rules
to link data within different formats to corresponding ontology classes
or relationships. However, the unstructured data point descriptions in
BAS [71] and the syntactic complexity of BIM data following standard
exchange data formats, such as Industry Foundation Classes (IFC) [72],
render the use of RML-based tools impractical, as RML does not easily
support their needed complex mapping rules. Some existing studies
have proposed tools to generate Brick-based semantic models based
on unstructured BAS descriptions [30,31,73]. These tools, however,
naturally centre around ontology classes derived from Brick or have
not demonstrated support for BIM mapping. In contrast, a number of
studies have investigated the development of semantic models that map
data from BIM [74-76], but they have not considered the integration
with BAS data points. To bridge this gap, other efforts have emerged
aiming to generate semantic models linking BIM and BAS data while
linking a set of well-known ontologies, such as Brick [29,32,33]. These
studies, however, do not explore data required in DF control applica-
tions and their supported ontologies do not include SAREF. As a result,
novel approaches focusing on DF data needs and SAREF concepts need
to be proposed.

2.4. Semantics-driven frameworks

A number of studies introduced frameworks for linking DF applica-
tions to required data sources based on generated semantic models [12,
39-42,55,56,58,59,61,77]. Because some of these works introduced
new, bespoke ontologies, the potential to reuse their proposed frame-
works remains constrained due to inadequate documentation, discon-
tinued maintenance or the absence of tools to effectively instantiate
their new ontologies [12,55,56,58,59,61,63,64]. Furthermore, some of
these proposed methodologies require storing temporal data such as
device readings, weather information, or grid requests as instances
of their ontologies [12,41,42,55,56,58,59]. This is often the case for
approaches that use semantic web inference notations and rules to
trigger DF actions [78]. However, this approach is not considered ideal,
particularly when dealing with large data streams or more complex
control logic such as required for HVAC systems [79-81].
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Studies presenting field and simulation demonstrations of
semantics-driven DF control applications supported by the Brick on-
tology have also been published [39,40]. One of these works proposed
a software stack leveraging Brick to facilitate integrating and deploying
a DF application in a real building [39]. The other study proposed
a framework using Brick to enable the portability of an application
across multiple buildings [40]. These papers emphasised the reduction
in effort required to configure an application. However, neither demon-
strates how to integrate applications that use the SAREF ontology,
which is prevalent in Europe. Furthermore, neither study has inves-
tigated the use of contextual data from BIM to generate their semantic
models. In fact, the semantic models from most buildings evaluated
in [40] were manually generated and limited in the number of data
points to the scope of the DF applications being tested. Moreover,
in terms of the implementation of DF portable controls, while these
works introduced the idea of a modular design approach, they have
not explored purpose-built platforms that facilitate the development of
such controls.

2.5. Research gaps and contributions

Overall, existing efforts establish the foundation for semantics-
driven DF applications, but notable research gaps remain for further
enhancement. While most of these studies propose new ontologies,
their usefulness and scalability may be impacted. Much of the reviewed
literature considers temporal data stored in the semantic models instead
of appropriated databases, which may have negative impacts on the
management of these data. None of the DF-driven efforts considers
BIM data, which could minimise efforts in establishing a mapping
between data points and their contextual metadata to generate models.
Moreover, the alignment between the Brick and SAREF ontologies
has not been demonstrated, with the coverage and benefits of both
ontologies remaining unclear and not verified. Finally, there remains a
gap in exploring the use of purpose-built platforms that can support the
development, configuration and deployment of DF control applications
in a modular, easily replicable and adaptable way.

Motivated by these remarks, our research proposes to develop an
approach that supports DF controls using semantic models. To this
purpose, the contributions of this paper are three-fold:

» Novel alignment between Brick and SAREF to capture data ex-
change needs for DF controls applied to HVAC systems, mostly at
the zone level.

Design open-source algorithms® as computational methods to gen-
erate semantic models that adhere to Brick and SAREF while
mapping metadata from heterogeneous sources (BIM and BAS).

Demonstrate the deployment of DF applications in a real building,
leveraging the framework’s outputs, such as a semantic model
generated for the building and a web platform that implements
controls based on an actor and microservices architecture.

3. Methodology and framework design

The methodology devised to design our proposed semantics-driven
framework was based on an active design science approach [82],
involving multiple interactive developments and evidence gathered.
The framework comprises five phases, as illustrated in Fig. 1, expanding
our previous work that supports DF control applications using semantic
models [40]. Phase 1 establishes requirements for DF controls develop-
ment. Phase 2 aligns the Brick and SAREF ontologies. Phase 3 generates
compliant semantic models. Phase 4 validates and formulates queries
for these models. Lastly, Phase 5 deploys the controls within a web
platform based on actor and microservices architecture.

9 https://github.com/ucl-sbde/semantics-driven_controls.git.
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Phases 2, 3 and 5 are novel and complementary to our previous
framework and do not necessarily need to take place for each new
control. For instance, the alignment proposed in Phase 2 can be shared
among different applications. Similarly, Phase 3 is only required for a
building if there is no semantic model based on Brick and SAREF. If
a semantic model based on one of those ontologies exists, the model
can be updated to include concepts from the missing ontology. This is
important to allow the different applications relying on queries from
both ontologies to access the same building. Each phase is discussed in
depth in the subsequent subsections.

3.1. Phase 1: Control applications requirements

As stated in our previous work [40], developing control applications
that can be portable and generalisable across heterogeneous build-
ings involves adhering to four key requirements. First, the controls
must account for changing operating conditions that buildings might
encounter [83], such as occupancy schedules, comfort status, faulty
conditions and grid signals. Second, the controls need to be flexible
to available data and how the data are structured in different semantic
models [84], for example, allowing self-configuration based on relaxed,
generic queries that use either Brick or SAREF concepts. Third, the
controls’ logic must be agnostic to a specific building’s context, such
as communication protocols, point naming practices and data access
methods [21]. Finally, the controls need to be developed in a modular
way, composed of self-contained functions that are easily re-used,
extended and customised if needed [85]. The latter follows the modular
design approach adopted by the upcoming ASHRAE 231 standard on a
control logic description for control sequences [86].

Adhering to these requirements should minimise the labour-
intensive process of reconfiguring control applications when re-using
the same codebase across various buildings. Once the controls are
developed in an adaptable, flexible, agnostic and modular manner, the
subsequent step involves identifying their data exchange needs, such as
measurement readings (inputs) and control (outputs) points related to a
particular location or equipment. This is the foundation for generating
and validating appropriate semantic models that facilitate the controls’
configuration, as elaborated in the following subsections.

3.2. Phase 2: Brick and SAREF alignment

Semantic models are the core of our framework. By capturing the
metadata related to the data points (inputs and outputs) required
by control applications, semantic models can streamline configuration
tasks, such as point discovery and mapping [21]. In our framework,
this is enabled by an approach known as Ontology-based Data Access
(OBDA) [87], which allows applications to uniformly query and dis-
cover the metadata (e.g., access information) associated with required
data points across different buildings, and subsequently use the results
to automate their mapping to each building. This mitigates the need for
hard-coded, customised metadata (e.g., point naming), as further de-
scribed in Phase 4. Nonetheless, for this to be scalable, our framework
relies on the models being built on: (i) ontologies that can meet the data
needs of various applications to represent a one-time, “future-proof”
investment for building owners and operators; and (ii) well-established
ontologies that can be consistently adopted across various buildings,
so that control developers can easily understand their models and
potentially rely on portable semantic queries. Otherwise, developers
will still need to invest significant effort in aligning their inputs and
outputs with the distinct underlying ontologies of models from different
buildings.

Despite being strongly encouraged within recent initiatives in Eu-
rope and the United States [13,15-17,21,27,37,45,88], and the proven
potential for supporting DF applications independently [38-42], Brick
and SAREF have not yet been aligned. To address this, in this phase of
the framework, we propose an alignment method between Brick (v1.3)
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Fig. 1. Proposed semantics-driven framework to enable DF control applications in real buildings.

and SAREF (core v3.2.1, along with its extensions and recommended
ontologies). We first classify their common concepts into four: spatial,
device, measurement and control points. Then, we use two alignment
techniques (matching and patterns) to link the concepts from both
ontologies based on their modelling premises and constraints. Fig. 2
illustrates four samples of alignments, one for each type of concept with
a proposed connection between them. The alignments on the top are
matching-based, and those on the bottom are pattern-based.

Matching-based techniques are one of the simplest ways to create
ontology alignment by identifying the one-to-one overlap of classes [89,
90]. This matching typically relies on string similarity, where the names
and descriptions of classes in different ontologies are compared to
find corresponding matches. Considering the modelling premises of
Brick and SAREF, this method is suitable for aligning their spatial and
device concepts. Fig. 2 illustrates one alignment between brick:Space
and s4bldg:BuildingSpace based on their names, and another between the
brick:Thermostat and s4bldg: UnitaryControlElement based on their names
and descriptions. A list with all alignment matching between Brick and
SAREF is available in Appendix A.

Although matching-based techniques can simplify alignment tasks,
they are limited to finding basic correspondences between ontologies
and cannot capture semantic nuances or implicit relationships between
entities. Given that SAREF aims for higher levels of abstraction, fo-
cusing on core (broader) concepts [91], while Brick tends to be more
expressive and granular [92], more complex alignment approaches
are required to model these concepts. Ontology patterns [93] facili-
tate the specification of complex ontological alignments. They achieve
this by examining the meaning of similar concepts within different
ontology fragments and then constructing patterns representing their
correspondences.

Therefore, in order to align the Brick and SAREF concepts for
measurement and control points (e.g., sensors and setpoints), we use
a pattern-based technique grounded in a one-to-many strategy. This
involves establishing alignments between Brick classes and sets of

ontological classes and relationships from SAREF. For example, as illus-
trated in Fig. 2, for measurement points such as brick: Temperature_Sensor,
we propose an alignment with a pattern composed by the saref:Sensor
class, the saref:observes relationship and the quantitykind:Temperature,
which is a suggested subclass of the saref:Property class by SAREF.
Similarly, for control points such as brick:Temperature Setpoint, we
propose an alignment with a pattern composed by the saref:Actuator
class, the saref:controls relationship and the quantitykind:Temperature
class. Although more abstract and implicit, the definition of such a set
of SAREF classes and relationships aligns with the classes from Brick.
A list with all alignment patterns between Brick and SAREF is also
available in Appendix A.

The classification into four common concepts, along with the match-
ing and pattern-based techniques, was performed manually, guided by
the authors’ expertise, a comprehensive review of existing literature
and the ontologies’ documentation, and insights from practical demon-
strations. While we recognise the inherent subjectivity and potential
uncertainties in this approach, as well as the possible influence of
specific HVAC configurations or existing alignments (such as those
resulting from Brick’s recent harmonisation with REC), this analysis
serves as a starting point for initiating a much-needed discussion and
guiding future research that integrates these two ontologies.

To carry out the proposed alignments, we employ an instance-level
approach that follows the principles from the Linked Building Data
(LBD) community [17]. This method facilitates mapping individual
data instances across different ontologies, provided their chosen classes
do not pose semantic conflicts. The following subsection creates map-
ping algorithms that implement this instance-level approach leveraging
the matching and patterns listed in Appendix A.

3.3. Phase 3: Semantic model generation

Semantic models of specific buildings are created by instantiating
(populating) an ontology (or a set of ontologies) based on the buildings’
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Fig. 2. Sample of suggested alignment matching and patterns between sets of concepts from Brick (v1.3) and SAREF (core v3.2.1 along with extensions and recommended
ontologies). The alignments for spatial and device concepts are based on string matching, while the alignments for measurement and control points are based on patterns.

data sources and operational staff knowledge [16]. Among examples of
data sources are BAS point lists with point names, types, data units
and short descriptions, as well as design stage models (e.g., BIM)
with functional and spatial relationships between equipment, points
and spaces. In isolation, these sources provide relevant information,
but while BIM sources do not often include data point information,
BAS sources usually offer ambiguous or lack functional and spatial
relationships about points. Integrating these sources becomes crucial
as their combined impact complements and outweighs their individual
contributions. This paper proposes computational methods that map
and link relevant information from these data sources to generate
semantic models based on Brick and SAREF concepts.

To streamline the generation of semantic models, our paper intro-
duces open-source algorithms leveraging the robust capabilities of the
Apache Jena framework.!” Our choice of Jena stems from its extensive
library set for data management and modelling tasks of RDF-based
ontologies. Using these libraries, we employ an iterative process to
map metadata from BIM (via IFC models) and BAS (via point lists in
Comma-Separated Value (CSV) format) to Brick and SAREF concepts
according to their alignment. This approach generates semantic models
of specific buildings, serialised as Terse RDF Triple Language (TTL)
files. Both algorithms, called BAS-to-RDF and BIM-to-RDF, generate
distinct models for each source, which can be merged by linking shared
instances. Due to the infrequent representation of spatial elements in
BAS sources, our BAS algorithm only accommodates device and mea-
surement and control points. Conversely, owing to the inherent lack
of measurement and control points in BIM sources, our BIM algorithm
only incorporates spatial and device concepts. Consequently, the device
instances will serve as the main link between the models generated
from both sources. Tables 1 and 2 provide an overview of the number
of mappings currently facilitated by our BIM and BAS algorithms across
different concept types and ontologies. A complete list of our supported
concepts indicating their mapping to ontology classes (from Brick and
SAREF) and the data source (either BIM or BAS) from which they are
mapped is provided in Appendix A.

10 https://jena.apache.org/

Table 1

Number of BAS concepts mapped to Brick and SAREF.
Concept type Subtotal Brick class SAREF class
Device 13 13 13
Measurement point 19 19 12
Control point 26 26 13
Total 58 58 38

Table 2

Number of BIM concepts mapped to Brick and SAREF.
Concept type Subtotal Brick class SAREF class
Spatial 5 5 2
Device 13 13 13
Total 18 18 12

Starting with the BAS-to-RDF mapping algorithm. As illustrated in
Fig. 3, our proposed script is based on a simple CSV template following
a structure of how some BAS point lists can often be exported from BAS
tools. The template has a header row stating each column’s correspond-
ing classes and entity properties. These include Device name that refers
to descriptions for classifying devices/equipment, Device identifier
that adds given identifiers to each device (e.g., serial numbers), Data
point name that refers to descriptions for measurement and control
points related to the devices and Data point identifier that informs
the external reference identifier that provides data reading and writing
access to each of the points.

The process provided by our algorithm for mapping BAS metadata
within this CSV template into RDF involves multiple steps. First, the
script identifies the unique Device identifier and, based on their
corresponding Device name, associates them with a Brick and SAREF
class. Second, for each unique identified device, the script iterates over
the rows of the CSV, creating individual instances of their respective
data points. Then, the script identifies the Brick and SAREF concepts
corresponding to each data point using the description within the Data
point name column. It also adds their external references for each data
point based on the Data point identifier. Finally, the script links each
data point with the respective device. A pseudo-code for this is provided
in Appendix B, and the full script is available in our repository®.
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Device name

Device identifier

Data point name Data point identifier

Thermostat

RCO4N0041

TUC.245.76.R7

Writable temp sp point

RDF.ttl example
:Thermostat_1

> a brick:Thermostat, s4bldg:UnitaryControlElement;

»> sdener:serialNumber “RCO4N0041" ;
brick:hasPoint :TempSetPoint_1 ;
saref:consistOf :TempSetPoint_1.

Legend:
: semantic model instance :TempSetPoint_1

brick: class or relationship

a brick:Temperature_Setpoint, saref: Actuator ;

(refis associated with Brick) saref:controls :TempProperty_1 ; «
saref: class or relationship ref:hasExternalReference [
(s4bldg and s4ener extend saref) . .

ref:hasTimeseriesld “TUC.245.76.R7" ] . <

:TempProperty_1

“Literal” data type (e.g., string) a

saref:Property .

Fig. 3. Sample template mapping from BAS (CSV) into RDF (TTL) for instantiating the proposed alignment between Brick and SAREF, generating the semantic model of a given

building.

The mapping between device and data point names to Brick and
SAREF concepts is handled through rule-based conditions that link
given labels to corresponding concepts (e.g., “Writable temp sp point”
referring to a temperature setpoint). To address inconsistencies in
naming across different BAS data sources, the code includes various
synonymous terms based on prior research on common labels [52].
Although this approach may not cover all possible labels, the algorithm
can be extended to include new terms as needed. It is also important to
note that because our template requires the point name to be separated
from their related device/equipment identifier, some pre-processing
may be needed in cases where available BAS point list combines them
into one label (e.g., “FCU2.targetTemperature” referring to the temper-
ature setpoint related to fan coil unit #2). Moreover, in the absence
of a BAS tool to provide the required metadata for the CSV template,
manual completion will be necessary. This may require consulting
supplementary documentation (e.g., mechanical drawings) and seeking
assistance from building operators. Although labour-intensive, such
effort is likely a one-time cost, as generating semantic models should
greatly reduce or eliminate future repetition of these manual tasks.

As expected, the result of this BAS into RDF mapping leads to a
preliminary semantic model covering only classes related to devices
and measurement and control points. To supplement this initial model
with additional BIM metadata, we developed the BIM-to-RDF map-
ping algorithm. This algorithm builds upon a previous work by the
authors [32].

In the BIM-to-RDF script, the proposed mapping template follows
the IFC hierarchy for retrieving information on spatial and device
concepts. Fig. 4 illustrates the template covering all the spatial aspects
(site, building, storey, space and zone) while providing an example
for device mapping. For the generation of the semantic model, the
algorithm parses the IFC, iterating over its instances to check whether
they are instances of a given entity while using IfcRelAggregates to
find their relationships. In order to identify the connection between the
devices and the spatial concepts, we use the IfcRelContainedInSpa-
tialStructure entity, which allows us to state that devices are contained
within spaces and related to zones. Although such a relationship might
not be the most suitable for connecting more complex HVAC systems
and zones, both SAREF and Brick lack comprehensive and granular
concepts to capture the interconnections between HVAC components,
such as duct and pipe segments, as depicted in IFC. While further
elaboration on this aspect is needed, it is beyond the scope of this paper.

A pseudo-code for this algorithm is also provided in Appendix B, and
the full script is available in our repository®.

When integrating the semantic models generated separately through
the BIM and BAS algorithms, their data sources need to include com-
mon device instances. To identify these instances, we use the devices’
unique identifiers to ensure consistent Uniform Resource Identifiers
(URIs) across both models. In the CSV template, such an identifier is lo-
cated in the Device identifier column, whereas in IFC, it is represented
using the IfcPropertySingleValues. This notably demands consistency
in the CSV inputs and IFC modelling. The latter, in particular, should
also follow best practices and guidelines, as outlined in [94], to ensure
the availability and appropriate modelling of the required information.

3.4. Phase 4: Semantic validation and queries

Once semantic models are generated (via our mapping algorithms or
by other means), they can be validated to ensure completeness to given
DF applications’ data needs and adherence to a consistent modelling
approach. To accomplish this, the inputs and outputs necessary for DF
applications must be translated into SHACL shapes that comply with
both Brick and SAREF according to our proposed alignment. This is
essential because although SHACL shapes can be independently con-
structed using Brick or SAREF concepts and be used to validate existing
models based on either ontology, these models must still adhere to our
proposed modelling approach.

Listing 1 and Listing 2 give examples of formalised definitions
of data needs using Brick and SAREF-driven SHACL shapes. They
require a semantic model to have spaces (brick:Thermostat and
s4bldg:UnitaryControlElement) with at least one (sh:qualifiedMinCount
1) point (brick:hasPoint and saref:consistOf) of the type “temperature
sensor” (brick:Temperature_Sensor and saref:Sensor - saref:observes -
quantitykind:Temperature). These examples can be further enhanced to
represent other classes of devices and points, as well as relationships,
such as related locations. Once defined for all inputs and outputs of
a specific control application, SHACL shapes can be used to validate
that a given building, described by a semantic model, can support
such an application. To automate this validation process, we leverage
BuildingMOTIF,! as detailed in [40]. This process offers clear and

11 https://nrel.github.io/BuildingMOTIF
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BIM.ifc example - RDF.ttl example Legend:
IfcSite Name
e Site 1 IFC type
: . T Site _ entity
RelatingObject > brick:Sit
rick:Site ; T
IfcRelAggregates 4 ! IFC rela(.lonshm
SlafedBbisch l > ref:ifcName “TUC" ; entity
elatedObjec
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. saref: class or relationship
IfcStorey Name > brick:hasPart :Storey_1 . (s4bldg and s4ener extend saref)
H Level_1 f
- “Literal” data t 2.8, stri
RelatingObject T storey_1 iteral” data type (e.g., string)
IfcRelAggregates - - Brickst
a brick:Storey;
RelatedObject l X
> ref:ifcName “Level_1" ;
IfcSpace Name Boomulf > brick:hasPart :Space_1 .
RelatingStructure T RelotedObject .
k 1
IfcRelAssignsToGroup Space_
IfcRelContained Reéltirgaronn i > a brick:Space, s4bldg:BuildingSpace ;
InSpatialStructure ol
P Name - > ref:ifcName “Room_I1" ;
RelatedElement IfcZone 11:453262 - * R
»> brick:hasPoint :Thermostat_1 ; s4bldg:contains :Thermostat_1.
Predefined |
IfcUnitaryControl  —— THERMOSTAT | -Zone 1
Element ’ -
\: .
—L+ HC_Control_Unit_INT-EN ‘[ » abrick:Zone;

RelatingStructure
IfcRelDefinesBy
Properties
RelatingPropertyDefinition l
IfcPropertySet

HasProperties l

PropertyName -
IfcPropertySingle  —— Serial Number

Values feldentifier [T |
i RC0O4N0041

-p  refiifcName "11:453262" ;
»  brick:hasPart :Space_1.

:Thermostat_1
> abrick:Thermostat, s4bldg:UnitaryControlElement ;
»  ref:ifcName “HC_Control_Unit_INT-EN" ;
» sdener:serialNumber “RC04N0041" ;

T T

»  brick:hasLocation :Space_1.

Fig. 4. Sample template mapping from BIM (IFC) into RDF (TTL) for instantiating the proposed alignment between Brick and SAREF, generating the semantic model of a given

building.

actionable feedback on missing metadata, helping to expedite error
identification and, when possible and required, update the semantic
models accordingly.

1 :thermostat a sh:NodeShape, owl:Class;

2 sh:targetClass brick:Thermostat;

3 sh:property [

4 sh:path brick:hasPoint ;

5 sh:qualifiedValueShape [

6 sh:class brick:Temperature\
_Sensor 1];

7 sh:qualifiedMinCount 1; J1; .

Listing 1: Snippet of a formalised definition of data needs using
Brick-driven SHACL shapes.

1 :thermostat a sh:NodeShape, owl:Class;
2 sh:targetClass s4bldg:
UnitaryControlElement;

3 sh:property [

4 sh:path saref:consist0Of ;

5 sh:qualifiedValueShape [

6 sh:class saref:Sensor ];

7 sh:qualifiedMinCount 1; 1;

8

9 :Tproperty a sh:NodeShape ;

10 sh:targetClass saref:Sensor;
11 sh:property [

12 sh:path saref:observes ;
13 sh:minCount 1;

14 sh:nodeKind sh:BlankNode ;

15 sh:property [

16 sh:path quantitykind:
Temperature ;

17 sh:minCount 1;

18 sh:maxCount 1; ] ; 1 ;

Listing 2: Snippet of a formalised definition of data needs using
SAREF-driven SHACL shapes.

To self-configure controls using validated semantic models from
specific buildings, we leverage the ODBA approach that allows semantic
(SPARQL!?) queries to retrieve the accessing information (i.e., ex-
ternal references such as foreign key, time series identifier, pub-sub
topics) of required data points based on their context and common
vocabulary provided by Brick and SAREF. While the actual values of
these points are fetched from BAS connectors (e.g., message brokers or
gateways) or purpose-built storage platforms (e.g., relational or time
series databases), their references allow the applications to determine
how to read or write the intended data according to the interfaced
source [17,40]. For instance, using suitable SQL'® queries for time
series databases or making MQTT requests to BAS brokers.

Listing 3 illustrates a SPARQL example using Brick concepts. It looks
for external references related to zone-level temperature sensors by
explicitly stating the target Brick class brick:Temperature Sensor while
implicitly stating its relationship to the zone (lines 5-8). Meanwhile,
the Listing 4 illustrates a corresponding SAREF-driven SPARQL exam-
ple. As noted, in the SAREF query, the concepts for zone and external

12 https://www.w3.org/TR/rdf-sparql-query/
13 https://www.w3schools.com/sql/
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references have been adopted from Brick since they are not inherently
part of SAREF.

1 SELECT 7zone 7data_point_identifier

WHERE {
2 7?sensingPoint a brick:
Temperature_Sensor;
3 ref:hasExternalReference/ref:

hasTimeseriesId 7
data_point_identifier

4
5 ?zone a brick:Zone ;

6 brick:hasPart 7space
7
8

?space brick:isLocationOf/brick:
hasPoint 7sensingPoint

°

Listing 3: Brick-driven example of a SPARQL query to obtain the
external references from temperature sensor data points per zone

1 SELECT 7zone 7data_point_identifier

WHERE {

2 7?sensingPoint a saref:Sensor;

3 saref :observes 7property

4 ref :hasExternalReference
/ref:hasTimeseriesId

?

data_point_identifier

5

6 ?property a quantitykind:Temperature,

saref :Property

8 7?zone a brick:Zone ;

9 brick:hasPart 7space

10

1 {?space s4bldg:contains/saref:

consist0f 7sensingPoint .}

12}

Listing 4: SAREF-driven example of a SPARQL query to obtain the
external references from temperature sensor data points per zone

The result of both queries should be the same: arrays of zones
with external references to access associated temperature sensors.
The distinction between them lies in the set of triple patterns used
in their SPARQL syntax, which reflects the differences in their un-
derlying modelling approaches (also seen in their SHACL above).
SAREF offers better abstraction than Brick, which could be helpful
for users unfamiliar with the varied classifications of Brick. For in-
stance, allowing users to rely on common concepts for saref:Sensor
and quantitykind:Temperature to query a temperature data point inde-
pendent if it has been modelled with a similar, but not the equal,
class such as brick:Temperature Sensor, brick:Air Temperature_Sensor or
brick:Zone_Air_Temperature Sensor. It could also assist users to change
the property type of an existing query (e.g., from quantitykind:
Temperature to quantitykind:Occupancy) without having to change the
class of the sensor. Nonetheless, although these benefits can be signifi-
cant in some cases, they may not always align with the needs of certain
applications. For instance, applications that require queries for specific
data points, such as brick:Supply Air_ Temperature Sensor would benefit
from the Brick expressiveness to avoid ambiguity while querying the
models. This is further discussed in Section 5.
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3.5. Phase 5: Control applications deployment

To enable the configuration and deployment of controls using the
generated and validated semantic models (as proposed in phases 3
and 4), we introduce a novel control platform. The platform enhances
existing efforts proposed in [95]. While using a set of open-source Java
libraries and frameworks, including Akka'* and Spring,'® the platform
implements an actor and microservices architecture. Akka actors were
used to decoupling application logic from specific building data access
methods and metadata. This was enabled by creating three types of ac-
tors serving different functions: query, interface and logic actors. Each
actor, further explained in the following paragraph, can concurrently
receive data, perform tasks and communicate with the other actors.
Meanwhile, the Spring framework was used to assemble these actors
into microservice applications to facilitate their communication with
specific buildings via standardised protocols and messaging queues.

A basic interaction among the three actor types is illustrated in
Phase 5 of Fig. 1. The query actors are responsible for self-configuring
the controls using semantic queries against building-specific semantic
models to retrieve required data points’ external references. This is a
generic actor capable of processing SPARQL queries from input text
files. While the actor itself is easily portable, the portability of the
SPARQL text files depends on the buildings having suitable semantic
models (e.g., Brick and/or SAREF compatible) so that the same queries
can be re-used. The interface actors are responsible for communicating
with the buildings to read or write in their data points using the
references obtained from the semantic queries. The portability of these
actors varies with the data access methods in different buildings and
the requirements in different applications (e.g., historical or real-time
data). For instance, we can have actors with reading roles tailored
to make HTTP endpoint requests, subscribe to data streams or access
databases via query languages (e.g., SQL or native ones). Buildings
with the same data access methods can share the same actors. Finally,
the logic actors can access the readings from the interface actors
with reading roles or write in the interface actors with the writing
roles. Although the logic actors essentially do not rely upon and are
not hard coded to any building-specific details (such as point names),
their portability can still be constrained by other aspects, such as the
building’s baseline control or HVAC system configuration. To maximise
the portability of our logic actors, each actor shall offer a basic set
of functions (such as detecting occupancy status and comfort level)
that can be easily re-used, extended and customised without impacting
other actors when connected.

4. Case study

To assess the benefits and challenges of our proposed framework,
this section describes the real building that we used as the case study
and how we followed the phases described in Section 3 to implement
the framework. First, based on the requirements from Phase 1, we
developed two DF control applications. Second, as part of Phases 2
and 3, we generated a semantic model based on the available BIM and
BAS data sources while following the proposed alignments for Brick
and SAREF. Then, based on Phase 4, we validated the generated model
using the data needs for both controls formalised as SHACL shapes, as
well as defined SPARQL queries to support the configuration of these
controls. Finally, we implemented the two control algorithms using
actors within the web platform and connected it to the BAS from the
real building, as proposed in Phase 5. The combined demonstration
of these phases should illustrate the potential of our framework to
integrate data from heterogeneous sources, deliver DF actuation in a
real building and promote modularity for easy decoupling of control
applications from specific buildings, as well as for their effortless reuse,
extension, and customisation.

14 https://akka.io/docs/
15 https://spring.io/projects/spring-framework
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Fig. 5. Case study facility (left: real-building, right: 3D view of the IFC model).

4.1. Real building description

The case study comprises a student residence at the Technical
University of Crete (TUC), Greece. The building is a three-floor complex
with 20 en-suite student rooms and a shared kitchen on each floor.
Each room has independent split air conditioners and smart thermostats
with built-in temperature and occupancy. The building is powered by
electricity and contains building-level metering and room-level sub-
metering to measure consumption. There are 15 similar buildings on
campus with a combined capacity of 300 student rooms and more than
6000 data points, which holds significant promise for the replicability
potential of this case study.

The real building and the 3D view of the IFC model are shown in
Fig. 5. The IFC adheres to the guidelines presented in [94], modelling
the spatial containment of physical resources (split air conditioners
and smart thermostats) within the spaces and the property set entities
(with serial numbers) for the physical resources. Both are critical for
the proper functioning of the proposed BIM-to-RDF mapping algo-
rithm. Regarding the BAS, the HVAC controllers within each zone
communicate through the Modbus'® protocol and use MQTT'” to enable
their communication with a cloud middleware platform. The baseline
control for the HVAC system includes basic operational settings and
functionalities applied to support comfort and energy efficiency goals.
This involves features such as temperature setpoint ranges based on the
HVAC mode (heating or cooling) to which users can adjust their local
thermostat and overarching supervisory controls such as a scheduling
function based on the academic calendar.

Since we could not directly access the real grid signals of the TUC
buildings, our proposed controls rely on dynamic electricity prices and
carbon intensity levels obtained from utility services associated with
the TUC location. The dynamic electricity prices are based on the real
day-ahead market (wholesales) prices provided by the EnexGroup,'® the
utility that serves the TUC location. The dynamic carbon intensity levels
are based on real carbon dioxide (CO,) emissions retrieved from the
Electricity Maps Data Portal API based on the TUC location [96].

4.2. Control applications development

To demonstrate Phase 1 of our framework, we propose two DF
control applications aiming to automate the operation of flexible HVAC
loads. Their difference lies in the grid signal used to control them. One
of the applications reacts to pricing signals and aims to reduce the
load during high-price periods, while the second responds to carbon
intensity (greenhouse gas emissions) signals and aims to reduce the
load during high-emission periods. Each application is rule-based and
uses occupant comfort in addition to price or emission thresholds to
determine when to shed load (Fig. 6). The thresholds are established by
considering values exceeding the third quartile of the input price and
carbon intensity distribution. Both controls set a standby mode when
zones are unoccupied.

16 https://modbus.org/.
17 https://mqtt.org/.
18 https://www.enexgroup.gr/web/guest/home
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The data needed for both DF control applications include external
references for occupancy sensors, temperature sensors, temperature
setpoints, minimum and maximum temperature setpoints per zone
and respective grid signals. While both controls are very similar, they
are relevant to demonstrate how the platform we propose for their
deployment allows the same base control to be easily customised and
extended according to the use case (e.g., type of grid signal in this case).
In the control deployment section, we further detail this and discuss
how the controls follow the generalisability criteria described in Phase
1.

4.3. Semantic model generation

To demonstrate Phases 2 and 3 of our framework, we generated the
semantic model for this case study using our mapping algorithms® that
leverage our proposed Brick and SAREF alignment. Fig. 7 illustrates
a snippet of the resulting model with a few ontology concepts and
relationships aligning both Brick and SAREF to represent one zone. The
figure shows which metadata comes from IFC and CSV and their point
of connection (i.e., the HVAC controller instance), which allows the
integration between BIM and BAS.

This semantic model is valuable for classifying and explaining how
resources and data points are related. This allows DF applications
to query measurement and control points at the zone level or find
available commands to respond to DF actions. For instance, from this
model snippet, a few pieces of information about this case study can be
implied, including that zones are constrained by a maximum temper-
ature value and linked to occupancy sensors and setpoint commands.
We can also verify that these points are accessible from external data
sources through the given references.

It is important to note that while Brick and SAREF subclasses and
relationships include most of the requirements for the proposed DF
application, the grid signals are not part of these two ontologies and,
as such, the reference to access their datasets is custom-specified in the
applications’ logic. While this falls outside the scope of this paper, if
one were to model such concepts using semantic models, two potential
approaches could be considered. First, these two ontologies could be
extended. Second, alignments with a dedicated ontology, such as the
OpenADR ontology [57], could be explored. The latter, however, would
require updating this ontology according to the current version of
the OpenADR standard while fostering a dedicated community for its
ongoing management, as it currently lacks established support.

4.4. Semantic validation and queries

To demonstrate Phase 4 of our framework, we formalised the data
needs for the proposed DF controls into SHACL shapes following the
Brick and SAREF alignment matching and patterns. In total, five SHACL
shapes were required, specifying the need for the controls to access the
external references for occupancy, temperature, temperature setpoints
and minimum and maximum temperature setpoints per zone. All these
shapes were successfully addressed using Brick concepts. However,
since SAREF lacks classes for minimum and maximum temperature
setpoints, the shapes for these two could not be fulfilled by SAREF.
Additionally, because SAREF does not inherently cover concepts for
zones and external references, all SAREF-driven shapes had to rely on
Brick and its associated ref-schema ontology. This means that existing
semantic models solely based on Brick concepts are mostly likely to
satisfy the requirements for the proposed controls, while models only
based on SAREF concepts may not. Although SAREF could be extended
to include missing concepts, this is outside the scope of this paper, and
future efforts in this direction are recommended.

The generated semantic model for the case study included the data
needed by the proposed controls and successfully passed the semantic
validation for both Brick and SAREF-driven shapes. To test how such a
model could be used to configure and deploy the controls, we created
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Fig. 7. Snippet of the generated semantic model for the case study with examples of Brick and SAREF concepts mapped from BIM (IFC) and BAS (CSV) within one zone.

SPARQL queries corresponding to these SHACL shapes. Both Brick and
SAREF-compliant queries can be found in our online repository®, and
their use within the proposed platform is detailed in the following

section.

4.5. Control applications deployment

To demonstrate Phase 5 of our framework, we deployed the DF
supervisory control applications in a web platform. To achieve this,
we created several actors, including SPARQL query, interface and logic
type of actors. Fig. 8 illustrates platform’s intuitive drag-and-drop
interface with the actors and the information flows we implemented

for the price-driven control application.

The scheduler (logic) actor is responsible for setting frequency
(slots) to prompt the subsequent actors. The SPARQL (query) actors
query information about required data points, including their access
information (i.e., external references such as foreign key, time se-
ries identifier, pub-sub topics). As the name suggests, the read BAS
(interface) actors use these external references to read the real-time
values from the required data points in the BAS (i.e., TUC middleware
platform) using HTTP request. Such values are sent to the occupancy
status and comfort status (logic) actors, which process them and
output current occupied and out-of-comfort zones, respectively. Con-
currently, the price signal (logic) actor outputs a boolean DF signal,
which is true when the current price is higher than a threshold. Then,
based on the outputs of these three actors (occupancy, comfort and
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Fig. 8. Proposed platform with the DF control actors for the price-driven application.

price), the controller (logic) actor determines new commands for
each zone. These commands and their associated values, such as the
minimum and maximum setpoint values received from the BAS readers,
are then transmitted to the write BAS (interface) actor. Upon receiv-
ing these commands and values, the BAS writer, along with SPARQL
queries actors, infer the external references of corresponding actuation
data points for each zone (e.g., identifiers for their setpoints and run
request commands).

The features of this implementation align well with the general-
isability criteria described in Phase 1. The controls are built using
modular functions. They respond to changing zone operating conditions
(occupancy and thermal comfort) and dynamic grid signals. The logic
actors are abstract from building-specific details (such as point naming
conventions) and the underlying ontologies used to model buildings
and their data points. The only hard-coded data are the grid signals
(energy price and emissions) and the minimum temperature setpoint
during DF shedding events, as Brick and SAREF do not support these
concepts. While configuring controls requires understanding SAREF
and/or Brick to define relevant triple patterns to the concepts they
support, our approach decouples the control logic from query defini-
tions. This means that, even if queries need to be adapted to comply
with different ontologies, the control logic actors themselves do not
need modification, provided that the query results yield references to
the same type of data points. The advantage of using well-established
ontologies such as Brick and SAREF is that they increase the likelihood
of reusing queries across different buildings. This also reduces the
learning effort required from application developers, as they do not
need to create new, customised queries each time they deploy their
applications in a building modelled using a distinct ontology.

Finally, the controls are flexible (easily adaptable) to available
data or required customisation. To demonstrate that, we replaced the
price actor with an emission actor and deployed an emission-driven
DF control without having to modify anything else in the underlying
code. While the internal logic and data accessing method changed
in the emission actor compared to the price actor, their output was
the same, a Boolean value indicating a DF shed event, as needed
in the controller logic. This same flexibility can also be applied to
improve individual actors without affecting others. For example, the
comfort status actor could be enhanced with more complex functions
that identify contextual changes based on indoor and outdoor weather
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conditions while still returning a list of zones that are out of comfort.
In that case, we would only need to rewire new inputs (and associated
SPARQL) as needed to satisfy the new logic.

4.6. Control results

To evaluate the effectiveness of our framework, we analyse the main
inputs and outputs of the controls to observe their responsiveness to the
modular actors that assemble the DF applications. This assessment illus-
trates whether the framework enables the controls to operate according
to the logical rules embedded within the actors while leveraging data
inputs acquired through SPARQL queries.

The analysis of the proposed DF controls is based on testing the two
controls in one of the buildings (H3B) of the TUC facility in Febru-
ary 2024, during the heating season. In the first days of testing, we
fine-tuned the controls’ parameters according to the field conditions.
Because the zones’ indoor temperatures could not reach their setpoints,
even during the baseline period, we had to adjust the controls’ setpoints
and comfort range accordingly to allow the DF control to activate. This
required to set the default temperature setpoint to 26 °C, which is
normally a high value for winter conditions and reducing the comfort
range’s lower bound to 20 °C, which is normally a low value. Possible
factors contributing to this issue include the building’s low thermal
mass, discrepancies in the accuracy and placement of the temperature
sensors we had access to versus the sensors used by the built-in lower-
level logic in the HVAC split units, the lack of capacity by the HVAC
or user interventions. The latter could involve actions such as opening
windows or infrequent operation of the HVAC units by the users, who
retain the ability to override the controls by turning the HVAC units
off.

Once the controls’ parameters were tuned, we tested both DF con-
trols. Fig. 9 shows the results for the controls in a sample zone re-
sponding to dynamic electricity prices (left plots) and carbon intensity
levels (right plots). The occupancy periods (always on in this zone)
are shown in all plots, while the price-driven shed periods are shown
on the left and the emission-driven shed periods on the right. The top
plots demonstrate how the setpoints change according to the predefined
conditions based on occupancy, shed events and indoor temperature.
The bottom plots show the resulting power demand changes by the
setpoints and the HVAC on/off commands, which also influence the
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Fig. 9. DF shed activation in a sample zone (left: price-based control, right: emission-based control). Note that variations in temperature and load, driven by the setpoints sent by
our controls, are only observable in the plotted data during the active operation of HVAC units. This operational aspect relies entirely on the user control.

demand. Notably, the HVAC units were often inactive for extended
periods, which is the reason the temperature response to the setpoints
in the top plots is limited to specific periods of the day.

Despite the mismatch between the indoor temperature and the
setpoints and the HVAC that operates infrequently, the effectiveness of
our controls is still demonstrated in Fig. 9. The figure showcases how
our controls can adjust temperature setpoints and effectively manage
the load by monitoring conditions and responding to grid signals. It also
illustrates that our framework was able to seamlessly integrate various
data sources while facilitating the configuration and deployment of
control applications based on semantic (reusable) queries. This would
streamline the reconfiguration of these same controls in another build-
ing with minimal effort. That is, once a new building’s semantic model
has been generated and/or validated as outlined in the previous section,
only minor adjustments would be required. Specifically, it would be
necessary to edit or add new interface actors to handle data reading
and writing according to the building’s specific data access methods,
whether through pub/sub topics or API endpoints, for example.

While the performance evaluation of our controls falls outside the
scope of this paper, the control has shown a potential decrease in the
building demand of approximately 35% and 60% on average during
shed events for the price and emission controls, respectively (Fig. 10).
This assessment was conducted by estimating the baseline demand
(labelled as “baseline total load” in the figure) using the High3of5
forecast method [97]. To reduce the influence of external factors lead-
ing to varying heating loads during the baseline and flexible periods,
we normalised the baseline load by evaluating weather conditions for
each period using the Heating Degree Days (HDD) method [98]. This is
referred to as the “adjusted baseline total load” in the figure. It is im-
portant to note, however, that other factors may have also contributed
to these outcomes, such as the occupancy status and whether users had
the AC in operation.

Although simplistic, the proposed rule-based control strategies in-
corporate relevant characteristics from DF applications, such as dy-
namic load shaping based on pricing and emission signals, which
enables the benefit of DF to be achieved [1]; occupancy, which can
notably affect overall building energy consumption [99]; and thermal
comfort which can significantly impact users acceptance of DF ap-
plications [100]. In addition, given the prevalence of rule-based DF
strategies as seen in various real-world deployments [9,51], the domain
may greatly benefit from the reuse of this control with the support of
the proposed approach to facilitate its deployment.
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5. Discussion

The implementation of the proposed framework is intended to
enhance current control deployment workflows [11], while supporting
the advance on research towards new reference architectures using se-
mantic models [39,101-104]. The proof-of-concept undertaken in this
work demonstrates the viability of our framework while uncovering
a number of important findings that provide insights to examine the
research questions outlined in Section 1.

5.1. Brick and SAREF alignment for DF needs

Our framework introduced an approach to generate semantic mod-
els that can support the integration of diverse data sources for config-
uring DF controls. Due to their potential coverage and growing global
support [15,17,22,37,45,102], the approach was designed to leverage
Brick (v1.3) and SAREF (core v3.2.1, along with its extensions and
recommended ontologies). To achieve this, we proposed an instance-
level alignment between the two ontologies, allowing instances of
building concepts (e.g., sensors) to be mapped to the relevant classes
and relationships from both of them. The proposed alignment was
derived using approaches based on string similarity and ontology de-
sign patterns that facilitate the specification of correspondent classes
by examining their names, descriptions and meanings within ontology
fragments. The intent was not to provide exhaustive coverage but rather
to set the stage for further analysis. For example, 'What main concepts
do they lack to support DF?’, ’Can Brick and SAREF be fully aligned?’,
and 'What are their strengths and weaknesses?’.

Following the implementation of our framework, it is evident that
both ontologies’ classes and relationships can fairly support common
inputs and outputs for DF applications, as for the scope of this paper.
However, neither ontology can fully describe DF-related requirements.
These include grid signals and DF settings (e.g., minimum/maximum
temperature setpoint allowed during DF shedding events, or horizon
time and allowed setpoint adjustment value as required in load shifting
applications). Although Brick includes a few classes that could assist
DF settings, such as load shed command,'® those are not expressive
enough to support the controls in this paper. Meanwhile, even though

19 https://brickschema.org/ontology/1.3/classes/Load_Shed_Command/.
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the adjusted baseline was normalised according to the testing days of each control.

the SAREF energy extension (v1.2.1) includes DF-related concepts, such
as a flexibility profile class that enables the maximum power allowed
for a given device in a certain period to be specified, it does not model
concepts that support temperature adjustment strategies, as needed in
this paper. While extending these ontologies or aligning them with
others, such as OpenADR for modelling grid signals [57], could address
these identified gaps, this was not the primary objective of this work.
However, future efforts in this direction are encouraged.

Furthermore, while aligning Brick with SAREF holds significant
potential, we could not align all of their concepts due to semantic
conflicts. For example, S4BLDG models the concepts operationTemper-
atureMin and operationTemperatureMax as object properties with the
restriction that they must be linked to the saref:Measurement class.
In contrast, in Brick, these concepts are modelled as classes. Due to
this distinct representation and given that the saref:Measurement class
was deprecated in the latest version of the SAREF core (while the
S4BLDG extension has not been updated yet), we could not align
these concepts and decided to use only their corresponding Brick
classes in our case study. It is also important to note that because
SAREF and Brick have different levels of expressiveness (i.e., SAREF
has more generic classes while Brick includes more specific ones),
some of the proposed alignments may not always be suitable for all
use cases. For example, we proposed to use a set of SAREF concepts
(saref:Sensor, saref:observes, saref:Property and quantitykind: Temperature)
to align with multiple Brick classes, such as brick:Temperature_Sensor,
brick:Supply Air Temperature_Sensor and brick:Return Air Temperature_
Sensor classes. Without extending SAREF, this approach may intro-
duce ambiguity and might not be ideal for applications requiring
SAREF-driven queries for specific data points.

Finally, when considering a single-ontology solution, Brick and
SAREF present their own distinct strengths and weaknesses. Overall,
SAREF provides an enhanced abstraction compared to Brick, which
could benefit users who may not be familiar with the diverse classi-
fications employed by Brick. However, as detailed in Appendix A, from
the 63 concepts we identified to represent common data needs for DF
applications, SAREF could only model 40 of them. From those, 25 are
for representing multiple measurement and control points using the
same sets of classes, which could lead to ambiguity issues if no ex-
tensions are considered. Moreover, while adopting our hybrid-storage
methodology that does not store temporal data within the semantic
models, SAREF relies on the ref-schema associated with Brick to capture
data point references/identifiers as stored external data sources. In
contrast, Brick offers enhanced expressiveness compared to SAREF, and
can model all the concepts outlined in Appendix A. Nevertheless, Brick-
driven queries are constrained by specific classes and relationships,
requiring users to understand the ontology and the details of model
creation. In addition, Brick currently lacks classes to represent more
detailed topological information within HVAC systems, such as ducts,
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pipes, and electrical wiring. This limitation may pose challenges for
supporting DF applications in buildings with systems that require more
complex modelling than what is covered in this paper. As such, future
efforts should focus on the alignment with more suitable ontologies
for this matter, such as the Flow Systems Ontology (FSO), as initially
investigated in [105] or the upcoming ASHRAE 223%° standard.

5.2. BIM support for DF configuration

Without the introduction of semantics, the manual, labour-intensive
process of integrating and mapping data points to control applications
can take most of controls development time. This still remains one of
the major obstacles to deploying supervisory control applications, as
reported in previous research in this area [15,16]. Connecting data
sources with applications in each building demands considerable effort,
expertise and time, which becomes particularly crucial during the final
phases of commissioning and handover of buildings. Consequently,
this increases the overall expenses and hinders the scalability of these
applications. Semantic models support and simplify this process by
enabling the interoperability and configuration of controls based on
semantic, reusable queries.

Several approaches have been proposed to automate the generation
of semantic models based on BAS metadata. One issue they face is that
this often demands specialised knowledge to decode the spatial and
functional context of equipment and their data points, often found scat-
tered across unstructured documentation such as technical drawings
and manuals. This is where BIM sources become invaluable. Integrating
BIM with BAS data sources facilitates the creation of semantic models.
By leveraging BIM’s rich spatial context, it minimises the need for hu-
man interpretation and intervention in establishing a mapping between
data points and their contextual information. This may result in a more
efficient, automated and accurate semantic model generation process.
Nevertheless, the key to allowing BIM information to be mapped to-
gether with BAS data sources for generating semantic models is having
a common instance presented in both. In our approach, we integrated
BIM and BAS data sources based on the device serial number, which
required both to include such an identifier. This was accomplished by
generating isolated semantic models and then merging them based on
the identifiers of such instances.

While our proposed tools are designed to automate the generation
of semantic models, it is important to note that they reduce, but do
not entirely eliminate, the need for human involvement. Still, although
some manual efforts are still expected to ensure correct inputs (from IFC
models and CSV templates) and check for correct outputs (generated
models), it may be a one-time investment. In addition, although the

20 https://docs.open223.info/intro.html.
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results of this study provide a comprehensive mapping approach for
BIM and BAS, specific applications may require particular features, af-
fecting the suggested computational methods. In a sense, the proposed
CSV and IFC templates and their corresponding algorithms may be
considered an alpha version. If they prove unsuitable for a particular
case, they need to be adapted accordingly. For instance, as the current
focus is on IFC and CSV, additional developments would be necessary to
support other data sources, formats, or use cases that do not have BIM.
The current method also focuses exclusively on relationships between
points, equipment, and spaces/zones. Enhancements are needed to
support more comprehensive topological relationships, including those
between equipment. Similarly, any modifications to the underlying
ontology (i.e., new versions) will require adaptation in the algorithms.
To manage these adaptations across various use cases, distinct versions
of the templates and algorithms can be created and systematically
tracked and documented, ensuring that each version is preserved and
available for reuse.

5.3. Framework benefits for DF deployment

Existing studies on semantic models have been undertaken to ad-
dress the labour-intensive and ad-hoc issues inherent in business-as-
usual workflows to develop, configure and deploy building applica-
tions. While these studies lay a solid foundation for semantics-driven
applications, they present several research gaps. Most works have
focused on analytic purposes rather than controls. Our framework
addresses this by supporting controls, particularly in the context of
DF, while also having the potential for broad adaptation across other
use cases, including analytics and different controls. Moreover, existing
works supporting controls often propose new ontologies, which may
lead to limited scalability due to the challenges of maintaining and
adopting newly developed ontologies. Even studies that advocate for
existing ontologies often fall short by not providing sufficient tools to
effectively manage them. Our framework not only encourages the use
of existing, established ontologies but also provides an approach and
the required tools for aligning and generating semantic models based
on them.

Some existing works also embed time series data and control logic
directly within semantic models rather than using appropriate
databases or algorithms. This practice is particularly unsuitable when
managing large data streams or complex logic, such as required in
DF controls for HVAC systems [79,80,99]. Our framework employs
the OBDA approach to decouple control logic, time series data, and
semantic models representing specific buildings, aiming to address
these issues and facilitate controls’ scalability. The framework also
adopts a novel control platform, allowing for greater simplicity in
the reuse, extension, and customisation of controls, either to enhance
existing controls or seamlessly connect them to new buildings. This
is facilitated by the platform’s underlying actor and microservices
architecture and an intuitive drag-and-drop interface that supports
effortless reuse and modifications of controls deployed as modular
actors (functions scripts).

In summary, our framework has the potential to provide scal-
able and interoperable DF controls while reducing time and costs.
To demonstrate this, Fig. 11 compares two workflows for develop-
ing, configuring, and deploying building control applications. Drawing
from previous experience, the before workflow outlines the main tasks
involved in delivering a supervisory HVAC control (similar, though sim-
pler, compared to our proposed control) without using the semantics-
driven framework or the actor- and microservices-based platform in-
troduced in this work. In contrast, the after workflow shows the main
tasks for implementing the proposed DF control using the semantics-
driven framework and platform. The same research team deployed both
workflows in the same building featured in the case study of this paper,
leveraging the same base tasks (performed once) to connect to field
data points, initialise the middleware, and assess the building. The
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difference between them lies in how their controls were subsequently
developed, configured, and deployed, and therefore, we focus on these
tasks to compare such efforts.

In the before workflow, control-related tasks included exporting a
BAS points list, manually mapping its points to a bespoke naming
convention, programming the control logic, and setting up an API-based
interface between control and middleware. This task required about a
week of effort and resulted in a hard-coded, building-specific control
that lacked portability. Mapping was the most time-intensive step,
consistent with studies showing it can comprise up to 29% of control
implementation efforts [106]. Industry developers often use proprietary
scripts to semi-automate mapping [107]. However, although these
scripts can be reused across different buildings by the same develop-
ers, they are often inaccessible or inadequate for others, leading to
duplication of effort even within the same building [40,108].

In the after workflow, control-related tasks were divided into three:
generating a semantic model, developing modular control logic actors,
and configuring and deploying the control. The first task involved run-
ning the proposed open-source BAS-to-RDF and BIM-to-RDF algorithms
built on established ontologies. This semi-automated process took about
one hour to generate and validate the model, which other developers
can easily reuse. The second task required creating control logic actors
and corresponding SPARQL text files. Despite taking approximately 8 h,
such actors are likely reusable as they are agnostic to specific buildings.
The same applies to the SPARQL queries due to their foundation in
established ontology concepts. Finally, the third task involved import-
ing and setting up suitable actors from the platform, including newly
created logic actors and existing default query and interface actors. It
also involved properly setting up the actor, for example, by linking the
query actor to the SPARQL text files and configuring the API key in
the interface actor. This semi-automated process took around one hour
and was greatly supported by the user-friendly interface provided by
the actor and microservices platform.

Overall, the after workflow shows a 75% reduction in effort for de-
veloping, configuring, and deploying similar controls within the same
building, assuming that the platform and mapping algorithms proposed
in this paper are pre-designed. The estimated efforts were defined by
the research team (the authors of this paper) and verified by a leading
system integrator to ensure they align with industry practices. It is
important to acknowledge, though, that this estimation is preliminary
and depends largely on the case study building, the specific controls
implemented, and the delivery process. The benefits are expected to be
more significant for buildings with more data points. However, further
studies across various buildings and scenarios (e.g., point naming qual-
ity and system complexity) are necessary to provide this quantitative
evidence.

6. Conclusions

Improving the scalability and interoperability of DF applications is
crucial to supporting the decarbonisation and digitalisation of the en-
ergy sector. In line with these goals, this paper introduces a semantics-
driven framework to enable DF controls in real buildings. The frame-
work extends our previous work presented in [40]. Its novelty lies in
a new approach for aligning Brick and SAREF concepts and generating
semantic models suitable for DF applications while mapping metadata
from BIM and BAS sources. We also propose a novel control platform
to develop, configure and deploy DF applications in a modular, easily
replicable and adaptable way.

While relying on methods predominantly agnostic to particular
buildings, our work offers several benefits to researchers and develop-
ers of control applications and semantic models (often led by system
integrators). The framework assists non-ontology experts with prede-
fined design decisions in specifying an alignment among Brick and
SAREF to support DF data exchange needs. In addition, we offer open-
source algorithms to link metadata from BIM and BAS data sources into
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Fig. 11. Comparison between two workflows for developing, configuring, and deploying building control applications by the same research team in the same building featured in
the case study of this paper. Before workflow outlines the main tasks without using the semantics-driven framework or the actor- and microservices-based platform introduced in

this work, while after workflow applies them.

unified semantic models compatible with Brick and SAREF. Finally,
we propose a structure on how DF control applications logic can be
decoupled from specific buildings using a control platform that follows
an actor and microservices architecture.

Future efforts include testing more complex control applications
across different building archetypes and target systems leveraging the
actor and microservices architecture. This would validate the proposed
framework’s robustness and portability potential while capturing nu-
ances associated with more comprehensive real-world scenarios. We
also aim to create a semantics-driven library of reference and portable
DF control applications to help scale their adoption.
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Appendix A. BAS and BIM mapping

Table A.1 outlines the proposed instance-level alignment between
Brick (v1.3) and SAREF (v3.2.1), along with SAREF extensions and
recommended ontologies, for modelling data needs for DF control
applications. The table also presents the proposed mapping from these
concepts to BIM and BAS metadata sources, which are the foundation
for the proposed algorithms to generate semantic models compatible
with the alignment and DF data needs.

Appendix B. Mapping algorithms
Algorithm 1 presents a pseudo-code for the BAS-to-RDF mapping
algorithm, while Algorithm 2 presents a pseudo-code for the BIM-to-

RDF mapping algorithm. Their full script is available in an open-source
repository.*!

21 https://github.com/ucl-sbde/semantics-driven_controls.git.
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Table A.1

Proposed alignment between Brick (v1.3) and SAREF (core v3.2.1, saref4bldg v1.1.2, and quantitykind/qudt v2.1) for DF data needs and their mapping to BIM and BAS sources.
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Item Concept Concept type Align type Brick concept SAREF concept® Metadata source
1 Site Spatial Match brick:Site - BIM
2 Building Spatial Match brick:Building s4bldg::Building BIM
3 Storey Spatial Match brick:Storey - BIM
4 Space Spatial Match brick:Space s4bldg:BuildingSpace BIM
5 Zone Spatial Match brick:Zone - BIM
6 Thermostat Device Match brick:Thermostat s4bldg:UnitaryControlElement BIM, BAS
7 Split System Device Match brick:Terminal_Unit s4bldg:FlowTerminal BIM, BAS
8 Air Handler Unit Device Match brick:Air_Handler Unit s4bldg:DistributionDevice BIM, BAS
9 Pump Device Match brick:Pump s4bldg:Pump BIM, BAS
10 Boiler Device Match brick:Boiler s4bldg:Boiler BIM, BAS
11 Chiller Device Match brick:Chiller s4bldg:Chiller BIM, BAS
12 Coil Device Match brick:Coil s4bldg:Coil BIM, BAS
13 Damper Device Match brick:Damper s4bldg:Damper BIM, BAS
14 Fan Device Match brick:Fan s4bldg:Fan BIM, BAS
15 Heat Exchanger Device Match brick:Heat_Exchanger s4bldg:HeatExchanger BIM, BAS
16 Valve Device Match brick:Valve s4bldg:Valve BIM, BAS
17 Variable Air Volume Box Device Match brick:Variable_Air_Volume_Box s4bldg:FlowTerminal BIM, BAS
18 Compressor Device Match brick:Compressor s4bldg:Compressor BIM, BAS
19 Occupancy Sensor Measurement point Pattern brick:Occupancy_Sensor saref:Sensor BAS
saref:observes
saref:Property
quantitykind:Occupancy
20 Motion Sensor Measurement point Pattern brick:Motion_Sensor saref:Sensor BAS
saref:observes
saref:Property
quantitykind:Occupancy
21 Supply Temperature Sensor Measurement point Pattern brick:Supply_Temperature_Sensor saref:Sensor BAS
saref:observes
saref:Property
quantitykind:Temperature
22 Return Temperature Sensor Measurement point Pattern brick:Return_Temperature_Sensor saref:Sensor BAS
saref:observes
saref:Property
quantitykind:Temperature
23 Discharge Temperature Sensor Measurement point Pattern brick:Discharge_ Temperature_Sensor saref:Sensor BAS
saref:observes
saref:Property
quantitykind:Temperature
24 Temperature Sensor Measurement point Pattern brick:Temperature_Sensor saref:Sensor BAS
saref:observes
saref:Property
quantitykind:Temperature
25 Humidity Sensor Measurement point Pattern brick:Humidity_Sensor saref:Sensor BAS
saref:observes
saref:Property
quantitykind:Humidity
26 Power Sensor Measurement point Pattern brick:Power_Sensor saref:Sensor BAS
saref:observes
saref:Property
quantitykind:Power
27 Supply Air Static Pressure Sensor Measurement point Pattern brick:Supply_Air _Static_Pressure_Sensor saref:Sensor BAS
saref:observes
saref:Property
quantitykind:Pressure
28 Exhaust Air Static Pressure Sensor Measurement point Pattern brick:Exhaust_Air_Static_Pressure_Sensor saref:Sensor BAS
saref:observes
saref:Property
quantitykind:Pressure
29 Discharge Air Static Pressure Sensor Measurement point Pattern brick:Discharge_Air_Static_Pressure_Sensor saref:Sensor BAS
saref:observes
saref:Property
quantitykind:Pressure
30 Pressure Sensor Measurement point Pattern brick:Pressure_Sensor saref:Sensor BAS
saref:observes
saref:Property
quantitykind:Pressure
31 Position Sensor Measurement point - brick:Position_Sensor - BAS
32 Speed Sensor Measurement point - brick:Speed_Sensor - BAS
33 Supply Air Flow Sensor Measurement point - brick:Supply_Air_Flow_Sensor - BAS
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Table A.1 (continued).

Advanced Engineering Informatics 64 (2025) 103049

Item Concept Concept type Align type Brick concept SAREF concept® Metadata source
34 Discharge Air Flow Sensor Measurement point — brick:Discharge_Air_Flow_Sensor - BAS
35 Mixed Air Flow Sensor Measurement point — brick:Mixed_Air_Flow_Sensor - BAS
36 Flow Sensor Measurement point - brick:Flow_Sensor - BAS
37 CO2 Sensor Measurement point — brick:CO2_Sensor - BAS
38 Supply Air Temperature Heating Setpoint Control point Pattern brick:Supply_Air_Temperature_Heating_Setpoint saref:Actuator BAS
saref:controls
saref:Property
quantitykind:Temperature
39 Discharge Air Temperature Heating Setpoint Control point Pattern brick:Discharge_Air_Temperature_Heating Setpoint  saref:Actuator BAS
saref:controls
saref:Property
quantitykind:Temperature
40 Heating Temperature Setpoint Control point Pattern brick:Heating_Temperature_Setpoint saref:Actuator BAS
saref:controls
saref:Property
quantitykind:Temperature
41 Supply Air Temperature Cooling Setpoint Control point Pattern brick:Supply_Air_Temperature_Cooling_Setpoint saref:Actuator BAS
saref:controls
saref:Property
quantitykind:Temperature
42 Cooling Temperature Setpoint Control point Pattern brick:Cooling_Temperature_Setpoint saref:Actuator BAS
saref:controls
saref:Property
quantitykind:Temperature
43 Discharge Air Temperature Cooling Setpoint  Control point Pattern brick:Discharge_Air Temperature_Cooling Setpoint  saref:Actuator BAS
saref:controls
saref:Property
quantitykind:Temperature
44 Maximum Temperature Setpoint Control point Pattern brick:Max_Air_Temperature_Setpoint saref:Actuator BAS
saref:controls
saref:Property
quantitykind:Temperature
45 Minimum Temperature Setpoint Control point Pattern brick:Min_Air_Temperature_Setpoint saref:Actuator BAS
saref:controls
saref:Property
quantitykind:Temperature
46 Discharge Air Temperature Setpoint Control point Pattern brick:Discharge_Air_Temperature_Setpoint saref:Actuator BAS
saref:controls
saref:Property
quantitykind:Temperature
47 Supply Air Temperature Setpoint Control point Pattern brick:Supply_Air_Temperature_Setpoint saref:Actuator BAS
saref:controls
saref:Property
quantitykind:Temperature
48 Temperature Setpoint Control point Pattern brick:Temperature_Setpoint saref:Actuator BAS
saref:controls
saref:Property
quantitykind:Temperature
49 Pressure Setpoint Control point Pattern brick:Pressure_Setpoint saref:Actuator BAS
saref:controls
saref:Property
quantitykind:Pressure
50 Humidity Setpoint Control point Pattern brick:Humidity_Setpoint saref:Actuator BAS
saref:controls
saref:Property
quantitykind:Humidity
51 Cooling Supply Air Flow Setpoint Control point - brick:Cooling_Supply_Air_Flow_Setpoint - BAS
52 Cooling Discharge Air Flow Setpoint Control point - brick:Cooling_Discharge_Air_Flow_Setpoint - BAS
53 Heating Supply Air Flow Setpoint Control point - brick:Heating_Supply_Air_Flow_Setpoint - BAS
54 Heating Discharge Air Flow Setpoint Control point - brick:Heating_Discharge_Air_Flow_Setpoint - BAS
55 Supply Air Flow Setpoint Control point - brick:Supply_Air_Flow_Setpoint - BAS
56 Discharge Air Flow Setpoint Control point - brick:Discharge_Air Flow_Setpoint - BAS
57 Flow Setpoint Control point - brick:Flow_Setpoint - BAS
58 Speed Setpoint Control point - brick:Speed_Setpoint - BAS
59 Frequency Setpoint Control point - brick:Frequency_Setpoint - BAS
60 On Off Command Control point - brick:On_Off_ Command - BAS
61 Run Request Command Control point - brick:Run_Request Command - BAS
62 Mode Command Control point - brick:Mode_Command - BAS
63 Lockout Command Control point - brick:Lockout_Command - BAS

2 Including SAREF extensions and recommended ontologies.
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Algorithm 1: Pseudo-code for the BAS-to-RDF mapping algorithm

Input: CSVFile
Output: BASRDFModel

1 Step 1: Initialise RDF model and namespaces ;

w N

v

© o N o

10
11

12
13
14
15
16
17

18
19
20
21
22
23
24
25
26
27

rdfModel < ModelFactory.createDefaultModel() ;
InitialiseNamespaces(rdfModel) ;

Step 2: Load CSV data ;
csvData « LoadCSV(CSVFile) ;

Step 3: Create RDF resources for device and point concepts ;
foreach record € csvData do

Step 3.1: Identify unique device IDs ;

uniqueDevices < IdentifyUniqueID(device_identifier);

foreach deviceldentifier € uniqueDevices do

deviceBrickClass « IdentifyBrickClass(device_name) ;

deviceSAREFClass « IdentifySAREFClass(device_name) ;

Step 3.4: Identify and link points to devices ;
foreach pointldentifier € data point identifier do

pointBrickClass < IdentifyBrickClass(data_point_name) ;

28 Step 4: Write RDF model to file ;
20 BASRDFModel « WriteRDFModel(rdfModel) ;

Step 3.2: Iterate over the common device IDs to identify devices’ classes and composition ;

Step 3.3: Identify devices’ Brick/SAREF classes and create RDF resources ;
deviceResource < CreateResource(rdfModel, deviceldentifier) ;

deviceResource « AddProperty(rdfModel.Brick + deviceBrickClass) ;

deviceResource <« AddProperty(rdfModel. SAREF + deviceSAREFClass) ;

dataPointResource « CreateResource(rdfModel, pointIdentifier) ;

dataPointResource « AddProperty(rdfModel.Brick + pointBrickClass) ;
pointSAREFClass « IdentifySAREFClass(data_point_name) ;
dataPointResource « AddProperty(rdfModel.SAREF + pointSAREFClass) ;
dataPointResource « AddProperty(rdfModel.Brick + "hasTimeseriesId", pointldentifier) ;
deviceResource « AddProperty(rdfModel.Brick + "hasPoint", dataPointResource) ;
deviceResource « AddProperty(rdfModel.SAREF + "consistOf', dataPointResource) ;
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Algorithm 2: Pseudo-code for the BIM-to-RDF mapping algorithm

Input: CSVFile
Output: BIMRDFModel

1 Step 1: Initialise RDF model and namespaces ;
rdfModel < ModelFactory.createDefaultModel() ;
InitialiseNamespaces(rdfModel) ;

Step 2: Load IFC data ;
ifcData « LoadIFC(IFCFile) ;

w N

v

© o N 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

Step 3: Create RDF resources for spatial and devices concepts ;
foreach ifcProject € ifcData do

Step 3.1: Identify instances of sites and iterate to identify their classes and composition) ;
foreach site € ifcSite do

siteResource « CreateResource(rdfModel, IfcSite_Expressld) ;
siteResource « AddProperty(rdfModel.Brick + Site) ;

Step 3.2: Identify instances of buildings and iterate to identify their classes and composition ;
foreach building € siteResource.IfcRelAggregates() do

buildingResource < CreateResource(rdfModel, IfcBuilding Expressld) ;

buildingResource < AddProperty(rdfModel.Brick + Building) ;

buildingResource < AddProperty(rdfModel. SAREF + Building) ;

siteResource <« AddProperty(rdfModel.Brick + "hasPart", buildingResource) ;

Step 3.3: Identify instances of storeys, and iterate to identify their classes and composition ;
foreach storey € buildingResource.IfcRelAggregates() do

storeyResource « CreateResource(rdfModel, IfcBuildingStorey_ExpressId) ;

storeyResource < AddProperty(rdfModel.Brick + Storey) ;

buildingResource < AddProperty(rdfModel.Brick + "hasPart", storeyResource) ;

Step 3.4: Identify instances of spaces and iterate to identify their classes and composition ;
foreach space € storeyResource.IfcRelAggregates() do

spaceResource « CreateResource(rdfModel, IfcSpace_Expressld) ;

spaceResource « AddProperty(rdfModel.Brick + Space) ;

spaceResource <« AddProperty(rdfModel. SAREF + BuildingSpace) ;

storeyResource < AddProperty(rdfModel.Brick + "hasPart", spaceResource) ;

Step 3.5: Identify and link devices to spaces ;
foreach device € spaceResource.IfcRelContainedInStapialStructure() do
deviceResource «

CreateResource(rdfModel, IfcElement_identifier) ;

deviceBrickClass < IdentifyBrickClass(IfcElement_type) ;

deviceResource « AddProperty(rdfModel.Brick + deviceBrickClass) ;
deviceSAREFClass « IdentifySAREFClass(IfcElement_type) ;

deviceResource « AddProperty(rdfModel. SAREF + deviceSAREFClass) ;
spaceResource <« AddProperty(rdfModel.Brick + "hasPoint", deviceResource) ;
spaceResource « AddProperty(rdfModel.SAREF + "contains", deviceResource) ;

Step 3.6: Identify instances of zones as a group of spaces ;

foreach zone € spaceResource.IfcRelAssignsToGroup() do
zoneResource « CreateResource(rdfModel, IfcZone_Expressid) ;
zoneResource < AddProperty(rdfModel.Brick + Zone) ;
zoneResource < AddProperty(rdfModel.Brick + "hasPart", spaceResource) ;

44 Step 4: Write RDF model to file ;
45 BIMRDFModel « WriteRDFModel(rdfModel) ;
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Data availability

The data and code for this study are available in our open-access
repository via the following link: https://github.com/ucl-sbde/semanti
cs-driven_controls.git.
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