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Preface

The construction industry is widely known to be extremely fragmented: it involves
multiparty, multidisciplinary teams collaborating on the creation, and usage of frag-
mented, yet interconnected data. These data are generated, stored and processed in
diverse tools. As a result, interoperability issues between different tools have been a fo-
cal point of research for more than three decades. The introduction of BIM paved the
way for improved information management and enhanced information interoperabil-
ity. Despite significant progress, construction projects continue to face consequential
challenges in effectively managing the diverse range of information. In particular,
brownfield projects such as the ones for energy retrofitting and renovation deal with
an extremely complex mix of legacy and new data that are not always structured.

Information interoperability and management is one of the decisive factors which in-
fluence the success of these projects. The availability of the right information, at the
right time significantly improves overall collaboration and effective project manage-
ment. Despite extraordinary advances in data capture and availability in the past two
decades, projects struggle with utilising them efficiently for decision-making. In typical
projects, infrastructure components are represented in various formats, with varying
levels of information, depending on the use case for which they were created. While
advanced BIM-based paradigms such as Common Data Environments have proved
advantageous, there is a significant gap in managing interconnected data in these en-
vironments. Major challenges here include gaps in consensus of standardised schema
for non-IFC data and lack of standardised vendor-neutral representation of meta-data
and interconnected information.

In this research, three key issues in managing interconnected information are addressed.
The first objective is to provide a formal representation of informal relationships within
heterogeneous data in construction projects by utilizing Linked Data approaches. This
facilitates easy understanding and retrieval of existing knowledge from various, dis-
parate sources. Furthermore, this research proposes the use of Information Contain-
ers, which serve as the central repository for all formalized knowledge throughout a
project’s lifecycle in a Common Data Environment. These containers promote efficient
organization and management of interconnected data, making it easily accessible to all
stakeholders involved in the project. The Information Containers are designed with a
CDE perspective, focusing on the functional elements of the containers and their stored
data. Lastly, to maintain data quality and consistency, the proposed approach incor-
porates SHACL rule language for validation. This ensures that all data and interlinked
relationships conform to predefined standards and adhere to integrity constraints, thus



enhancing the overall reliability of the project’s information. By addressing these three
key issues, this research aims to improve the management of interconnected information
in AEC projects.

Through the adaption of existing models for Information Containers, and their in-
tegration with the functional aspects of CDEs, it is demostrated that heterogeneous
interconnected data can be efficiently managed in all phases in the construction indus-
try. Furthermore, by leveraging linked data principles, the integration of the current
document-centric practice with the semantic, data-centric practice is demonstrated.
The results of this work can potentially push forward the developments of Common
Data Environments beyond their current one-dimensional interoperability. Seamless
integration and exchange of data, regardless of how the data is structured, has an
enormous potential for practical use cases from projects.
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Einleitung

Das Baugewerbe ist bekanntlich extrem fragmentiert: Es umfasst mehrere Parteien
und multidisziplindre Teams, die bei der Erstellung und Nutzung fragmentierter, aber
miteinander verbundener Daten zusammenarbeiten. Diese Daten werden mit unter-
schiedlichen Werkzeugen erzeugt, gespeichert und verarbeitet. Daher sind die Heraus-
forderungen der Interoperabilitédt zwischen den verschiedenen Werkzeugen seit mehr
als drei Jahrzehnten ein Schwerpunkt der Forschung. Die Entwicklung von BIM er-
moglichte ein verbessertes Informationsmanagement und eine gréflere Interoperabilitat
der Informationen. Trotz signifikanter Fortschritte stehen Bauprojekte weiterhin vor
groflen Schwierigkeiten bei der effektiven Steuerung des vielfaltigen Datenmaterials.
Insbesondere Altbauprojekte wie die energetische Sanierung und Renovierung haben
mit einer auflerst komplexen Mischung aus alten und neuen Daten zu tun, die nicht
immer strukturiert sind.

Die Interoperabilitiat und das Management von Informationen ist einer der entscheiden-
den Faktoren, die den Erfolg dieser Projekte beeinflussen. Die Verfiigharkeit der richti-
gen Informationen zum richtigen Zeitpunkt verbessert die allgemeine Zusammenarbeit
und das effektive Projektmanagement erheblich. Trotz auflerordentlicher Fortschritte
bei der Datensammlung und -verfiigharkeit in den letzten zwei Jahrzehnten ist es bei
Projekten schwierig, diese effizient fiir die Decision-making zu nutzen. In typischen
Projekten werden Infrastrukturkomponenten in verschiedenen Formaten und mit unter-
schiedlichem Informationsgehalt dargestellt, je nach dem Anwendungsbereich, fiir den
sie erstellt wurden. Obwohl sich fortschrittliche BIM-basierte Paradigmen wie Com-
mon Data Environments als vorteilhaft erwiesen haben, gibt es eine deutliche Liicke
bei der Verwaltung miteinander verbundener Daten in diesen Umgebungen. Zu den
grofiten Herausforderungen in diesem Bereich gehéren der mangelnde Konsens tiber
standardisierte Schemata fiir Non-IFC-Daten und das Fehlen einer standardisierten,
vendor-neutral Darstellung von Metadaten und vernetzten Informationen.

In dieser Untersuchung werden drei zentrale Fragen der Verwaltung verkniipfter In-
formationen behandelt. Das erste Ziel besteht darin, eine formale Darstellung in-
formeller Bezichungen innerhalb heterogener Daten in Bauprojekten durch die Verwen-
dung von Linked-Data-Ansétzen zu erméglichen. Dies erleichtert das Verstandnis und
den Abruf von vorhandenem Wissen aus verschiedenen, disparaten Quellen. Aufler-
dem wird die Verwendung von Informations Containers als Kernstiick einer gemein-
samen Datenumgebung vorgeschlagen, in der das gesamte formalisierte Wissen tiber
den Projektablauf gesammelt wird. Diese Container unterstiitzen die effiziente Organi-
sation und Verwaltung miteinander verbundener Daten und machen sie fiir alle am Pro-
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jekt Beteiligten leicht zugénglich. Die Informationscontainer werden aus einer CDE-
Perspektive entwickelt, mit Fokus auf die funktionalen Elemente der Container und die
gespeicherten Daten. Um die Datenqualitat und -konsistenz zu gewéhrleisten, verwen-
det der vorgeschlagene Approach die SHACL-Regelsprache zur Validierung. Damit ist
sichergestellt, dass alle Daten und verkntipften Beziehungen den vordefinierten Stan-
dards entsprechen und die Integritatsbedingungen einhalten, was die allgemeine Zu-
verlassigkeit der Projektinformationen erhoht. Mit diesen drei Schliisselfragen zielt
diese Forschungsarbeit darauf ab, das Management von verkniipften Informationen in
Bauprojekten zu verbessern.

Die Adaption der bestehenden Modelle fiir Informations Container und deren Integra-
tion mit den funktionalen Aspekten von CDEs zeigt, dass heterogene, verkniipfte Daten
in allen Phasen der Bauindustrie effizient verwaltet werden kénnen. Auflerdem wird
durch die Nutzung von Linked-Data-Prinzipien die Integration der derzeitigen doku-
mentenzentrierten Praxis mit der semantischen, datenzentrierten Praxis demonstriert.
Die Ergebnisse dieser Arbeit kénnen die Entwicklung gemeinsamer Datenumgebungen
iiber ihre derzeitige eindimensionale Interoperabilitat hinaus potenziell vorantreiben.
Die drahtlose Integration und der Austausch von Daten, unabhingig davon, wie die
Daten strukturiert sind, hat ein enormes Potenzial fiir praktische Projektanwendungen.
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Chapter 1

Introduction

1.1 Information & its management

in AEC

Construction projects are notorious for being resource, time,
and cost-intensive. A typical construction project handles
immense blocks of heterogeneous information (i.e. each piece
of data is structured differently), flowing in loops and linearly
through various project participants. Though estimates for
the quantum of information vary widely due to dependencies
on project scale, scope and involved participants, conserva-
tive estimates from literature range from 6000-30000 docu-
ments for just one phase for a project (Craig & Sommerville,
2006; Schroepfer, 2006). When scaled up for the entire life-

. . Si
cycle of a project, these pieces of data can span thousands responders
. . . 75G/° o— reported an
of documents, models, drawings, images, point clouds, etc. increasing need

for quick

These pieces of data are inherently heterogeneous, i.e. each decislon-making
piece of information can be created using different sources

and stored in various formats. A 2022 report initiated by

Autodesk quantifies that unusable data or the mismanage- Volume of
ment of it cost projects worldwide, a whopping 1.84 Trillion 2x o Prooct ot
USD (Autodesk, 2022). fast 3years

Besides the enormous quantum of information generated within

a project, these information are frequently exchanged, ver-

sioned, and tracked across diverse project participants. Dur- 50% - Aualleble
ing the course of a project, these participants interact in unusable
complex ways, making it challenging to establish a Single

Source of Truth! at any point in time. The construction in-
dustry has long drawn inspiration, adoption and adaption
of concepts and approaches like lean approach, digital mod-
elling, resource planning, etc. Yet, despite these similarities, 'A Single Source (SSOT)

fundamental differences in the participants, information flow ~ #8&resates all the data of a
project into a single loca-

tion, which is accessible by
all members of the project
Linking and Managing Heterogeneous Data using 1 team.
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Figure 1.1: Explosion of
data in AEC projects (Au-
todesk, 2022)




2The notion of BIM was
inspired by Computer-
Integrated Manufacturing,
an approach in the man-
ufacturing sector, where
information is modelled
digitally prior to the pro-
duction of the physical
component

1.1. Information & its management in AEC

directions, organisational culture etc., make the construction
industry more complex?.

Traditionally, the AEC domain has heavily borrowed con-
cepts and approaches from other domains for both infor-
mation and project management (Crowley, 1998; Delgado
Camacho et al., 2018). However, AEC projects are inher-
ently unique from their counterparts in other domains, like
automobile manufacturing, chip manufacturing, software de-
velopment, etc. For instance, in the case of automobile man-
ufacturing, the broad product lifecycle are:

o Plan and Define program,

e Product Design and Development,

e Process Design and Development,

e Product and Process Validation,

e Production Launch,

o Feedback Assessment and Corrective Action

A typical construction project consists of the following phases
which are broadly structured as per ISO 19650:

o Assessment and Need

« Invitation to tender

o Tender response

o Appointment

» Mobilisation

» Collaborative production of information
— Planning
— Design

— Procurement

Manufacture/Construction

— Comissioning
o Information model delivery - Handover
« Project close-out

Although these phases overlap significantly with the con-
struction project phases, the key difference lies in the it-
erative and highly variable nature of construction projects,
where data can change even during the execution phase or

2 Linking and Managing Heterogeneous Data using
Information Containers
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at the point of handover to the operation and maintenance
phase. This indicates that in construction projects in the
AEC domain, data is highly dynamic, with the potential for
variation at any given point by any participant involved.

Figure 1.2 illustrates this highly dynamic nature of the AEC

industry by comparing it to the manufacturing industry. No-

ticeably in the latter, heavy collaboration exists between

teams/users within a company, while external collaboration

is minimal. However, in the AEC industry, there are dis-

tinctly more external collaborators involved and the frequency

of collaboration between both external and internal users

is sporadic3. Combining the above two key features with  3Historically, the AEC in-
the relatively long lifespan (ranging from years to decades) dustry has long reported
of construction projects, information management becomes ~ itS complexity: the num-

. ) . . ber of potential permu-

crucial for a successful project completion and obtains far tations and combinations
more complex characteristics than other industries. for design, plan, construct

each element in a build-
ing(Dubois & Gadde, 2002)

Manufacturing Construction

@ Red Node: Individual company user —— Red Edge: Connection from internal user —= Edge Weight: Thicker edge represents
more frequent connections between users

@ Blue Node: Individual external user —— Blue Edge: Connection from external user

Figure 1.2: Comparing information exchanges between participants
in the manufacturing industry and the construction industry (Box,
2014)

In the current age where "information is oil", companies’
ability to be agile i.e. responding to new emerging infor-
mation by leveraging its accessibility, its speed of updates,
and resulting leverage value have become key winning points.
Historically, information flows are heavily restricted between
participants in organisational silos and internal hierarchies
and have long impeded personnel from quick access, thus
impacting effective decision-making. Designers, contractors,
and asset owners were estimated to face significant challenges
in managing data: with approximately 96% of captured data
going unused (Autodesk, 2022). Furthermore, around 30%
of the initial data created by project participants is lost by
the time the project reaches the handover phase.

Linking and Managing Heterogeneous Data using 3
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In brownfield projects like renovations, data management as-
sumes a dual perspective: both existing ’as-is’ information
and new information generated during the execution of ren-
ovation (e.g. new redesigns, etc.) have to be considered.
Until recently, the core challenge revolved around the col-
lection and aggregation of heterogeneous information. In
particular, renovation projects focussing on retrofitting ex-
isting building stock, have been reported to face challenges
in being able to gather the as-is state of buildings (D’Oca

Brownfield projects tend et al., 2018; Volk et al., 2014).
to not have any prior exist-
ing BIM data, and rely on With the advancements in technology, laser scans, photographs,

the quality of captured/- .
collected data for further sensor data, etc. have been effectively used to capture the

usage. This is especially accurate ’as-is’ state of building stock. However, the problem

true for old and historic of managing information not only remains but is exacerbated

buildings by the availability and complexity of 3D information which
does not follow 2D conventions and paradigms.

The "holy grail" of successful project delivery critically relies
on efficient data collaboration between project participants
so that the data can be accessed on time. The advent of
Building Information Model/Modelling (BIM) and digital in-
formation creation and management has eased and paved the
way for traceable data and increased the availability of the
information required to efficiently manage a project (East-
man, 2011). Continuous research in the past two decades has
shown the benefits of using BIM and advanced digitalised
information management (Bryde et al., 2013; Kumar et al.,
2017; Migilinskas et al., 2013; Shen & Chua, 2011). BIM
has brought about massive changes in tools, processes and
working culture too. In particular, the tools for authoring
and managing BIM-based information have embraced a data-
centric approach, thus reinforcing the need to structure these
data.

Nevertheless, BIM is not a one-stop solution, which can be
blindly applied for all projects, as challenges in its adop-
tion became apparent. These challenges can be broadly
grouped into technical (and functional requirements) and
non-technical (strategic) needs (Gu & London, 2010). Within
the context of the technical needs, Common Data Environ-
ment (CDE)s were identified as solutions to facilitate collab-
oration and access to data. These environments are cloud-
based repositories where multidisciplinary project partici-
pants can store data generated during the project, modify
and update them, and share them with other project partic-
ipants.

4 Linking and Managing Heterogeneous Data using
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Owner 0.0
-&.

HVAC team

Site plan of Joinville buildings,
(drawings in pdf format)

Breakdown of existing energy losses
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Site plan of Joinville buildings
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.0
So% ="
‘ Architect/Structure team
On-site survey team
&g% Data collection team O Data @ —© Relationship based on expert knowledge @®- --- @ Implicit Relationship ]

Figure 1.3: Inter-linked heterogeneous information in AEC projects

A CDE was defined to serve as a single source of truth that
is accessible to all participants in the project involved and
facilitates this access in real-time. However, the complexity
of AEC data, participants, their interaction, diverse tools,
modelling practices and eventual data usage has necessitated
a re-evaluation of the current CDE approaches.

1.2 Challenges

AEC relies heavily on graphical and non-graphical data in
various formats for daily communication between project
participants (Caldas et al., 2002). Despite the advantages of
BIM, this high heterogeneity of data generated and managed
in AEC projects has been shown to affect efficiency, leading
to coordination and communication problems, and eventu-
ally delays in decision making (Beck et al., 2020). Consid-
ering that most of these data are potentially interconnected
with each other, they are often not explicitly recorded in a
project. These relationships, which are critical for decision-

Linking and Managing Heterogeneous Data using 5
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4These types of links are
not explicitly codified or
recorded in a project. They
are often domain-specific
knowledge or understand-
ing, which the subject
matter expert, e.g. a site
engineer or an architect
can comprehend, based

on prior experience. An
example of these kind of
knowledge is shown in Fig.
1.3 where the implicit re-
lationships (represented in
dotted line) between differ-
ent representations of the
same building is shown.

1.2. Challenges

making in a project, are often informal domain knowledge
which heavily relies on the interpretation and expertise of
project participants. Due to the non-recorded and hence
non-persistent nature of these relationships, they can be called
“informal links™* These links are at perpetual risk of being
lost if the concerned participant moves out of the project.

Most of the BIM tools available in the market support the ex-
change of models in IFC schema. These include tools which
are installed in the the local machine such as Autodesk’s Re-
vit, Bentley Microstation, Allplan, ArchiCAD etc. Advanced
collaboration platforms also support object-based databases
for storing these models (Eastman, 2011). For example solu-
tions like BIM360, BIMCollab, TrimbleConnect do facilitate
collaboration of different project participants and support
federation of models. However, they struggle to meet the
requirements for federation as defined in Stage 2 and 3 of
the BIM maturity model (see Fig. 1.4). They also do not
support federation of information without interoperability is-
sues, query of sub-models, scalability of connected models to
external tools (Bucher & Hall, 2020; Godager et al., 2021).

Bucher and Hall, 2020 makes a case for classifying these
CDEs as 1-Dimensional - they facilitate data exchange and
collaboration with tools from the providers’ tool ecosystem,
but do not support linkage to externally hosted informa-
tion/platform. This results in CDEs with limited capabili-
ties: they can store the data (i.e., files), but the relationship
between them are not always storable, especially if they do
not conform to the formats that the CDE ecosystem sup-
ports. Each of these tools can indeed use its own internal
schema for modelling and representing data. At the point
of data exchange, these models are transformed from one
system (tool) to another, creating high discord between the
tools and also the participants involved.

Although the obvious solution of sharing and linking these
disparate but related models (instead of transforming them)
has been frequently proposed (Dankers et al., 2014; Goed-
ert & Meadati, 2008; Pocobelli et al., 2018; Sadeghi et al.,
2019), current CDE solutions still rely on sharing data in
proprietary formats, forcing participants to choose between
tools. This interoperability issue becomes more complicated,
as there are no concrete recommendations or implement solu-
tions that can be used to create or manage these interlinked
data in a CDE.

An example of this scenario is illustrated in Fig. 1.3 (based

6 Linking and Managing Heterogeneous Data using
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Increasing benefit from existing and new digitally supported and enabled processes

»
>

Unstructured data

Increasing benefit from collaboration

| Stage 1 : Stage 2

Figure 1.4: BIM Stages as defined by ISO 19650

on BIM4Ren case study, please refer to Chapter 3 for more
details). It shows the interaction of different participants
owning and exchanging different pieces of data.

Despite the relevance of interconnected heterogeneous data
for the successful completion of projects, their integration
into CDEs is a neglected field of research. One of the causes
for this can be attributed to the lack of advanced CDE
functionalities which use database-based information man-
agement, data federation, etc. However, a major factor is
the considerable ambiguity that exists in the very definition
of the functionalities and structures of the CDEs that have
to handle the data and interlinking mentioned above.

Given the broad difference in the way AEC industry func-
tions, neither BIM stage 1 nor stage 2 alone is not adequate
to ensure better interoperability and collaboration. There is
a massive need for ensuring all participants (both internal
and external) are able to exchange and collaborate on in-
formation models regardless of their authoring software and
data structures and these processes happen on the web, so
that real-time data is accessible for project steering at all
times.

However, it has been observed that the mechanisms to achieve
this are vague according to ISO 19650° (explained in detail
in Section 2.6.1) guidelines (Pauwels & McGlinn, 2022).

Numerous CDEs have been developed to meet the above

Linking and Managing Heterogeneous Data using 7
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6While BS1192 originally
proposed the BIM matu-
rity levels (from 0 to 1),
the superseding maturity
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1.3. Motivation

needs: from shared local drives over networks to cloud-based
storage solutions, all fulfilling the initially defined purpose
of a CDE: i.e. a single source of truth. The BIM matu-
rity model proposed originally by BS 1192: 2013, and sub-
sequently expanded by ISO 19650 lays bare the necessities
for pushing towards CDE-based data management (refer Fig.
1.4)5. However, despite the availability of traditional CDEs,
the problems of collaboration and managing interlinked data
in Stages 2 and 3 persist.

1.3 Motivation

In the current context of increasing energy prices, geopo-
litical conflicts, a prolonged dependence on fossil fuels, and
climate change, the focus on reduction in energy consump-
tion has assumed greater importance in national and inter-
national policies. Buildings and infrastructure are currently
the most dominant mass on the earth, followed by the mass
of plants, the mass of human-made material and the mass
of animals (Elhacham et al., 2020). Based on this context,
the European Union considers improving the efficiency of
the building sector to be a key contributor to reducing this
mass and energy utilisation. Of these, renovation projects
have the potential to contribute to reduction (Agency, 2020,
2021). The previous section identified that efficient informa-
tion management systems are needed to manage renovation
projects.

However, the sector’s key problem is the lack of existing
technological capability to efficiently convert informal rep-
resentations of interlinked information into formal, machine-
readable, and persistent structured data. Yalcinkaya and
Singh, 2015 identified 12 main research areas in AEC based
on patterns and trends in BIM research. Of these, Infor-
mation exchange and interoperability ranked as the most re-
searched theme. The topics under this theme included inter-
operability issues with software and with IFC schema, man-
aging loss of information due to repeated exchanges, query-
based retrieval of information, representation of component
information using product data and their resulting interop-
erability etc. These topics stem from needs recognised dur-
ing project executions, where information is available, but
not efficiently usable to make quick rational-backed decision-
making.

So, the data are continually generated, stored, and exchanged,
yet their overlaps and their relationships to each other are

8 Linking and Managing Heterogeneous Data using
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not explicitly captured. This leads to manual interpretation
of information, influenced by variable factors such as expe-
rience and knowledge of the project participant. Naturally,
there is a need for handling these connected information in
a structured way for the AEC industry, i.e. a bespoke linked
information architecture. This architecture establishes the
baseline interaction of the data and its design - facilitating a
minimum requirements model that can be used for building
future applications.

The BIM Maturity stages provide the criteria for assessment
of information models in a 3-tier paradigm. This maturity
model was first presented by the UK BIM Task Group’. This
was later modified and included in ISO 19650 Partl. Fig.
1.4 shows these modified stages. Stage 1 requires file-based
information storage, exchange, and management, with sup-
port for partial collaboration between project participants.
The information so stored is not required to be federated,
and need not necessarily contain structured data. Alter-
natively, Stage 2 denotes full collaboration, where the CDE
facilitates the use of federated models, which are represented
in a unified vendor-neutral format (like IFC). This stage also
requires partial connection of project processes, technology
and access roles. However, the data is still partially repre-
sented in files, creating data silos. Stage 3 indicates the usage
of object-based server information models which are hosted
on the cloud and can represent and manage federated infor-
mation models. Functionalities such as querying should be
feasible in both model and container databases.

This stage requires data modelled and stored in structured
databases, differentiating it from stage 2 which is file-centred
information management, without the use of object-based
information models (like ontologies describing the underlying
schema).

Semantic Web technologies have been shown to be of high
value in solving some of the requirements for Stage 2 and 3
(Beetz, 2009; Godager et al., 2021; Pauwels et al., 2017;
Rasmussen et al., 2021; Svetel & Pejanovi¢, 2010). The
approach of using ontologies for representing information,
makes the data structured. Multiple ontologies, each describ-
ing domain-specific concepts can be connected together; this
type of connection at the abstract level (concept level), in-
stead of at the instance data level, fits into the object-based
server information model. For example, an architectural
model authored in Revit can be converted to the vendor-
neutral IFC format. This IFC model can be also represented

Linking and Managing Heterogeneous Data using 9
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in ifcOWL ontology, which is based on Semantic Web con-
cepts. Smart devices installed in the building can be de-
scribed in a separate model, authored in SAREF Ontology.
The connection of ifcOWL and SAREF ontologies, enables
the federation of both the instance data.

However, the key challenge is the detection of the connec-
tions between the ontologies and the instance data. These
connections are not explicitly recorded in the models and the
containers being exchanged. Hence, domain-expert knowl-
edge and experience is often relied upon for the understand-
ing and interpretation of the data. Due to varying levels of
competencies, knowledge and experiences of project partic-
ipants, these interpretations can differ, leading to different
ambiguous decisions made based on the same data.

Currently, there are multiple other standards and approaches
that can be combined to establish the requirements for defin-
ing the functioning of model and container federation for
Stage 3. DIN SPEC 91391 Part 1 introduces concepts for
container and the associated metadata requirements. These
evolved from the concept of Multi-Model Container (MMC)
which consisted of partial models federated within a con-
tainer® (Fuchs & Scherer, 2017). For example, ISO 21597 *
on the management of linked information using information
containers introduced a structure for exchanging informa-
tion requirements between project participants during the
archiving phase. These containers are called Information
Containers for linked Document Delivery (ICDD).

The container concepts proposed in MMC and [CDD can be
used as inspiration for the design of container-based informa-
tion federation. The design of these containers according to
linked data principles, enables information federation, and
querying. Functional requirements from a CDE perspective
is adapted and formulated based on existing specifications
and incorporated in the container design.

The thesis focuses on the research carried out within the
context mentioned above and aims to study the feasibility of
SW technologies to support the representation and storage
of heterogeneous data in CDE using information containers.
It also focuses on the identification of the criteria for these
containers and their design (technical and functional).

In the next section, the research questions are formulated for
achieving the aim of this thesis.

10 Linking and Managing Heterogeneous Data using
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1.4 Research Questions

The literature review performed in Chapter 2 acknowledges
the core characteristics of information within AEC and the
associated challenges encountered during the lifecycle of a
project.

The broad research question based on this research gap is:
How can heterogeneous data be linked and managed in web-
based information containers in a CDE?

The above question is decomposed into three topic axes with
corresponding sub-research questions:

RQ1: Linking across domains - How can informal represen-
tations of related heterogeneous information be translated
into formal link representations which can be used through-
out the asset lifecycle?

RQ2: Information Management - How can formal link rep-
resentations be managed and processed within use case-based
Information Containers in a CDE through open data stan-

dards?

RQ3: Data Integrity - How can link relationships, containers
and stored data be checked for integrity and conformance
requirements?

These three topics are investigated on the basis of hypotheses
from the Semantic Web world which are elaborated in the
next section.

1.5 Hypotheses

Based on the research questions in Section 1.4 the following
corresponding hypotheses are:

H1: Federated model building involving partial heteroge-
neous models can be effectively addressed by leveraging Se-
mantic Web technological concepts.

H2: Domain-specific functional and conceptual requirements,
as specified by [CDD and MMC to facilitate linked data-
supported containers in CDEs are feasible by adopting Linked
Data paradigms.

H3: Conformance of interlinked data to pre-defined meta-
data can be verified by leveraging the data shapes as defined
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In the field of formal logic,
a closed world assump-
tion means a statement

is true only if it is known
to be true. In this case,
the knowledge database is
known to be complete, and
any missing information is
treated as untrue. For ex-
ample, if a query searches
for flights between Berlin
and Hannover and the re-
sult shows that there are
no flights available under
the CWA, this result is
true. Further elaboration
of this topic can be found
in 2.1

1.7. Guide to this thesis

in SHACL.

H4: Concepts proposed by ISO 19650, DIN SPEC 91391
can be combined with ISO 21597 and Linked Data Platform
(LDP) to achieve a functional information container. These
containers can be used in a web-based decentralised CDE
for information management throughout all project phases,
rather than just for information exchange during handovers.

H5: The SHape Constraint Language (SHACL) rule-language
can be leveraged under the Closed World Assumption. for
conformance checks of both incoming data and created links.
Some of these checks can be created as standardised con-
straints in the SHACL Shapes, given existing comprehen-
sion of incoming data schema. Standardisation of constraints
helps in their reuse, as rules are split into modules, with con-
straints in reusable shapes, which can be allocated to any
target object.

1.6 Research Outcomes

The research conducted for this thesis illustrates the suit-
ability of combining Semantic Web technologies with BIM
for managing heterogeneous interlinked data in a web-based
Common Data Environment.

This research presents a concept for the data architecture
and process flows for linked building data within informa-
tion containers, used within a CDE. To accomplish this, the
requirements for a container in all phases of a project, and
its subsequent architecture in a CDE. It leverages the ICDD
container concepts and integrates them with the require-
ments for CDE. Furthermore, this research also contributes
to the application of SHACL for pre-validation checks, thereby
using this rule language for filtering incoming data. Addi-
tionally, shortcut functions were also developed which stan-
dardised some of these rule-sets, for better re-usability.

A proof of concept was developed and demonstrated. The
beneficial and problematic aspects of their concepts and ap-
plications were also identified and investigated during these
explorations.

1.7 Guide to this thesis

This thesis is split into 6 chapters.
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1. Chapter 2 establishes the theoretical base for this re-
search by assessing the current state of the art in both
research and practice on information containers and
stage 3 of BIM maturity stages, and the point of de-
parture (both theoretical and practical) is established.
Additionally, it introduces the general concepts in the
Semantic Web world which are relevant to this thesis.

2. Chapter 3 focuses on the methodology adopted for ad-
dressing the research questions posed in Chapter 1.

3. In Chapter 4, the complexity of interconnected data in
AEC industry is explained, and the processes for dis-
covering link relationships between models and images
in the context of this thesis are introduced. Addition-
ally, the ontologies necessary to achieve this are also
introduced. This chapter is supplemented with the ap-
pendix B, which contains the mappings between the
ontologies.

4. Based on the the link discovery and linking process,
Chapter 5 introduces and formulates the proposed data
and process architecture for the information contain-
ers, which will store and maintain interconnected het-
erogeneous data. To support this architecture, an anal-
ysis of the functional capabilities, as proposed by exist-
ing standards and identified practical challenges/needs
from the industry are presented

5. Chapter 6 elaborates on the validation of the inter-
linked data (which is presented in Chapter 4) achieved
using the SHACL rule language. Additionally, checks
were formulated for metadata of the incoming model-
s/images/other heterogeneous resources using the same
rule language. The requirements listed in this chap-
ter and their corresponding SHACL shapes are docu-
mented in Appendix A.

6. The final Chapter 7 presents the discussions based on
the research questions. It discusses the corresponding
outcomes for these research questions and their impli-
cations on broader themes under focus in the research
and industry communities. It also includes the current
challenges faced in this domain, and the potential ways
forward for breakthrough.
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Chapter 2

Related Work

This chapter provides a general overview of existing research
approaches, existing solutions in the field of BIM-based CDEs,
and Semantic Web technologies for interlinked data. This
chapter is split into three core sections:

1. The first section provides a concise overview of the con-
cepts and technologies used in this research. Section
2.1 introduces Semantic Web and Linked Data. Fur-
thermore, the following key topics which are relevant
in the context of this research are introduced:

o discovery of links in data,
» management of links,
« validation of links and

o validation of metadata. Due to significant over-
lap, the terms Semantic Web and Linked Data are
used interchangeably in this thesis .

2. Section 2.5 presents the specifications set by current
AEC and non-AEC standards, while Section 2.5 re-
views the currently available off-the-shelf commercial
solutions for their relevance to BIM Stage 3 and linked
data-supported CDEs.

3. Section 2.7 presents the analysis of gaps in research
and practice, and identifies contributing areas from this
research.
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10The term ’traditional
web’ denotes the human-
readable content - i.e. a
collection of unstructured
and linked documents com-
posed of unstructured doc-
uments consisting text,
images, and hyperlinks.
Unlike the Semantic Web,
its data is not machine-
readable.

Over the years, numerous
tweaks and modifications
have been proposed for the
SW stack. Though these
versions address various
aspects like I'T architec-
ture, business logic, etc.
(F. Sowa, 2021)

2.1. The Semantic Web: Foundational Concepts

2.1 The Semantic Web: Foundational

Concepts

The Semantic Web was conceived as a collective, collabo-
rative W3C standard focused on the conceptual extension
of the World Wide Web. TIts goal is to transform the cur-
rent mix of unstructured and semi-structured documents on
the Web into a "web of semantically enriched data' ((W3C),
2007). The Semantic Web technology stack provides the ar-
chitecture to achieve the goals proposed above. Fig. 2.1 is
an adapted version of the original stack proposed in ((W3C),
2007).

In this layered architecture of hierarchy of technologies, each
layer exploits the capabilities of the layer below it, to provide
an extension of the traditional Web!® which eventually will
evolve into a Semantic Web. In Fig.2.1, the components not
relevant to this research are greyed out. The relevant parts,
which are highlighted in the figure through different colours
are briefly explained in the bottom-up direction.

Applications & Services

Trust

Proof

Unifying Logic

Transmission
Security

Ontologies

Abstract Language (RDF, RDFS)

Sentence Part Identifiers

Data Types

Semantic Web of Linked Data

Figure 2.1: The Semantic Web stack, adapted from ((W3C), 2007)

In this conceptualisation, information is handled under the
Open World Assumption (OWA), where if data is not present
within the currently available data set, it does not result
in 'missing’ data. This means that the system can neither
confirm nor deny the existence of the data, as it assumes
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that these non-available data can appear at a later point in
time. However, within the real-world AEC ecosystem, data is
always handled under the Closed World Assumption (CWA).
This means that if data is not available for a particular query,
the result is a definitive negation. As this thesis focuses
specifically on AEC-related use cases and scope, the research
has been carried out under CWA.

Data Types

This layer describes how data is described in a persistent
form. In general, Resource Description Framework (RDF) is
used for data exchange. RDF uses a triple structure to en-
code the information. Triples typically contain a ’subject’,
‘predicate’, and an 'object’. Though information can be rep-
resented using the RDF notation, its final serialisation can be
in any other RDF-supported format (e.g. turtle, JSON-LD,
rdfXML, etc).

Part Identifiers

Uniform Resource Identifier (URI) and Internationalized Re-
source Identifier (IRI) are used to identify the resourced
defined in triples. An Uniform Resource Locator (URL)
is a special type of URI that is used in the World Wide
Web (WWW) to locate resources within the Web. For read-
ability, these URIs are shortened using prefixes, where a
base-URI is used as a local term for the identifier.

Abstract Language

As mentioned previously, the RDF language provides the
identifiers, syntax, and semantics to encompass information.

Ontologies

The Resource Description Framework Schema (RDEFS) and
Web Ontology Language (OWL) are schema built on top of
the RDF vocabulary. These two are used to describe the
data and its associated schemata. Essentially they act as
dictionaries consisting of formal definitions of an entity (i.e.
its description) and its relation types (i.e. classes and prop-
erties).

Query
In the context of the Semantic Web, querying is facilitated

using SPARQL Protocol and RDF Query Language (SPARQL).
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The language is a recursive acronym developed and pub-
lished by World Wide Consortium (W3C), it retrieves and
manipulates data stored in the RDF format. These func-
tionalities include general querying, updating, deleting, and
inserting data into the triples graph.

Rules

Rules in the Semantic Web (SW) world are premises upon
which reasoning and inference can be made. This is achieved
using the language format which is used for describing the
premise. Rule languages like RDF Mapping Language (RML),
Semantic Web Rule Language (SWRL), SHACL can be used
to define constraints, with varying scope. However, the re-
sults of the application of these rules (i.e. if it is false or
true) cannot always be used by RML or SHACL to insert
new data or remove existing data. However, they can be
used to create new statements that add value to the existing
data.

Trust

In general understanding, trust is whether a piece of infor-
mation can be believed and is verifiable. Similarly, in the
SW context, trust relates to the reliability of the identity
and provenance of the content. This layer is intended to
allow users to verify whether the source of information is
being judged based on its trustworthiness, providing quality
assurance of the data it returns.

Application & Service

This layer consists of end-user-focused applications or ser-
vices, which allow them to interact and visualise data based
on SW principles. It also requires the data to be both
machine-readable (as it would have to conform to all the
layers below it), and also human-readable. Though these
applications can be either declarative or imperative program-
ming, recent trends have shifted towards the former. Declar-
ative programming involves describing the goal of the pro-
gram without explicitly specifying the control flow needed to
achieve it. In imperative programming, the program spec-
ification explicitly states each step-by-step instruction for
achieving the goal. Due to SW’s inherent decoupling of data
from the applications, it is feasible to build data-driven soft-
ware where any differences in the core domain model, its fea-
tures, or the user interface are encoded as application data
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rather than in the imperative data.

2.2 Link Discovery and Management

Information stored in various formats often contain points
of reference which allow them to be connected. These con-
nections are termed [inks. Link Discovery is the process of
analysing data to find tangible links to each other. Within
this thesis context, priority is given to the discovery of po-
tential links between related heterogeneous data generated
in AEC projects. So, knowledge mining involves the analy-
sis and discovery of links in the metadata of images, models,
and documents. These metadata are usually encoded us-
ing a domain-specific ontologies; e.g. IFC models can be
encoded as ifcOWL models, using this ontology, or even as
other linked building data models. The technical overview,
as well as the specific methods that are used for the identi-
fication of these links for each type of data, is presented in
Chapter 4.

2.3 Data Integrity and Conformance

Data integrity is the overall accuracy, completeness, and con-
sistency of the data. This also includes compliance of data
with safety standards. Integrity relies on a set of processes,
rules and standards and these serve as the context for the
usage of the data. Chapter 5 provides an in-depth introduc-
tion of rule checking for AEC-related data, and the use of
linked data supported rule languages.

2.4 Information Containers and CDEs

The information that has been generated in a project must
be disseminated among all project participants in a time-
bound manner to enable subsequent activities. This infor-
mation transmission also influences the speed and quality
of project management decisions. However, significant stan-
dardisations of data and processes are necessary to prevent
haphazard management of unstructured data and consequent
use of ad-hoc processes for using said data.

Information Container (IC) plays a central role during in-
formation exchanges. They help bundle relevant files to-
gether so that downstream information processing can be
performed. Various forms of containers have existed since the
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start of digitalisation in the AEC industry. The simplest of
these are the folders used on our computers, for cataloguing
and ordering documents based on use cases. However, these
folders do not contain additional metadata on how the files
within them are related. Isolated files can be connected us-
ing software that supports them (more details are explained
in Section 2.5).

ICs can contain machine-readable data, making them struc-
tured ICs, or have texts/drawings/images etc. which are
not explicit (at least not without employing some form of
Artificial Intelligence like Optical Character Recognition or
Machine Learning).

CDEs are utilised throughout the life-cycle of a project, and
serve as the platform for mutual loss-less data exchange,
thereby becoming an agreed source of truth. ICs that func-
tion within these CDEs are created, collected, processed, and
distributed /shared with project participants through a con-
trolled process.

This next section evaluates the currently available market
implementations of CDEs, based on reported features in
published literature. Their shortcomings are identified and
used as a basis to establish the practical points of departure
for linked data supported CDEs. Additionally, Information
Containers and CDE-related standards and specifications are
reviewed, along with relevant research studies focused on
these themes. This comprehensive analysis is used to es-
tablish the current state of the art, and identify the gaps
in existing literature. Finally, the challenges encountered in
this domain are summarised.

2.5 Practical Points of Departure

In this section, a brief review of the capabilities of commer-
cial CDEs available in the market are assessed. The core
criteria used for this evaluation is whether such CDE soft-
ware: 1) supports BIM Stage 3 functionalities as defined
by ISO 19650 or DIN SPEC 91391 and 2) supports informa-
tion container-based federation of heterogeneous information
through facilitating link creation and management. These
software are often black-boxes, require licenses and their ca-
pabilities do not have full-fledged documentation for their
free versions.
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Current commercial solutions

CDEs in some formats have existed for some years as off-
the-shelf commercial solutions. Autodesk’s e-Transmit tool
supports the preservation of relationships between different
CADD files in a container (Maier & Fair Cape Consulting
LLC, 2020). There are numerous solutions which reportedly
conform to BIM Stage 2 or 3 like Autodesk’s BIM 360, Trim-
ble Connect, Allplan’s bim+, Graphisoft’s BIMcloud, etc.

Lagazio, 2018 showed in a study on federating BIM mod-
els that Autodesk’s Navisworks supported the federation of
native models generated from other BIM authoring tools in
a viewer. These models were merged into a single file - the
federated model using BIM360, another tool in the Autodesk
ecosystem. Clash detections, cost estimations and construc-
tion simulations can also be conducted on federated mod-
els. Preidel et al., 2016 assessed various existing CDEs for
their seamless integration for collaboration. It assessed the
API features of BIMserver, BIM 360, BIMcollab, BIMcloud,
bim+ and Trimble Connect. It concluded that these CDEs
comply with the traditional Single Source of Truth (SSoT)
CDE paradigm, with web-based access and also implement
ISO 1960, DIN SPEC 91391 concepts such as versioning, au-
thentication and data management.

However, these tools are not consistent in implementation
of all specifications listed in these standards. For exam-
ple, DIN SPEC 91391 stipulates the feasibility for linking
to other resources in containers. It also requires the link-
age of heterogeneous, non-BIM information to BIM models.
Furthermore, the research also found that these CDEs rely
heavily on native proprietary data formats, thereby mak-
ing them ’closed-BIM’ solutions, which lack full access and
transparency of data and cause interoperability issues.

A predominant practice in software development is to de-
velop tools that fit in the provider’s ecosystem, with little
consideration for integration with 3rd party tools. Most of-
ten, project owners/clients request for additional develop-
ments for these integrations, which are then implemented on
a project-by-project basis. A type of these developments are
called middleware - interfaces where different tool’s API can
accessed in one view for viewing/modifying/exchanging data
between the tools. However, middleware development is not
standardised, and can vary between different organisations
based on their internal structure and I'T policy.

Bucher and Hall, 2020 conducted a similar study and classi-
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fied CDEs in terms of increasing levels of dimensional inter-
operability: one-dimensional (interoperability within a CDE
- limitations in collaboration due to restrictive data formats),
two-dimensional (interoperability between different CDEs)
and three-dimensional CDEs (distributed CDEs). It con-
cluded that most software are mapped at a 1-dimensional
level as they only support data exchange within the soft-
ware vendor ecosystem. Although these dimensional levels
cannot be directly translated to the BIM maturity stages,
some of the concepts overlap. For instance, two-dimensional
CDEs can be mapped to either Stage 1 or 2 as they support
data exchange in vendor-neutral open data formats, while
three-dimensional CDEs can be mapped to BIM Stage 3 or
beyond, as it supports decentralised interconnected CDEs.

Poinet et al., 2021 noted that BIM’s inadequacy in support-
ing these data structures produces both friction and waste
during production, including painful remodelling processes
and incomplete or low-fidelity documentation for complex
geometries. It is also a time-consuming process that directly
contradicts BIM’s fundamental utility for project delivery: to
simultaneously manage design geometry across multiple, in-
terdependent, multi-media and on-demand representations.

Based on the above analysis, this research establishes that
there is a wide gap between the theoretical concepts that a
CDE should support, and the current solutions existing in
the market. Additionally, most of the current solutions can
be classified into either Stage 1 or 2, and do not contain
any capabilities for supporting either linked data concepts
or heterogeneous interconnected data throughout the asset
lifecycle. Consequently, the main points of departure are: 1)
existing solutions do not fully implement available specifica-
tions for managing interconnected information in CDEs.

2.6 Theoretical Points of Departure

In this research, the theoretical points of departure are used
in two contexts: 1) established national/international stan-
dards, specifications and recommendation reports by work-
ing groups and, 2) research literature. For assessing the
relevance of research works for this research, the following
criteria in Fig. 2.2 is used.
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Data Integrity
and
Conformance

Technical Requirements Functional Requirements

SR API Calls

Ontologies Requirements

Figure 2.2: Criteria for review of standards and approaches

2.6.1 Current standards and specifications

ISO 19650

The concept of CDE-based information management was
first introduced in the now-withdrawn BSI PAS 1192:2013.
This standard is now replaced by the ISO 19650 series and
serves as the starting point for this research. Part 1 of this
standard focuses on information production and manage-
ment for the entire lifecycle of a built asset, while Part 2
focuses on the information management during the handover
phase of an asset. In general, Part 1 offers guidance for es-
tablishing an effective information management framework
that encompasses data exchange, storage, versioning and or-
ganisation.

First, a distinction is made between the terms “information
model’, ’federated model’, and “information container’ and
their usage. According to ISO 19650, an information model
is conceptualised to be created from a set of either/both
structured and instructed information containers, while a
federated model is defined as a composite information model,
which itself can be created from distinctly separate infor-
mation containers. Information containers can be a set of
persistent data (e.g. a file on the local machine, on the cloud
etc.). In the context of this research, a ’federated model’ is
defined as a model which stems from combining data present
in one or multiple containers. This effectively means a ’fed-
erated model’ can be created using just one container’s con-
tents.

At its core, this standard defines the maturity model for
the use of BIM, according to a 3-tier development. These
maturity stages conceptualise how at each stage, informa-
tion gradually evolves from a file-based, i.e. the lowest level
of digitalisation, to storing information in databases to full
leveraging of web-based functionalities. Fig. 2.3 shows an
adapted version of this in which all the standards assessed
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in this section are mapped according to this maturity model.
Stage 1 encompasses two-dimensional design work on paper
or electronic equivalents without defined collaboration pro-
cesses, though they are already using a CDE.

Meanwhile, Stage 2 extends the tasks of Stage 1’s CDE to the
capabilities of organised data exchange between all project
participants by enhancing the collaboration process and en-
suring lossless information exchange of federated information
models using open formats. Stage 3 represents digitalisation
where data is linked at the object-level and the attributes
are queryable using a container database in the CDE.

ISO 19650’s aim for container-based information is rooted in
its emphasis on collaborative working. This standard pro-
vides guidelines for information production by the author,
outlining clear and pre-defined requirements that must be
agreed upon by all parties involved. However, it is lack of
specificity regarding how a CDE should store and manage
shared, federated models. Additionally, while the standard

in this case - immutabil- acknowledges the importance of data integrity!'! - including

ity authorised access, and protection against corruption and ob-
solescence - it does not offer specific methods for achieving
this.

Nevertheless, it does outline key structural elements for a
successful federation. For example, federation must support
access to various types of models (like spatial, geometrical
and semantical), that can be stored in an Information Con-
tainer with a defined breakdown structure. These [Cs are
expected to be dynamic in nature, as they capture contin-
uously evolving project data through the different project
phases.

The major gap identified in this standard is its lack of de-
tailed specifications on how these requirements can be achieved.
It leaves the task to the project teams, who will have to agree
not only on the federation strategy but also on the technol-
ogy to enable this. It also does not delve into the details
of the metadata and the functional requirements for real-
ising these criteria, thereby becoming a mere guideline, and
not an approach suitable for implementing CDEs. This stan-
dard requires that pre-existing information about the project
should be exchanged between concerned parties before and
after the project, though it does not tackle how this infor-
mation should be integrated. It does not explicitly mention
heterogeneous federation, and the associated challenges like:
the approach for object identification within this data (i.e.
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Increasing benefit from existing and new digitally supported and enabled processes

»
>

Unstructured data

Increasing benefit from collaboration

ISO 19650 1 & 2
DIN SPEC 91391 1 & 2
Linked Data Platform
ISO 21597 1&2

Stage 1 Stage 2

Figure 2.3: BIM maturity stages as per ISO 19650 mapped to
standards and approaches(14:00-17:00, 2018-12)

snippets in an image, cell identifiers in spreadsheets, etc.)
and the level of the federation feasible. Is it applicable only
for the file-level, resulting in a visually superimposed fed-
eration, or is it applicable for object-level federation with
explicit linking? In its annexes, it provides example illustra-
tions of federation strategies, which focus mainly on visually
federated models, where the objects are spatially aligned.
In these strategies, discipline-based containers are created;
architectural information is stored in the architectural con-
tainers, MEP information in the MEP containers and so on.
However, it is unclear whether other heterogeneous data like
images, pdf documents can also be federated and if there is
additional information on this federation, such as a contex-
t/use case for the federated model, etc. These kind of hetero-
geneous information fall under ’data captured’ during sur-
veys of the construction/project site. They are documented
to assess as-is state of the infrastructure in renovation &
retrofitting projects. Often, such images are federated with
available BIM models or pdf drawings to provide a complete
picture of the infrastructure to project participants.

Although the ISO 19650’s scope does not cover the technical
aspects of information linking, it establishes the overarching
principles for information management in a CDE. These cov-
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ered the roles & responsibilities of the project participants in
a web-based CDE, and the collaborative strategy to manage
federated information. These specifications are relevant to
the topic of functional aspects of CDEs, and their further
analysis and application can be found in Chapter 5.

Part 2 of this standard focuses on requirements associated
with information management, i.e. delivery milestones, in-
formation standards, data production methods, data refer-
encing and sharing, and CDE selection during the project’s
delivery phase. CDEs, according to this standard are re-
quired to have containers with unique identifiers (which are
to follow a prior agreed-upon convention), and codification
of fields (ISO 19650-2:2018, clause 5.1.7).

More importantly, it also requires ICs to have metadata like
status, revision, and classification associated with it. It also
defines functionalities of the above-stipulated containers: 1)
transitioning ability between states, 2) capturing and retain-
ing container author information during these transitions,
and 3) access controls. Consequently, due to the elaborate-
ness of these requirements, Part 2 focuses on the information
management process itself, roles and responsibilities of the
project parties for information delivery, the requirements for
information which will be delivered, and the guidelines for
selecting the CDE.

The ISO 19650 establishes the minimum requirements for
the shift to Stage 3-compliant data structuring using stan-
dardised frameworks/object server databases. Hence, this
standard can be mapped as mapped as partially complying
with Stage 3 (refer to Fig. 2.3). Based on the content re-
view of the scopes of both the ISO 19650 Part 1 and 2, it is
clear that ISO 19650 presented the conceptual starting point
for the establishment of ICs and CDEs and how the former
should function within the latter. However, due to its fo-
cus on the high-level overview of information management,
it is not detailed enough on structuring and on the minimum
requirements for both ICs and CDEs.

Additionally, though it emphasises 'federation’; it does not
mention the level of federation possible/recommended, i.e.
if models are merely superimposed on each other, becom-
ing visually federated, but do not contain actual links to
the federated objects themselves. Neither Part 1 nor Part 2
delve deep into the structuring of the ICs, leaving the task
to project teams. However, other standards and approaches
do address some of these gaps.
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DIN SPEC 91391

Where the ISO 19650 fleshed out the broad benefits of us-
ing an IC-based CDE for information management, the DIN
SPEC sketches the functional level details for ICs and CDEs,
the use case contexts that will be supported by them, and the
minimum viable function set for an operational CDE. Part 2
of this specification addresses the interfacing of CDEs when
multiple CDEs are used by different project participants to
exchange and manage information throughout the project
lifecycle.

sets conditions

sets attribute categories

shall be harmonized

Figure 2.4: DIN SPEC 91391 and its relevant standards (DIN SPEC
91591-1, 2019-02-19)

More importantly, the DIN SPEC is proposed to fit in with
other standards as shown in Fig. 2.4. While the VDI 2552
also focuses on CDE functionalities, it is a German national
standard based on DIN SPEC 913941 and as such does not
introduce new concepts.

In Part 1, the technical, organisational and individual prin-
ciples and functions from ISO 19650 are defined, by splitting
them into two categories: obligatory and optional functional-
ities. However, conceptually the DIN SPEC defines an IC as
the smallest storage unit, which can, in turn, contain mod-
els, logical constructs etc. or a file alone can be considered
as an IC (DIN SPEC 91691:1 section 3.5). This means that
ICs are the smallest referable unit (aggregation levels as per
DIN SPEC 91391:1 section 3.12) and this can point to a set
of files or a single file. This ambiguous conceptualisation
conflicts with the notion of containers from other standards
and approaches such as the LDP, MMC based on DIN SPEC
91350, ICDD based on ISO 21597, which are introduced in
the upcoming sections.

DIN SPEC also extends the Stage 3 conceptualisation of ISO
19650 BIM maturity stages, by requiring that the individual
model elements/attributes are the smallest unit of referable
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information. This means that elements in an IFC model, e.g.
a wall, can be linked to material documentation reports or
Bill of Quantities (Bo()) spreadsheets. However, it does not
address the feasibility of referring to individual element link-
ing in non-BIM models, e.g. particular cell in a spreadsheet.

DIN SPEC assesses itself that it refers to maturity Stage
2, with partial applicability for Stage 1 and 3 (Introduction
chapter, page 7). Principally, it also mentions the ambiguity
in the definitions of Stage 3 and the lack of standards that
address this stage. However, it states that this stage has to
widen the data model of Stage 2, by enabling the storage
and processing of element and attribute-level information.
Furthermore, it also acknowledges the lack of an ontological
base for the metadata requirements that stem from the data
and processes needed for ICs in CDEs. This also means
that the data structuring for storing this information is not
addressed. This conceptual requirement leads to a review
of three approaches of interest that can potentially address

this: LDP, ISO 21597, 1SO 17632.

A comparison of the features reviewed in this specification
with respect to the other standards/approaches are mapped
and presented in Fig. 2.8.

Linked Data Platform

LDP is a W3C!2 specification which defines the approach
for reading-writing linked data, i.e. RESTful'® Hypertext
Transfer Protocol (HTTP) way for creating, read, updating,
deleting, and thereby consuming resources (Spiecher et al.,
2015). In this context, the term resources (i.e. information)
includes both RDF and non-RDF resources. For example,
IFC models are structured data and can be represented as
RDF graphs using the ifcOWL schema or using Building
Topology Ontology (BOT) schema. Non-RDF resources in-
clude images, and documents since they are represented in
their own formats such as . jpeg or .pdf. So, they are non-
RDF resources, as their data is not represented according to
RDF schema. However, their meta data like file name, file
type, size, date of creation, and file owner can be stored in
a RDF graph as an RDF resource.

Essentially, the LDP specification allows the consumption
(including read/write functionalities) of RDF and non-RDF
resources on the web, through the use of HI'TP services. It
also defines constructs for container!® - a special type of
resource, which consists of collections of RDF /non-RDF re-
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three types: 1) basic container,2)direct container,

or 3) indirect container.

A basic container aggregates its resources it holds, thereby
creating a containment hierarchy of its resources. Here, these
resources will always have some relationship with the con-
tainer (the subject of the triple is always the container). Fig-
ure 2.5 (a) shows an example of a basic container for
storing project information using LDP-defined vocabularies.
It uses the predicate 1dp:contains for establishing the
relationship of the resource :BoQ1 (Bill of Quantities) to
the container it is residing in.

A direct container expands the basic container,
and can store resources that may not be directly linked to the
container (i.e. the subject of the triple can be other resources
besides the container itself). This means that although it col-
lects resources stored within this container, it cannot han-
dle relationships to other external containers. Fig. 2.5 (b)
shows a new triple with a predicate hasDocument is added,
due to the presence of 1dp:membershipResource and
ldp:hasMemberRelation.

An indirect container, while bearing similarities to direct
container, allows for storing of resources where all ele-
ments of a triple (subject, predicate, and objects) can be ex-
plicitly defined. Based on the previous example, Fig. 2.5 (¢
) depicts an Indirect Container that stores a resource
named :ProjectData. This container stores the member-
ship triples of both basic and direct containers, while provid-
ing the flexibility to configure the object of the membership
triple (in the Fig. the ex:predicate which is related to
ldp:hasMemberRelation).
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LDP offers significant flexibility in terms of defining the
metadata that should be included in a container and its con-
tents. This allows software implementors the freedom to
design and structure information containers, resources and
their metadata. As discussed at the beginning of this chap-
ter, the AEC industry primarily operates within the closed
world paradigm, with most tasks and activities falling un-
der this category'®. This means that information is created,
stored and analysed to make effective and informed decisions
as part of project control.

However, when there is no standardisation for minimal data
requirements, it can lead to a multitude of interoperabil-
ity issues. Project participants can exchange poor quality
information, which results in multiple Request for Informa-
tion (RFI)s and delays in schedule. These issues also apply
to ICs, as varying minimum data requirements can lead to
non-compliant information exchanges between participants.
It is therefore crucial to establish and adhere to standard-
ised data requirements to ensure efficient communication and
collaboration of data among project participants.

Beyond the container specifications, LDP also outlines stan-
dard techniques for creating clients and servers that han-
dle the storage and management of RDF resources. Since,
web-based CDEs also based on Client-Server model, LDP’s
specification can serve as a guideline for the functional cri-
teria and behaviour. These criteria are mapped and com-
pared with other specifications and standards shown in Fig.
2.8, and discussed in detail in Section 2.7. Additionally, it
also provides basic vocabularies for container and resource-
related metadata, which can be supplemented with other
linked data vocabularies like Dublin Core', or schema'®
for author/ownership metadata, versioning, etc.

Based on the focal point of this research, both the direct
and indirect containers are highly relevant with respect to
their container definition and structuring. Their definition
also contain overlaps with other container definitions from
the DIN SPEC 91391 and ISO 21597. These are discussed
in Section 2.7.

ISO 21597 ICDD

The ISO 21597 standard on ICDD is a two-part standard,
with Part 1 focusing on general specifications for the break-

L A set of metadata items for describing the digital and physical re-
sources
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Figure 2.6: Container breakdown structure as per ISO 21597

down of containers for heterogeneous data and their associ-
ated metadata, while Part 2 focuses specifically on the vari-
ous link types as potential relationships for the data within
the containers, page (Technical Committee : ISO/TC 59/SC
13, 2020). It is intended for managing delivery of hetero-
geneous information (e.g. drawings, models, textual docu-
ments, spreadsheets, images, point clouds, etc.) during the
handover processes between phases and participants, Part 1
of this standard defines the composition of such a container.
In this part, the relationships between the encompassed data

are defined using the ICDD’s linktypes structuring and vo-
cabulary.

The ICDD standard was built on collective previous expe-
riences in designing containers for storing multiple partial
models and resources. The Construction Objects and the IN-
tegration of processes and Systems (COINS) project, which
started in 2003 laid the groundwork for the development
of ICDD later. The COINS project had a varied repre-
sentation of participants from the civil engineering domain
in the Netherlands. They included municipal corporations,
research institutions, universities, software companies, and
construction companies.

The main goal of this effort was to improve content-based
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communication between a typical project. All types of in-
formation created and transmitted in project are included in
this communication, i.e. 3D geometry models, object-specific
information like materials specifications, planning schedules,
costing estimates, etc. The effort resulted in the development
of a container system which facilitated the storage of the con-
tent(i.e. resources) and the links between them. Despite the
impact of the initiative, it struggled to be implemented in
practice (van Nederveen et al., 2010). However, the suc-
cessive COINS2.0 contained improvements for the container
structuring. This version of the project led to the develop-
ment of ICDD.

Another development which also had an impact on con-
tainer design is the MMC. Originally developed as part
of the Mefisto project!”, these containers were designed to
aggregate the partially distributed information models ex-
changed within a project and their link relationships. These
relationships were captured in a 1ink model, which was
bundled within the container. The 1ink models explic-
itly specified the type of interdependencies and the object(s)
concerned. This was achieved by using identifiers for refer-
ence objects. Standardised model schemata like the Industry
Foundation Classes (IFC) and the German Gemeinsamer
Ausschuss Elektronik im Bauwesen (GAEB)!® were used to
represent partial distributed information models.

MMCs also contain metadata about the resources bound
within the container. The MMC served as the inspiration
for the container concepts introduced in DIN SPEC 91391
parts 1 and 2 and also for ICDD.

An ICDD container is a zip file that has a meta-file called
index and a three-part folder structure dedicated for stor-
ing:

1. Ontology resources,
2. Payload triples, and
3. Payload documents

Fig. 2.6 shows the image of a conventional ICDD container.
The index file consists of metadata about the container it-
self, its purpose, and the author information. Additionally,
it also specifies which documents are being bundled within
this container and their own metadata e.g. file names, revi-
sion history, authorship, etc. The example shown in Fig. 2.6
contains metadata about the 4 documents contained within
the Payloads documents folder.
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In the ontology folder, all relevant ontologies related to the
container and the data can be stored; in this case, it stores
the ICDD container and linkset ontology. The Payload triples
folder contains the 1inks graph, which declares which files
are "link-able" elements, and which elements within these
files are "link-able". Additionally, it specifies the structure
for how each of the declared linkable elements can be con-
nected using the specialised vocabulary from Part 2 of the
standard, like els:IsPartOf, or els:HasMember, etc.

Unlike both ISO 19650 and the DIN SPEC 91391, the ICDD
standard specifies an explicit ontology for both the container
metadata, the file metadata and the links. An advantage of
these containers is that they can be used to link at both the
file level and also at the individual object level (within these
files). This object-level link is denoted as deep linking (Bor-
rmann et al., 2021). However, ICDD does not contain any
metadata requirements nor dedicated vocabulary for links
themselves, e.g. link creation history, authorship, modifica-
tion history, algorithm used, etc.

The container structure proposed by ISO 21597 is one of the
few that establishes an explicit foundational-level breakdown
structure. However, both parts 1 and 2 do not contain any
mention of the functional requirements for the behaviour of
the containers, or its usage in a CDE. The original inten-
tion of this standard was to facilitate information transfer
during the handover phase (between teams and between ac-
tual project phases). The default state of the data within
these containers is archived as per ISO 19650 definitions.
Consequently, its definitions were not unforeseen to accom-
modate the dynamic changes that occur during the design or
execution phase (Introduction chapter of ISO 21597-1:2020,

page V).

Although these containers have archived status, this is
neither an ICDD metadata nor explicitly mentioned in the
standard. Since this standard was never meant for informa-
tion management during the entire project lifecycle, it does
not contain specifications for its functioning in a CDE, like
DIN SPEC 91391, LDP or even broad specifications like the
ISO 19650. Furthermore, the ICDD link representation re-
lies on a three-tiered hierarchy of triples. This can result in
massive file sizes and a lack of readability.
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VDI 2552, DIN SPEC 91350:2016-11

Similar to the ISO 19650, the VDI 2552 Part 5: 2018 defines
a set of minimum requirements for CDEs (refer to Fig. 2.7).
The workflows are required to cover the CRUD functional-
ities, with two special additional requirements: 'filtering',
and "structuring and linking existing data". For structur-
ing the IC, this standard refers to BIM-LV containers pro-
posed by (“MMC Multimodell-Container”, 2016; Schiller et
al., 2016). BIM-LV is a type of MMC used to combine par-
tial BIM models with other models (e.g. gbXML etc.) for
the integration of distributed data.

The term LV denotes "Leistungsverzeichnissen" - bill of quan-
tities or service specification is an exemplary use case con-
tainer consisting of resources connected together. These in-
clude information of one (or more) building model and the
data from the specifications. These can be IFC models that
contain building components and a GAEB file connected to
the models. These information are saved as as per the Multi-
Model Container concept (*.mmc format). The service items
(or their subsets) are connected to the components of the
building model through the link model, which is also in the
container. These contain facilitate the exchange of both the
models and their service specifications in a single process.

Essentially, it consists of three components, which are de-
livered as a ZIP file (similar to ICDD): 1) a MMC descrip-
tion, 2) Link model containing the links, and 3) the applica-
tion models (i.e. the payload BIM and other models). The
first two components have to conform to the MMC schema
(“MMC Multimodell-Container”, 2016). The DIN SPEC
91350:2016-11 demonstrates a container for information ex-
change involving building models and bill of quantities, by
adapting it for this particular use case.

<BUItems>
<ItemLink>
<BUItemID>C163</BUItemID>
<BUsubltems>
<ItemLink>
<BUItemID>11668</BUItemID>
<BUsubltems>
<ItemLink>
<BUItemID>ID_ 1901 1668 1</
BUItemID>
<LinkedIFCID>1
vhGTRws18zAvKBjeq9YKe</
LinkedIFCID>
</ItemLink>
</BUsubltems>
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</TtemLink>
<ItemLink>
<BUItemID>11669</BUItemID>
<BUsubltems>
<ItemLink>
<BUItemID>ID_1902_ 1669 1</
BUItemID>
<LinkedIFCID>1
vhGTRws182AvKBjeq9YKe</
LinkedIFCID>
</ItemLink>
</BUsubltems>
</ItemLink>
</BUsubltems>
</ItemLink>
</BUItems>

Listing 2.1: Linking as per BIM-LV schema and structure

CEN 17632

Released in 2022, the CEN 17632 - Building information
modelling (BIM) - Semantic modelling and linking (SML)
- Part 1: Generic modelling patterns focuses on the top-
level bundling of semantic information using reusable data-
dictionaries approach (EN 17632-1, 2022). It focuses on the
syntactic and semantic interoperability of asset-descriptive
information using the Semantic Web stack. It covers the
scope of selected W3C RDF languages like Simple Knowl-
edge Organization System (SKOS), OWL, SHACL, RDF
and XML Schema Definition (XSD). At the time of writ-
ing this thesis, this standard is yet to be fully published and
consequently is not covered in this review.

2.6.2 Current research

The standards and approaches reviewed in the previous sec-
tion form the basis for research exploration. Due to the
broad scope of the CDE and information management within
it, various perspectives can be used to explore the available
literature.

Given the complexity of the topic, a combination of top-
ics and keywords was used to filter the relevant literature for
this thesis. These include Information Containers, CDE,
BIM level 3 or Stage 3, cloud-based platform, linked
data management, Knowledge Graph Management,
Deep Links, Interlinks, Decentralised CDE, Feder-
ated data models, Data or BIM Integration, Ontolo-
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gies, Multi-model Containers, open BIM collabora-
tion, etc.

Although research articles were published before 2018 on the
topic of linked data-based information management, due to
the introduction of ISO 19650 in 2018 and other standards
later, articles in both SCIl-index journals and peer-reviewed
conferences proceedings were considered.

Furthermore, a qualitative evaluation, similar to the ap-
proach followed in Pauwels et al., 2017 was adopted for the
review. Articles were reviewed based on the problem they ad-
dress and the magnitude of the resulting contributions based
on the criteria listed in Table 2.1.

There are varying tiers of research reported in litarature.
For example, the currently defined BIM maturity Stage 1
and 2 are popularly explored. Use-case oriented CDE de-
sign, which complies with Stage 3 were also commonly re-
searched. However, aspects essential to Stage 3 namely In-
formation Containers, requirements for querying of federated
information were not researched. From this research’s stand-
point, the reviewed literature was classified into three main
categories, where the research addressed either:

o Information Containers, CDEs and heterogeneous data
o Stage 3 of BIM maturity, and

e Implementation of I[SO 21597 in use cases

Information Containers, CDEs and heterogeneous data

Fig. 2.2 defined a three-tiered criteria guideline for reviewing
standards and approaches relevant to the research questions
posed in this thesis. These guidelines encompassed concepts
split into two categories:

o Technical Requirements: Ontologies, metadata require-
ments

o Functional Requirements: API Calls, Rule-checking
languages.

The relevant literature on CDEs, Information Containers
and Federated information were also reviewed using the same
criteria.
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Information Containers CDEs for heterogeneous BIM Stage 3
linked data

federating different information functionalities for querying

representations heterogeneous data

vocabularies for describing container processes for data interactions, integration with

concepts API calls databases

Table 2.1: Criteria for evaluation of research articles

Implementing ICDD - ISO 21597

Section 17 introduced [CDD, its basic concepts, namely the
structure of the container, its intended usage, and its capa-
bilities for managing interconnected data.

Since the publication of this standard in 2020, there has been
a significant increase in research related to it. The reviewed
literature can be categorized into two distinct groups: those
that utilized the ICDD schemata and approach without any
alterations, and those that incorporated modifications such
as integrating other ontologies, altering container structures,
modifying metadata requirements, and enhancing function-
ality.

The current ICDD schemata have been proven to be suit-
able for various applications, including semantic linking of
renovation-related data (Karlapudi et al., 2021), a billing
system that combines BIM model, Bo(), and Quantity Take-
off for automated payment (Ye et al., 2020), dynamic data
exchange for fire simulation utilising the IFC model and its
supporting extension model (Al-Sadoon & Scherer, 2021),
information integration for energy querying (Hoare et al.,
2022), structural engineering approvals and permits appli-
cation for IFC model, drawings and technical documents
(Ciotta et al., 2021).

Different functional aspects of ICDD’s capabilities were demon-

strated in the above research. For example, Hoare et al.,
2022; Karlapudi et al., 2021 utilised SPARQL queries for
extracting links specified between resources contained in an
ICDD container. Meanwhile, Ye et al., 2020 presented an
interesting usecase where ICDD containers were used as ev-
idence of work completed and used to process automated
payments to the contractor using blockchain technology. As
part of the study, conventional contracts were transformed
into smart contract consisting of billing units of work. This
was integrated into BillingModel which contained IFC mod-
els and the BoQ).

Linking and Managing Heterogeneous Data using 37
Information Containers



2.6. Theoretical Points of Departure

Al-Sadoon and Scherer, 2021 on the other hand developed a
novel multimodel framework which supported dynamic data
integration into the resources stored in an ICDD container.
The link extensions developed as part of this work enable
scenarios where information is constantly evolving. These
include cost monitoring between planned and as-built infras-
tructure, facility management using as-built data etc.

A similar use-case, albeit for sensor data integration with
BIM was presented by Polter et al., 2020. This study also
utilised ICDD containers to integrate data like sensor data,
and a BIM model for system identifications that were used
for the simulation of production processes e.g. deep construc-
tion pits, tunnels, culverts, and underground pipes. Hage-
dorn, 2018 presented an implementation of a version of web-
based access of ICDD, with a validator for verifying the con-
formity of a container to the standard.

Esser et al., 2022 explored the usage of ICDD for dynamic
data from the version control perspective. Here, delta dif-
ferences between monolithic BIM models were captured and
links at the object-level using ICDD structure. Borrmann et
al., 2021 presented the applicability for linking BIM mod-
els with 2D drawings at the file and object level. This
usecase directly deals with information exchanged during
the Design phases, where information exists in the Work
in Progress state, with frequent updates and modifica-
tions. Such containers can be used within different disci-
plines, where federated information influences each other’s
design. Werbrouck, Senthilvel, et al., 2019 compared the
use of specialised graph querying approaches like Hyper-
GraphQL and GraphQL-LD for querying ICDD containers.

The containers in the above use cases stored both RDF and
non-RDF resources - thus demonstrating ICDD’s flexibility
to accommodate common project information such design
plans, images etc. However, they do not demonstrate the
use of the specialised links defined in Part 2 of the ICDD
standard (i.e. link relationships such as isIdenticalTo,
isAlternativeTo, isPartOf). Link relationships that
describe the extent of overlap between different sources of
data are extremely invaluable to domain experts. They as-
sist in understanding the significance of these overlaps and
any resulting consequences arising from the connected infor-
mation. In Information Containers, the degree of link rela-
tionships used is contingent upon the specific usecase; how-
ever, container constructs that incorporate both low-level
and deep links relationships and structures are essential.
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These features ensure that Information Containers can be
effectively utilised throughout all stages of a project - from
Conceptualisation to Operation & Maintenance.

Collectively in the above use cases, there was no reported
need for dynamic containers; ICDD was a mechanism for
bundling static data before an exchange, and hence the ICDD
schemata could be directly used; sharing it as an archive
folder through any means of data transmission, e.g. email
attachments, uploads to cloud storage, etc. Inevitably, these
implementations are not compliant with "BIM Stage 3", where
data should not only be federated, but also live on the Web
throughout the project lifecycle. This federated data should
be queryable by project participants, who can filter and ex-
tract relevant information based on their need. Hagedorn
et al.; 2022 implemented ICDD in an OpenCDE compliant
web interface by developing Application Programming Inter-
face (API)s for seamless information exchange.

Furthermore, Hagedorn, Liu, et al., 2023 demonstrated the
use of these container concepts for two infrastructure-project
use cases: bundling images containing damages of bridges,
IFC model of the bridge and the placement of the dam-
age within the IFC; bundling pavement [FC models with
relational database containing road maintenance informa-
tion. These use cases were demonstrated in a web user inter-
face, where participants can perform Create, Read, Update,
Delete (CRUD) operations. It also demonstrates SHACL for
verifying these containers.

However, several limitations of the existing form of the ICDD
approach have been reported. Senthilvel, Oraskari, et al.,
2021 assessed that the ISO 21597 standards did not cover any
definitions or adaptations for the functioning of a CDE. Ad-
ditionally, it also noted that its absolute file-based approach
prevented it from being used for other phases and tasks of
a project beyond the handover tasks. As noted by both
Pauwels et al., 2022, research so far has only demonstrated
that the current implementations of ICDD containers can
be categorised as an intermediary step for overcoming file-
based data, to eventually progress towards a decentral graph
storage of information. In other words, ICDD-structured
containers should be able to live on web-based CDEs and
manage heterogeneous decentralised data.

Another critical point which was not addressed in these stan-
dards or the research reviewed in this section is the question:
of how to create and manage links between commonly en-
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countered heterogeneous data in AEC projects. Pauwels et
al., 2017 identified one reason for this gap is the missing con-
ceptual and functional foundation of how these links would
work. This thesis argues that for ICDD structured contain-
ers to function within decentralised yet connected CDEs,
core functionalities and their conceptualisations have to be
added.

2.7 Summary and Challenges

Radchuk et al., 2021’s report listed that some of the biggest
concerns in the existing standards are shown in the Table
2.2.

Topic Order of concerns
Usability issues 23.1

Coherence between different 19.2%

standards

Which standard to use 15.4%

Lack of appropriate standards 15.4%

Complexity of standards 11.5%

Too generic 11,5%

Table 2.2: Major concerns reported in
study on BIM standards (Radchuk et al.,
2021)

Based on the analysis presented in Section 2.6.1, it is ap-
parent that owing to the different scopes of various stan-
dards, there is ambiguity regarding which standards should
be employed. This stems from the fact that there is no sin-
gular comprehensive standard covering all use cases, func-
tionalities and concepts. This is also not realistically feasi-
ble. Instead, there is a need for a framework /architecture on
how each standard can complement the other, based on the
specifications they deliver and use cases they were designed
for. Moreover, specifications such as ICDD do not accurately
represent the dynamic nature of project information flows,
where data predominantly resides in work in progress,
shared or published states.

Three approaches focused on detailed container breakdown
structure, each following a different method for establishing
links between files and objects within them. Where ICDD
required a 3-stage linking approach, BIM-LV specified di-
rect links by referring to the GUID of the link elements in
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Figure 2.8: Comparison of scope of different standards and approaches reviewed

question. Although ISO 19650 and LLDP provide conceptual
baselines for establishing a CDE’s functions, and behaviour
in a CDE respectively, they are too generic. In order to
be applied to the use cases within AEC, such as collection
of as-build data for progress monitoring, further conceptual
developments are necessary. These range from structuring
the container, to vocabularies for defining metadata, etc.

However, a significant challenge is that the capabilities of
the so-called BIM Stage 3 CDEs are not yet fully defined. In
summary, the challenges are twofold: 1) existing commercial
solutions do not support the management of heterogeneous
linked information throughout the asset lifecycle, and 2) no
stand-alone existing standard can be used for addressing the
linking of heterogeneous information.

As postulated in Chapter 1 and this chapter, Linked Data
(LD) technologies can be effectively employed for manag-
ing the linking of heterogeneous information. Since concepts
from different standards overlap significantly, they can be
stitched together and combined with LD technologies to con-
ceptualise information containers which can comply with the
BIM stages 2 and 3.

Stacking ISO 19650 against DIN SPEC 91391, it is evident
that the former presents a broad vision of containers and
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their role in a CDE. However, the DIN SPEC focuses on the
practical elements of metadata for both containers and the
information within them, their functionalities for managing
linked data, etc. To build a functional container which can
function in BIM Stage 3, the following is needed:

e the CDE functionalities defined in the LDP and ISO
19650, and

 the container structure from ISO 21597 and DIN SPEC,
MMC and LDP,

Fig. 2.8 shows a map of the features identified in the stan-
dards and specifications reviewed in the previous sections
2.6.1 and 2.6.2. This scale employs a qualitative range from 0
to 4, where 0 represents the absence of feature in the reviewed
material, and 4 indicates the presence of a well-defined struc-
ture for a feature. Further details on these levels can be
found in the accompanying figure’s legend.

2.8 Conclusions

This chapter focused on the analysis of relevant background
for this thesis i.e. the national and international standards
and specifications, research literature, and commercial soft-
ware solutions. As part of this analysis, these sources were
compared and the research gaps were summarised and mapped
to the research questions and hypotheses defined in the Chap-
ter 1. Additionally, concepts in the Semantic Web domain
relevant to the upcoming sections like link discovery in knowl-
edge graphs, and in other heterogeneous data, and manage-
ment of such discovered links were also introduced. These
will serve as the foundation for Chapters 4, 5 and 6.
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Chapter 3

Research Design

The previous chapter laid the groundwork by establishing
the research gap that is addressed in this thesis. With the
research questions already identified in Section 1.4, the corre-
sponding research methodology adopted for answering these
questions is presented in this chapter. Additionally, the re-
quirements considered for each development phase for these
research questions are also described. These requirements
stem from the extensive review conducted in Chapter 2 and
also serve as foundations for the upcoming chapters. In ad-
dition, the implementation of the proposed concepts is also
discussed. The above points are summarised in the conclu-
sion section.

3.1 Research methodology

Chapter 1 formulated and introduced a three-part research
question based on the gaps established in the domain of col-
laboration and managing interlinked information manage-
ment. These questions broadly attempt to tackle how the
information should be structured and linked, how can these
linked information be stored in CDEs, and finally how they
can be verified and checked.

Each of these topics was the focus of dedicated sections in
Chapter 2, delving into the state-of-art research covering ex-
isting standards, approaches, literature and commercial so-
lutions - all of which were used for identifying current chal-
lenges in addressing these research questions. This is distilled
and mapped concisely in tabular format in Table 3.1. Addi-
tionally, it also designates the relevant hypothesis applicable
to and explored for these questions.
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Challenges Research Hypothesis
Ques-
tion

Creating links between heterogeneous RQ1 H1, H2

data, metadata for created links,
Linking structure

IC Functionalities supporting linking, RQ2 H2, H4
Data and Process Architecture for

this IC and CDE

Verification of RDF metadata of RQ3 H3, H4,
incoming data, Links generated in the H5
CDE, Conformance of containers to

existing standards

Table 3.1: Challenges mapped to the Research Questions and
Hypotheses

Due to the cross-disciplinary span of a built asset’s lifecycle
and this thesis’ limited scope, use cases which represent the
crucial challenges of typical heterogeneous information man-
agement were identified as one of the requirements. For this
purpose, the research project BIM4Ren was chosen.

3.1.1 Casestudy: BIM4Ren

Yhttps://bimdren.eu/ BIM for Renovation (BH\[4R€H)19 was a H2020 project that
involved a consortium of 23 partners spread across the Eu-
ropean Union and focused on the exploitation of BIM for
the energy-based renovation of the existing building stock
for the entire renovation phase. Within such renovation
projects, various heterogeneous data are collected such as
partial models of the buildings, legacy drawings of site plans,
point clouds and photographs captured during initial explo-
rations before the start of renovation, and its associated en-
ergy and material-assessment reports. These data will then
be leveraged by different participants as inputs for evalua-
tions, analysis, design tasks, etc. in various stages of the ren-
ovation project (Sainz, 2022). Consequently, not only should
these data be accessible and processable by different tools of
each participant, but they should also be interconnected so
that these relationships can be used by participants for rapid
decision-making.

Initial research identified crucial issues such as which can be
overcome using BIM. These ranged from multidisciplinary
collaboration, non-captured knowledge and its resulting un-
foreseen consequences, and non-precise modelling data (Comis-
sion, 2018). During the course of the project, a workflow
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Figure 3.1: Snippet of a BPMN workflow capturing the information
flows and their corresponding EIRs for the conceptual design phase
(Armijo et al., 2021; Werbrouck, Tarkiewicz, et al., 2019)

was developed to allow various tools to function within a
so-called One Stop Access Platform One Stop Access Plat-
form (OSAP).

Since the project focused on the improvement of efficiency
in renovation projects through digitalisation, it aimed to de-
velop a platform where various tools can be used to stream-
line data processing based on renovation-specific tasks. The
renovation project-specific tasks like compliance checks to
national codes, re-evaluations of energy performance, and
renovation scenario suggestor, used input data stored within
the platform.

The platform thus developed was tested on three pilot ren-
ovation project sites (located in France, Spain and Italy),
which were used as Living Labs. These labs used a series of
feedback capture mechanisms to iterate and validate concep-
tual solutions and prototypes developed within the project.
Feedback included surveys, interviews, and workshops con-
ducted among project participants and relevant external par-
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207 type of flow chart
method for modelling the
sequential steps of an end-
to-end process. The graph-
ical notation facilitates
understanding and com-
munication of procedures
using a set of standardised
diagramming conventions

2LEIR document(s) provide
guidelines and specifica-
tions concerning the re-
quirements for information
to be delivered at the han-
dover phase of the project.
It often includes the accep-
tance criteria for informa-
tion models, documents,
processes and manuals.

3.1. Research methodology

ticipants.

The OSAP developed in BIM4Ren was based on the infor-
mation flow requirements established through grassroots re-
search. participant surveys were used to gather challenges
in data collection, processes, and information requirements
and developed BPMN? workflows which captured both the
generic process and EIRs?! for use cases from the conceptual
design phase (Armijo et al., 2021; Werbrouck, Tarkiewicz,
et al., 2019). The above workflows served as input to define

Exchange name 4.ER 4A CONCEPT VALIDATION REPORT: Compatibility Report:
geometry structure
BPMN phase involved Conceptual Design
BPMN tasks involved # Concept Validation / Model validation, IFC model processing
External Data (ED)
Sending Actor Architect / Engineer
Receiving Actor(s) Architect
Possible Tools BIMserver, BIMserver Model Checker, mvdXMLChecker, Triple Store
(red.)
Description Exchanged Data « geometric attributes, dimensions
« structure, elements, properties
« project phases, use cases
« validation rules (see Input 1.ER1)
« Collisions, errors
« LOD/LOG, LOI 200
Exchange Models Architectural Model, HVAC Model, Environmental model, technical
reports, checking rules
Data Exchange IFC 2x3 and IFC4, XLS, text/csv etc., mvdXML, BCF 2.0

Figure 3.2: Example of EIR defined for the task Concept Validation
showing the data exchange between an Architect and an Engineer in
the conceptual design phase (Werbrouck, Tarkiewicz, et al., 2019)

the toolchain platform. This platform (called the One-Stop
Access Platform) functioned as a rudimentary CDE (roughly
BIM stage 1 maturity), storing data which is accessible by
all participants and also validating it. However, it did not
offer functionalities for interconnecting these data at both
file and object levels, querying it, assigning container states,
etc.

In particular, the OSAP does not conform to the ISO 19650,
DIN SPEC 91391 standards for accommodating federated
models, or data management using information containers.
This thesis also uses the same BPMN workflows as one of the
use cases for the conceptualisation of a CDE, which supports
data interconnection at the lowermost object level and con-
forms to applicable standards and to key criteria identified
in subsequent chapters.
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Figure 3.3: Overall research methodology

An example BPMN workflow captured from this research
is shown in Fig. 3.1, where three project participants: the
Client, an Architect, and an Engineer exchange information,
based on agreed EIRs. While these requirement specifica-
tions contain how these exchanges should occur during the
delivery phase, in real life, project participants exchange data
continuously through all phases of a project. For example,
the complexity and frequency of these exchanges are shown
in Fig. 3.1, where EIRs are sent often multiple times for one
task (between preliminary design and concept validation).
Consequently, the vast amount of EIRs generated in these
situations have to conform to ad-hoc agreements between
project partners depending on their own software tools be-
ing used, and lessons learned iteratively during the course of
the project. It is evident that this setup becomes extremely
error-prone exchange and loss of data without establishing
data-centric minimum requirements, thereby contributing to
delays in project activities.

To extract the essence of the tools and the data they are used
to model, further research explored the use of these require-
ments for all tasks for each phase (Werbrouck, Tarkiewicz, et
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al., 2019). An example of a detailed EIR for the task of Con-
cept Validation (see Fig. 3.1) is shown in Fig. 3.2. In this
exchange between an Engineer and an Architect, diverse au-
thoring software is used to create and process architectural,
HVAC, and energy models together with technical reports,
and rule sets for data validation.

It can also be observed that the data being exchanged are
modelled in varying underlying schemata. For example, the
BIM model is being exchanged in both IFC2x3 and IFC4
schema versions. This is an important detail, since data be-
ing modelled (even non-BIM data like images, documents
etc.) are often saved in varying versions in the same tool,
which potentially leads to incompatibility or interoperability
issues for another project participant accessing the data in
a different tool version. Hence, it is imperative that data is
connectable in a standardised approach for effective project
management, regardless of its representation format or un-
necessary conversion.

With the backdrop of the BIM4Ren as this research’s use
case, the research questions can then be split into their own
sub-topics: i.e.

o discovery of links in data (Chapter 4),

« management of links and data in a CDE (Chapter 5)
and

« conformance of data to required schemata (Chapter 6).

Fig. 3.3 presents an overall mixed-method approach adopted
for each topic of this investigation. To answer RQ1, a combi-
nation of literature review-based criteria identification, and
development of a minimal metadata requirement framework
was selected. It includes the development of a dedicated on-
tology for capturing information about links discovered in
the project data. It also defined the structure for serializ-
ing these links so they can be queried, retrieved, and modi-
fied. On the other hand, for RQ2 a functional requirement
analysis is used for qualitative, comparative content anal-
ysis and mapping. Finally, an internal requirement analy-
sis methodology derived from the results of RQ1 was cho-
sen to address RQ3. The following chapters explain each of
these methodologies, a brief state-of-the-art analysis to de-
termine the most suitable methodology/algorithm, and the
conceptual developments which were deemed necessary to
fulfill these questions.
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3.2 Implementation and prototype

To demonstrate the concepts developed in the following chap-
ters, a prototype was developed for each of the research ques-
tions in Fig. 3.3. Due to the complexity of development, a
Micro Services Architecture (MSA)?? was adopted for im-
plementation. These architectures, also called bot (here-
after used interchangeably), were first proposed for the AEC
industry by van Berlo et al. in (van Berlo et al., 2016).
Bots are bespoke, standalone applications that run on their
own servers, independent of another platform with which it
works. It takes advantage of the currently fragmented data
management approach by being able to use inputs from a
particular source, perform a task, and generate an output
which another application can use.

Bots have an inherent composable architecture; i.e. as long
as the input formats match with the bot’s configuration, it
can function independently of the source software feeding
this input to it, allowing the different bots to be combined
to form higher-order workflows. Consequently, data flows
between bots and associated APIs have to be standardised
to facilitate this seamless automated information exchange
ecosystem.

As a part of the BIM4Ren project, van Berlo et al., 2020
also explored the possible ways of implementing a BIM bot
by suggesting three types of ecosystems based on how the
bots interact with an application. Fig. 3.4 sketches the
MSA architecture based on the above research, where the
link discovery and data validation bots exchange data with
CDE, to orchestrate information management.

Linker ~ Validator

2
o /
Link Discovery A e Data Validation

and Serialization N /

\\\ /

/

N s
CDE

Information Containers
Creation & Management

Figure 3.4: Microservices architecture for the implementation of

prototypes in this thesis

Due to the separation of each module into its own self-
contained unit of software, and the flexibility of calling these
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3.3. Summary and Conclusion

bots anywhere they can be utilised, this microservices ap-
proach was also adopted for implementing the three proto-
types in this research. Further details, such as the relevant
libraries used for the implementation of each part, are ex-
plained in the respective chapter.

3.3 Summary and Conclusion

This chapter explained the macro-level research methodol-
ogy adopted for addressing the research questions posed in
Chapter 1. It identified the overarching themes for each of
these questions and mapped them to related hypotheses from
both the AEC and the SW domains. It also introduced the
BIM4Ren project as an exemplary case study and its rele-
vance to this research investigation. It identified points of
interest in terms of data and concepts and established the
background for pursuing the investigation using this project’s
data.

For each of the research questions posed earlier, a brief overview
of the approach adopted was elaborated. Finally, an imple-
mentation architecture was proposed where the solutions de-
veloped for these questions individually, were translated into
bots based on a microservice architecture. The next chapters
address these questions in detail by focusing on the method-
ology adopted for research, the resulting conceptualisations
and the prototypes developed.
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Chapter 4

Linking Information

It is widely accepted that AEC projects require extensive
collaboration among a constellation of participants from dif-
ferent domains, belonging to various organisations to deliver
a physical infrastructure. The ultimate objective of this col-
laboration is to complete the project within the planned cost
and time. While this goal is determined early on, the spe-
cific steps, requisite data and processes to achieve it are not
always fully developed at the start of the project.

In addition, due to the dynamic nature of these projects,
it is crucial that all data are interconnected and maintained
throughout all project phases. This enables prompt decision-
making to ensure that the project stays on track and remains
within its planned time and resources.

Nonetheless, the AEC industry is well recognised for its in-
grained reliance on document-centric information models and
the inherent complexity that accompanies it. Although there
are ongoing debates about the subjective or objective nature
of these complexities, it is undeniable that they greatly affect
the success of projects (Casti, 1994; Wood et al., 2013).

Of the numerous complexities in AEC projects, complexity in
information is highly relevant for this research and has been
the subject of countless research over the last few decades.
These complexities span a wide spectrum - from design, con-
tractual/legal to organisational, technological etc.; and they
have been explored and their influence on information man-
agement acknowledged (Azhar, 2011; Celoza et al., 2023;
Hosamo et al., 2022; Pektag & Pultar, 20006).

Interestingly, though complexities can be thematically clas-
sified based on their use case, their impact bleeds into other
domains as well. For example, Pektag and Pultar, 2006
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4. Linking Information

demonstrated a framework using design structure matrix for
managing the level of information modelling during the de-
sign phase between different domain experts.

However, in a federated information model, any error in an
architectural model can make the entire project information
model invalid, since it is used as a reference. In these cases,
design complexity creates contractual complexity, resulting
in a complicated scenario where the party liable for the error
is not easily determinable.

From a project’s perspective, it is vital that the heteroge-
neous data generated through each phase are structured and
linked, thereby making them queriable and accessible to all
participants. A major challenge here is that building ele-
ments/objects often have multiple parallel, non-explicit rep-
resentations which encompass design intent, geometric infor-
mation, product features, planning baselines, etc. Though
these representations are heterogeneous in their data mod-
elling (and routinely also in their file format), they describe
the same physical entity. An example is given below.

‘In a typical renovation project, the architect recreates
a 3D BIM model which is then sent to the structural
engineer for analysis and redesign of building elements.
The same architect model is also shared with the HVAC
engineer, for energy simulation.’

(@) (b) ()

Figure 4.1: Representations of different partial models of the Duplex
building: (a) Architectural model; (b) Spaces and Zones; (c) Energy
Simulation model

The above example is illustrated in Fig. 4.1 using the Du-
plex building?®. Here, the architectural model (a) contains
design information like the type of walls, floors, etc. This
model is used as an input for first creating the spaces and
zones (see (b)) and subsequently calculating the energy simu-
lations of the as-is building elements (see (c)). Subsequently,
this energy simulation model will be iterated throughout the
project for different materials for doors, windows, insulation,
etc., to conform to the project requirements.
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The same architectural model also serves as the input for
the structural design by the structural design team. They
use the outlines of the columns, beams, and slab elements for
detailing the diameter of the reinforcement bars and stirrups,
and their spacing (see Fig. 4.2).

Figure 4.2: Representations of different partial models of the Duplex
building: (a) Architectural model; (b) Structural model;
(¢)Reinforcement Detail

Software tools like Navisworks' provide options for federa- . )
tion where native models from different BIM authoring tools F};i?g;ﬁi;(gfeofh é}]:el
can be imported and result in an aggregated model. How- Duplex building
ever, though the end-user can access this federated model,

upon export, it does not retain explicit links between each

partial model. Furthermore, the above set of partial models

are often only loosely federated, i.e. they do not contain any

explicit link relationships between them.

Establishing scope of

heterogeneous
data
> Models
> Link Discovery Link Description ——— Link Serialization
Structure
Literature
> Images — .
Review f
Literature Case study
‘ Review
v v l i
Minimum required Selection of
data for discovery  Linking approach Identification of Development
vocabulary of new
—— Document applicability vocabularies

Figure 4.4: Research methodology adopted for answering RQ1

! https://www.autodesk.com /support /technical /article/caas/
tsarticles/ts/1jiMmPap2x5i2kaHK JSZCz.html
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4. Linking Information

Furthermore, how these parallel representations of informa-
tion are combined is completely dependent on commercially
available software and its features, in addition to the vendor
lock-ins that come with it. This affects the reusability of the
federated model, particularly when it needs to be linked to
heterogeneous non-BIM data like PDF documents or images.

The issue of linking information has previously been inves-
tigated previously - the decentralised linked data web which
conceptualises interlinked RDF graph (Pauwels, 2014). Be-
fore this, a concept by Scherer et al., 2012 and Toérmaé, 2013
proposed ’linksets’ which are used to represent link relation-
ships between models. However, as Pauwels et al., 2017
adeptly highlights, these ’links’ are still managed through
human intervention, and include laborious tasks like the cre-
ation of links.

From a theoretical standpoint, heterogeneous data represen-
tations can be fused together using a combination of methods
from ontology matching and integration using concept tax-
onomies, relations, axioms, etc. However, unlike the ontol-
ogy and schema-level mapping required for ontology match-
ing, heterogeneous representations will also have to be matched
at the instance level (Térméa, 2013). Additionally, require-
ments for the above mappings, in terms of metadata, their
representation, and structuring, will also have to be resolved.

To address the questions posed above, this chapter follows
the research approach shown in Fig. 4.4.

Due to the quantum of work involved in considering every
piece of information within an AEC project, this thesis fo-
cuses only on heterogeneous data limited to only models
(based on IFC schema, other Linked Building Data (LBD)
schema, Green Building XML (ghXML) schema), raster im-
Albeit variations of defini- ages, documents (PDF). These three types of data are first
tions for the terminologies assessed to discover potential links between them. The method-
information and data avail-— )0y a0 q algorithm for detecting these links is selected from

able, within the context of .. . . . . .
this thesis, they are used the existing literature through a simplified literature review.

synonymously as the se- This review is also used for establishing the minimum meta-
mantic interpretations of data required for the discovery of potential linkable entities.
these are ignored for easy

comprehension Section 4.2 presents a method for identifying interconnected

information using linguistic similarities of concepts stored
in the metadata of the resources. The discovered links are
then described using a set of dedicated ontologies, which
were selected from publicly available open-source vocabular-
ies. These are identified based on the metadata requirements
identified in Section 4.1. In instances where the existing on-
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tologies do not adequately cover all required metadata, sup-
plementary ontologies were developed to bridge any gaps.
The linkable elements and their relationships are stored in a
container structure framework inspired by the current ICDD
structure. This is elaborated in Section 4.3.

4.1 Link discovery

Link discovery is a crucial part of the management of inter-
linked data. Called by various terms like ’link discovery’,
"Knowledge discovery’, 'Pattern Structures’, etc., this pro-
cess is central to semantic enrichment.

In principle, there exists no all-encompassing approach within
the intersections of the Semantic Web and AEC domains,
where every category of project-related heterogeneous infor-
mation can be effectively linked to each other (Pauwels et
al., 2017). In this context, it is emphasised that the link-
ing should incorporate the peripheral (surface-level) file-to-
file linking and also the much deeper object-level linking.
Object-level links are essential when an actual exchange of
partial models (for example requirement model, architectural
model, MEP model) takes place between two project partic-
ipants such as an architect and the HVAC engineer.

Here, the key challenge is to find out which elements in these
diverse partial models are actually identical and refer to the
same abstract concept, but contain different representations
(e.g. diverse representations for the abstraction Wall across
the disciplines of architectural, structural, and energy mod-
elling).

In the Semantic Web domain, recommender systems have
been used to identify commonalities between homogeneous
data (Bendouch et al., 2023; Musto et al., 2017; Peis et al.,
2008). These systems detect potential relationships between
images, knowledge graphs, documents etc. To accomplish
this they rely on ontologies which define conceptual similar-
ities and their relationships, thus helping these systems to
derive implicit relationships between thematically overlap-
ping resources.

In addition to ontology-based reasoning, these systems also
leverage semantic similarity metrics that capture nuanced re-
lationships between terms and contextual information such
as time, or location. Although semantic recommender sys-
tems are effective in identifying link relationships between
different resources, it is important to acknowledge that each
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system is tailored to specific types of datasets. For instance,
Bendouch et al., 2023’s recommendation system focuses on
utilising feature recognition for image recommendations. In
other words, these systems are not equipped to handle het-
erogeneous data.

However, mechanisms for the identification of similarities in
these systems can also be adopted for heterogeneous data-
based use cases in the AEC domain. Ultimately, the linking
of heterogeneous information is expected to improve interop-
erability between participants or even decentralised systems.

According to Musto et al., 2017 Recommender systems can
be classified into two groups:

» content-based systems - which provide recommenda-
tions based on direct similarity and

« graph-based systems - which link user nodes to tailored
recommendations.

Petrova et al., 2019 assessed different approaches for these
systems and classified them into semantically-aware systems
- which use linked data and ontologies for content disam-
biguation, linked-data powered user-centred recommenda-
tions using semantic similarity calculations, and user-profiling-
based systems - which leverage previous interactions, social
relations, likes, etc. for matching the user’s profile with max-
imum similarity for recommendations. Some of the recom-
mender systems relevant for this research are discussed in
Sections 4.1.2 and 4.1.3.

Conversely, inspirations for the creation of links can also be
found in the domain of ontology alignment, where similari-
ties in the ontology structures and linguistics (including syn-
onyms, relational aspects, etc.). Creating semantically rich
BIM has been explored within the AEC domain in many re-
search works. El-Gohary and El-Diraby, 2010 proposed an
ontology integrator that uses a heuristic approach of merging
taxonomies, relationships, and axioms for ontology merging.
There exists significant published literature of ongoing re-
search on the topic from the Semantic Web domain (Bloem
& De Vries, 2014; Paris et al., 2019; Rettinger et al., 2012;
Volz et al., 2009).

Within this research’s scope, the starting point for matching
heterogeneous data are similarity matching aspects. In the
next subsections, the metadata required for facilitating the
above matching is discussed for each type of data considered
in this thesis’ scope. They also elaborate on how these meta-
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data are created using existing tools and approaches. This
is followed by describing how link discovery is employed for
metadata of heterogeneous data.

This section gives an in-depth technical overview of the meta-
data and approaches required for using these recommender
systems.

4.1.1 Metadata types and ontologies

Metadata forms an influential part of link discovery. Ev-
ery piece of information (i.e. images, partial models, point
clouds, documents, etc.) can be processed to extract the
underlying conceptual themes contained in it. Thematic ab-
stractions can be captured using metadata?*. The primary
goal of incorporating metadata in knowledge graphs is to
enable the end-user to query and retrieve contextually rel-
evant information which are connected through common or
related metadata. According to the Digital Library Federa-
tion (DLF)?°, metadata can be broadly categorised into the
following;:

e Descriptive Metadata which contains descriptions
about the object of interest, e.g., what the object con-
sists of or is about.

o Administrative (or Syntactic) Metadata which
indicates the history and authorship of the object of in-
terest, i.e. the who, what, where and how aspects. This
type usually describes non-contextual information, e.g.
document size, location, date of creation/modification,
copyright permissions, etc.

o Structural Metadata links the object of interest to
the overarching reference. It describes how an object
and the components within it are structured and re-
lated.

This thesis focuses on descriptive, administrative, and par-
tially on structural metadata for the discovery of potential
links.

Ontologies designed to represent metadata commonly incor-
porate a shared semantic framework to describe concepts
and objects (Greenberg et al., 2003). Their goal is to stream-
line and structure the complexities of contextual information.
Well-known and widely used descriptive metadata languages
include annotation constructs in RDF and OWL and dedi-

cated metadata vocabularies like DublinCore?®and Schema.org
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tween, after, later), when
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2https:/ /schema.org/
docs/full.html

28Ontologies which are
applicable across a broad
spectrum of domain ontolo-
gies

29Ontologies containing
concepts relevant for a
specific domain

Low level semantic concepts

I:l High level semantic concepts

Figure 4.5: Two types of
image annotation using an
image from the BIM4Ren

project
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2T etc. These foundation ontologies®® were developed for

general applicability, beyond any specific domain.

In the following sections, these are utilised to capture meta-
data and combined with domain ontologies®® to describe an-
notations in raster images, documents and links discovered
in heterogeneous data.

4.1.2 Raster Images

Typically, images captured using any device include specific
built-in metadata, e.g. file size, name, format, creator, cre-
ation date, etc. However, they lack semantic data pertaining
to the objects depicted within. To semantically enrich these
images, object detection is commonly utilised for annotation.

These annotations can be created manually, semiautomati-
cally, or automatically using numerous existing algorithms
and approaches in the field of image processing (Cheng et
al., 2018; Torralba et al., 2010; Yang et al., 2005). In man-
ual annotation, segments of the image are manually labelled
based on predefined categories/vocabulary from an ontology.
Automated approaches involve varying levels of object recog-
nition.

Regardless of the approach adopted, the resulting annotated
images may contain areas of interest, corresponding titles,
and descriptions along with author information, e.g. the
name, organisation, description, and its provenance infor-
mation.

Semantic annotations on the Semantic Web are classified into
two levels (Khan, 2007):

o low-level semantic concepts: which contain con-
ceptual/atomic descriptions of specific objects or image
segment descriptions. E.g. a wall, window etc.

e high-level semantic concepts: which contain de-
scriptions of the environment along with the specific
object. E.g. an image containing walls, windows, floor
and a door can be described as a room in a building.
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Ontology Prefix Namespace

Annotation AO http://purl.org/ao/

Ontology

Friend of a FOAF http://xmlns.com/foaf/0.1/
Friend

SKOS SKOS http://www.w3.org/2004,/02/
Ontology skos/core

DBpedia DBpediahttp://dbpedia.org/ontology/
Ontology

Quantities, qudt  http:

Units, //qudt.org/schema/qudt#
Dimensions

and Data

types

Schema schema http://schema.org/Product#
Ontology

Lightweight lio https://imagesnippets.com/lio/
Image lio.owl

Ontology

Exif Ontology  exif http:
//www.kanzaki.com/ns/exif#

VRA Core vra http://simile.mit.edu/2003/10/
ontologies/vraCore3

IMGpedia imo http://imgpedia.dec.uchile.cl/
Ontology ontology#

Arpenteur arp http://www.arpenteur.org/
Ontology ontology/Arpenteur.owl#
DICOM dicom https://www.ebi.ac.uk/ols/

ontologies/dicom
NIF 2.0 Core  nif https://persistence.uni-leipzig.
Ontology org/nlp2rdf/ontologies/
nif-core/nif-core.html#

Table 4.1: Ontologies for image annotation

For example, in Figure 4.5, the image within the blue circle
contains an image of a building, with doors, windows, bal-
conies, walls, and the sky as the background. All of these
objects are annotated as concepts and they belong to low-
level semantics as they describe the lowest atomic level pos-
sible. However, if we describe this image as a renovation
site, it would fall into high-level semantics, as it describes
the environment in which all of the atomic concepts outlined
previously are contained.

Currently, there are numerous tools that can be used for
manual annotation, like the medical image annotation tool
by (Rubin et al., 2009), the platform-independent tool Pho-
toStuff, which allows users to annotate regions of an image

Linking and Managing Heterogeneous Data using 59
Information Containers


http://purl.org/ao
http://xmlns.com/foaf/0.1/
http://www.w3.org/2004/02/skos/core
http://www.w3.org/2004/02/skos/core
http://dbpedia.org/ontology/
http://qudt.org/schema/qudt#
http://qudt.org/schema/qudt#
http://schema.org/Product#
https://imagesnippets.com/lio/lio.owl
https://imagesnippets.com/lio/lio.owl
http://www.kanzaki.com/ns/exif#
http://www.kanzaki.com/ns/exif#
http://simile.mit.edu/2003/10/ontologies/vraCore3
http://simile.mit.edu/2003/10/ontologies/vraCore3
http://imgpedia.dcc.uchile.cl/ontology#
http://imgpedia.dcc.uchile.cl/ontology#
http://www.arpenteur.org/ontology/Arpenteur.owl#
http://www.arpenteur.org/ontology/Arpenteur.owl#
https://www.ebi.ac.uk/ols/ontologies/dicom
https://www.ebi.ac.uk/ols/ontologies/dicom
https://persistence.uni-leipzig.org/nlp2rdf/ontologies/nif-core/nif-core.html#
https://persistence.uni-leipzig.org/nlp2rdf/ontologies/nif-core/nif-core.html#
https://persistence.uni-leipzig.org/nlp2rdf/ontologies/nif-core/nif-core.html#

3011ttps://j aiswallab.cgrb.
oregonstate.edu/software/
AISO

https:/ /www.w3.org/
2005/Incubator/mmsem/
XGR-image-annotation/
#vocabularies

4.1. Link discovery

based on the concepts it contains using preloaded ontologies
(Halaschek-Wiener et al., 2005). The end goal of annotation
is to ensure that semantic information relevant to the project
is detected and stored. Irrespective of the techniques/tools
used for image annotation and classification, a generic work-
flow approach for this annotation is shown in Fig. 4.6.

Raw Image
Ontology

Image Feature | Object

Segmentation [ Extraction Recognition

Image
Data Process. Sét;r‘ead Annotation

Database Collate

Figure 4.6: Generic image annotation workflow based on
(Halaschek-Wiener et al., 2005; Khan, 2007)

In this research, it is assumed that images are already anno-
tated and possess some form of annotation information prior
to the process of link discovery. For illustration purposes, the
ATSO research tool for biological image labelling was used to
annotate image segments and assign them appropriate con-
cepts®®. Despite references to ontologies specifically designed
for image annotation3!, many are no longer maintained or
not publically accessible. One possible explanation for this
could be that many of these ontologies were developed dur-
ing research projects and were subsequently archived once
the projects ended.

Some of the well-known foundational ontologies which sup-
port image annotation and are still publicly available are
compiled in Table 4.1. These vocabularies vary significantly
in their size, granularity, and formality for describing image-
specific annotation concepts. Most of these contain class
abstractions and data properties for denoting the type of
image, format, contents, spatial location of objects of inter-
est within the image etc. Often, vocabularies tend to define
only the properties and refer to another vocabulary for fill-
ing in the value definitions. Consequently, for semantically
annotating an image, multiple vocabularies are needed.

In brownfield projects such as renovation, images are usually
collected with only their inherent timestamps and default im-
age labelling. Contextual information like the image’s loca-
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tion in the physical site, its orientation, semantic information
of the objects within the image etc. are not automatically
captured. Survey teams usually collect thousands of images,
which are then manually organised into relevant folders and
categorised according to ad hoc logic - e.g. the date of image
capture, or the broad location of the site. These contextual
details can enable the spatial positioning of images within
2D plans or BIM models, providing the survey team with an
efficient means to view these images (Schulz & Beetz, 2021).

Explicit links between images and other data sources, e.g. an
[FC model, or drawings are not usually recorded temporarily
or permanently. Usually, domain experts rely on contextual
clues from the images themselves, along with textual descrip-
tions in separate documents to understand their relevance to
the task. However, these are often very subjective and never
explicitly recorded anywhere.

To explicitly determine the connections between objects, im-
ages must include sufficient objective metadata. This data
can be utilised by both humans and machines in order to
generate accurate annotations. Within the context of AEC
projects, two key types of information are crucial for this
identification process:

1. image authorship and provenance (i.e. who created the
image, when, and who modified it) and,

2. contextual and semantic information about the image
(i.e., does it contain objects of commonality with other
data sources, how was it identified, when was it iden-
tified).

Image authorship and provenance information is classified
as Administrative Metadata. Contextual and semantic in-
formation can be classified as both Descriptive both Struc-
tural Metadata, depending on the level of description (either
Low-level semantics or High-level semantics).

To illustrate this concept, Fig. 4.5 depicts the image of a
building with multiple building objects of interest like win-
dows, balcony doors, facades, etc. One particular window in
this image can be identified in the IFC model (see highlighted
section). These two data sources (image and IFC) contain
many points of commonality, of which one is this window.
Consequently, this window has to be explicitly identified in
the image, semantically enriched (by labelling it as a win-
dow) and stored. The metadata used to semantically enrich
images are listed in Table 4.2.
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The serialisation of the above graph in turtle syntax is
shown in Listing 4.1. In this example, the foundation on-
tologies e.g. the Dublin Core (dcterms), schema, Friend of
a Friend (foaf), RDF (rdf) are used for generic metadata
representation. These include properties like file name, file
type etc.

The annotation is described by the predicate nif:annotation
and it points to the first point of interest h1d:p0. This is
defined as a rectangular annotation having the coordinates
"19.38 201,301" using dicom:BoundingBoxCoordinates.
Furthermore, this region has been labelled as Window, thus
indicating the semantic interpretation of the pixels in the

image.

h1d:DC22298

a foaf: 2

dcterms: "2019-11-10";

dcterms: hld:Personl34;

nif:annotation hld:p0; #Annotation type 1
omg: hld:pl; #Annotation type 2

dcterms:description "BIM4Ren Dunant Pilot
Project";
dcterms: "Photograph of a building".

hld:Personl34
a schema:Person;
schema:givenName "Aude";
schema:lastName "DeBresson";
schema:0rganisation "Nobatek".

hld:p0 #Annotation type 1 using
bounding box
dicom:BoundingBoxCoordinates "9,20 17,110";
dcterms: "Window";
nif:confidence 0.7;
"2022-12-12T18:28:432"

#Annotation type 2 using OMG
Level 2
a omg:Geometry;
omg:hasSimpleGeometry "19 38,201 301"

dcterms: "Window";
nif:confidence 0.5;

"2022-12-12T18:08:232"

Listing 4.1: Snippet of metadata for annotations in the image

The above representation can be scaled to capture all these
annotated regions in an image, such that the image is seman-
tically enriched. Two representations of the annotation are
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shown here. The first region p0 is defined using bounding
boxes from the dicom ontology. 32 and with the coordinates
of the region annotated and captured as literals.

The second region pl is defined according to the Ontology
for Managing Geometry (OMG)?? Level 2. These two ways
of representation have significant consequences for overall
data management. In the former, it is feasible to embed any
kind of geometry description, though the AEC ontologies
that use this feature are limited (e.g. BimSPARQL, RDF*,
GeoSPARQL). However, OMG facilitates an agnostic link of
any geometry description, and thus is not dependent on a
format (Bonduel et al., 2019).

Both of the above approaches can be used in varying con-
texts: for example, the bounding box approach can be used
when only a few annotations are present in images, thus
making the metadata graph compact. However, when an
image contains regions with varying annotation interpreta-
tions (e.g. a door, which was labelled architectural door and
also wooden door, the OMG level 2 or level 3 approach can
be adopted. In both of the above examples, the property
dcterms:title is used to identify the theme of the anno-
tated object, and the nif:confidence is used to denote
the annotation’s level of trustability.

4.1.3 Documents

Similar to image annotation, the sections within documents
can also be annotated, contextualised and referenced. These
annotations (also known as classifications) can be related
to the themes of both the overall document and/or specific
paragraphs and lines within the document. Thematic clas-
sification is usually achieved through rule-based systems or
by using machine learning models. The predominant inputs
for text classification are:

o defining the type, genre or theme of the text using its
context, or

« visual classification, where analysis of pixels in the im-
age, image recognition and object recognition are em-
ployed.

Textual classification also involves techniques like Natural

Language Processing (NLP) for analyzing the context through

words and phrases to understand the underlying semantics.
In the case of scanned documents, techniques such as Optical
Character Recognition (OCR) can be used for identifying
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Raw
Document

Ontology
Language Theme, context,
. Processing — annotation area 4
transformation and Mapping identification
i Annotated
Data Process o Document

Database

Collate

Figure 4.7: Generic document annotation workflow

words, while computer vision can be used for recognising
and categorizing objects in images within a document.

Independent of the method used for the detection of themes
in the paragraphs or entire documents, the identified themes
should be semantically annotated so that they can be used

for linking with other related information sources.

These

metadata are stored separately in a knowledge graph which
can then be indexed and queried if they are combined with
ontologies, schemata, or metadata of other data sources.

Ontology Prefix Namespace
Friend of a FOAF  http://xmlns.com/foaf/0.1/
Friend
SKOS SKOS  http://www.w3.0rg/2004/02/skos/core
Ontology
DBpedia DBpedia http://dbpedia.org/ontology/
Ontology
nsl nsl http://purl.org/ontology/
ebucore ebucore http://www.ebu.ch/metadata/ontologies/
ebucore/ebucore#
mvco mvco  http://purl.oclc.org/NET /mvco.owl#
Ontology ontopic http://www.ontologydesignpatterns.org/
Design ont/dul/ontopic.owl#
Patterns
Lemon lemon  http://www.w3.org/ns/lemon/lexicog/
Ontology
CSVW csvw  http://www.w3.org/ns/csvw#
Namespace
Vocabulary
NIF 2.0 nif http://persistence.uni-leipzig.org/
Core nlp2rdf/ontologies/nif-core#
Ontology
Table 4.3: Ontologies for document
annotation
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Figure 4.8: Annotated document

There are numerous tools available online commercially and
from research that help with the annotation of text-based
documents in different formats. These tools can be either
manual, semi-automated or fully automated. For example,
the PDFTab addon to Adobe Acrobat software allows users
to add OWL ontologies to existing PDF documents and its
subparts to specific concepts from the ontologies (Eriksson,
2007). Islam, 2015 also developed an annotation tool which
performs both automated and manual labelling of tables in
a PDF document based on an ontology database. This tool
also supported custom annotation and enabled the user to
view them in the user interface. Maderlechner et. al explored
automatic semantic captioning of images embedded in pdf
documents (Maderlechner et al., 2006). A generic workflow
for annotation of documents based on these tools is shown
in Fig. 4.7.

The format of document storage, i.e. whether it is stored as a
.pdf or as a rich text document (i.e. .doc or .docx) does
not play a major role in the efficacy of the algorithms. Eriks-
son, 2007 lists three possible models for adding annotations
to documents: 1) adding metadata to the document, though
the metadata do not relate to the document contents, 2) re-
lating metadata to specific parts of the document contents,
and 3) storage of metadata external to the document. The
vocabularies used to describe these can be extracted from
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some existing ontologies, like the ones listed in Table 4.3.

Fig. 4.8 illustrates an annotated document consisting of
metadata describing the document like title, its description,
authorship information, and annotation information. For
the latter, it consists of the region of annotation, the overall
topic of the text within this region, and the page number,
which specifies the location of this annotated region within
the document. This annotation example reuses the ontolo-
gies listed in Table 4.3.

hld:
a foaf: g
dcterms: "2018-05-22T01:37:17"
dcterms: hld:Personl8l;

bib:pages "1-31";

nif:annotation hld:segmentl;

dcterms:description "BIM4Ren Dunant Pilot
Project";

dcterms: "Energy Audit Report".

hld:Personl81l
a foaf:Person;
schema:givenName "Jonathan";
schema:lastName "Leroyer";
schema:0rganisation "Pouget Consultants".

hld:segmentl
a nif:annotation;
nif:confidence 0.8;
ao:hasTopic "Window Energy Efficiency";
: "2020-10-29T10:55:02" xsd:
dateTime

Listing 4.2: Annotation metadata for document

Note that in order to describe the text sections annotated,
this example uses the predicate nif:annotation, similar
to the image annotation example. The theme of the region
annotated is represented using ao:topic. Additionally, a
bib:page is also used to reference the location of the an-
notated text region within the document. In addition to the
authorship details, it also contains two specific timestamp
triples with the predicate: dcterms:datesubmitted and
dcterms:dateApproved.

Considering that documents have conventionally relied on
the existence of a cover sheet which records the document
control process, textual documents use the above two times-
tamps to capture this information. Additional information
such as author, organisation can also be extracted from these
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coversheets and supplement the metadata generated for these
resources.

4.1.4 3D Models

As stated at the beginning of this chapter, a typical construc-
tion project contains numerous partial models from various
participants, each describing the design, product, construc-
tion, simulation, characteristics of components and associ-
ated spaces. One example of these models was introduced
in Fig. 4.1 and 4.2, where the architectural, structural and
energy models were shown to occupy the same space, yet
represent different interpretations of this space through the
elements they contain and the concepts they embody.

‘Wall 51 N r—
ifcowl:IfcWallStandardCase g olEEEieY |

beo:Wall | |props:thickness
. - -
|

props:area

:Wall_65
:ReinforcementDetail_654
|- - = |_gstat:ReinforcementDefinitio

ifcowl:
bot:Interface 1f_cD —————
beo:Wall
ont3:rebars

o m o sran "5 bars/m"
g ~icatgars P bars/m]

r
|
|

_|

:Heaterl

T
el s ifcowl:IfcSpaceHeater
dogont:Heater
:Pipe_11

________ ifcowl:IfcDistributionFlowElement

:Socket_534

iiiiiiiiiiiii ifcowl:ElectricalSocket

Figure 4.9: An annotated image of one Wall, in 4 different representations

A closer peek for a single building element is provided in
Fig. 4.9, where the walls from the above three participants
are represented visually superimposed. In this figure, four
representations of a wall are shown as per their colour en-
coding:

e Blue representation: Architectural model of a wall
with information on its thickness and area
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e Yellow representation: Energy model which has a
wall represented as a boundary space with the wall’s
thermal transmittance value

« Black representation: Structural model of the wall,
containing the reinforcement detail

« Green representation: MEP and/or Heating, Ven-
tilation, Air-Conditioning (HVAC) model of the wall,
containing an electrical socket, a pipe supplying a heat-
ing medium and a space heater

The representation definitions of this wall across all these
partial models are defined in their respective schemata. For
example, the architectural wall is defined as an

ifcowl:IfcWallStandardCase and as a beo:Wall,

while the energy model defines this very wall as bot : Interface

and a generic placeholder **ont2:Element.

Note here that, in the structural and the MEP model, the
terminology Wall is absent, although the elements
reinforcementDetail_654 and Heaterl can be un-
derstood to be present in the same space (or in the vicinity)
as the wall.

Notably from Fig. 4.9 and the explanation above, this wall
itself is not represented in the same way across their par-
tial models, although all participants design their systems
with the representation of a wall as the reference. For in-
stance, an energy model is usually an abstract representa-
tion of the building’s overall structure and layout, which is
eventually used for energy simulations. The representation is
structured to contain all core pathways and processes of heat
transfer. Consequently, instead of solid building components
e.g. floors, walls, etc., these models use spaces, surfaces, and
zones. Any door, window, etc. in any of the above compo-
nents are considered as air openings.

On the other hand, in architectural models, walls are mod-
elled as solid components, with material layers and proper-
ties, geometric information including wall width, height and
length. However, in structural models, only structural com-
ponents are modelled. For instance, this will exclude all non-
load-bearing masonry walls, glass facades etc. Components
like beams, shear walls, structural columns, structural floors,
foundations, and their corresponding detailed reinforcement
design are also modelled. Fach of these partial models are
designed by domain experts for their specific activities. For
example, the structural model is used by engineers to design
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the reinforcement and element properties which are used for

structural analysis of loads as per local /national regulations.

MEP and HVAC models tend to have only the mechanical,
electrical, piping systems, and duct systems for accommo-
dating them, along with equipment for heating, cooling and
air-conditioning which are modelled in specific spaces and
zones in the building model. They do not contain explicit
building components like walls, doors, beams, etc. However,
the above systems and equipment are spatially located and
associated with these components.

A brief description of the namespaces and their vocabularies
used explained in the sidenote.

o SAREF: Smart Applications ReFerence ontology fo-
cused on devices and their functions

« sdbldg: A SAREF ontology extension for buildings

o ifcowl: Based on IFC schema, a vendor-neutral inter-
operable schema

o stat: temporary library for reinforcement definition

» props: An ontology transforming buildingSMART PSets
into OWL-based ones

o bot: An ontology for describing topological concepts
about a building

o sdwatr: Ontology defining properties related to water
flow

hldl:Wall_51 #Named Graph instl

a ifcowl:IfcWallStandardCase, beo:Wall;

ifcowl:globallId_IfcRoot hldl:

GloballyUniqueId 44297;

props:thickness "22cm";

props:area "4.5m2".
hldl:GloballyUniqueId_44297

a ifcowl:IfcGloballyUniqueId;

: "202Fr$t4X7Zf8NOew3FKR1i".

hld2:Wall_65 #Named Graph inst2
a bot:Interface;
sd4bldg:Wall;
props:area "4.5m2".

hld3:ReinforcementDetail_654 #Named Graph inst3
a stat:ReinforcementDefinition, ont3:rebars;
stat:verticalBars "5 bars/m".

hld4:Heaterl #Named Graph inst4
a s4bldg:SpaceHeater, dogont:Heater;
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sd4bldg:effectiveCapacity hld4:Value_9562;
hld4:Value_ 9562
a schema:value;
: "1.2".
hld4:Pipe_11
a sdwatr:Pipe;
sd4bldg:nominalDiameter hld4:Value_9853;
hld4:value_ 9853
a schema:value;
: "0.5mm" .
hld4:Socket_534
a ifcowl:IfcOutlet, séd4bldg:Outlet,
saref:Device;
saref:hasManufacturer "Siemens DELTA".

Listing 4.3: Metadata for architectural, structural, energy and HVAC
models

All of the above four representations will have to be linked
to each other. Prior to this, the metadata used to describe
them need to be assessed to discern if they are adequate for
creating links.

Unlike images and documents, information within models
are already based on structured data representations, usu-
ally following a particular ontology/schema. For example,
common authoring software like Revit or ArchiCAD usually
utilise IFC (or IFC-based) schema for modelling paramet-
ric 3D elements. Since this schema is machine-readable and
contains an inherent hierarchy of objects and its associated
properties, models do not need further annotations.

Listing 4.3 presents a snippet of the RDF representation of
the example shown in Fig. 4.9. For brevity, the snippets of
each graph are listed together above, but in reality, they can
indeed be stored separately. The goal is to connect each of

the components Wall_51,Wall_65, reinforcementDetail_654,

Heaterl, Pipel,

Socket_534 to each other, so that when a project partici-
pant queries information about Wall_51, all the connected
information across each of the partial models are displayed.

In the next section, the listings described here are used as
inputs for discovering potential links, which are then struc-
tured, and serialised in a persistent format. The composi-
tion and construction of these links in a retrievable format
for other downstream tasks are also examined.
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4.2. Link discovery for heterogeneous data

4.2 Link discovery for heterogeneous
data

In the previous sections, several types of annotation for ob-
jects of interest within data sources such as images, models,
and documents were presented. As mentioned in Chapter 1,
AEC projects have information spread across heterogeneous
data sources. While conventional link discovery methods can
detect relationships, they are limited to discoveries within a
particular type of data, for example, object detection in im-
ages.

To detect relationships between heterogeneous data, a com-
bination approach must be adopted that considers all rel-
evant features for each of the data sources. For example,
Hessel et al., 2019 presented unsupervised algorithms to dis-
cover relationships between images and the corresponding
sentences in documents. This approach considers both the
images and the sentences to be part of the document and
is not treated as separate data sources, despite their hetero-
geneity.

Classification Feature Description

Linguistic Feature

o Entity Name
o Entity Documenta-
tion

e The name of the ontology entity
Short textual description of entity

Structural Feature

¢ Information about the entity in the hier-
archy

« Relations of the entity to other entities

o Attributes of the entity

o Entity Hierarchy
+ Relations
o Attributes

Constraint-based fea- o Data Type o Data type of the entity
ture
. e The technical annotation of the entity
e Technical Names .
. Default Val e Default value for the entity
Integration . Ide al}f;ﬁ ‘a ues e Local or global identifiers for the entity
Knowledge-based fea- ° enti (_J’rb o Possible values for the attributes of the
ture e Code Lists

entity

* Instance Data e Instances associated with the entity

Table 4.4: Features for matching terminologies of partial models, based on (Martinez-Gil

& Aldana-Montes, 2012)

Similar works using supervised and unsupervised approaches
have also been presented in many works (Datta et al., 2019;
Hu et al., 2016; Plummer et al., 2015). Most of these are
based on the identification of objects in single images with
descriptions in the natural language, which also has a rich
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this figure follow the ontol-
ogy template by (Donkers,
2022).
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research history (Hu et al., 2016; Margffoy-Tuay et al., 2018;
Plummer et al., 2015).

In the case of link discovery for partial models, the overall
discovery concepts remain the same, with variations in their
application. Partial models in AEC, as mentioned in Section
4.1.4 often contain elements that occupy the same spatial
location, although these elements may not necessarily have
the same definition.

For instance, reinforcement bars are contained within con-
crete walls, and hence both these elements occupy the same
spatial space in a federated model. This federated model
consists of the structural model and the architectural model,
the former represents its elements defined by the Building El-
ement Ontology (BEO)?¢ and the latter by the IFC schema®”
or BOT Ontology®. Here, neither the GUIDs nor the ter-
minology used for defining the elements are the same and
thereby cannot be directly used for establishing links be-
tween the two element representations. In these cases, ap-
proaches from the domain of ontology matching can be utilised.

In the ontology matching domain, the alignment between
two different ontologies is achieved by finding the semantic
relationships between the classes contained in each of them.
The resulting mapping is arrived at after the computation
of the similarity measure®, i.e., the alikeness between two
class definitions. Matchers (or algorithms) that are used to
compute this measure can be used both at the structural
level and at the element level.

At the structural level, class concepts are assessed using only
the internal knowledge contained in the ontology itself or
prior alignments. The element level uses relationships of
concepts to other external concepts or instances, which are
not part of either the ontology or the alignments. When the
arbitrary threshold set for this measure is met, the definitions
from both these ontologies are mapped to each other, thereby
establishing a mapping between them.

Matchers can exploit numerous features of an ontology (or
an instance graph) for creating a mapping. Euzenat and
Shvaiko, 2013 classifies these features based on their overar-
ching approach used to detect semantic similarity. Table 4.4
provides an overview of the overarching matching techniques
commonly used in general ontology matching.

Of the many types of matchers available based on the classi-
fication and characteristics above, the following were selected
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for the above task of ontology matching, based on ease of use
and availability of tools to implement them:

o Language-based (Linguistic Feature): these are lexical
matchers which use literal name matches from lexicons
(which are dictionaries) of the partial models

o String-based(Linguistic Feature): these are called me-

diating matches, which are similar to the lexical matcher,

though it uses an additional external source (either an
ontology or a mapping between ontologies)

It is essential to acknowledge that the aforementioned were
selected solely for the purpose of demonstrating the funda-
mental concept of generating link relationships. The algo-
rithms were not assessed for their efficiency in link discov-
ery. Here, the focus is on the structuring of the links thus
detected. They do not depend on the accuracy, precision, or
recall values in the above link discovery process.

Image
annotation
Document . Language-based
annotation matchers
@Ejl scors S threshoia™ "Link"
Potential
String-based relationships
[ discovered
Partial matchers
Model 1
Language-based %
Partial - matchers @

Model 2 Temporary Decision
generated data

Figure 4.10: Approach adopted for discovering links in
heterogeneous data

Both of the above features were implemented using dedi-
cated Python libraries supported by WordNet(Bird et al.,
2009). WordNet is a lexical database consisting of seman-
tic relations between words that connect similar words into
relations including synonyms, hyponyms?’, and meronyms®*!.
The synonyms are grouped into synsets with short definitions
and usage examples. Thus, it can be seen as a combination
and extension of a dictionary and thesaurus.
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Fig. 4.10 shows the approach adopted for the discovery of
41 A semantic relation be- links using this algorithm. The WordNet*? library is used for
tween a meronym term both 'Language-based matcher’ and ’String-based matcher’.
denoting a party, and a The potential relationships between the three data sources
holonym term which de- . . .
notes the whole. E.g. brick (partial models, image, document) discovered by these al-
is a meronym of wall gorithms are temporarily stored and verified against an ar-

bitrary threshold. If this threshold is met, these links are

serialised as persistent metadata for further downstream ap-

plications/tasks.

Using the BIM4Ren example again, Fig. 4.11 illustrates how
the building element 'window’ is defined in an IFC-based
architectural model, a Building Element Ontology (BEO)
schema-based structural model, an image, and a PDF docu-
ment. The PDF and the raster image leverage the additional
annotation data created as described in Sections 4.1.2 and
4.1.3.

To express the generic linkage of the commonly related con-
cept, a link types ontology was developed. It focuses on a
two-pronged link definition for representing the commonal-
ities in links between different representations found in the
AEC domain. This ontology is elaborated in Section 4.3.1.
It defines a basicLink which consists of only generic link
types which designate that an object is partOf/isLinkedTo/
relatedTo another object, without specifying the exact
nature of the above relationship. A more exacting relation-
ship between links is provided by the overarching main class
complexLink, which consists of spatial and semantic link
types (refer to Fig. 4.14).

In this research, the algorithm developed uses only the basic
link type isLinkedTo to capture the links discovered. It
does not differentiate between the technicalities nor identify
them. To illustrate the usage of the complex link types,
the discovered links are manually extended and detailed as
shown in Fig. 4.11. Here, the BIM4Ren project data: image,
an energy report, and two partial models were taken as input
and the resulting links identified were described using the
predicate isLinkedTo. However, a deeper classification
where the specific relationship between them was identified
is presented in Listing 4.4.

h1d1:W68135 #Named Graph: architectural model
a ifcowl:Window.

h1d2:0654SD #Named Graph: structural model
a beo:Window.

N O U W N =

h1d:DC22298 #Named Graph: Image Annotation
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a foaf: 2
hld:p0.

hld:p0
a sf:Polygon.

instD:document128 #Named Graph: Document
Annotation
a foaf:document;
nif:hasAnnotation instD:segmentl.

instD:segmentl
a nif:annotation.

h1d1:W68135 #Level 1 link type
3 h1d2:0654SD, instD:segmentl.

h1d1:W68135
: hld:p0.#Level 2
link type

Listing 4.4: Usage of the BuildLinks ontology for describing types of
links between heterogeneous data

In this figure, the predicate blink:isLinkedTo is encap-
sulated as it is used to describe the detected links. This
means that it is used to illustrate the overarching linking ap-
proach. In reality, blink:isLinkedTo has to be defined
and structured based on the granularity of the metadata for
the link itself. This includes metadata like the algorithm
used for detecting this link, the link’s author, the link’s con-
fidence score, provenance information, e.g. time of creation,
etc. These topics are covered in the next section.

4.3 Describing linkage semantics

In the previous section, the link discovery process was de-
scribed in detail. This section elaborates on the metadata
and its associated vocabulary for describing the links de-
tected in the above processes along with the structure for
storing these in an RDF graph which will eventually be used
by information containers. This research considers four key
aspects for the description of links: type of links, provenance,
confidence score, and structured serialisation.

4.3.1 Types of links

Currently, there are no concrete vocabularies from the AEC
domain which describe the types and complexity of links be-
tween the different data sources. Some of the generic foun-
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dational ontologies like LinkLion, can be used, however, they
are now defunct and not actively maintained (Nentwig et al.,
2014). Three ontologies were identified as most relevant: the
VoID ontology, LDP ontology, and ICDD ontology. It was
noted that they contained classes describing links that are
generic enough that they occurred in all of these vocabularies
and had similar definitions.

However, the comparison yielded the observation that both
VoID and LDP possess limitations on the degree of express-
ibility of the link relationships, especially the ones stemming
from the AEC domain. For example, they do not explicitly
describe the relationship between the heater in an HVAC
model to the architectural model.

Of the above three, the ICDD schema proposed by ISO 21597
is the closest to defining detailed links (part 2 describing
specialised link types) and focuses on link definitions and
their types, but it is a domain ontology. Furthermore, the
major issue with using the link types defined in ICDD is that
the resources are not directly linked. Rather, they are linked
based on a 3 hierarchical level, thereby making readability
and graph extension cumbersome.

ICDD defines an overarching structure for links (in part 1)
and is explained in Fig. 4.17. Additionally, there are cer-
tain specific specialised link types defined in part 2, which
can be used in conjunction with the above structure. How-
ever, the ICDD standard is very restrictive in its usage. The
standard explicitly prohibits modification of these link types
and structures and their usage outside the ICDD container
structure.

Hence, they were used as inspiration for the creation of a
link types ontology. Due to the relevance of ICDD’s link
types defined in parts 1 and 2 of ISO 21597, they are also
incorporated where feasible in the ontology. Fig. 4.14 shows
the overview of the classes in the BuildLinks Ontology, along
with their hierarchies.

h1dl:Weé68135 #Level 1
link type
: instD:segmentl.
h1dl1:W68135
: hld:p0.#Level 2
link type
Listing 4.5: Link types
76 Linking and Managing Heterogeneous Data using
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Figure 4.11: Discovering link relationships amongst heterogeneous AEC data, illustrated using

BIM4Ren project

Fig. 4.12 shows a simple example of two types of link for
Window ID W68135: the first is to segment1 in the PDF doc-
ument, which is identified with a simple basic link sub-class
blink:isLinkedTo. This same window also contains an-
other link blink:isConceptuallyIdenticalTo, which
is a semantic link, used to denote the region annotated in the
image is conceptually related. Listing 4.5 shows the corre-
sponding serialisation of this example in turtle.

Another example is shown in Fig. 4.13 and Listing 4.6, where
the structural model’s Wall is identified to contain the rein-
forcement bars which are containedIn (and hence uses
the relationship

blink:isContainedIn) in the architectural model.

hld:ReinforcementDetail 657 #Level 2
link type

blink:isContainedIn instA:Wall 51.

Listing 4.6: Link types

In all of the above examples, a level 1 approach was adopted,
where no additional metadata were added such as the author
of the link, its creation date/time etc. To add this additional
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information, level 2 of the BuildLinks ontology has to be
used, which is discussed in the next section. The structure of
the links and their management in the information container
are tackled in this section, and also in Chapter 5. The above
ontology is published on GitHub?3.

4.3.2 Link provenance

Provenance is defined as the record of an entity’s (i.e., a
resource) origin. In this chapter’s context, this includes the

Figure 4.13: Link between

the architectural entity’s author information e.g. name, organisation, etc.,
representation of a wall along with who created what kind of links.
and the reinforcement bars
from the structural model To illustrate the above concept, let us take the example intro-
duced in Fig. 4.11, each of the predicate blink:isLinkedTo

43 R
https://github.com . .
Somalntig{%lb /Buil dLi/nks‘ can be assigned its own provenance metadata. But before

this can be done, this predicate has to be represented so
that statements (or metadata) about it can be added. List-
ing 4.7 shows the RDF representation capturing the detected
link.

1|hldl:wall_51 3 hld2:
wall_65.

Listing 4.7: Link example

If metadata like the history of this link, author information,
etc., are assigned to this triple, then this is captured in addi-
tional triples. Essentially, this means another triple in which
the subject would be the triple listed in the Listing 4.7. In
other words, provenance information in this instance is cap-
tured by making statements about other statements. Theo-
retically, this is defined as reification - a statement which
expresses an abstract construct using existing statements.

While there are multiple approaches for representing reifi-
cation like Singleton properties, standard RDF reification,
and N-ary relationships, each has its own set of disadvan-
tages. The latter two are considered too verbose, which
consequently affects maintainability, while Singleton prop-
erties are is not efficient for querying (Orlandi et al., 2021).
Instead, provenance data is represented using quads, specif-
ically RDF-star.

1 |<<hldl:wall_51 blink:isConceptuallySimilarTo hld2:
wall_ 65>>

2 schema:dateCreated "2022-11-09T12:50:102Z"""xsd:
dateTime.

Listing 4.8: Provenance example using RDF*
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The type of provenance data for the use cases considered in
this research varies from the conventional approach. In this
investigation, provenance is required for two cases: 1) prove-
nance for resources (models and images in this case) and 2)
provenance for the links detected and created according to
the approach in Section 4.1.

For both of the above cases, the metadata remain largely the
same, with additional information needed for link creation.
For example, information about the creator e.g. the creator’s
name, creation date, modification date, organisation of the
creator etc. However, for link creation, in addition to the
metadata listed above, additional information like the con-
fidence score for the link, the algorithm used for detecting
these links, and the algorithm author is also needed.

Table 4.5 lists ontologies which specifically focus on describ-
ing links and their metadata, with additional support from
other generic ontologies. Additionally, dedicated vocabular-
ies such as VoID: Vocabulary of Interlinked Datasets** de-

blink:Link

H H
) E—— —
[ blink:basicLink ( blink:complexLink

_

v

v v v
C ™ N
blink:isPartOf ‘[blink:isLinkedToJ | blinkiisRelatedTo |
/, . ~

=

| blink:semanticLink | | blink:spatialLink W
\ / = . J

p
blink:conceptuallySimilarTo J

(blink:conceptuallyldenticaITo l
. /

G N G
»L blink:isAdjacentTo | >{ blink:isConnectedTo
-

i N

-[ blink:extrudesFrom \ »{ blink:isContainedIn ‘
| AN ]
e 2
{blink:isPerpendicularTo \ ‘ { blink:isEmbeddedIn l

J

class -~ subClassOf

Figure 4.14: Overview of the Classes and their Hierarchy in the BuildLinks Ontology

fine vocabularies for metadata defining link targets, triples,
datasets etc. The ICDD standard is the closest near-full-
fledged counterpart for this in the AEC domain. A combi-
nation of these is used to describe the complete link-based
metadata in Listing 4.9.
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Ontology Prefix Namespace

prov prov http://xmlns.com/foaf/0.1/

DC 9 o kos /cor
Terms dcterms http://www.w3.0rg/2004 /02 /skos/core
OSLC oslc http://dbpedia.org/ontology/

schema  nsl http://purl.org/ontology/

LinkLion llont http://www.linklion.org/ontology #
http://www.gsi.dit.upm.es/ontologies/onyx/
ns#
http://www.gsi.dit.upm.es/ontologies/marl/

ns#

Onyx onyx

MARL marl

Table 4.5: Ontologies for describing metadata about links

<<hldl:wall_51 blink:isConceptuallySimilarTo hld2:
wall_65>> schema:dateCreated "2022-11-09T12

:50:102"
talgorithm :Wordnet;
"0.80";
:Madhu.
:Madhu

a foaf:Person, : g
foaf:givenName "Madhumitha";
foaf:lastName "Senthilvel";

foaf:0rganisation "RWTH Aachen University".

:Wordnet
a llont:algorithm;
schema:dateCreated "2019-12-05"
dcterms: "Some Author".

Listing 4.9: Full-fledged provenance metadata using RDF*

The confidence score, i.e. the level of trustability is a piece of
important information in data provenance. In this research’s
context, this confidence level applies to the links created in
Section 4.1. An illustrative provenance data is shown using
the simplified Hello Wall example (Fig. 4.15). In this fig-
ure, metadata, which are represented in orange belong to the
provenance layer.

The above listings use RDF-star which can easily add prop-
erties that track both the data sources and the confidence
levels®>. With issues of regulatory compliance and data pri-
vacy continuing to grow, it’s increasingly important to pro-
vide traceability with data provenance. It uses the concept
of reification, where triples are used as the subject or object
resource.
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I
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Figure 4.15: An annotated wall in two representations with
provenance information

4.3.3 Link storage and retrieval

After a successful link discovery process, all the detected
links and their corresponding metadata have to be stored as
persistent data in a structured format. Within the scope of
this research, the following fall under this task:

o Image metadata

e Document annotation metadata
e Links detected

o Link Provenance metadata

The link relationships identified in Section 4.2 are considered
many-to-many, as multiple IFC elements can be associated
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with multiple document sections and vice versa. The storage
of link relationships can vary depending on the chosen ap-
proach. One possible method is to store metadata alongside
the original data within the file itself. Alternatively, these
metadata can also be stored separately. To ensure ease of
data retrieval and maintain data integrity, all types of meta-
data are stored separately from the original data.

For the storage of the links and the link provenance meta-
data, approaches from existing standards can also be bor-
rowed. For example, LDP illustrates links declared as link-
able elements and then directly connects these elements to
each other using a binding predicate.

Fig. 4.16 shows two layers: a data layer that contains het-
erogeneous data in their original format, and a Metadata
sub-layer which contains the annotations of the documents
and images. Additionally, it also contains the link metadata,
i.e. all the links detected using these annotations, and their
corresponding provenance information. Partial models like
the architectural model and the structural model do not have
a separate annotation file, as they are machine-readable, and
directly used as inputs for link discovery.

The detailed triple structure for storing the links as per ISO
21597 ICDD part 1 and 2 recommendation is shown in Fig.
4.17. This visualisation utilises the example use case intro-
duced in Fig. 4.10 where the detected links for a window in
the architectural model, structural model and an image are
shown. ICDD uses a three-tier structure to establish rela-
tionships between related documents. First, the documents
are described on the basis of their title and classification
(whether they are internal, i.e. originating within the sys-
tem, or external, living outside the environment where the
ICDD is being leveraged).

Metadata -
sub-layer

Data Layer

N e
Architectural Structural Breakdown Chipped il
Model Model of existing in the
energy losses stai

Figure 4.16: Link storage in layers

In the second part, the elements which are [inkable are de-
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clared as such in the 1inkset file (oval highlighted in pale
green in Fig. below). Lastly, these linkable elements are
assigned a link relationship (in this case els:IsSameAs).
The separation of resources into linkable elements and the
links helps to create deep links, i.e., links that supply in-
formation beyond the mere definition of a link relationship
between elements. Within this thesis context, this denotes
the provenance metadata proposed in the above sections.

:ArchitecturalModel

:06!
Is:hasElement
2
&
rdf:type
< .4—

Is:hasElement

els:IsSameAs

:DC22298
ct:InternalDocument

Is:hasElement

rdf:type

:StructurallModel ‘We8135 Is:isLinkElement

Figure 4.17: Link serialisation

The link metadata is stored in an RDF-compliant format (as
a turtle file), and making it retrievable using any RDF-based
query language such as SPARQL.

Listing 4.10 shows a SPARQL query to retrieve all informa-
tion related to the concept Wall_51 across four different
partial models, based on the example shown in Fig. 4.9.

SELECT =
WHERE {
?s : ?0.

?202.

}

Listing 4.10: SPARQL query for extracting connected information
across

As stressed earlier, the original ICDD’s structure for storing
links requires a three-tier hierarchy of link description. This
arduous structuring of link relationship can be simplified by
taking advantage of Linked Data principles. These alter-
native approaches were explored in our paper (Hagedorn,
Senthilvel, et al., 2023). Here, two types of modifications
were proposed to the existing ICDD structure: 1) extending
the current 1inkset ontology by modifying the range and
domain of the predicates namely ls:hasLinkElement,
ls:hasFromLinkElement to allow links to other resources
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and, 2) assigning a link class as a property value directly, thus
making it a two-tier link description.

As part of the above investigation, two prototypes of ICDD
using the current specification were presented. Additionally,
several recommendations for future development were also
presented. These included prior alignment between project
participants supplemental agreements for structuring link el-
ements, identifiers and relationships falling outside the bound-
aries of ICDD; expanding the classes and properties in the
current ICDD Schema to accommodate upper domain on-
tologies; and employing ICDD beyond the ZIP archive ap-
proach. This final recommendation is also explored in the
following chapter, where Information Containers are func-
tionally elevated to ensure their compatibility within a CDE.

4.4 Summary and conclusion

This chapter presented and elaborated on the adopted ap-
proach for the discovery of potential link relationships for
three types of data sources: Images, Models and Documents.
It also sketched out the minimum metadata required in these
sources for enabling link discovery. These metadata were
represented using identified existing vocabularies. Examples
including graphic and code-listing were provided to demon-
strate these ideas. Finally, the chapter culminated in the
discussion of how the above information is represented and
stored as persistent information, which can be retrieved through

querying.

The next chapter deals with how the links discovered and
their associated metadata in this chapter can be stored in
Information Containers that operate throughout the life cy-
cle of a project.
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Chapter 5

Information Containers

5.1 CDE for linked heterogeneous
information

Chapter 4 outlined the crucial of CDEs in facilitating conven-
tional requirements for data storage and monitoring. More-
over, to reach Stage 3 of the BI maturity stages, these en-
vironments must support pragmatic project needs for cre-
ating, storing, and modifying relationships between diverse
data sources (both within and outside the CDE).

Furthermore, Chapter 4 highlighted the intricate nature of
heterogeneous data and its significance in AEC projects.
It also proposed an approach for discovering and storing
deep links, i.e. object-level links between these diverse data
sources.

The links thus discovered can be used across multiple project
phases, regardless of the nature of the project itself. Al-
though there are differences, the phases in renovation projects
overlap significantly with green-field projects, with one major
difference: the availability of data on the existing as-is state
of the building/infrastructure. These, as explained through
the BIM4Ren use case can consist of, but are not limited
to plans, drawings, photographic images, point clouds, as-is
BIM generated, reports for energy analysis etc.

The significant phases for any kind of AEC project can be
generalised to Planning, Design, Construction, Opera-
tion and Maintenance. In these phases, planning sched-
ules, documentation reports, images of construction site and
construction progress, 3D models for conceptual design, etc.
are continuously generated. These heterogeneous data are
generated by a multitude of participant teams who repeat-
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edly interact, exchange these data during each phase. During
the closure of a phase, they also hand over the ’finalised data’
to other teams in charge of operating and maintaining the
built infrastructure.

These constant interactions and data exchange usually take
place in disparate, project-specific, and use case-specific ad-
hoc methods, e.g. zip files shared through emails, and cloud
storage, and generally organised as a folder structure. These
bundles are called containers, and they are used to ship
related information between teams.

Though conventional containers follow user-defined rules, and
scope, there are some specifications from existing standards
which elaborate the use of these containers and their require-
ments. For example, the ISO 21597 ICDD specification is
intended for the handover of data for archiving. LDP, a non-
AEC approach, does not specify any phase, or task-specific
description. DIN SPEC 91391 focuses on data exchange be-
tween different participants during all phases of a project
through specifications for functional requirements of CDEs.
As part of this, information containers that hold connected
data are also exchanged throughout the project phases.

However, as noted in Section 2.6.1, the DIN specification has
limited addressal for the definition structuring and storage of
‘linked’ heterogeneous data. Lastly, Multi-Model Contain-
ers, as per their conceptualisation, are intended as a data
exchange approach throughout a project lifecycle and rely
on an XML structure to enable this. However, it too has
limitations in the level of deep-linking possible using its spec-
ifications.

From above, it is evident that the existing Information Con-
tainer specifications are required to not just function through-
out the project lifecycle for the storage of linked information,
but also for the exchange of information. This ’dynamicity’
of accommodating ever-changing data, being passed back
and forth, also has to function within CDEs, where their
contents and relationships change frequently.

This chapter takes a look at how dynamic information con-
tainers can be imagined using guidelines derived from [SO
19650 and DIN SPEC 91319 (the two standards that con-
tain adequate requirements of Information Containers for a
CDE).

In the upcoming sections, the proposed architecture for dy-
namic containers to function in a CDE is described, along

86 Linking and Managing Heterogeneous Data using
Information Containers



5.2. Proposed architecture

}7\- ;
</ j
7 As-built '
Documentation

Container |

. @ @ @ EnergySimulaton | (&)

Architect ! Container : Wéefdy Progress
Update Container

Consultant

Meta-Container 1
—

7 Y R
— D DA Project Management
C Planning team

HVAC Deslgn
eam

)
(2
Damage :
assessment |

‘ @ @ : Redesign
d 1 Team

Structural
Engineer

StakeholderJ Data Layer J Container Layer J Process LayerJ StakeholderJ

N — —
\’\(;,j;‘, Meta-data O Data - Container - Meta - Container

Figure 5.1: Proposed architecture for managing heterogeneous linked information in web-based infor-
mation containers

with the overarching functionalities they are expected to ful-
fill. The underlying theoretical concepts such as ontologies
and interfaces required to achieve this are also discussed.

5.2 Proposed architecture

To achieve the above, CDEs have to be re-imagined using
a layered architecture. The conceptual foundation for the
architecture and each layer is elaborated in the following
sections.

This thesis proposes a three-layered architecture which facili-
tates dynamic information containers in a CDE used through-
out the project lifecycle:

1. Data layer
2. Container layer
3. Process layer

Each of these layers is envisioned to build on top of each other
to realise and deliver a CDE that accommodates the creation
and management of linked heterogeneous information. In
the following subsections, these layers are elaborated with
supporting conceptual diagrams.
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5.2. Proposed architecture

5.2.1 Data layer

In the data layer, all resources are stored together, regardless
of their file format. Essentially, this layer acts like a data
dump, wherein all the documents, BIM models, drawings,
images, point clouds etc. can be stored. Each of these data
has its own URI® which is dereferenceable. This layer also
captures the inherent metadata of the resources uploaded to
it, e.g., file name, file type, creation date, modification date,
author information, and version information (if available).
This layer is the fundamental cornerstone of the proposed
architecture, as it stores any information in its original form
supplied by a project participant.

Metadata Brief Vocabulary
description used

Equivalents

file name name of the ct:fileName dc:title, rdfs:fileName
uploaded file

file type type of file ct:filetype rdf:fileType,dcterms:format
uploaded

creation date of file ct:creationDate  dcterms:created

date creation

Authorship author ct:createdBy prv:createdBy,
information pav:created By

File classi- Internal or ct:InternalDocumentot: ExternalResource,

fication External (to dot:InternalResource,
the CDE) nao:externalldentifier

Description general file ct:description dcterms:description,
description rdfs:comment

versionID  Version of file  ct:versionID dbpedia-owl:version,

dcterms:hasVersion

Table 5.1: Inherent metadata for resources in data layer

Fig. 5.2 shows one such example data: the overall site plan
of the BIM4Ren in pdf format. Its inherent metadata like
filename, filetype, version ID, author, etc. are captured us-
ing the ICDD vocabulary (introduced in Section 17 and used
in Chapter 4). Additionally, the metadata created as anno-
tations (using methods from Section 4.1) are also illustrated.
In this example, although the inherent metadata and the an-
notations are represented separately, in the data layer, they
can both reside in a single RDF graph.

Fig. 5.3 shows a similar example that contains two versions
of the image of a damaged tile on a staircase. The image
with version ID "1.1" contains only the inherent file-based
metadata, while version "1.2" also contains additional an-
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Figure 5.2: Annotation metadata graph for drawings/documents in the Data layer

notation metadata. Both the inherent metadata and the
annotation metadata are stored together in an RDF graph.

This layer relies on a mix of many vocabularies like the ICDD
schema, DC terms etc. The above metadata are represented
in the vocabulary as shown in Table 5.1. Due to the availabil-
ity of extensive ontologies containing similar, or overlapping
terms, only a few equivalents are listed here.

5.2.2 Container layer

The container layer builds on the data layer introduced in
the previous section, where the user can create virtual con-
tainers for project-specific use cases. Each container consists
of some minimum mandatory metadata as recommended by
DIN SPEC 91391 and part 1 of ICDD - ISO 21597. These
include container name, description, authorship details, and
provenance information e.g. version ID, creation date, etc.

Inherent metadata

*Stairwed 151 oo

*I018-04-05T 1477 :20.10%

RDF Graph

Figure 5.3: Overall metadata (including inherent and annotation
metadata) for image versions
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In addition to these, each container also requires dedicated
metadata for capturing the assigned state as recommended
by the ISO 19650 standard. These states are 'Published’,
"Shared’, "Work In Progress (WIP)’ or Archived’.

A container in this layer is a virtual construct which contains
only an RDF graph consisting of the metadata of the con-
tainer (see Table 5.2) along with the resources it contains
from the data layer. These resources are referenced using
URIs (or URLS) as defined in the RDF graph of the data
(refer to Fig. 5.3). Note that both the container metadata,
the resources metadata, and the relationship between these
resources are stored in this RDF graph.

This approach differs from the approach adopted by ICDD
where container metadata and resource metadata are stored
in the index, while the link-able elements of these resources,
and their relationships are stored separately in the linkset
graph.

A typical container decomposes as shown in Listing 5.1.
Here, two documents (a schedule spreadsheet and an IFC
model) are contained within this container. For brevity,
only the file name of these documents is shown in this list-
ing, though typically other information such as creation time
stamps, modification time stamps, author information, etc.
are also present.

The container layer also facilitates the nesting of contain-
ers. These are called 'meta-containers’ and follow the same
structure as the generic containers, with one additional com-
ponent: their RDF graphs contain a container-to-container
relationship definition. Fig. 5.5 illustrates two containers:
one container for energy simulation which uses an energy as-
sessment report and version ID 1.3 of the structural model
and another container for damage assessment. This latter
container consists of photographs of the damage and the IFC
architectural model.
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Figure 5.4: An example container for energy simulation from the container layer, which when
exported follows the ICDD zip file structure

Both containers are nested within the container for weekly
progress updates. The list 5.2 shows the RDF-based tur-
tle serialisation for this type of container using a truncated
version of the predicate els:PartOf.

The predicate relationship used above can vary depending
on the use cases and the data contained within each con-
tainer. While there are no specific vocabularies which cater
to the definition of container-to-container relationships, con-
ventional ontologies which are used to denote file-to-file re-
lationships can be potentially reused here. Some of these
vocabularies were identified in Table 4.5.

— Meta-Container 1
—
L

Energy Simulation
Container Weekly Progress
Update Container

Damage
assessment

Figure 5.5: A meta-container consisting of two use case-based con-
tainers
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hld:Container001
a ct:Container;
ct:description "Scheduling Container";
ct:conformanceIndicator "ICDD-Partl-Container";
ct:creationDate "2022-12-11T15:13:28.132"

ct:publishedBy hld:Person001;
ct:versionDescription "first version";
ct:versionID "1";
ct:containsdocument hld:documentl,
hld:document?2.
hld:documentl
a ct:InternalDocument;
ct:filename "Architectural model 1".
hld:document?2
a ct:InternalDocument;
ct:filename "Schedule spreadsheet 1".

Listing 5.1: Containers in the container layer

Since there are no existing vocabularies describing the status
of a container, a lightweight ontology for describing the data
states as recommended by ISO 19650 was also created and
published*”. This ontology complies with FAIR (Findable,
Accessible, Interoperable, Reusable) principles generally rec-
ommended for ontology creation as espoused by (Wilkinson
et al., 2016).

hld:Container001
a ct:Container;
ct:description "Scheduling Container".
hld:Container002
a ct:Container;
ct:description "As-built Dcocumentation
Container".
hld:Container003
a ct:Container;
ct:description "Weekly Progress Update
Container".
hld:Container001,
hld:Container002
hld:Container003.

Listing 5.2: Nested containers in the container layer

Both of the container examples explained above used dif-
ferent versions of a particular data resource. In the ICDD
schema, ct :versionID and ct:versionDescription
can be used to define the versions of the resources, and are
used in these container definitions too. For describing ex-
plicit relationships between different versions of containers,
the predicate ct :priorVersion can also be leveraged.
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Ontology Metadata Class / Property

ICDD Container description ct:description

ICDD Authorship ct:createdBy

ICDD Container contents ct:containsDocuments

ICDD Provenance ct:creationDate,
ct:versionlD,
ct:versionDescription,
ct:published By

DSO Container State dso:State

Table 5.2: Inherent metadata for container resources in
Container Layer

In principle, the containers in this layer were envisioned to
also contain a metadata layer which stores the provenance
information that is created when links are discovered (see
Sections 4.1 and 4.3). Every container created here is ex-
portable, and the exports conform to the ICDD folder struc-
ture, with the segregation of information between the index
graph and the linkset graph as specified by ICDD ISO 21597.

However, within the CDE, all of these were modelled to re-
main in a single RDF graph, in order to improve the track-
ability. Other functionalities such as exports of containers
are accessible through the Process Layer, which is elaborated
in the upcoming subsection.

5.2.3 Process Layer

The Process Layer forms the final part of the proposed ar-
chitecture. In this layer, the basic CRUD functionalities
(Create, Read, Update and Delete) are available for the
project participant. These functionalities enable them to
access the heterogeneous files and their annotations in the
data layer, and the containers and meta-containers in the
container layer.

In addition, all types of project-related tasks and activities
like time and cost monitoring, querying of information, etc.
can be accommodated here. This layer’s flexibility lets it be
designed as the final front-end for the user.

In the current research, three functionalities were imple-
mented in the front-end: 1) file uploads 2) container cre-
ations and 3) Reading containers (i.e. querying). The for-
mer two were already explained in Sections 5.2.1 and 5.2.2
and were implemented using React, Firebase, Express, and
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Node.js. It was implemented using Javascript and SPARQL-
based libraries, supported by GraphDB triplestores, where
the data (which was being queried) was stored.

The processes and functionalities required for accessing and
interacting with the above three layers are discussed in the
next subsection.

5.3 Overarching functionalities

In the previous section, each layer of the proposed architec-
ture was described in terms of the underlying theoretical con-
cepts developed based on existing literature. These concepts
serve to facilitate any service running in the process layer.
These services can range from authorisation, CRUD access
rights, and functional management roles, to data-centric ser-
vices including querying, knowledge discovery, etc.

To enable the above-mentioned services, first, the mappings
between different ontologies for the metadata descriptions
have to be created. These provide the basis for assessing
which functions arise from a standard (or approach) and the
extent of its vocabulary (if any is available) for reuse.

Additionally, the sequences of operation for each service (e.g.
querying) have to be defined. These sequences depict the in-
teractions between a user’s actions and the CDE and also
determine the resulting behaviour of the CDE for each ac-
tion.

This section focuses on two major parts of overarching func-
tionalities for Information Containers to function in a CDE:
1) identifying metadata commonalities across different exist-
ing approaches, and if they have corresponding dedicated on-
tologies for representing them, and 2) identifying API com-
monalities across different approaches and their relevance for
the proposed architecture.

5.3.1 Mapping concepts across existing stan-
dards

The architecture proposed in the section above was conceived
based on the gaps identified in existing literature in Chapter
2. The proposed conceptualisation above builds on these
gaps by using them as requirements for the development of
both information containers and their functioning in a CDE.

However, it is beneficial to also take a look at how much of
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these requirements are met by existing standards and ap-
proaches mentioned in Section 2.6.1. Additionally, most of
these requirements are reflected in dedicated ontologies or
terminologies for representing them.

Abstraction Concept

Container description
Membership

Contamer |contamer types
descriptions| membership types

Container state
Unique identifier

File descriptions

name

Resource/File| relationship to container
file type

Unique identifier

Revision
Versioning | version ID
version description
creator ID

Authorship| creator name

creator organisation

Container creation date, time
Time stamps File cr;aticn da_tc. th_ne .
Contamer modification date, tune
File modification date, time

Link types|types of links

creator 1D

Link authorship |creator name

creator organisation

Link ereation date, tune

Link modification date, time
Link algorithm used

Link provenance
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it a Link confidence score

® Specification + Vocabulary (B Only Specification or Partial vocabulary () No Specification or Vocabulary

Figure 5.6: Mapping of concepts and corresponding vocabularies
across existing resources

Fig. 5.6 lists the concepts extracted from all the standards
mentioned in this thesis and their depth of coverage. Ab-
stractions which are mentioned as specifications in standards
and also have a dedicated vocabulary are represented in
black, while representations in the color grey denote concepts
which are covered in the standards without any referenced
vocabulary for expressing them, and the ones in color white
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contain neither specification nor any corresponding vocabu-
laries for it. From this figure, it is evident that some con-
cepts, though crucial for CDEs are not adequately covered
and hence need to be borrowed from other approaches.

Fig. 5.6 presents a set of concepts categorised by overarch-
ing meta-concepts for metadata for both the files in the Data
Layer and the containers in the Container Layer. It is evi-
dent from this figure that ISO 21597 contains the most com-
prehensive set of specifications for file and container-specific
metadata such as versioning, resource descriptions, author-
ship, provenance, link types etc.

The DIN SPEC 91319 and LDP both contain partial vocabu-
laries for some specifications for Information Containers and
resources within them, while OpenCDE-API’s Documents
API focuses on minimal metadata for versions, time stamps,
file author etc. ISO 19650 does not contain any high-level
vocabulary for any of the concepts it recommends.

Numerous ontologies which comply with the FAIR principles
espoused in the Semantic Web domain are currently avail-
able for describing any concept/element and its properties.
So mappings between ontologies must be created and main-
tained. Without these mappings, the processing of any RDF
data would be time-consuming, as well as the programming
for these processes since no common understanding of these
terms is developed. Mappings in this chapter’s context re-
fer to both the concepts and terminologies in ontologies in
relevant standards.

The mapping presented here is translated to machine-readable
RDF format, wherein a simple owl:equivalentClass
is used for specifying the commonality of concepts across
vocabularies. Of the 5 approaches assessed here, only the
ICDD, LDP and OpenCDE-API specify their own ontolo-
gies, while the DIN SPEC refers to external ontologies for
many concepts.

Consequently, in translated mappings, the most commonly
used ontologies for these concepts are serialised and available
on a dedicated GitHub repository®®. It is essential to note
here that the above figure does not capture the complexity of
conceptual mappings. A more detailed analysis containing
a one-to-one relational mapping of abstractions across these
standards is provided in (Senthilvel et al., 2020).

Similar to the mappings between ontologies discussed above,
certain functionalities of CDEs are also mentioned along with
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Abstractions Concept

CRUD descriptions

HTTP-based content management
Container
descriptions

Client Behaviour
Server Behaviour

Handling unauthenticated requests

Testing protocols| CDE conformance tests

Vocabulary use|Reusing published existing vocabulary
API{APT architecture

Authentication protocol
User management

Roles and nights

Process metadata
Metadata
Workflow metadata
User tracking
Access controls

Data reliabality
Dashboard

Data Sovereignty
and Security

Reporting
Processes
Workflows for data exchanges

Generic data management templates
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Figure 5.7: Identifying CDE concepts in various standards and
approaches

varying levels of specification. To ascertain their relevance
and scope for re-utilisation, these functionalities will have
to be mapped. Fig. 5.7 illustrates which concepts and func-
tional requirements for CDEs were specified in different stan-
dards and approaches along with an indication level - which
is used for representing the coverage range of the specifica-
tions. It should be noted that most of LDP’s specifications
for CDE behaviour are non-normative, i.e. it is meant as a
guideline.

From the figure above, it can be seen that the DIN SPEC
91391 provides a low-level specification guideline for a func-
tioning web-based CDE. On the other hand, both LDP and
OpenCDE-API provide high-level, in-depth specifications for
the most expected functions and behaviour of a CDE. In par-
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ticular, OpenCDE-API illustrates how a CDE interacts with
its sub-parts to achieve a task through the use of web se-
quence diagrams (buildingSMART, 2021-03-31T07:00:20Z/
2022).

These sequence diagrams, which define how systems inter-
act and respond to each other serve as system requirements
for further development. In upcoming paragraphs (Section
5.3.2), these web sequence diagrams are outlined and utilised
for defining how the proposed CDE interacts within its layers
and with external microservices.

Furthermore, the identified requirements are used as a base
for orchestrating how various components of the proposed
architecture interact with each other to fulfill a CDE’s obli-
gation. The next section elaborates on these interactions.

5.3.2 API Orchestration

All types of web-based services require configuration defini-
tions on how they communicate with another piece of soft-
ware. APl is an intermediary interface that defines and en-
ables different parts of software to communicate with each
other through a series of exchanges consisting of requests and
responses. In short, API orchestration consists of a series of
chained call responses which are used by the system to solve
a problem®. API specifications (like the ones which will be
defined in this section) determine how to use a section of an
API or implement it.

Web APIs are used for exposing both a software’s data and
functionality through any front-end devices (e.g. laptop,
desktop or mobile) to a web server through HTTP. Since
APIs essentially define the expected software behaviour for
every action, their design is crucial. Though there exist
many protocols for facilitating standardisation of API be-
haviour, the common ones are Simple Object Access Pro-
tocol (SOAP), JSON Remote Procedure Call (JSON-RPC)
and Representational State Transfer (REST)®. Most of the
modern APIs are built on REST, which is a set of web ar-
chitecture principles.

A CDE is also a piece of software which can interact with
end users and other software. Its expected behaviour can be
configured by defining appropriate APIs for the functional-
ities. Sequence diagrams are usually used to visualise and
communicate the requirements for a process or a system
implementation. These requirements are transformed to a
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Figure 5.8: API call for a file upload to the Data Layer by an end user

higher formal level of refinement which is used by software
developers. Hence, they are applied in API orchestration in
combination with Unified Modelling Language (UMTL)®!.

Guidelines for the development of these APIs can be taken
from two approaches: LDP- which was introduced in Sec-
tion 12 and OpenCDE API - a buildingSMART initiative
provides guidelines through a set of API standards primar-
ily for issue reporting, document management and for the
buildingSMART Data Dictionary. Both the LDP and Open
CDE API provide guidelines on the expected software be-
haviour. As mentioned in Section 12, this specification de-
fines a Linked Data architecture for a read-write functional-
ity through the use of HT'TP. This is specifically meant for
CRUD operations for RDF resources.

In general, all CDEs contain a client and a server, with the
former acting as the front end through which services (or
data) is requested and the latter acting as the back end which
supplies the requested service (or data). There are four types
of these HTTP requests which are relevant for this research
52: GET (used for information retrieval from a server through
an URI), POST (used to send data to a server), PUT (used
to updates resources based on user input), DELETE (used
to remove requested resources from the server).

Fig. 5.7 stressed the relevance of both LDP and OpenCDE-
API for providing guidelines to define minimum CDE func-

Linking and Managing Heterogeneous Data using 99
Information Containers

oy general purpose mod-

elling language intended
for visualizing a system’s
design

52according to HTTP 1.1



Lifelines

Message request
sent to object

I

Message response
received

Figure 5.9: Notations
relevant for reading the
sequence diagrams

5.3. Overarching functionalities

tionalities and implementation. For the scope of this re-
search, the CRUD operations are the core CDE functionali-
ties focused in this section.

API protocols are conventionally used to define how these
CRUD operations can be delivered. Though LDP provides
the basis for some of these API responses, buildingSMART’s
OpenAPI provides the most comprehensive specifications and
is hence used for this research. The behaviour of ICDD-based
containers according to these API specifications was inves-
tigated previously (Senthilvel et al., 2020) and is referenced
and extended here.

In this research, API calls are modelled using UML, and
one such call for file upload is shown in Fig. 5.8. This
figure describes the web sequence of each action performed
by the user on the front end and the corresponding backend
responses. Sequence diagrams are primarily used to explain
the interactions between parts of a system in sequential order
and can also be used for representing requirements of system
behaviour. Thus they form the base for developers who use
these diagrams for fleshing the final system design.

Fig. 5.9 shows the components used in representing the se-
quence diagrams in this section. Lifelines are notation el-
ements used to represent either roles or object instances or
systems which take part in a particular sequence. Requests
and responses between systems are represented as messages
using solid and dotted arrows respectively. Using this as the
base, fig/ 5.8 shows the end-user role Architect requesting
to first login to the CDE using GET requests, which get
processed through two systems: the Process Layer and the
Authorisation system.

Upon successful authorisation, the Architect can upload a file
(which can be an image, model or document) to the CDE,
which is transmitted to the Data Layer and finally stored in
the backend Server. The Data Layer also communicates this
response to the Architect which marks the end of this flow.

Based on the API outlined above for uploading files to the
CDE, Fig. 5.10 shows an API call for creating a container for
a specific use case in the Container Layer. After successful
login and authentication of the user, the ’Architect’ can use
the POST request for creating a container, which the Process
Layer transmits as a request to the Container Layer.

Upon receipt of this request, the container layer initialised
an RDF graph with basic inherent metadata like container
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Figure 5.10: API call for creating and populating a Container in the Container Layer by an end user

name, date of creation, authorship details, etc. (as described
in Section 5.2.2). This graph serves as the Index graph
(as per ICDD structuring) and refers to the virtual con-
tainer requested by the user. Upon successful creation of
this container (or index graph) and notification of this to
the Architect, he/she has to populate the container with
relevant files (either internal or external).

If internal files are selected, then the Data Layer is accessed
to display the relevant files, and once the ’Architect’ selects
them, the Data Layer sends a set of metadata associated with
the selected files (refer to Section 5.2.1 for detailed metadata)
and triggers the update of the Index RDF graph. Upon this
update, the Container Layer transmits the notification to the
"Architect’ through the Process Layer.

Containers, their contents and metadata annotations for files
(e.g. images and documents) are routinely updated during a
project’s execution phase. Fig. 5.11 shows the corresponding
APT call for updating an existing container. After successful
user authentication, the GET call is used for requesting the
list of containers from the Container Layer, which is shown
to the Architect who can select a container for updating.

Modifications to the container by the Architect are executed
using the PUT call from the Process Layer through the Con-
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tainer Layer to the Server. Upon a successful update, a no-
tification response is shown to the Architect.

The last of the CRUD operations is the READ functionality.
All the information residing in both the Container Layer and
the Data Layer can be read or queried by an end-user through
the Process Layer. Conventionally, a GET request is used
to retrieve information from the Container Layer, though a
POST request can also be used if additional parameters or
modifications based on queries are needed. Note here that
the query is converted into a SPARQL query in the container
Layer before transmitting to the Server.

Since container metadata are stored as an RDF graph, here,
the dedicated RDF-based query language is used. The query
response from the server is then sent through the Container
Layer to the end user. Furthermore, if SPARQL queries are
used for assertions leading to knowledge creation, the POST
request can also be used.

Until now, the CRUD operations in the data layer and the
container layer have not been performed. However, as men-
tioned in Section 3.2, the layers in this proposed architec-
ture interact with external microservices for link discovery
and conformance checks of the data. These microservices
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have their API which, once exposed and accessible, can be
interfaced with any of the layers mentioned here.

One such example of the interaction of the validator API
with the Container layer is shown in Fig. 5.13. The Validator
API is a microservice that extracts container metadata from
the container layer and uses it to validate if it conforms to
the inbuilt rules (see Chapter 6).

In Fig. 5.13, once the end user sends the request for per-
forming conformance checks for all of the containers in the
container layer, a GET query translates this request into a
SPARQL query, which is then sent to the Validator microser-
vice together with the metadata of the containers retrieved
from the Server. This microservice performs the SHACL
conformance check and responds back to the Process Layer
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of the CDE with the appropriate result notification for the
check.

The microservice architecture proposed in Section 3.2 relies
on multiple independent components, which are connected
using REST API. Additionally the interaction of the valida-
tor service for checking data integrity and conformance (see
Chapter 6) for both the data and container layer resources
is shown in Fig. 5.13.

5.4 Summary and Conclusion

In this section, this research’s core: the conceptualisation
of information containers using Linked Data principles was
elaborated. The proposed architecture builds on the con-
cepts espoused in ISO 19650, DIN SPEC 91391, ISO 21597,
LDP and OPEN CDE-API ®3. The containers thus designed
support use case-based information exchange while under-
pinning federated information representation.

Based on the functionalities and the underlying theoretical
framework, the proposed CDE architecture supports stages
2 and 3 of the BIM maturity level (14:00-17:00, 2018-12),
since it supports both file-based (local machine) storage and
web-based storage. Overall, it also supports federated model
building, although functionalities such as fully automated
link creation are not covered.

This chapter also identified the commonalities of metadata
and its vocabularies across different standards and mapped
them together to provide a theoretical base for defining in-
formation containers. It also identified the functionalities
needed for a CDE from different standards and mapped it
to the standards/approaches which mention them and con-
tain the specifications or guidelines for it. From the identi-
fied functionalities, the CRUD functionality was elaborated
by defining specific API calls using web sequence diagrams.
These calls defined how a user’s action interacted with the
different parts of the CDE.

As mentioned previously, the architecture proposed in this
chapter considers data blobs as the smallest referable unit,
which is a fundamental departure from the conventional school
of thought as per (14:00-17:00, 2018-12; DIN SPEC 91391-
1, 2019-02-19) where containers are considered as the small-
est referable unit. In conventional approach(es), due to the
container being the smallest referable unit, data duplication
tends to occur as the same file can be part of multiple con-

104 Linking and Managing Heterogeneous Data using
Information Containers



5.4. Summary and Conclusion

tainers depending on use cases. This conflicts with the data
redundancy requirement, a key concept identified across all
standards considered in this research.

Furthermore, the proposed architecture also supports only
one of the two types of versioning for information within
the CDE: namely, the change history of the metadata of all
resources (files uploaded by the user, and the index graphs
created in the CDE) are captured and maintained. How-
ever, iterations to the files themselves (e.g. information dele-
tion, addition, and value changes) are neither detected nor
recorded in the CDE. These are passed on to external tools
(for example, model authoring software) which can capture
the version history in its schema.
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Chapter 6

Data Integrity and
Conformance

The previous chapters introduced and described an approach
for linking and managing information within virtual contain-
ers by reusing and building on top of existing standards and
approaches. With the adoption of Linked Data approaches
for improving and advancing BIM-based data management,
each piece of information in the preceding Chapters 4 and
5 have to be efficiently used within CDEs and exchanged
seamlessly across various applications (and also other CDEs)
residing in the process layer.

To achieve this, the information created and stored in these
layers has to be checked for conformance regarding data qual-
ity and compliance with specific use cases etc. This chapter
addresses how checks can be performed so that they con-
form to pre-determined rules (both user-defined and as per
specifications).

Conformance checks (also termed data validation) within
this research’s scope cover two broad use cases: a) Incoming
data: Checking that all models, documents and images con-
tain the necessary metadata, which is required for the link
discovery (see Section 4.1) and b) Generated data: Check-
ing that created links (both by the architecture proposed in
this research and externally created ones) contain necessary
metadata for establishing conformance of the created links
(see Section 4.2 and Section 4.3).

The following subsections will elaborate on how these two
types of checks were tackled, with accompanying implemen-
tation details of a prototype: a Validator bot, which was
developed for demonstrating these checks.
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6.1. Why check?

6.1 Why check?

Conformance checks are a crucial part of information man-
agement. Throughout a project’s lifecycle, information is
constantly being streamed through data exchanges, being
modified, and reused to serve specific tasks for specific use
cases. Before each such use, the data must comply with a set
of requirements that ensure its quality. These requirements
can be project-specific (e.g. checking that [FC models con-
tain the correct Level of Information (LOI) as defined in the
BIM Execution Plan) or general conformance (e.g. version
history for documents). Considering the highly fragmented
and heterogeneous nature of information in the AEC indus-
try, it becomes imperative that data exchanges between var-
ious participants take place with as little data loss as pos-
sible. Fulfilling these requirements enhances the complete-
ness of the data, and results in successful data integrations
with other kinds of information or in data exchanges with
other project participants, thus improving the interoperabil-
ity within the project environment.

Conventional manual rule checking has been recognised and
established as excessively time-consuming, error-prone and
labour-intensive (Beach et al., 2013; Dimyadi & Amor, 2013).
As part of ongoing efforts toimprove efficiency, the use of rule
languages for checking digitally-represented information is a
widely researched theme (Beach et al., 2013; Nawari, 2018;
Solihin & Eastman, 2015; Zhang et al., 2018). Beyond pro-
prietary rule checking tools, BIM-based approaches also use
mvdXML, and IDS* for defining and codifying rules for con-
formance checks of IFC schema-based project information.

In this research, Linked Data technologies are used to repre-
sent semantics (i.e. metadata for files and containers) of het-
erogeneous data sets (e.g. images and documents); thereby
making them RDF resources. As a result, it is necessary
to use RDF-supported rule languages to check their confor-
mance against any kind of requirements. These rules also
serve to guarantee the quality and interoperability of the
data when exchanged between various tools from various
project participants. As data quality greatly impacts the
usefulness of information for any task, these checks are cru-
cial in ensuring seamless exchange of information.

Chapters 4 and 5 generated two kinds of data: metadata of
files and containers (inherent) and metadata created from the
link discovery process. The link relationships were created
by matching the overlapping concepts identified in partial
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models, images and documents. These two data types were
either captured by the system or generated by the system.
For example, using the user’s input for container names or
the author name of a link created. Although this data is
stored automatically in an RDF graph, it still has to be
checked if it contains all necessary data as required by the
CDE proposed in this thesis.

Since all of the above metadata are represented in RDF,
Linked Data-supported languages would have to be used
for defining these rules. Some examples of these languages
are SPARQL, OWL, SHACL, Shape Expressions (ShEx),
R2RML etc.

One part of the checks carried out for the 3D partial models
is "plausibility checks": manual visual inspection for assess-
ing rough inaccuracies and missing geometric model content.
However, with the advent of rule languages, these checks can
also be codified, so that they can be transferred from "sub-
jective" to "objective" checks - giving a quantifiable result of
whether the model passed validation or not.

Model checking for federated data in a CDE requires that we
consider that the data is present under the CWA assumption,
though this contradicts the principles of "federations", which
is based on OWA. This implies that, during rule-checking,
any information which is not present will be treated as a
violation of the rule, and not be assumed that it can be
added at a later time/is present in another graph which is
not yet connected.

Knublauch presents an elaborate comparison of Open World
vs Closed World Assumptions, in addition to the implica-
tions of using OWL and SHACL (Knublacuh, 2022). In
this research, the primary focus is the data validation us-
ing SHACL constraints; the inferencing capabilities of OWL
are not covered.

6.2 SHACL for conformance checks

Various data languages such as SPARQL, OWL, ShEx, Object
Constraint Language (OCL), and SHACL have been used to
formulate constraints necessary for conducting conformance
checks. Some of these like OWL, OCL, SPARQL have been
commonly employed for validation purposes for RDF-based
data. ShEx and SHACL are dedicated languages specifically
designed for this task. For example, SPARQL® is an RDF
query language to retrieve and manipulate serialised data in
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RDF formats. It has been used for regulatory compliance
checks (Beach et al., 2013; Pauwels & Zhang, 2015; Zhang
et al., 2018) and data integrity checks to ensure interoper-
ability during data exchanges (Lee et al., 2015). For regu-
latory compliance checks, international /national /local rules
are codified from natural language to requirement identifi-
cation. Once these are identified, they are formulated into
SPARQL queries.

Similarly, for interoperability-based integrity checks, require-
ments are expressed as SPARQL queries. Typically, SPARQL
WHERE clause and SPARQL CONSTRUCT are used for query-
ing the RDF resource. The result of these queries can then be
used to assess the resource’s conformance to the rules. While
SPARQL is highly expressive and most RDF products have
some form of support for SPARQL-based querying, it was
designed for information retrieval.

Furthermore, despite its expressiveness, it can be difficult to
thoroughly construct SPARQL queries that can handle all
possible variations of data, and reject any wrong structures.
As a result, queries for validation can become excessively
verbose, and eventually challenging to compose and debug.

SPARQL? is a graph-matching language for querying RDF
graphs. It can query graphs through matching patterns de-
fined by users, modify solutions, and also construct new
triples based on a query result. SPARQL’s high expressiv-
ity and schema flexibility for querying have been employed
in many research works for conformance checks. Bouzidi et
al. proposed regulation compliance checking by first repre-
senting rules in natural language, and then using SPARQL
queries for conformance checks (Bouzidi et al., 2012).

Krijnen and van Berlo utilised SPARQL for quality and reg-
ulatory requirements by encoding a query-based formalisa-
tion of rules (Krijnen & van Berlo, 2016). Zhang et. al also
developed SPARQL functions for requirement-checking sce-
narios taken from the Dutch Rgd BIM Norm and the Norwe-
gian Statsbygg BIM manual(Zhang et al., 2018). However,
SPARQL’s schema flexibility and expressivity can also be
counterproductive, i.e. it becomes too verbose when used for
large and complex constraint definition (Gayo et al., 2017).

SPARQL Inference Notation (SPIN) is a set of vocabularies
which are used to express rules as SPARQL queries. It uses
SPARQL’s CONSTRUCT or UPDATE constructs to implement
these rules. It was designed to provide adequate expressivity
for both semantic querying and computation of RDF graphs
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by linking class definitions with SPARQL queries. ShEx,
another language for describing and validating RDF Graphs
was developed by the ShEx Community.

Of the above, SPIN and ShEx are semiofficial W3C sub-
missions, which never became formal specifications. SPIN
was initially proposed to improve SPARQL functionalities
by mapping classes to SPARQL-based rules and constraints.
However, both SPIN and ShEx were also reported to have
readability and maintainability issues (Gayo et al., 2017;
Knublacuh, 2022).

OWL, an axiomatic Semantic Web language to represent the
information on the web, has frequently been used to de-
tect violations in data requirements, leverages inferencing
for data validation, and works under the OWA (El-Diraby,
2014; Karan et al., 2016). Although its original scope was
logic-based modelling of classes, properties and the resulting
relationship between these, along with inferencing, its cardi-
nality constructs have been used under CWA for data valida-
tions. However, a detailed analysis showed that OWL does
not contain adequate language expressivity for constraint
definitions, and its OWA results in significant tractability
problems for violations(Knublacuh, 2022).

However, the use of dedicated rule languages like SHACL can
mitigate these concerns. SHACL shapes can be divided into
reusable segments which can be used for checking various
elements in an RDF graph. For example, specific building
elements like walls, windows, doors require a unique identi-
fier to be linked to their definition. This modularisation of
constraints into reusable blocks makes them concise and ver-
satile. In the next section, this aspect of SHACL is presented
and exemplified.

SHACL, a W3C standard language was designed to express
constraints for RDF Graphs. Rules defined using SHACL
allow RDF Graphs to be validated against them. Addi-
tionally, SHACL can integrate SPARQL queries within its
shapes, thus allowing more flexibility and freedom in con-
straint definitions. SHACL specifications contain two parts:
SHACL Core, which describes the core RDF vocabulary of
commonly used shapes and constraints, and the second one
on the extension of SHACL constructs using SPARQL, called
SHACL-SPARQL. I

Inspired by SPIN, SPARQL and Resource Shapes®’, it con-
tains high-level vocabulary for constraints like Cardinality,
Data Type, Value Range, etc. A typical SHACL shape con-
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tains two parts:

1. data graph consisting of the instance data in RDF for-
mat

2. shapes graph consisting of the constraints defined in
the SHACL vocabulary

When the Data graph is validated against the Shapes graph,
a SHACL validation engine generates an RDF report wherein
violations are reported using SHACL’s dedicated vocabulary,
along with information on the elements/objects/triple nodes
which violated the SHACL shapes.

Both Data graphs and Shape graphs can be either a sin-
gle RDF graph or multiple graphs (federated graphs). A
Shapes graph often contains multiple SHACL shapes, each
containing the resource being checked, the corresponding
Node Shapes for it, and property shapes within which con-
ditions for the targeted node or its properties are defined.
Node Shapes are SHACL constructs comprising of the con-
straints acting on the resources of a particular type of tripe
in the data graph while property shapes comprise of con-
straints which act on the predicates (relationships) in the
data graph.

Commonly used SHACL constraint types are:

1. Cardinality constraints: Simple constraints used to
check any property, class or restriction for the fre-
quency of occurrence, i.e. the repetition of a property
in a given instance graph. This type of constraint is
also often reused for verifying if a resource or its prop-
erty exists, by limiting the minimum and maximum
values to 1;

2. Value range constraints: These restrict the value
ranges that a property can take. For instance, the
property thermal transmittance (or U-Value) should
be within 0.24 Units according to DIN 4108-7 specifi-
cations. This restriction is represented in SHACL using
the sh:minInclusive and sh:maxInclusive, (in-
cluding boundary values). The exclusion of boundary
values can be achieved using the sh:minExclusive
and sh:maxExclusive;

3. Datatype constraints: This constraint is used to re-
strict the datatype a specified property can take. For
instance, for the example used above, the value has to
be a xsd:Integer;
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4. Specialised Target Declarations: Although we can
use sh:targetClass to specify which class instances
we would like the constraints declared as property shapes
to act on, at times, specific subjects or objects of cer-
tain predicates need to be targeted. For example, all
(instance) objects of beo:Window can be checked for
the violations mentioned above. Where sh:targetClass
is used to specify that all instances of a class must be
validated with a shape, while both sh:targetObjectsOf
and sh:targetSubjectsOf focus on the objects/-
subjects of some property.

The value addition that SHACL brings due to its expressiv-
ity, especially for defining constraints has increased its ap-
peal for conformance checks. Soman, 2019 explored the use
of SHACL rules for automated look-ahead planning. Simi-
lar rules were also used to validate the ifcOWL models by
Stolk and McGlinn, 2020, while Hagedorn and Konig studied
the feasibility of SHACL-based validation for a fictive tunnel
construction project (Hagedorn & Koénig, 2020). Oraskari et
al., 2021 framed unit tests (a feature of software develop-
ment) for using SHACL to test models within the BIM4Ren
Project by providing a comparison with mvdXML. Hamdan
and Scherer, 2021 utilised SHACL rules for checking and
assertions of semantic damage assessment descriptions for
bridge maintenance.

All containers should have at most one description
of the container's function

Listing 6.1: Example requirement in natural language

Listing 6.1 shows an example of a requirement based on
the examples used in Chapter 4, where every container in
the CDE Container layer should have at most one metadata
value for the predicate description. The corresponding
formalisation of this rule as a SHACL Shape is shown in
Listing 6.2

© 0 N O o s W N =

:ContainerDescriptionShape
a sh:NodeShape;
sh:targetClass ct:Container;
sh:property [
sh:path ct:description ;
sh:minCount 1;
sh:maxCount 1;
sh:datatype xsd:string;
1o

Listing 6.2: SHACL Shape of the requirement described in Listing 6.1
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A typical SHACL shape, like the one defined above, contains
two main types of shapes: Node shapes - which are used to
declare a constraint directly on a particular node, and Prop-
erty shapes - which declare a constraint on the values with
a node by following a specific path. In Listing 6.2, an arbi-
trary shape :ContainerDescriptionShape represents
a Node Shape, which targets all resources which are defined
as ICDD Containers (here represented as ct : Container).

Additionally, it defines a Property shape using SHACL’s
sh:property which targets the Container descriptions. Fi-
nally, within this shape, constraints are declared which apply
restrictions on the components defined in the property shape.
The cardinality constraints are defined using sh:minCount
and sh:maxCount which specify only one value for the
predicate ct:description. Also, it stipulates that the
values of these descriptions should be of type "string".

ex:containeridl3215

a ct:Container;

ct:description "container for scheduling".
ex:containerid6432 a ct:Container.

Listing 6.3: Instance graph snippet showing two containers: one
containing a description metadata and another without this metadata

Validation of a data graph against a given shape graph
results in a conformance report, which contains the list of
triples that violate the defined constraints. This report utilises
SHACL’s dedicated validation terminology to indicate which
parts of the triple violate the a SHACL constraint. Given an
instance data graph (see Listing 6.3), and the SHACL shape
defined above, the resulting RDF conformance report upon
validation is shown in Listing 6.4.

[

a sh:ValidationResult ;

sh:resultSeverity sh:Violation ;

sh:sourceConstraintComponent sh:
MinCountConstraintComponent ; #Constraint
being violated

sh:sourceShape _:nl355 ;

sh:focusNode <http://example.org/ns#
containerid6432> ;

sh:resultPath ct:description ; #Triple predicate
causing the error

sh:resultMessage "Less than 1 values" ; #Error
description

]

Listing 6.4: Confromance report of validation performed using
SHACL Shape defined in Listing 6.2
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The report is represented as an RDF graph using sh:ValidationResult.
According to SHACL vocabulary which identifies that the

constraint sh:minCount (minimum count) for the predi-

cate ct :description hasnot been met, using sh: resultPath.
Additionally, the property sh:Violation is used to in-

dicate the severity of this non-conformance. If no explicit

severity is defined (i.e.Info or Warning), the default Violation

is automatically assigned.

Additionally, this result includes a description of the error.
In this particular instance, it is an automated message, al-
though customised messages can also be configured using
sh:message.

In addition to its predefined constraint constructs, SHACL

also provides SPARQL-based constraint declarations. The
construct sh: sparqgl in conjunction with sh: SPARQLConstraint
can be used to write a SPARQL constraint component. It

can also be used for inferencing through the use of sh:entailment.
Due to the breadth of SHACL’s coverage, only constructs

used in this chapter are discussed in the upcoming section

as they are introduced. Comprehensive introductions of all
available constructions are described very well in Gayo et al.,

2017.

Given the differences in rule languages and their applicability
for conformance checks, comparisons between SHACL and
other languages like SPARQL, OWL, and SPIN have been
explored previously by multiple researchers (Oraskari et al.,
2021). Due to its status as a W3C rule language intended
for data validation and conformance checking, SHACL is
adopted for defining rules for checking data in this thesis.

Lastly, a distinction is made between the suitablity of these
languages under specific conditions and their relevance to
the present checks. Not all of the above languages are meant
for data validation and they also operate under different
assumptions. Rule languages typically fall within two dis-
tinct approaches from the knowledge representation domain:
OWA and CWA. The former assumes that any statement
(i.e. a triple) which does not necessarily conform to a given
set of rules does not result in a wviolation, but rather that
these data are inconclusive, i.e. unknown. This status can
potentially change if and when future data is added. On
the other hand, CWA considers statements which do not
conform to a rule as wiolations, and conclusively results in
non-compliance.

Though within the Semantic Web domain, the OWA is in-
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herently present, in the context of the AEC domain and this
thesis, CWA is required. If statements do not conform to
rules defined by a user, then the instance graph violates
the requirements and is hence termed 'non-conformant’. As
pointed out by (Pauwels et al., 2017), the usage rules under
these two assumptions influence the inferencing, though this
is not within the scope of this thesis.

In the next section, the two types of conformance checks re-
quired for the proposed CDE architecture are sketched out
with the definition of minimum metadata which has to be
checked for each type of heterogeneous data (within this the-
sis’ scope), corresponding SHACL rule set and a proposed
process workflow for implementing conformance checks.

6.3 Types of conformance checks

As mentioned in the introduction of this chapter, there are
two distinct types of validation that must be performed in
this research. In the following subsections, each type will be
discussed in detail, including the minimum requirements for
models, documents and images, the process for conformance
checking, and snippets of the SHACL rules to facilitate these
checks.

The following sub-sections introduce the proposed usage of
SHACL for conformance checks within the scope of this the-
sis along with relevant main constraint concepts necessary
for their usage.

6.3.1 Incoming data check

In the first part of the check, incoming data (in this research,
these are models and images) have to be checked if they
contain the necessary minimal metadata corresponding to
their element properties and annotations. This determina-
tion of the minimum requirements in the incoming data’s
metadata helps to establish which kinds of image/model-
s/documents/information will be allowed in the CDE and
highlight any missing data. They also help in drafting the
cardinalities of the SHACL shapes.

Images and Documents

Table 6.1 shows the minimal list of requirements derived from
the metadata for images introduced in sub-Section 4.1.2 and
Section 4.3. These metadata are essential for making deep-
link discoveries possible. As shown in the table, the majority
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of these metadata undergo validation for both cardinality
and data type.

: ImageShapel
a sh:NodeShape;
sh:targetClass dcterms: g
sh:property [
sh:path ct:fileName ;
sh:minCount 1;
sh:maxCount 1;

<

Listing 6.5: SHACL Shape for checking the existence and max. 1
value for file name of a resource

A key distinction from model-based checks is that the data
types in image annotation are often restricted to literals.
This can be partly attributed to the current lack of ontologies
containing both typified object and data properties.

: ImageShape?2

a sh:NodeShape;

sh:targetClass dcterms: g

sh:property [
sh:path dcterms: g
sh:minCount 1;
sh:datatype xsd:string;
sh:maxLength 40;

I

Listing 6.6: SHACL Shape for checking the existence of at least one
value for the property annotation title and its data type conforms to
"string"

Metadata RDF representation SHACL constructs

file name ct:fileName [1,1] cardinality

file type rdf:type [1,1] cardinality

creation date dcterms:date [1,1] cardinality, data type
author dcterms:creator [1,n] cardinality, data type
author organisation  schema:organisation [1,n] cardinality, data type
description dcterms:description [1,1] cardinality, data type
image title dcterms:title [1,1] cardinality, data type
annotation regions nif:annotation [1,n] cardinality
coordinates dicom:PointsBoundingBoxCoordifhfiel cardinality, data type
annotation title dcterms:title [1,n] cardinality, data type

Table 6.1: Minimum metadata requirements for deep-linking for Image

SHACL shapes for each of the above-listed metadata can be
framed in numerous ways, and extended to capture other
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requirements (for instance, specific triple patterns). For ex-
ample, the first requirement: there should exist only one file
name for each incoming image, which can be translated to
a SHACL shape shown in Listing 6.5.

The above shape is very similar to the example shape defined
in Listing 6.2, due to the simplicity of the requirement itself.
Though most of the metadata listed in above will have sim-
ilar SHACL shapes, requirements with multiple constraints
will have different shape structures. For instance, the re-
quirement that all annotations need at least one ti-
tle, and this value should conform to the data type
"string" needs to encode separate dependent constructs.

Listing 6.6 shows the shape consisting of these two con-
straints contained within the sh:property construct. Ad-
ditionally, it is possible to restrict the character limits of
these free text string properties by using the sh :MaxLength.

Due to similarities in the annotation metadata for images
and documents, the same SHACL shapes can be reused for
document conformance checks too. The SHACL shape which
checks both images and documents for the existence of a
creation date associated with it is shown in Listing 6.7.

:ImageShapel
a sh:NodeShape;
sh:targetClass dcterms:
ct:InternalDocument
ct:ExternalDocument
sh:property [
sh:path [
ct:creationDate
dcterms:created
schema:dateCreated
17
sh:minCount 1;
sh:maxCount 1;

1.

Listing 6.7: SHACL Shape of the requirement: existence and
maximum two values for the metadata "file name"

The appendix A contains the comprehensive definitions of
the SHACL shapes for image-based requirements in Table
6.1.

Models

Building models, regardless of whether they are based on
IFC or non-IFC schemas such as BOT or BEO, have a more
complex description of elements and their associated proper-
ties. This typically follows a structured hierarchy of the ele-
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Metadata Terminology checked SHACL constructs
Link type blink:link [1,n] cardinality, data type
Link provenance schema:dateCreated, [1,n] cardinality

blink:confidenceScore,
prov:generatedBy,
blink:algorithm

Creation date dcterms:date [1,1] cardinality, data type
(xsd:date)

Author dcterms:creator [1,n] cardinality,data type (literal)

Author organisation schema:organisation [1,n] cardinality, data type (literal)

Description dcterms:description [1,1] cardinality, data type (literal)

Link confidence blink:confidenceScore [1,1] cardinality, data type
(xsd:integer or xsd:float)

Link algorithm blink: algorithm [1,1] cardinality, data type

description

Link algorithm author schema:created By [1,n] cardinality

Table 6.2: Minimum metadata requirements for validating links created by proposed
CDE architecture using the ontology Buildlinks

ment definitions. As a result, rule-checking for these models
becomes complicated and requires numerous. Based on the
models introduced in Section 4.1.4 and in Fig. 4.9, the min-
imum requirements for the models are summarised in Table
6.3.

Ju

:ModelShapel
a sh:NodeShape;
sh:targetClass ifcowl:IfcWallStandardCase bot:
Wall;
sh:property [
sh:path [
ifcowl:ThermalTransmittance
bot:thermaltransmittance
sd4bldg:thermaltransmittance

© 0 N 3 O

10
11
12
13
14

15

1

sh:minCount 1;

sh:maxCount 1;

sh:minValue 1.2;

sh:maxValue 2.5;

sh:message "Thermal transmittance is not
within acceptable limits"

1o

Listing 6.8: SHACL Shape of the requirement: existence of a
property for wall thickness and its value within per

In the above table, the last metadata object properties
represents all the object properties which can be potentially
checked for their existence. Due to the similarity of meta-
data with the image requirements such as file name, type
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etc., they are not explained again in this section. Instead,
the object properties requirements like the thermal transmit-
tance of walls in a model are used as examples.

Listing 6.8 defines the SHACL shapes for all resources which
belong to the class IfcWallStandardCase, and contains a
property thermal transmittance (or U-Value) whose value
should be within the range "1.2 - 2.5". A point to keep in
mind: the units W/m2K are not explicitly stated. Addition-
ally, the shape also specifies a customised error message for
violations. Currently SHACL allows all measurement values
to be defined in one unit of measure, i.e. it is not possible to
represent properties having multiple units. This means that
all values are assumed to be declared in a generic unit mea-
surement, and only their value ranges are checked as part
of the constraints. But, the unit of measure is not checked.
Alternatively, units can be checked if they are represented as
strings, using the sh:pattern, which can check the pres-
ence of a specific unit.

However, a convenient solution would be to use ontologies
like Quantities, Units, Dimensions, and Types (QUDT). The
collection of QUDT ontologies quantify units of measure-
ments using class properties in the OWL schema(“QUDT;
Quantities, Units, Dimensions and Types”, 2011). It aims
to improve the interoperability of quantity-related RDF rep-
resentations through its semantic specifications of the mea-
surement units.

SHACL shapes can be formulated in a variety of ways, due to
the language’s flexibility in the modularisation of constraints.
Therefore, a limited set of these shapes were listed in this
chapter, and additional shape examples are available in the
Annex A.

Validation workflow During the upload/creation of any
of the above data resources in the CDE, the shapes defined
above and in Annexe A will trigger the data conformance
checks, to establish the data quality. Regardless of the nature
of the incoming information (i.e. whether they are images or
models), they follow the workflow shown in Fig. 6.1 for the
initial validation.
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Figure 6.1: Incoming data validation workflow for the proposed

architecture
Metadata Brief description SHACL constructs
file name ct:fileName [1,1] cardinality
file type rdf:type [1,1] cardinality
creation date dcterms:date [1,1] cardinality, data type
author dcterms:creator [1,n] cardinality, data type
author organisation schema:organisation [1,n] cardinality, data type
description dcterms:description [1,1] cardinality, data type
object properties (thermal ifcowl:ThermalTransmittance,  [1,1] cardinality, data type,
transmittance, etc.) sdbldg:thermaltransmittance pattern

Table 6.3: Minimum metadata requirements for model deep-linking

In this figure, the surveyor captures initial building data in-
cluding models and images and exchanges it through the
proposed architecture to the Data Layer. Before being per-
sistent storage in this layer, it passes through the metadata
requirement checks as defined in this section. Upon success-
ful validation, it is sent for link discovery and eventually, all
discovered links are stored in the container layer. Finally,
all the data (including the uploaded data and the generated
data) is accessible by the renovation design team through
the container layer.

6.3.2 Generated data check

In the second part of the validation, the information gen-
erated as a part of the automated processes in the CDE is
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checked for data integrity. This entails metadata from Sec-
tion 4.3 - link types, link authorship, provenance etc. The
requirements for this type of validation are listed in Table
6.2. The class definitions/object properties being checked
are the ones being used for representing the metadata within
this thesis. Hence, the SHACL shapes reflect these and can
be adapted to reflect other definitions/vocabularies, should
they be used.

hld:fileNameShape
a sh:NodeShape;
sh:targetClass [dc: 7 2 18
sh:property [
sh:path [
dcterms: fileName
ct:fileName
ct:fileType
rdf:type
1
sh:minCount 1;
sh:maxCount 1;

© W N O s W N
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Listing 6.9: SHACL shape for checking the existence of only one file
name and file type for Images and Models

-
w

Note that unlike the SHACL constructs used in Section 6.3.1,
the data types in the above table also have non-literals. This
is owing to the machine-readable and inferencable approach
used for serializing link information, where ontology-based
class definitions and object properties were used for captur-
ing this information.

Almost all of the SHACL shapes for the above constructs re-
quire a combination of multiple SHACL expressions. Hence,
a few are elaborated in this subsection. In the Listing 6.9
the SHACL shape targets all resources which are declared
as either Images or Dataset (here used to represent all types
of models), and the property of file name as per the Dublin
Bhttps:/ /www.dublincore. Core Ontology ®® or the ICDD Ontology®, and finally the

org/specifications/ cardinality constraint of [1,n].

dublin-core/dcmi-terms/

#http://purl.org/dc/ In the above example, the file type is also included since it
terms/type acts on the same target classes and has the same cardinal-
https://standards.iso. ity as the constraint for the file name. However, there are

org/iso/21597/-1/ed-1/en/ many different ways of combining SHACL constraints within
a shape. In the Listing 6.10, all resources which are declared
as Dataset (here indicating models) should have only one
file type, and this value should be equal to a literal, which is
defined using sh:value.

More complex data validations require a combination of SHACL
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constraint constructs bundled together. The SHACL shapes
are more complex for checking the conformance of the index
graph as they contain constraints which follow a pattern and
are often related to each other. For example, the metadata
link type’s definition usually varies depending on the struc-
ture of the ontology being used. Here, for ease of readability
and reduced complexity, link-type terminology from the Link
Ontology introduced in Chapter 4 is used. Additionally, the
metadata link confidenceis related to the link algorithm de-
scription and the algorithm authorship. The SHACL shape
for these interconnected requirements is shown in Listing
6.12.

hld:fileTypeShape
a sh:NodeShape;
sh:targetClass [ 3 g
sh:property [
sh:path [
dcterms:fileType
ct:format
rdf:type
1
sh:minCount 1;
sh:maxCount 1;
sh:value ["application/x—extension-ifc"]

e

Listing 6.10: SHACL shape for checking the file types for Models
conform to IFC file extensions formats

For the link confidence metadata in Table 6.2, both cardi-
nality and datatype must be present, with the option of also
defining a value range for this confidence score. Listing 6.11
shows the corresponding SHACL shape for this constraint.

hld:fileTypeShape
a sh:NodeShape;
sh:targetClass [dc: I g
sh:property [
sh:path [
dcterms:fileType
ct:format
rdf:type
1
sh:minCount 1;
sh:maxCount 1;
sh:datatype [xsd:integer xsd:float]
sh:minExclusive 0.6;
sh:maxExclusive 0.9;

1.

Listing 6.11: SHACL shape for checking the file types for Models
conform to IFC file extensions formats
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:ImageShapel

a sh:NodeShape;

sh:targetClass ct:linktype :1inkType

sh:property [

sh:path [
hld:confidenceScoreshape
hld:linkAlgorithmshape
hld:algorithmAuthorshape
17

hld:confidenceScoreshape
a sh:NodeShape;
sh:targetClass : 2
sh:property [
sh:path schema:value;
sh:minValue 1;
sh:maxValue 1;
sh:datatype [xsd:integer xsd:float];
I o
hld:linkAlgorithmshape
a sh:NodeShape;
sh:targetClass 3 ;
sh:property [
sh:path schema:value;
sh:minValue 1;
sh:maxValue 1;

hld:linkAuthorshape
a sh:NodeShape;
sh:targetClass 3 8
sh:property [
sh:path schema:value;
sh:minValue 1;

1o

Listing 6.12: SHACL Shape of the requirement: existence and max. 2
value for the metadata file name

In the above shape, each constraint like Confidence score was
declared as a separate Node Shape, which was nested within
the primary Node Shape focused on linktype.

Validation Workflow

Considering that all the generated data reside in the in-
dex graph, the validation workflow uses the SHACL rules
defined above to check this index graph as shown in Fig.
6.2. Once the graph conforms to the set of rules, it is then
exposed to the end user through the Container Layer.
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Figure 6.2: Generated data validation workflow for the proposed
architecture

The above workflow follows the same process as the incom-
ing data check and defines additional checks for the discov-
ered and serialised links in the index graph. It leverages the
SHACL shapes stored in a database and uses them for val-
idation. Upon successful validation, it redirects back to the
index graph without any notification, while in the case of
violations, it generates a SHACL violation report containing
the list of non-conformant triples. Similar to the previous
subsection, the SHACL shapes for the requirements defined
in this section are available in Appendix A.

6.4 Prototype

A web-based prototype was developed where users can load
any data graph, a corresponding gl TF data graph and a valid
SHACL shapes graph, and outputs a SHACL validation re-
port. During validation, the GUIDs of elements which do
not conform to the shapes defined in the shapes graph are
queried using SPARQL in the data graph and passed over to
the gITF data graph. This prototype was built on libraries,
e.g., the rdf-validate-shacl package for SHACIL validation,
xeokitsdk for visualising models, and React and Node.js for
interface and server. Exemplary Data graphs, Shape graphs,
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6.4. Prototype

Figure 6.3: Visualizing validation errors in the prototype

and gITF Data graphs are available in GitHub®. When
these input fields are filled and the user clicks the "View
Violations’ button, an alert message with the violations is
displayed. Note that the viewer uses the 3D BIM model to
display violations in the images/documents too, as it lever-
ages the link relationships to process this.

Additionally, all the components which do not conform to
the SHACL shapes in the Shapes graph are highlighted in
yellow and displayed in the gl TF model as shown in Fig. 6.3.
The prototype developed is publicly available on GitHub.

The technology readiness levels (TRLs) can be applied to
the proposed SHACL-based conformance approach and the
prototype developed for demonstrating its implementation.
Conceptually, the SHACL shapes formulation in this chapter
establishes the feasibility of using the language for expressing
constraints for checking link relationships and container /re-
sources metadata. The prototype development also indicates
the presence of existing libraries that support the implemen-
tation of this verification approach. Hence, it falls in the
range of TRL 3 - 4 (see Fig. 6.4). To evolve to TRL 9,
the language has to become more easily exploitable. Since
it was designed for linked data-based conformance checks,
it requires high expert knowledge to apply it in practice.
This knowledge is an implementation barrier, as participants
within a project might not necessarily be linked data experts.

So, interfaces which can simplify the process of creating the
constraints are needed. One way to achieve this is through
visual programming. It utilises visual representations of code
blocks for creating programs, and can be used to gener-
ate SHACL shapes without the user knowing the language’s
syntax/structure. This approach was explored in Senthil-
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vel and Beetz, 2020, where a visual programming interface
"PyFlow’ was integrated into a 3D model authoring software
(FreeCAD). The paper explored the development of mod-
ules containing reusable SHACL constraints, which can be
used as lego blocks for constructing SHACL shapes graph
by an end-user (Senthilvel & Beetz, 2020). Due to the visual
connection of these modules, no prior coding experience was
required.

System Test, Launch & TRL 9 H
Operations I Advanced SHACL tools

— : (Suitable for non-domain expert usage)

System/Subsystem
Development

Technology —
Demonstration

Technology
Development

H Current Research and Development
R (including prototype)

Research to Prove
Feasibility

Basic Technology
Research

TRL1

Figure 6.4: Mapping SHACL developments in this thesis to
Technology Readiness Levels

Additionally, constraints are usually repetitive, although their
targets change. For example, thermal transmittance values
are always of the float data type, and can be applicable
for diverse building objects like Wall, Floor, Windows, Doors
etce.

Analogously to the use of SHACL constructs to validate
linked building data, the SHACL shapes themselves should
conform to the SHACL rule language. This helps to ascer-
tain that all the vocabularies were used correctly as intended
by the constraint language. Thus, all SHACL shapes devel-
oped in the above sections were validated using SHACL itself
through an existing web implementation.

6.5 Summary and Conclusion

Conformance checks form the basis to ensure that interop-
erability is functioning as envisioned. Without proper vali-
dation, generated data can potentially risk being unusable,
thereby impacting project decision-making. With this in
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6.5. Summary and Conclusion

mind, this chapter focused on the further necessities of data
integrity and conformance checks and briefly introduced the
available languages for checking RDF-based metadata. Lan-
guages like SPARQL, SPIN, OWL, SHACL, ShEx and their
usage in AEC for data validation were shown, while noting
some of their limitations.

SHACL, the chosen language for validation, was introduced
along with its core concepts, constructs, and syntaxes for us-
age. Then using SHACL, the approach adopted for checking
the conformance of both the files/resources’ metadata and
the metadata generated by the Container Layer was intro-
duced. For each piece of data (i.e., models, images, doc-
uments, and index graphs) in this research, the minimum
requirements for data integrity, especially from a functional
point of view, were also determined. These rules were then
translated to SHACL shapes using its constructs.

The chapter also developed a second type of checks focus-
ing the data generated in the proposed architecture. These
included the links discovered in Chapter 4 and their associ-
ated metadata like provenance, algorithm, confidence score
etc. The requirements in terms of constructs to be checked
were identified, and tabulated and the corresponding SHACL
shapes were developed. A comprehensive list of these shapes
was also developed and is available in the Appendix A and
as a database on GitHub%2.

For both of the above types of checks, the relevant work-
flow involving the participants, their data flows and points
of conformance checks were established using the BIM4Ren
project as an example. Finally, a web-based validator bot
was developed to visualise the results of the validation (only
for models). The bot took the input of shapes graphs from
a database and validated them against supplied incoming
data, resulting in a 3D visualisation of violations based on
the BIM model. It also generated a SHACL violations report
specifying the triple nodes that violated specific constraints
expressed as SHACL shape.
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Chapter 7

Conclusions

The AEC industry has struggled with interoperability issues
between different tools for more than three decades now:
the (in)famously illustrated Islands of Automation (Matti,
1986), reiterated by numerous researchers in the last 10 years
(Beetz, 2009; Poirier et al., 2014; Turk, 2020). Despite 30+
years of development, today the unchanging struggle per-
sists, albeit in a different form. Where before, the main
challenges were the lack of standardisation and formalisation
of data, now it is the lack of standardisation for connecting
data and its management.

To a considerable extent, the introduction and adoption of
BIM and Semantic Web technologies have addressed these
complex challenges related to the connecting of informa-
tion and its management requirements. For example, BIM
models represent geometry, spatial relationships, properties,
quantities, and schedules according to schemata and are machine-
interpretable. As a result, information that was previously
recorded in physical/digital documents and dependent on
manual evaluation can now be accurately processed without
any room for ambiguity:.

However, these challenges have been shown to recur in terms
of managing interconnected data in increasingly distributed
CDEs. For instance, information is still stored in a discon-
nected mode: in distributed partial models (e.g. architec-
tural BIM model, structural BIM model, etc.) and in con-
ventional documentation like material design specifications.
Although the information presented is fragmented and con-
tains signifiant overlapping data, it is not explicitly mod-
elled. Additionally, the use of different authoring software
has resulted in different underlying schemata. Therefore, the
primary challenge is comprehending information that is im-
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plicitly connected, but not explicitly stated as such. The key
challenges identified in this research for these interconnected
information are:

o Unified approach for detecting links between partial
heterogeneous data representations

o Technical approach for persistent storage of detected
links

o Functional structure for storage of detected links

The last three chapters of this thesis centered on the funda-
mental aspects of interconnecting information:

o development of approaches and methods for creating
persistent links between some of AEC project’s hetero-
geneous data,

e their management within a (virtual) container in a

CDE and

« the corresponding conformance checks necessary to en-
sure its data integrity.

Each chapter attempted to answer the research questions
posed in Chapter 1.

This chapter focuses on the discussion of the results ob-
tained. It also discusses their implications for the general
research question posed in Section 1.4: How can heteroge-
neous data be managed in web-based information containers
in a CDE?. The research questions are reintroduced here:

« RQ1: How can informal representations of related het-
erogeneous information be translated into formal inter-
connected representations that can be used throughout
the asset lifecycle?

« RQ2: How can these formal interconnected represen-
tations be managed and processed within use case-based
Information Containers in a CDE through open data
standards?

« RQ3: How can links be checked for data integrity and
conformance of these links be checked against the re-
quired schema?

Based on the research and analysis in the preceding chap-
ters, the next sections dive into the advantages, disadvan-
tages, and scope of further development by comparing the
developed approaches with the baseline (both theoretical and
practical) established in Chapter 2. Special emphases are
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given to the topics - how the proposed architecture can be
integrated into existing standards and the potential paths
for transferring this into practice.

7.1 Discussion

Though interoperability problems surrounding information
management have existed for decades, the adoption of Se-
mantic Web concepts has been increasingly effective in ad-
dressing the challenges of managing heterogeneous data in
construction projects. The first research question posed at
the beginning of this thesis was:

« RQ1: How can informal representations of related het-
erogeneous information be translated into formal inter-
connected representations that can be used throughout
the asset lifecycle?

As proposed in this thesis and substantiated by previous and
ongoing research, the use of knowledge discovery methods
in combination with ontology matching techniques can help
identify linkages between data. When these methods utilise
the metadata annotations supported by Linked Data, they
can effectively extract valuable information without the need
for data conversion to other formats. As the strategies for
link discovery continue to evolve, it is imperative that the
fundamental criteria (i.e. minimum requirements) for anno-
tation and metadata are clearly defined. These requirements
were classified into two categories covering functional needs
and technical needs:

Technical Requirements Functional Requirements
Vocabularies for representing link Workflow for link discovery for
relationships heterogeneous resources

Vocabularies for representing annotation = Conformance checks for detected links
metadata for a resource

Vocabulary for storing provenance Conformance checks for minimum
information for resources and links metadata for incoming resources

Structure for representing links and their ~Functioning of Information containers
provenance information in a container within a CDE

Table 7.1: Identified requirements summary for representing informal related
heterogeneous information into formal interconnected representations

This is achieved using a layered approach, starting with on-
tologies which can capture the discovery of linked informa-
tion.
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Next, algorithms are employed to extract viable RDF in-
formation from non-RDF data such as images and docu-
ments. The annotation graphs and the resources (images/-
documents/models) were fed into a combination algorithm,
which uses lexical, string, and semantic matching methods.
Finally, links discovered using this approach were stored in
a virtual container, consisting of the metadata of the related
resources along with themselves, and the metadata about the
object-level links created. For this purpose, a dedicated on-
tology was created and published to describe the metadata
about the links created in the containers and CDEs. Further-
more, advanced conceptual approaches like reification were
used to encode the temporal aspects of the created links.

Following the results of the above, the subsequent second
research question defined was:

« RQ2: How can formal interconnected representations
be managed and processed within use case-based Infor-
mation Containers in a CDE through open data stan-
dards?

This thesis argued that existing standards provide a con-
ceptual base for managing heterogeneous interconnected in-
formation. To manage linked information that is regulated
throughout the project lifecycle, this research proposed a
three-layered information architecture:

e Data layer
e Container layer
e Process layer

The data-format-independent architecture allows the reuse
of existing vocabularies available for link definitions, prove-
nance, and management based on user-defined use cases. It
leverages a container-based architecture, inspired by LDP
and ICDD, that can be used to store, retrieve and update
heterogeneous data for any use case within a project.

The literature review in this thesis also identified the mini-
mum requirements for both the metadata for these represen-
tations and the information containers from these standards.
Furthermore, it matches the necessary ontology classes and
properties to describe the metadata. Leveraging a Linked
Data-based linking of partially distributed datasets illustrates
the advantages of active data management throughout the
project lifecycle.

For processing these data inside a CDE, API protocols based
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on the existing LDP and OpenCDE-APIs for the proposed
architecture were defined. A microservice architecture inte-
grated with Linked Data-based tools enables the automated
exchange of heterogeneous data. With the introduction of a
linking architecture which supports file-based data (images,
documents), and database-based information (e.g. models,
and RDF graphs), the proposed architecture supports both
stages 2 and 3 of the BIM maturity model. Furthermore,
its detailed definition of how information containers must be
modelled within the context of web-based CDEs also com-
plies with the standard processing of information (see Fig.
1.4).

The final research question posed in Chapter 1 refers to the
conformity of all data within the scope of this research.

« RQ3: How can link relationships, containers and stored
data be checked for integrity and conformance require-
ments?

Several past research efforts, both within the AEC and in
other domains, have used the RDF-based constraint lan-
guage, SHACL, to verify the conformance of data to user-
defined rules and general data standards. In this research,
this rule language was also used to check the conformity of
the connecting graphs and the metadata encoded in RDF
for images and documents. The data within this research
was classified across two dimensions: metadata of incoming
heterogeneous resources (models, images, documents), and
container data - interlinks between heterogeneous resources,
and the link provenance.

Based on RQ2, the essential metadata criteria for all of
these resources were established and formally transformed
into SHACL rules. To utilise the aforementioned SHACL
shapes, process workflows were created by analysing data
exchanges among various participants within projects.

Based on RQ2, the minimum metadata requirements for all
these resources in terms of conformance checks were defined
and translated into SHACL rules. Process workflows were
developed for the usage of the above SHACL shapes by ex-
amining existing participant data exchanges. Furthermore,
a microservice was developed to both execute these rule sets
and visualise the non-conformities. SHACL was also used
to assess the sufficiency of the metadata for non-RDF data.
These resulted in a net constructive impact on link discovery,
as incomplete metadata was weeded out prior to its addition
to a container.
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7.1.1 Advantages over current approaches

Fundamentally, the Semantic Web leverages the concept of a
flexible and generic technology stack that allows easy repre-
sentation of information and its federation with other infor-
mation from various knowledge domains (Schreiber & Rai-
mond, 2014). In general, the use of OWL ontologies built on
top of RDFS vocabularies like the ones used and developed
in this research increases the data and constraint expressive-
ness. Complex constructs, namely cardinality restrictions,
class expressions, dependency-based restrictions, expand the
range of conformance checks possible for linked data-oriented
resources.

The approach proposed in the context of this thesis con-
tributes to the improvement of interoperable information in
the following ways:

» Incorporation and application of established guidelines
from:

— ISO 19650 for information management during
project lifecycle,

— DIN SPEC 91391, LDP for determining data and
CDE requirements,

— ICDD (ISO 21597), MMC(DIN SPE C91391) for
design of Information Containers

o Segregation and abstraction of ontologies from the be-
spoke data architectures and software products.

o Creation of specialised ontology to describe linkages
including their common types, provenance, authorship,
etc.

e Design of Information Container structure that is com-
patible with interconnected data and provides support
for its usage in a CDE.

 Identification and harmonisation of data and CDE re-
quirements from various standards to streamline the
use of interconnected information containers during de-
sign and construction phases.

o Leveraging SHACL’s expressive power to develop con-
formity checks that ensure data integrity and interop-
erability.

The capability of the proposed architecture to facilitate linked
data-driven container information management fulfills the
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Increasing benefit from existing and new digitally supported and enabled processes Business layer

Object-based server
information models
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Information layer
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Support for URI-based

Support for file-based resources resources Standards layer

LD-supported Information Containers Design
IC for LD-supported CDE

Conformance Checks

Stage 1 Stage 2 Stage 3

Figure 7.1: Mapping this research’s contributions to the BIM Maturity model proposed in ISO 19650

requirement for a container structure and its behaviour in a
CDE. This container is utilised in all in all stages of infor-
mation - i.e. from WorkInProgress to Archived. The
behaviour of uploaded resources and their binding to con-
tainers were modelled using API calls. These API calls de-
fined for the interaction of the different parts of the system
with other internal parts (refer to Fig. 5.10. For example,
image resources stored in the Data Layer were bundled
into containers, through interaction with the Container
Layer.

Due to their modular design based on a microservice archi-
tecture, these APIs can also be connected to other exter-
nal services, without further modifications. This function-
ality addresses the gap of the ICDD ISO 21597 standard,
which only provided the container structure and ontologies
geared towards archiving, but did not specify the mechanism
of its usage in a web-based environment throughout ongoing
project execution with continuously evolving datasets.

Based on these points and the BIM Maturity model intro-
duced in Section 2, the proposed approach can be classified
into applicability for Stage 2 and Stage 3. Since the latter
stage does not yet have a fixed definition, all features that
do not fit the Stage 2 definitions were mapped to Stage 3.
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The key contributions listed above can be categorised as
shown in Fig. 7.1.

7.1.2 Limitations over current approaches

The proposed approach was aimed at presenting a proof-of-
concept for facilitating Information Containers hosting in-
terconnected resources. The current research was limited to
the design of the containers, their requirements and their
functioning in a web-based CDE operating at Stage 3. Con-
sequently, limitations in this research can be identified and
categorised based on four major themes. These are listed in
Table 7.2.

For example, additional technical and functional aspects which
are part of Stage 3 were not covered. These include topics
such as authorisation and credential storage for access man-
agement, role-based access of information, and reasoning-
based on inference of the interconnected resources. Some of
the issues encountered in the course of this research are as
follows:

 Scalability issues due to slower processing of RDF graphs
and OWL-based representation

o SPARQL queries for information retrieval proved to
have a high learning threshold and are less intuitive.
Alternatives like GraphQL-LD or HyperGraphQL by
virtue of their structure can facilitate quicker and more
compact querying results

« Lack of vocabulary ranges focused on defining link types
in different kinds of data encountered in AEC

The algorithms used for the collection were chosen for ease of
implementation, with minimal training data. Consequently,
the accuracy, precision, and recall values for these methods
were not considered. Rather they were used as proof of con-
cept for detecting commonalities in heterogeneous data and
served as value inputs for structuring the interconnected in-
formation within the containers.

As pointed out previously, there is a scarcity of ontologies
focusing on the description of link relationships between dif-
ferent kinds of AEC data. Halpin et al., 2010 differentiated
between four types of generic linkages for representing over-
lapping concepts between two resources:

« same thing as but different context
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Conceptual

Scope

Data

Technical

Role-based
data-restriction

Mapping for other
container/resource
metadata ontologies not
created

Provision for integration
of geometrical aspects for
link discovery

simplified algorithms for
link discovery

Spatial representation of
link relationships not
described

Assumption of Stage 3
maturity model as basis
for CDE requirements

Manual annotation
of images and
documents

Limited data used
for demonstrating
proof-of-concept

Scalability for large
graphs not explored

Lack of UI/UX
abstraction layer for
non-domain expert
usage

prototype for
demonstrating IC in
CDE not developed

Table 7.2: Limitations identified in this research with their overarching

theme categorisation

o same thing as but referentially opaque
e represents
« very similar to

The above four generic linkages can be used to distinguish in-
formation at a macro-level. Popular upper ontology relation-

ships such as owl : sameAs, skos:exactMatch, rdfs:seelAlso

are commonly used for representing generic linkages. Their

partial conceptual equivalents from domain ontology like ICDD

is ct : isLinkedTo, although this definition does not spec-
ify the degree of similarity. Generic semantic similarities can
also be described Ontologies like Similarity Ontology (Halpin
et al., 2010).

However, in the AEC context, these can be used as super-
classses for the specialised link types defined in ICDD - part
2. Below, is an exemplary view of this integration 3

With the increase in the combination of Al-supported ap-
proaches for link discovery, there have been discussions on
the fast-blurring boundaries on Al and its influence on the
Semantic Web (Hendler & Berners-Lee, 2010; Hogan, 2020;
Patel et al., 2018). In this research, ML-based approaches
were primarily intended for image and document annotation,
by extracting viable features of interest and labelling them
with appropriate object properties. However, this research
does not consider the impact of full Al-based approaches on
the overall linking approach.

From a technical perspective, the ontologies developed in
this research align with the best practices recommended for
the publication of Linked Data (Hyland et al., 2014). Ad-
ditionally, each ontology was evaluated using the OntOlogy
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Pitfall Scanner! (OOPS!) and contains publicly accessible
documentation, a persistent URI-based namespace, and is
available in two RDF serialisations (.ttl and .rdf). These on-

tologies are visualised as part of the documentation®® using
the WebVOWL tool (Lohmann et al., 2015).

Additionally, for querying connected data in the container
layer and for validating data in both the container layer and
the data layer, separate microservices were also presented to
view the results using the container layer.

However, multiple questions and issues remain to be solved
before full exploitation of the benefits of the proposed ap-
proach can be achieved. For example, the existing knowl-
edge/link discovery algorithms are not designed to recognise
features of interest in AEC data. E.g: it is challenging to dis-
tinguish between various types of walls or windows through
image recognition, despite material classification being com-
monly incorporated in BIM models. This research did not
factor the spatial overlaps between models, which can indeed
serve as additional input for link discovery. A decisive prob-
lem here was that, while individual algorithms can be used
for each specific type of data (i.e., image recognition algo-
rithms for images, OCR for documents, etc.), link discovery
between heterogeneous data is not yet a heavily researched

field.

In this research, approaches from the ontology matching do-
main were adapted for AEC data, though it is necessary to
study the efficiency of these approaches for these projects.
Furthermore, even if similarities between conceptual /seman-
tic terminologies can be discovered using the adopted algo-
rithms, there is still a huge gap in matching elements which
are explicitly modelled.

For example, reinforcement bars for a column are modelled
directly in a structural BIM model, without the explicit mod-
elling of a column. In this scenario, the relationship between
objects has to be discovered using spatial equivalence and im-
plicit object relationship mapping. Implicit object relation-
ship mapping denotes how common objects in AEC models
occur w.r.t objects. For example, reinforcement bars are of-
ten contained within columns, beams, slabs, etc., electrical
sockets are embedded in walls, etc. These mappings can be
used to improve knowledge discovery within the AEC do-
main.

Naturally, all of the data represented in Linked Data-based
ontologies will require corresponding interpreters to read and
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infer implicit triple statements based on the ontology con-
structs namely as data and class type restrictions, etc. Smaller
tools/services for accessing and retrieving images/documents
in their native format and their RDF-based annotation meta-
data also have to be incorporated into CDEs.

Additionally, dedicated ontologies that address the needs of
the AEC domains are negligible, with new developments
in the nascent stage compared to those available other do-
mains®. This necessitates the creation of new ontologies,
and amalgamation of existing generic, foundational ontolo-
gies which also have to be maintained over time.

Finally, the current research did not investigate the theoret-
ical structure necessary to define access control for specific
parts of the data (RDF graphs, models, images, and docu-
ments). However, recently published literature explore the
usage of additional vocabularies for defining trust-able access
roles and checking their patterns in incoming RDF resources
(Werbrouck et al., 2020), while vocabularies such as Web Ac-
cess Control and Access Control Policies can also be used for
restricting sub-graph views (Werbrouck et al., 2023). Rohde
et al., 2023 also presented a SHACL-based approach for Ac-
cess Control using SPARQL query translation for checking
the access control policies.

7.1.3 Integration into existing approaches

The BIM4Ren project introduced the concept of Linked Data
principles for linking models and checking their conformance
to both data requirements between interoperable tools us-
ing SHACL (Senthilvel, Krijnen, et al., 2021). The project

651 comparison, the
biomedical field contains
more than 400 ontologies
with approximately 6 mil-
lion classes(Hoehndorf et
al., 2015)

utilised interconnected tool-chaining for delivering BIM-supported

workflows for data collection and management. It used a mi-
croservice architecture for the development and implementa-
tion of a platform for the above. The SHACL-based checks
form a part of data requirements and integrity checks for en-
suring interoperability when it is exchanged between various
tools.

At the conceptual level, this research adopts the concepts
of collaborative information management, states of infor-
mation, and data integrity principles from ISO 19650 part
1, while retaining the container-based information manage-
ment and minimum metadata requirements from DIN SPEC
91391, and finally uses a combination of LDP and ISO 21597
ICDD concepts for both metadata requirements, ontologies
for their definitions, and structure for storing data and their
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links.

However, one point to note here is that part 1 of ISO 21597
explicitly prohibits the extension of the structure for any pur-
pose other than archiving. Nevertheless, in this research, the
ICDD structure has been used as an inspiration for design-
ing .LD-supported Information Containers and maintaining it
through the different container states during the execution of
a project. Only when these containers reach the ’archiving’
state, are they exportable as ISO 21597 conformant contain-
ers.

7.1.4 Knowledge Dissemination - Research
and Industry communities

Chapter 2 highlighted the significant gap between existing
research and standards on one side, and the business prac-
tices and software implementations used in the industry on
the other. Though the AEC industry and perhaps even the
Operation and Maintenance, including renovation domains
currently use extremely fragmented data collection methods
and formats, they heavily rely on manual interpretation for
extracting useful information for any project-related task.
These tasks can range from data segregation, classification
based on thematic abstractions, interpretation of contextual
clues for relevance to the project, etc.

The issue of linking information resources of any form is a
well-known problem, yet rarely explicitly acknowledged in
the industry. One reason for this might be the current per-
spective of the industry on the capabilities for CDE and the
framework for their maturity model. For example, [SO 19650
part 1 advocates a single CDE, which is also adopted by
the industry, where all data is stored and managed. Ad-hoc
links between models and documents are indeed possible in
such scenarios. For instance, Revit has specialised custom
fields which can be used for these. Revit models can be ex-
ported in IFC schema. Additionally, they can also be read
in other tools like BIM360 or Autodesk Construction Cloud.
However, these links are viewable only within the Autodesk
software ecosystem. The exported IFC models will either
contain this information, or will other tools like Bentley’s
Microstation be able to process these link information. This
is because link relationships are not explicitly encoded using
dedicated pset properties in the IFC schema. Consequently,
link relationships are dependent on interoperable features
present in specific software and can be lost during data ex-
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changes.

While the BIM maturity stages provide a framework for
the development of CDE capabilities, they do not capture
the dimensions of development required for a truly collab-
orative environment. Bucher and Hall, 2020 introduces an
alternative approach for evaluating CDEs, based on an n-
dimensional collaborative aspect.

Bucher and Hall, 2020 also define an exemplary list of 3
dimensions of information interoperability in CDEs: 1D -
between tools of one CDE, 2D - between CDEs within a pro-
ject/firm, 3D - between collaborative and digital twin plat-
forms. However, CDEs do not necessarily have to be equated
with software providers. It is often the case that software
providers integrate interoperability features when exchang-
ing information between tools present in their ecosystem.
For example, Revit and Navisworks can exchange authored
resources without losing information.

Additionally, CDEs used with a firm have a higher potential
for data exchange between them, especially if the IT land-
scape is based on an Enterprise Architecture®. Companies
also invest in these interoperability developments through
customisations. And finally, the exchange between different
CDEs from different organisations is far more complex, as
they require a higher level of interoperability. For example,
where within an organisation, access can be granted using
application models like Single Sign On (SSO), the same will
not be feasible for multiparty access. This can arise from
internal data security and confidentiality requirements.

Thus, the above points are taken as inspiration, and a new
proposal for the development of CDE is proposed in Fig. 7.2.
It adapts the n-dimensional approach suggested by (Bucher
& Hall, 2020), with the following information interoperabil-
ity dimensions:

e 1D - Between tools of one software provider
e 2D - Between tools used in an organisation
e 3D - Between tools used in a project

e 4D - Between different collaborative tools from differ-
ent organisations

Currently, most vendor solutions fall in the category of 1-
dimensional CDEs, which facilitate interoperable schema (like
[FC exports), but only permit the linking of disparate infor-
mation within their own software ecosystem. To evolve to
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higher dimensional CDEs, environments need to be able to
link information present in disparate formats, without any
loss in information.

The Linked Data principles of URI-based referencing used
in this research supports the linkages between different data
hosted in all four dimensional levels. However, in the higher
dimensions, other requirements such as organisational access-
restrictions, role-based access restrictions, can play a role in
determining the maturity. One way to accommodate this
is to shift the CDE goal from SSoT to Single Viewpoint of
Truth (SVoT). In SSoT, everyone has access to the same
state of information, without restrictions. It is impractical
for one piece of software to host all kinds of AEC-related
information. Hence, multiple systems will inevitably host
different data. A SVoT uses an interface which can incorpo-
rate the different data sources in an external interface. This
acts as a viewpoint, in which each project member can access
data based on their role within the project.

\

)'

Figure 7.2: N-dimensional assessments for CDE capabilities

Using centralised systems, vendor lock-ins, regardless of which
ecosystem is chosen, are inevitable. To address such inter-

operability risks for individual participants and the industry

sector in general, the adoption of Semantic Web technologies,

and in particular Linked Data principles, can help establish

a framework of open data linking and management, which

can then be used for building access-controlled systems.

Some of these issues can also be attributed to the ambigu-
ity in the BIM Stage 3 definitions, which are used as the
baseline for implementing Linked Data. An analysis of the
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existing literature shows that, although there is some degree
of requirements and expectations, it is not concrete enough
to designate a full-fledged definition, separating it from per-
haps future (additional) stages (Attrill & Mickovski, 2020;
Britain, 2014; Shilton, 2018). This thesis contributes clarity
to the role and structure of information containers needed for
web-based CDEs that handle distributed information. Its de-
velopment of the API calls based on open source approaches
lays the foundation for a SVo'l', where data can be accessed
and visualised without any dependencies on their storage lo-
cations or software capabilities.

The earliest signs of change, from the software and data
perspectives are the pre-standardisation efforts and initia-
tives in the context of buildingSMART: the buildingSMART
roadmap initiative aligns well with federated data using dis-
tributed CDEs by mentioning the use of modularised Linked
Data approach for facilitating storage of IFC-related data
(buildingSMART, 2020). The report classifies the technolo-
gies currently available in the context of openBIM. However,
a full consensus on how to facilitate CDEs that support inter-
connected data is yet to be explicitly defined or considered.

7.2 Conclusion

The approaches presented in this research for creating and
maintaining linked heterogeneous data in a web-based Com-
mon Data Environment is a viable approach that borrows
overarching concepts and specifications from existing AEC
standards. It contains the conceptual framework for cap-
turing link relationships and the practical implementation
details related to CDE, such as API call definitions. The
approach utilises linked data principles to achieve interoper-
able technical implementations of conceptual specifications
(both defined in specification and also in this research).

The core of this thesis, the data architecture, is abstract
enough to be used with or without the BuildLinks Ontol-
ogy or the Data States Ontoloty. Instead of these ontolo-
gies, other ontologies can be used to create and store links
according to the proposed link serialisation structure. The
significance of this work lies in its identification of common-
alities provided by the existing body of standards, and their
gaps, and filling these using Linked Data & Semantic Web
concepts.

The proposed approach can be extended to other heteroge-
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neous data, e.g. point clouds, scanned documents and draw-
ings, spreadsheets, scheduling files, gbXML files containing
energy simulation data, etc. Additionally, the linking algo-
rithms can be modified to be more efficient and accurate
while retaining the linking structure and storage in the vir-
tual containers. This demonstrates the flexibility of the mod-
ular approach adopted in this work. This novel approach also
defines a deeper level of detail for the link storage structure.

As a consequence of using Semantic Web technologies and
Linked Data methods, the usage of links between different
types of project data averts data redundancy and its re-
sulting inconsistency. Due to the use of standardised lan-
guages like SPARQL for querying, and SHACL for confor-
mance checks, and the provision of standardised endpoints
for microservices, all data within this thesis are composed
following the general principles espoused by LDP and ISO
19650.

The results of this research underline the value addition in
combining automated knowledge discovery methods (based
on rules and ML), capturing these and managing them us-
ing Linked Data concepts, in combination with AEC require-
ments. This research employed data from renovation project
as a usecase for demonstrating the proposed link manage-
ment approach. However, these kinds of data are very simi-
lar to the data generated in green-field projects. Renovation
projects share commonalities with greenfield projects interms
of lifecycle and phases. Both go through design, procure-
ment, manufacture, construction, maintenance phases, al-
though the level of information available varies significantly
due to presence/absence of prior data in renovation projects.
Regardless of the type of project, the proposed architecture
can be applied for storing and managing link relationships
within Information Containers and use them in a CDE.

However, there is a great need for researching and imple-
menting the full potential of the proposed approaches, in
particular creating AEC-oriented link and knowledge discov-
ery algorithms for link creation. Additionally, the scalability
of the proposed approach in the context of distributed CDEs
(with different access rights for different pieces of data) must
be investigated in greater detail to comply with legal and
contractual data security in a project.
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7.3 Future Work

The architecture proposed in this thesis pushes the existing
boundaries of what a BIM Stage 3 collaborative environ-
ment should look like to manage linked information. Given
the current ambiguous nature of this stage, the technical
obstacles in terms of theoretical and practical issues were
discussed in the 7.1.2 section.

In this thesis, deep linking of heterogeneous data was achieved
using a simple method. The resulting computation of the
confidence score does not take into account the weights for
the usage of different algorithms for images, models, and doc-
uments. Furthermore, the objective of this thesis (as stated
in Chapter 4) was to lay the conceptual foundation for mak-
ing deep linking possible. Considering this, the algorithms
used were not investigated for their efficiency, accuracy, pre-
cision and recall values. There are a few approaches which
dive into these topics. For example, Petrova et al., 2019 ex-
amined the use of Al-driven models to assess potential links
using hash maps.

By deriving the proposed approach from BIM Stages 2 and
3, the organisational, cultural, and legal implications would
be interesting topics to explore. By default, the exchange of
information requires that all participants can openly share
their data within the project ecosystem, and sometimes these
are also shared with external participants e.g. municipalities,
approval organisations, the general public, etc. Contractual
documents such as BIM Execution Plans, Interface Coordi-
nation Plans, Exchange Information Requirements need to
be adapted to accommodate interconnected data.

In these cases, many topics under active research for the con-
ventional BIM Stage 1 & 2 should also be evaluated for the
Stage 3 environment. For instance, these topics can include
the legality of interconnected data ownership, governance
models, liability in the event of data corruption, misuse, and
continued usage as a digital twin.

Furthermore, access and authorisation control for both the
data and container layers in the proposed architecture was

modelled based on Open Authorization version 2.0 (OAuth2.0)57 67An industry standard

protocols. However, additional research is necessary for ex-
ploring these access control approaches based on roles and
organisations, especially on whether Linked Data approaches
can be also used for here. For example, the virtual container-
based index graphs used to specify links (both file-level and

Linking and Managing Heterogeneous Data using 145
Information Containers

protocol used for authori-
sation over HT'TP



7.3. Future Work

deep links) between heterogeneous data account for access re-
strictions on specific data and their resulting usability when
such data are present as links.

A good example of the above scenario is permit documents,
which often contain confidential information like document
owner, approver, and additional project details. In this case,
only partial information should be accessible to a project’s
team members, and full information to the contract manager
or the licensing manager. As these permit documents can be
linked to the overall BIM model, a container containing both
of these data should be able to allow role-based access to view
only certain parts of the linked information.

Perhaps the most important work would be to concretely de-
fine the BIM Stage 3 features by relating them to the com-
monly encountered issues within the AEC industry. The in-
troduction and adoption of Semantic Web technologies with
BIM, though has partially solved some burning issues such
as interoperability, and modularised efficient data, it also put
forth new questions on data ownership, management, and le-
gality of interconnected data changes on project participants.
In light of these, newer assessments of project participants’
impact should also be investigated.
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Appendix A

Mapping between
ontologies

# Copyright 2020—2023 Madhumitha Senthilvel.

# This work is licensed under a Creative Commons Attribution License.

# This copyright applies to the Vocabulary Specification and

# accompanying documentation in RDF. Regarding underlying technology,

# the Vocabulary uses W3C's RDF technology, an open Web standard that can
be freely

# used by anyone.

@prefix : <https://w3id.org/bot/IFCOWL4 ADD2Alignment#> .
@prefix owl: <http://www.w3.0org/2002/07/owl#> .

@prefix rdf: <http://www.w3.0rg/1999/02/22—rdf—syntax—ns#> .
@prefix xsd: <http://www.w3.0rg/2001/XMLSchema#> .

@prefix rdfs: <http://www.w3.0rg/2000/01/rdf—schema> .
@prefix dcterms: <http://purl.org/dc/terms/> .

@prefix vann: <http://purl.org/vocab/vann/> .

@prefix voaf: <http://purl.org/vocommons/voaf#> .

@prefix vcard: <http://www.w3.org/2006/vcard/ns#> .

@prefix schema: <https://schema.org/> .

@prefix ct: <https://standards.iso.org/iso/21597/—1/ed—1/en/Container> .
@prefix ldp: <http://w3.org/ns/ldp#> .

@base <https://w3id.org/bot/IFCOWL4 ADD2Alignment> .

<https://w3id.org/bot/IFCOWL4 ADD2Alignment> rdf:type owl:Ontology ,
voaf:Vocabulary ;

dcterms: title "ISO 21597 to LDP alignment"@en ;

dcterms:description """This ontology defines proposed alignments with the
ISO 21597 ICDD ontology"""@en ;

dcterms:issued "2022—12—04" xsd:date ;

dcterms:modified "2022—12—25"" " xsd:date ;

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

owl: versionInfo "v1.0.0" ;

owl:versionIRI <github> ;

owl:priorVersion <github> ;

rdfs :seeAlso <xxx> ;

dcterms:creator <https://orcid.org/0000—0003—0733—9157> ;

dcterms:creator "Madhumitha Senthilvel" ;

owl:imports  <https://standards.iso.org/iso/21597/—1/ed—1/en/Container
>,

<http://w3.org/ns/ldp#> .

dcterms: title a owl:AnnotationProperty .
dcterms:description a owl:AnnotationProperty .
dcterms:issued a owl: AnnotationProperty .
dcterms:modified a owl: AnnotationProperty .
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dcterms:creator a owl: AnnotationProperty .
dcterms:contributor a owl: AnnotationProperty .
dcterms:license a owl:AnnotationProperty .
vann:preferredNamespacePrefix a owl: AnnotationProperty .
vann:preferredNamespaceUri a owl:AnnotationProperty .
vcard:fn a owl:AnnotationProperty .

schema:name a owl:AnnotationProperty .

<https://orcid.org/0000—0003—0733—9157> a vcard:Individual , schema:Person;
vcard:fn "Madhumitha Senthilvel" ;
schema:name "Madhumitha Senthilvel" .

HHHHHHHHHH A

#  Classes

HHHHAHHHHHHAHHHH A
ct:Container rdfs:subClassOf 1dp:Container.
ct:InternalDocument rdfs:subClassOf 1dp:Resource.

HHHHHAHHAHHAHHAHHHHHHHH
#  Properties

HHHHAHHHHHAHHHHHAAHHH

ct: ContainsDocument rdfs:equivalentProperty ldp:contains,
ldp:hasMemberRelation,
Ipd:isMemberOfRelation.
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Appendix B

List of SHACL shapes

courier

hld:fileNameShape
sh:NodeShape;
sh:targetClass [dc:Image, dc:Dataset];
sh:property [
sh:path [dcll:fileName ct:fileName ct:fileType
rdf:type] ;
sh:minCount 1;
sh:maxCount 1;

-

Listing B.1: SHACL shape for checking the file types for Models
conform to IFC file extensions formats

hld:fileNameShape2
sh:NodeShape;
sh:targetClass [ifcowl:IfcWallStandardCase, ifcowl
:IfcWall, ifcowl:IfcStructuralWall, ifcowl:
Window, ifcowl:Door];
sh:property [
sh:path [dcll:fileName ct:fileName ct:fileType
rdf:type] ;
sh:minCount 1;
sh:maxCount 1;

.

Listing B.2: SHACL shape for checking that there exists only one
value for Thermal Transmittance for all Windows Doors Walls

hld:imagelinkDiscoveryShape
sh:NodeShape;
sh:targetClass [dc:Image, dc:Dataset];
sh:property [
sh:path [nsl:annotationRegion] ;
sh:minCount 1;
]I
sh:property [
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B. List of SHACL shapes

sh:path [nsl:hasRegion] ;
sh:minCount 1;

]I

sh:property [

sh:path [omg:hasSimpleGeometry];
sh:minCount 1;

] <

Listing B.3: SHACL shape for checking the Image contains necessary
annotations for link discovery

hld:authorshipShape
sh:NodeShape;
sh:targetClass [dcll:Document ct:InternalDocument
ct:ExternalDocument dcll:Image dcat:Model];
sh:property [
sh:path [ct:createdBy ct:createdOn schema:
createdOn];
sh:minCount 1;
sh:maxCount 1;

1o

Listing B.4: SHACL shape for checking the incoming images models
documents contain authorship metadata

hld:filetypeShape
sh:NodeShape;
sh:targetClass [dcll:image ct:InternalDocument ct:
ExternalDocument dcll:document dcat:document
dcll:model];
sh:property [
sh:path [dcll:fileName ct:fileName ct:fileType] ;
sh:minCount 1;
sh:maxCount 1;
]I
sh:property |
sh:path [ct:description schema:description];
sh:minCount 1;

1.

Listing B.5: SHACL shape for checking the image/document/model
has a file name/file type and description associated with it

hld:ModelShapel
sh:NodeShape;
sh:targetClass [i1fcOWL:IfcWallStandardCase bot:
Wall beo:Wall ifcOWL:IfcWall];
sh:property [
sh:path [ifcOWL:thermaltransmittance bot:
thermaltransmittance s4bldf:
thermaltransmittance] ;
sh:minCount 1;
sh:maxCount 1;
sh:minValue 1.2;
sh:maxValue 2.5;
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B. List of SHACL shapes

sh:message "Thermal transmittance value is not
within the acceptable limits"

e

Listing B.6: SHACL shape for checking the existence of a property
for thermal transmittance and its value is within permissible limits

hld:ImageShapel
a sh:NodeShape;
sh:targetClass ct:linktype lol:linkType
sh:property [
sh:path hld:confidenceScoreshape hld:
linkAlgorithmshape hld:algorithmAuthorshape

hld:confidenceScoreshape

a sh:NodeShape;

sh:targetClass lol:confidencescore;
sh:property

[

sh:path schema:value;

sh:minValue 1;

sh:maxValue 1;

sh:datatype [xsd:integer xsd:float];
1.

hld:linkAlgorithmshape

a sh:NodeShape;

sh:targetClass lol:linkAlgorithm;
sh:property [

sh:path schema:value;

sh:minValue 1;

sh:maxValue 1;

e

hld:linkAuthorshape
a sh:NodeShape;
sh:targetClass lol:AlgorithmAuthor;
sh:property [
sh:path schema:Value|
sh:minValue 1;

e

Listing B.7: SHACL shape for checking the metadata generated by
link discovery

hld:fileTypeModelShape
sh:NodeShape;
sh:targetClass [dcll:Model];
sh:property [
sh:path [dcll:fileType ct:format] ;
sh:minCount 1;
sh:maxCount 1;
sh:value ["application/x-extension—-ifc"]

1
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B. List of SHACL shapes

Listing B.8: SHACL shape for checking the file types for Models
conform to IFC file extension formats

hld:ImageTitleShape
sh:NodeShape;
sh:targetClass [dc:Image];
sh:property [
sh:path [dcll:title] ;
sh:minCount 1;
sh:maxCount 1;
sh:datatype xsd:string;
].

Listing B.9: SHACL shape for checking that images contain title
metadata as a literal

hld:createdLinksShape
sh:NodeShape;
sh:targetClass [lol:linktype ct:linktypel;
sh:property [
sh:path [dcll:creator] ;
sh:minCount 1;
sh:maxCount 1;
xsd:datatype schema:Person;

1o

Listing B.10: SHACL shape for checking that the created links have
an author

hld:documentShape
sh:NodeShape;
sh:targetClass foaf:Document;
sh:property [
sh:path [nif:annotation dcll:description dcll:
title] ;
sh:minCount 1;

] <

Listing B.11: SHACL shape for checking that the documents contain
annotations and a description

hld:documentShape?2

sh:NodeShape;

sh:targetClass [foaf:Document];
sh:property [

sh:path nif:Annotation ;

sh:node [hld:docAnnotationshapel];
].

hld:docAnnotationshape

a sh:NodeShape;

sh:property |

sh:path [nif:confidence ao:hasTopic prov:
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B. List of SHACL shapes

generatedAt];
sh:minCount 1;
sh:maxCount 1;

1.

Listing B.12: SHACL shape for checking that the document’s
annotation contains a confidence score, topic and provenance
information

hld:imageAnnotationShape

sh:NodeShape;

sh:targetClass [foaf:image];

sh:property [
sh:path [geo:hasGeometry omg:hasGeometry] ;
sh:minCount 1;
sh:node hld:geometryShape;

1o

hld:geometryShape
a sh:NodeShape;
sh:targetClass [geo:hasGeometry omg:hasGeometry];
sh:property [
sh:path [geo:WKT dcll:title nif:confidence prov:
generatedAtTime];
sh:minCount 1;
sh:maxCount 1;

<

Listing B.13: SHACL shape for checking that all images contain
annotated regions, with well-defined (non-empty) coordinates, an
annotation title, provenance information

hld:imageMetadataShape

sh:NodeShape;

sh:targetClass foaf:image;

sh:property [
sh:path [dcll:description dcll:title] ;
sh:minCount 1;

1.

Listing B.14: SHACL shape for checking that all images contain at
least one description and one title

hld:imageCreationDataShape
sh:NodeShape;
sh:targetClass [foaf:image];
sh:property [
sh:path [dcll:createdOn dcll:creator] ;
sh:minCount 1;
sh:maxCount 1;

1o

Listing B.15: SHACL shape for checking the presence of inherent
metadata of images such as creation date and creator
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hld:documentMetadataShape
sh:NodeShape;
sh:targetClass [dc:Document, ct:InternalDocument];
sh:property [
sh:path [dcll:fileName ct:fileName ct:fileType
rdf:typel ;
sh:minCount 1;
sh:maxCount 1;

1o

Listing B.16: SHACL shape for checking the documents and their file
name, file type
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Appendix C

Prefixes

a0 : http://purl.org/ontology/ao/core#

arp : http://www.arpenteur.org/ontology/Arpenteur.owl#

beo : https://pi.pauwel.be/voc/buildingelement#

blink : https://w3id.org/blink#

bot . https://w3id.org/bot#

cs . https://w3id.org/cs#

ct : https://standards.iso.org/iso/21597/-1/ed-1/en/Container
DBpedia : http://dbpedia.org/resource/classes#

dcll : http://purl.org/dc/elements/1.1/

dcterms : http://purl.org/dc/terms/
dicom : http://purl.org/healthcarevocab /v1#

els : https://standards.iso.org/iso/21597/-2/ed-1/en/Extended LinkSet#
ex : www.example.com/rwth/dc/ms-thesis/ex#

exif . http://www.w3.org/2003/12/exif /ns#

express : https://w3id.org/express#

foaf : http://xmlns.com/foaf/0.1/

fog : https://w3id.org/fog#

geo : http://www.opengis.net /ont /geosparql#

hld . http://www.bxaldiplgsepanfiecterngyife Skt a AfodxA#
imo : http://imgpedia.dcc.uchile.cl/ontology#

inst : www.example.com/rwth/dc/ms-thesis/inst#

inst1 : www.example.com /rwth /dc/ms-thesis/inst1#

inst2 : www.example.com /rwth /dc/ms-thesis/inst2#

inst3 : www.example.com/rwth/dc/ms-thesis/inst3#

instA  : www.example.com/rwth/dc/ms-thesis/inst A#

instS : www.example.com/rwth /dc/ms-thesis/instS#

inst4 : www.example.com /rwth /dc/ms-thesis/inst4#

lio : http://purl.org/net /lio#

nif : http://persistence.uni-leipzig.org /nlp2rdf/ontologies /nif-core#
omg : https://w3id.org/omg#

opm . http://www.w3id.org/opm#

owl . http://www.w3.org/2002/07 /owl#
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C. Prefixes

props  : https://w3id.org/props#

prov : http://www.w3.org/ns/prov#

qudt : http://qudt.org/schema/qudt#

rdfs : http://www.w3.0rg/2000/01 /rdf-schema#

rdf : http://www.w3.0org/1999/02/22-rdf-syntax-ns#
sdbldg : https://w3id.org/def/sarefdbldg#

sdwatr : https://w3id.org/def/sarefdwatr#

saref : https://w3id.org/saref#

schema : http://schema.org/

seas : https://w3id.org/seas/

sh : http://www.w3.org/ns/shacl#

skos : http://www.w3.org/2004/02/skos/core#

stat : http://www.w3.org/ns/posix/stat#

void : http://rdfs.org/ns/void#

vra : http://simile.mit.edu/2003/10/ontologies/vraCore3#
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