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EXCECUTIVE SUMMARY

Collection, management and use of information is considered one of the most important aspects
within the built environment management. While projects in the construction industry are becoming
more challenging and complex with many disciplines involved in, efficient exchange and use of
information among domain professionals is fundamental for successful results. This requirement is
even more evident during preliminary phases, which are decisive for the outcomes of subsequent
phases of the lifecycle. The introduction of Building Information Modelling (BIM) has been one of
the most significant efforts concerning data management within the built environment. BIM, which
advocates the consistent and continuous use and re-use of data in digital format throughout the
entire lifecycle of a built facility, has improved information flows between stakeholders thus resulting
better communication and collaboration.

Nevertheless, it can be observed that despite its advantages, BIM practices are not really used in
early design phases. The main reason is that current structures do not address early design phase
information requirements while at the same time a common language to exchange information is
absent. Shared 3D objects and models are the foundation of BIM implementation strategies, whereas
not all disciplines of early phases are working in an object-based way. Additionally, in early design
there are no 3D models that are needed to share and reuse data. Consequently, professionals are
unable to work in a shared way using centralized data. Hence, they collect and manipulate
information in isolated platforms. This practice hinders the seamless flow of information between
project members and various design stages and leads to information loss.

Given that context, this research intends to develop a framework and a workflow for structuring
information in the early stages of a project, in such a way that project members can efficiently and
consistently work with centralized data and later integrate them seamlessly into the final design
phase. The engineering company ABT bv provides the context of this study. The scope covers the
Early Design stages and part of the initiation of the Final Design. Moreover, in order to include a
considerable part of building data six disciplines of ABT are taken into consideration namely, cost
estimation, building physics, sustainability assessment, fire safety, architectural and structural
engineering departments.

In order to address the main research objective, the conceptual part of the research proposes an
ontology that enables information integration among different disciplines during the early design
stages and later on facilitates the information flow towards the final design. The proposed ontology
results from the enrichment of the current IFC schema with additional concepts that particularly
address the needs of preliminary phases. Furthermore, a novel workflow around this ontology is
established. During the development phase, the findings of the previous step are implemented in a
case study project. For that reason a working prototype tool is developed, which is a demonstration
of how the ontology can be used in practice.

The evaluation outcomes indicate that the proposed ontology has the potential to contribute towards
an efficient and consistent use of centralized data during the early design stages. At the same time,
it can enable a smooth incorporation of information in later design stages. Overall, this study
concludes that BIM without a 3D and a new way of working based on centralized information in
preliminary phases of the lifecycle can be accomplished.
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1. INTRODUCTION

1.1 RESEARCH CONTEXT

Building design is a multidisciplinary process, involving collective efforts from architects, structural,
mechanical, electrical engineers and many other specialists. Designers usually employ various design
tools to complete their own design tasks in connection with different characteristics of these fields
(Deng, et al., 2019). This inevitably requires cooperation among different disciplines for which the
central issue is the use and exchange of data. It is no doubt that construction industry relies heavily
on the use of information exchange between different professional disciplines for design, analysis,
construction, operations and maintenance activities (Amoah & Nguyen, 2019).

Moreover, projects in the construction industry are becoming progressively large and complex, with
new construction technologies and methods developing rapidly. Furthermore, owners of construction
projects are making increasingly diverse sets of demands while all related laws and regulations
undergo rapid change. As a result of such advancements in construction technology and the growing
complexity of the construction industry, efficient management of the diverse information generated
from construction projects is becoming increasingly necessary (Lee, et al., 2017). Building
information is generated and managed throughout the lifecycle of a building, from the conceptual
design stage up to construction and maintenance (Choi, et al., 2020).

Nevertheless, it can be acknowledged that preliminary design is a critical phase of a project’s
lifecycle, since at that point fundamental decisions are taken which affect the latter stages of the
process. Improved insight into the early phase allows better understanding of value generation,
stronger industrial involvement in the early phase, improved decisions, and thus better project
execution. This implies that the early phase of a project development is the most important time for
innovative activities and for planning an execution that will optimize project value generation.
(Kolltveit & Grgnhaug, 2004). Preliminary phases (programming and pre-design) may determine up
to 80% of building operational costs, as well as of environmental impacts (Bogenstatter, 2000).
Well-informed decisions based on proper information are essential in order to achieve project’s
objectives and avoid consequences such as re-designs or budget and time overruns. Therefore, there
is an emergent need for versatile and flexible information management already from the very early
design stages of a project.

Construction is currently undergoing a fundamental change thanks to the emergent development of
Building Information Modelling (BIM), which in conjunction with team-effort collaborative design
perhaps represents one of the most useful approaches in achieving cost-effectiveness as well as high-
quality design results (Deng, et al., 2019). BIM is a method that fosters closer cooperation between
all the various technical teams involved in different stages of a construction project’s life-cycle where
at the same time integrates the information inputs from all teams involved in a project (Grilo &
Jardim-Gongalves, 2010). Thus, it is rapidly transforming complex building processes -speeding
project completion, resolving design conflicts, lowering costs and improving overall quality at the
same time (Borrmann, et al., 2015).
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1.2 PROBLEM STATEMENT

However, in spite of the advantages of BIM in the construction sector, it can be acknowledged that
there is limited implementation of BIM during the early project phases. A considerable obstacle is
that during these stages there are not sufficient implementation strategies that enable engineers to
work based on centralized information. As such, for the execution of their tasks, project members
collect data from several scattered sources like sketches, drawings in various formats like pdf, or
spreadsheets. Moreover, they use their own, fragmented platforms for managing and using
information. Accordingly, the outputs of their work are shared in multiple heterogeneous file
formats.

Therefore, the acquired information is not organized and data flow is becoming sub-optimal, which
means that the working team is not able to capture and exploit it in a desired level. In this desired
level, it is expected that all generated data during these stages are stored and reused by specialists
for different tasks where at the same time information loss is minimized. In addition, professionals
that are engaged in this process claim that during preliminary stages there are individual
interpretations of a design by different disciplines, due to the unstructured nature of data that often
result in false assumptions and inconsistent outcomes. Moreover, the seamless flow of data into later
design phases is hindered. Thus, the development of the BIM model starts without any information
already available from preceding phases. As a result, there is a considerable period until the model
reaches the information level that can be used as the communication platform for the project.

The diagram of Figure 1, gives an indication regarding the information level progression of different
sources throughout a project’s lifecycle. It has to be mentioned though, that the modelling (red line)
does not necessarily start with the initiation of the Final Design (DO). It may start later or even on
earlier phases like the Preliminary Design (VO) phase.

[ |

& | || ssot || |

gl 1

©

= | |

S || msot

= I I ,
| | | SSOT: Single source of truth
| | | MSOT: Multiple source of truth

| | |
SO VO do to uo  NL project design phases

— (eSign development
BIM model development
contractors/manufactors

Figure 1: Current situation of information level in subsequent design stages.

Henceforth, in order to overcome the above-mentioned barriers and leverage the main benefit of a
BIM process, which is the use of building information across the lifecycle, there is an emergent
requirement for streamlining, combining, accessing and sharing building information from different
disciplines, even before the development of a 3D model. Given that, it is indispensable to help
engineers express information in such a way that it can be integrated with information of other
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members of a project team. Furthermore, it is essential to provide them with a common “language”’
that will also allow them to have a common understanding and interpretation of the acquired
information and enable them to reuse it.

For this purpose, Semantic Web technologies are designed to solve the information integration
problem by creating a web of structured and connected data that can be processed by machines,
thus allowing the combination of information from different sources and its use by different
specialists (Niknam & Karshenas, 2017). However, although Semantic Web can be perceived as a
potential solution, currently an integrated and centralized information management is not available
during the early stages. So, this research aims to confront that absence and propose an ontology
together with an implementation plan oriented to preliminary design stages.

1.3 RESEARCH OBJECTIVE

According to the above-mentioned context and problem statement this research intends to “‘develop
a framework and a workflow for structuring information in the early stages of a project, in such a
way that project members can efficiently and consistently work with centralized data and later
integrate them seamlessly into the final design phase”’.

The terms efficiency and consistency in this case are two close-related terms. Consistency implies
that all disciplines are using the same measurement of variables throughout the datasets for their
calculations/analyses, without having discrepancies over the same data. Efficiency, indicates that
specialists retrieve and therefore manipulate consistent data without spending time collecting them
manually from scatter sources. Consistency can be measured statistically by defining the range (i.e.
largest value minus the smallest value between a data distribution). Efficiency can be assessed by
comparing the time that professionals needs to collect a certain amount of information compared to
a minimum threshold. Later on, during the validation of the study, these terms will eventually be
assessed.

1.4 RESEARCH QUESTIONS
The main research question that derives from the problem statement is the following:

e How could data of early design stages be centralized in an information model from the very
start of a project before the development of a 3D BIM model, in such a way that engineers
can efficiently and consistently work with data and seamlessly integrate them into the final
design afterwards?

Sub-questions have also been established:

1. What are the current practices of specialists in terms of capturing and using data in the early
design stages?
a. What data do different specialists need in order to perform their tasks?
b. How do they retrieve and interpret these data?
c. How do they report their calculations and in what format they share information?
2. What data do engineers need to start developing their 3D models/drawings/analyses in final
design phases?
3. How are they handling existing data and how and in what extent do they incorporate them
into their design?
4. What kind of strategy can link preliminary and final design interfaces?
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5. How can this strategy be developed and implemented in projects’ processes?
6. How can the proposed strategy be tested and validated?

1.5 RESEARCH SCOPE

ABT bv, which is part of Oosterhoff Group provides the context for this research. ABT bv is a leading
multidisciplinary engineering firm that offers a wide set of services in terms of designing,
engineering and building aspects. Since the scope of the provided services covers projects of any
scale for various phases of the lifecycle, i.e., from initial design stages up to implementation
operations, multiple engineers with versatile expertise are engaged in the process. However, project
members that operate in the early phases also encounter the shortcomings that are mentioned in
chapter 1.2.

Therefore, the objective of this research is aligned with the integrated design ambitions of ABT bv
regarding information management. The vision of the company is illustrated in Figure 2.

Concept design Preliminary design Definitive Design Technical Design
Structuurontwerp (SO) Voorontwerp (VO) Definitief Ontwerp (DO) Technisch Ontwerp (TO)
__________________________________________________________________________________________ >
Calculations, Calculations, 3D BIM Model/Drawings/ Technical
analyses, advise analyses, advise Text documents Drawings/Specifications
N
v= Cost Fire safety Cost Building  systainability
%= rp physics
Requirements Data
Early design intérface Final design interface
E—— e DS
______________________________________
{ Y J S
U Legend
‘- Data retrieval/deposition
Information Data flow
Model

Figure 2: ABT's vision: BIM even without a 3D in preliminary design stages

The vision is to build and use a centralized information model in the initial phase, even if the 3D
model is not yet evolved. In this way, specialists that are involved during these phases will retrieve
and share data using this model as the main data source. Moreover, it will be stable across the whole
building lifecycle, thus when engineers initiate the final design then this data source will be able to
be incorporated.

This research focuses on the early phases of a project which include the Concept Design
Structuurontwerp (50) and the Preliminary Design Voorontwerp (VO). The inclusion of these two
design stages sufficiently covers the part of the lifecycle where the roots of the main problem
statement are traced. Moreover, in order to provide the context for exploring the transition from
early to later design stages, part of the initiation of the final design is included. This consists of the
Definitive Design Definitief Ontwerp (DO) and Technical Design 7echnisch Ontwerp (T0). Figure 3,
graphically represents the scope of this research.
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Figure 3: Research scope

Throughout these design phases, project teams are composed of several specialists and engineers,
depending on the size and the demands of each project. However, in order to keep this research
within a feasible scope, but at the same time capture a significant part of building data, specific
domains of ABT that participate in these phases are taken into consideration. Thus, the disciplines
to be considered deal with the following tasks:

Cost estimation

Building physics
Sustainability assessment
Fire safety

Architectural Engineering
Structural Engineering

SV WwWNE

This selection is sufficiently representative for researching information flows in typical projects, since
the activities of these domains constitute a significant part of the Dutch Standard Job Description
(DNR-STB 2014). The disciplines of cost estimation, building physics, sustainability assessment and
fire safety are involved in various phases of a project’s lifecycle, from very early (SO) up to Definitive
design (DO) or even Technical (TO) design stages. Since the field Building Physics encompasses a
wide spectrum of activities, this research includes the undertaking of energy calculations, BENG
calculations and daylighting and ventilation reports. The same occurs with sustainability field so the
activities to be included are drawing up sustainability concepts, calculating building materials impact
and amount of PVs needed.

On the other hand, architect and structural engineers are actively engaged in the final design (DO)
and (TO) phases. Moreover, in earlier phases structural engineers create high level designs and
architect engineers are only consulting. A notable point of attention is the relation of the
architectural engineering department of ABT with the project’s external architect. The main two
scenarios during the design and engineering process are: First, the architect does both architectural
design and engineering, thus ABT architectural department has no role. Secondly, the architect
undertakes only architectural design, therefore ABT is assigned with the architectural engineering.
This research, will take into consideration the second scenario.

The six above mentioned domains are involved in large-scale fully multi-disciplinary projects, with
high budget and long duration, like office buildings, residential towers or other multifunctional
buildings. Additionally, there is also a significant amount of smaller-scale projects with a relatively
short time span, approximately of 2-3 months where less specializations are involved. These can be
small housing buildings, kiosks or retail/commercial buildings.
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What is important is that all these domains may operate independently for specific tasks, for example
executing only building physics operations, or fire safety advise and collaborating with external
parties, or they can be part of ABT integrated teams. However, this research will address the case
where they operate as members of integrated project teams, all employed by ABT. Therefore, it will
be considered that they work in the same projects where they interact between each other, by
communicating, collaborating and exchanging inputs and outputs on a regular basis. As such, they
share a mutual understanding of the different phases of a project together with its scope, needs and
characteristics.
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2. LITERATURE STUDY

2.1 LITERATURE REVIEW

This part of the report is expected to provide the theoretical background of the research with regards
to the aforementioned problem context. This step is going to explore the current situation in the
field of data management during the early design stages, from both an academic and corporate
perspective and identify possible research gaps. The main keywords that will guide the literature
search are: Building Information Modelling (BIM), Early Design Stages, Collaboration, Centralized
Information, Data Structuring, Interoperability, Semantic Modelling, Ontologies.

2.1.1 Building Information Modelling (BIM)

According to Charles Eastman, “Building Information Modelling (BIM) is a digital representation of
the building process to facilitate exchange and interoperability of information in a digital format”.
Within literature several definitions of BIM have been established given different perspectives of
application in construction industry, where it can be either described as a design tool, an information
tool or a process management tool. Nevertheless, the main characteristic of BIM is the generation of
centralized digital information and graphically represented 3D model for the entire lifecycle of a
built facility. This model can be shared among all stakeholders, thus improving communication and
collaboration. Given that, it is regarded as new lifecycle data management paradigm.

Building Information Modelling can be named as one of the most significant efforts in recent years
regarding information management in construction industry (Eastman, et al., 2011). BIM
environments allow to semantically describe any kind of information about the building in one 3D
model, so that it can be better represented and more easily exchanged than in the case of traditional
computer-aided design (CAD) tools (Pauwels & Terkaj, 2016). BIM-based workflows involve
consistent model-based communication between all stakeholders and across the entire lifecycle of a
facility. For the data exchange and the coordination of the model-based workflows, digital
technologies such as model servers, databases or project platforms are employed in a comprehensive
manner (Borrmann, et al., 2015).

In its current form, BIM process begins with obtaining and collecting information as well as
requirements regarding the project. Such data are normally available in many different forms: like
model sketches, spreadsheets or pdf. In the subsequent phase, a 3D model is designed according to
the requirements specified in the initiation of the project, using BIM authoring tools (Revit,
ArchiCAD, Tekla, etc.). It starts with entering basic and generic information on the elements.
Consequently, as the project progresses and depending on the requirements, designers further
enhance the models with relevant information (Fugas, 2020). Afterwards, the 3D model becomes
the centralized information source that is later shared among stakeholders, leveraging the main
benefits as stated above.

Several researchers explored the opportunities of applying BIM during the early phases of a project
lifecycle. (Cavusoglu, 2015) investigated how it can help engineers in the early stages of
architectural design, most particularly in decision making processes. BIM has the ability to store,
inference and analyze the data related to the building serves as a modeling and decision support
environment for designers in the start of a project. In addition to its decision support capabilities, it
offers a real time object oriented modeling environment where all the design model parametrically
connected to each other with all numeric and non numeric inputs. Aligned with this direction, (Choi,
et al., 2015) developed a BIM-based Quantity Take-Off (QTO) system for schematic estimations in
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the early design stages. The QTO process is comprised of four steps: BIM modelling, physical quality
verification, property verification and quantity take-off. So, it is seen that the initial point and the
base of this procedure, also in this case is the development of a 3D BIM model in the beginning of
the process.

However, although BIM is an entire lifecycle approach paradigm, it can be observed that its main
benefits are only evident after the initiation of the geometric modeling. By now, BIM as a method
has established itself globally in the construction industry, making the industry shift significantly
towards full digitization. Yet, it still suffers from the diversity of (custom) data structures and use of
unstructured data in documents (Rasmussen, et al., 2020), which is even more evident in earlier
stages of a project. This creates semantic interoperability issues that have been shown to be a major
barrier for the seamless transfer of information between various stakeholders and phases of the
lifecycle (Belsky, 2021), (Costin & Eastman, 2019). Semantic interoperability denotes the capability
for computers to parse and interpret the wide range of meanings of data as it was intended in the
processes (Sheth, 1999).

Consequently, there is an emergent need for a standardized approach on structuring information
that needs to be scalable and also compatible between different design stages. A common current
approach for domain-wide interoperability is the use of information exchanges. Information
exchange is the use of domain-approved data representations, definitions, rules, requirements, and
processes for the transmission of data, which involves the process of sending data from a source
format (or schema) and transforming it into another source format (Costin & Eastman, 2019).

2.1.2 Industry Foundation Classes (IFC)

The IFC standard, developed by buildingSMART, alleviates issues related to exchange of BIM data
and enables multiple BIM platforms to interact in an interoperable way (Atazadeh, et al., 2016). This
standard, aims at supporting these activities by providing a central “conceptual data schema and an
exchange file format for BIM data” (Liebich, et al., 2013). In general, IFC is a standardized, digital
description of the built environment, including buildings and civil infrastructure. It is an open,
international standard (ISO 16739-1:2018), meant to be vendor-neutral, or agnostic, and usable
across a wide range of hardware devices, software platforms, and interfaces for many different use
cases (Building Smart, 2020). Furthermore, it is a commonly used collaboration format in BIM based
projects. It supports a wide range of geometric representations as well as rich semantic information.
IFC files contain data about building objects and connections between those objects.

The IFC standard schema is modular and includes four main layers (Building Smart, 2020) (Chen, et
al., 2018) (Atazadeh, et al., 2016):

(1) Resource layer: it comprises basic entities referenced in other layers. Examples are measurement
units, such as time, date, length, area and volume

(2) Core layer: it consists of ‘IfcKernel’ subschema and three core extension subschemas, namely
product, process and control extension. ‘IfcKernel’ contains the most abstract ‘IfcRoot” entity which
is specialized into three fundamental and abstract entities:

e Object classes (ifcObjectDefinition): this entity identifies an IFC object, its ownership, and
functional units.

e Relation classes (ifcRelationship): this entity defines the multiple relations between object
classes and their functional units.
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e Property classes (ifcPropertyDefinitions): this entity describes functional units through a set
of attributes.

(3) Interoperability layer: this specifies subschemas which contain those IFC entities shared and used
across multiple AEC domains. For example, ‘IfcSharedBldgElements’ subschema includes entities for
the shared building elements, such as walls and doors.

(4) Domain layer: this layer defines the most specific subschemas for each AEC domain.

Asin any object-oriented data model, inheritance hierarchy defines specialization and generalization
relationships and therefore which attributes of which classes can be inherited by other classes. The
inheritance hierarchy follows a semantic approach: the meaning of objects is the basis for modeling
inheritance relationships (Borrmann, et al., 2015). Figure 4 illustrates the inheritance hierarchy of
relationship classes whilst Figure 5 introduces the most important entities of the IFC inheritance
hierarchy.

| IfcRelationship |
[ [ [ ']
IfcRelAssociates ‘ ‘IfcReI)ecomposes IfcRelDefines ‘ IfcRelConnects | IfcRelAssigns
[ ® ®
IfcRelNests IfcRelAggregates IfcRelVoidsElement
® ®
IfcRelContained IfcRelReferenced
IfcRelAssociatesMaterial IfcRelFillsElement InSpatialStructure InSpatialStructure ‘

Figure 4: Inheritance hierarchy of relationship classes (Borrmann, et al., 2015)

IfcRoot
|
o Py Py
’ IfcObjectDefinition IfcPropertyDefinition IfcRelationship
I |
‘ « . i | .
fcObject IfcTypeObject IfcFillsElement ‘ ‘ IfcVoids Element
P o @
fcProcess IfcActor IfcProduct
|
B o o
Ifc SpatialStructureElement IfcProxy IfcElement
| |
o o Py P ® Py
IfcSite IfcBuilding IfcBuildingStorey IfcSpace IfcBuildingElement IfcFeatureElement
|
P Py ° Py
IfcWindow Ifewall IfcBeam IfeColumn

Figure 5: IFC inheritance hierarchy (Borrmann, et al., 2015)

Figure 6 provides an overview of the conceptual data model of IFC. The relationship between entities
and attributes of entities is regarded as semantic information for data mapping. Data with blue color
(Spatial Entities) are not physically attached to any geometry of the model, data with red are attached
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to physical objects in the model (components/elements), while spaces can be assigned to zones and
components to systems. Data with grey are generated from the attributes of entities.

Site
-
IFC schema ‘ Building
J r
Entities representing space Relationship between O
and building components entities BuildingStorey U=
™\
>
s
Attr|bEJFes of ——  Semantic information Space Component
entities
Y 4

Zone System

Figure 6: IFC conceptual data schema

The main entities of IFC are classified into two main groups and are hereby presented (Atazadeh, et
al., 2016).

e Spatial entities
A spatial element (ifcSpatialElement) is the generalization of all spatial elements that might be used
to define a spatial structure or to define spatial zones. Spatial structures can be defined in a non-
hierarchical or hierarchical way.

A hierarchical spatial structure element is the IfcSpatialStructureElement. This is a superclass for the
elements site (ifcSite), building (ifcBuilding), storey (ifcBuildingStorey) and space (ifcSpace).

Spatial zones (/fcSpatialZone) are non-hierarchical and potentially overlapping decompositions of
the project under some functional consideration, i.e. to represent a thermal zone, a lighting zone, a
usable area zone.

e Physical entities
A physical element (7fcElement) is the abstract superclass for entities modelling physically existent
objects. The relevant physical objects are building elements (IfcBuildingElement) and distribution
elements (IfcDistributionElement). Building elements define the architectural structure of the
buildings like walls, columns etc., while distribution elements represent different types of utility
networks inside as well as around the building.
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Figure 7: Relevant spatial and physical elements in IFC schema

ifcJSON

IFC specification has been encoded in ifcXML format by buildingSMART to support XML-based data
transmission. However, due to the inadequacies of XML, JSON has been widely used in Web
applications lately, specifically in Asynchronous JavaScript and XML (AJAX) Web services (Afsari, et
al., 2017). JSON is easy for computers to parse and generate and its syntax is also human readable.
Moreover, it uses a text format that is independent of the language so its format is different from
XML format that has closed tags (Wang, 2011).

Additionally, several studies have shown that JSON has been successful to replace XML as data
exchange format in Web services, since its data format supports high scalability and it creates more
compact models than XML (Peng, et al., 2011), (Gerhart, et al., 2015). Given that, the IFC schema
was translated into JSON in order to leverage the main benefits of this format. All the necessary
principles like objects, entities, relationships, values, attributes and property sets are included in this
schema. Figure 8 illustrates an example of a door object in JSON.

“type" : “"IfcDoor”,

"globalId” : “157c866c-9c@8-4348-aBed-4d57cdbbcel”,
"name" : "A common door",

"description” : "Description of a standard door"”,
"overallHeight" : 1.4,

"overallWidth" : @.7,

"predefinedType"” : "GATE"

Figure 8: ifcDoor entity in JSON format
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ifcOWL

Although information exchange standards have been beneficial within a distinct and well-defined
domain, information exchanges across domains require an additional level of significant
coordination between them (Costin, 2016). Although these standards enhance interoperability within
the construction industry, there are many emergent requirements when developing an
interdisciplinary exchange standards. According to (Venugopal, et al., 2015) the IFC data model
contains many inconsistencies and ambiguities that may inhibit successful information exchanges.
Therefore, an ontological approach is suggested to represent IFC hierarchy and outline the
foundation for the development and implementation of a new integrated framework that is expected
to define a clearer and more formal structure for IFC.

ifcOWL provides a Web Ontology Language (OWL) representation of the Industry Foundation Classes
(IFC) schema. Using the ifcOWL ontology, one can represent building data using state of the art web
technologies (semantic web and linked data technologies) (Pauwels & Terkaj, 2016). IFC data thus
becomes available in directed labelled graphs (RDF). This graph model and the underlying web
technology stack allows building data to be easily linked to material data, GIS data, product
manufacturer data, sensor data, classification schemas, social data, and so forth. The result is a web
of linked building data that brings major opportunities for data management and exchange in the
construction industry and beyond (Building Smart, 2020).

2.1.3 Semantic representation of data

According to (Santos, et al., 2017) semantic web technologies are among the more recent research
topics that are gaining momentum in the field of Building Information Modeling BIM. The limitations
of BIM regarding the complete and integrated management support for building data, which are
distributed across different sources and often need to be combined for the purpose of several
analyses, stimulated the use of Semantic Web (Patsias, 2019).

Semantic Web is a network of connected data that are machine accessible and processable (Allemang
& Hendler, 2011). It can be seen as a graph in which each node is an instance that is pointing to
other nodes. Therefore, a semantic definition of a construction project enables project participants
to represent their information in a graph structure and easily combine and connect their information
about the project (Niknam & Karshenas, 2014). Given that, it provides a common framework that
allows data to be shared and reused across applications, enterprise and community boundaries.

Semantic Web uses formal ontologies to define concepts (classes) and the relationships between
concepts (W3C, 2015). RDF/OWL languages are used for creating ontologies and knowledge bases
(Antoniou & van Harmelen, 2004). Resource Description Framework (RDF) allows expressing the
relationships between things by standardizing on a flexible, triple-based format and then providing
a vocabulary which can be used to say a thing. Web Ontology Language (OWL) is similar however it
provides a wider vocabulary, is more rigid and allows using data models to support many different
kinds of reasoning tasks (Cambridge Semantics, 2019).

Ontologies

Studies and applications of ontology technology in BIM have gained wide attention lately. The
ontology-based knowledge representation method allows integration and sharing of existing
knowledge across different domains as well as intelligent reasoning of tacit knowledge via concept
classification, semantic description, and logic reasoning (Chen & Luo, 2016). Ontologies are explicit
formal specifications of the concepts in a domain and relations among them and they are used to
create domain knowledge bases (Niknam & Karshenas, 2017). The use of such technologies is
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encouraged by a number of factors. They offer a common terminology for domain representation
and use formal semantics; they provide inference capabilities for consistency checking; they are
suitable for integrating heterogeneous data from multiple sources and they facilitate interoperability
with other applications (Kontopoulos, et al., 2016). Current applications of ontology technology in
BIM are mainly focused on BIM data processing, heterogeneous data integration, and semantic
reasoning.

Existing ontologies in AEC sector

Niknam and Karshenas highlighted the importance of developing shared ontologies. In their paper
Niknam & Karshenas (2013) they present an approach for achieving semantic interoperability
among heterogeneous information applications used in the building construction industry. The
approach is based on a shared building ontology that models the element types and element
relationships in buildings. Various domain applications that must interoperate should be built on
top of the shared building ontology. In the above architecture, each knowledge domain has its own
ontology that is built on top of the shared building ontology. The shared ontology contains the
primitives of the building domain. It forms a sort of minimal skeleton of shared knowledge between
the different domains (Niknam & Karshenas, 2013).

Furthermore, Niknam & Karshenas, (2017) defined a BIM shared ontology referred to as BIMSO that
includes all elements in the UNIFORMAT Il classification system. The study also presented a building
design ontology referred to as BIMDO that extends BIMSO and defines design properties for building
elements. BIMSO and BIMDO ontologies were used to create a BIM knowledge base for a 3-storey
building project. The BIM knowledge base along with a schedule and a cost knowledge bases were
used to demonstrate the effectiveness of the shared ontology approach in enabling a single search
interface across the AEC-FM domain. SWRL rules or SPARQL queries are used to integrate data from
different domains (Niknam & Karshenas, 2017).

(Pauwels & Roxin, 2016) stated that ifcOWL remains close to the original IFC schema as available in
EXPRESS language. Given that, the current ifcOWL ontology does not really simplify handling IFC
models, as it does not deliver the highly demanded simpler models to AEC practitioners. As such,
there is an emergent need of developing simpler and more agile RDF graphs. SimpleBIM ontology
developed by (Pauwels & Roxin, 2016) post process ifcOWL and aims at defining simplified RDF
graphs for presenting building information. Moreover, ifcWOD (Farias, et al., 2015) elaborates an
adaption of the IFC model into OWL by proposing simple entities, relationships, properties and
attributes defined by the IFC standard.

(Rasmussen, et al., 2017) insisted that ontologies such as BIMSO and ifcOWL could be considered
ontologies specific to the building domain, but they cover a wider domain as they point to ontologies
outside the building as well (units, geometry, location etc.). In this way they violate the principle to
keep schemas light for easy reuse leading to limited use within the AEC industry. Therefore, the
Building Topology Ontology (BOT) for easy reuse across the considered domain is developed. It is a
simple ontology only defining the core topology of a building including the physical and conceptual
objects and their relationships. The final version of BOT has 7 classes, 14 object properties and
geometrical data relationships. It has also three main classes: bot:Zone, bot:Element, and
bot:Interface. A bot:Zone is a part of the world that has a 3D spatial extent, A bot:Element is a
constituent of a construction entity with a characteristic technical function, form or position and
bot:Interface is a part of the world that is common to some specific zones and elements, and at the
boundary of at least one of them (Rasmussen, et al., 2020).
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What can be inferred is that ontologies are a useful tool that allows integration and representation
of building information stemming from heterogeneous sources. Thus, it can be considered as
complementary to Building Information Modelling practices, focusing on organizing and sharing the
‘semantics’ of a building and not only on the display of its geometric aspects (Pauwels, et al., 2017).

2.1.4 Open-source Common Data Environments

Speckle

This chapter introduces Speckle, a distributed Common Data Environment (CDE) and open-source
data platform for Architecture, Engineering and Construction (AEC), differentiating from other web-
based interoperability platforms. Speckle does not enforce a predefined topology of communication
patterns, but rather allows for the emergence (and analysis) of meaningful data-driven dialogue
amongst the stakeholders involved in the design process. Furthermore, it offers an infrastructure for
end-users to define their own, domain, company, or even project-specific object models. Via its
Admin web app, it also offers full control to data authors on how accessible their information is and
with whom. Thus it is similar to existing CDE as it provides a single source of information used to
collect, manage and disseminate documentation, the graphical model and non-graphical data for
the whole project team (Poinet, et al., 2020).

Speckle’s technology stack consists of the same components of the Semantic Web stack, however the
main difference lies in the technical implementation of these components. Figure 9 and Figure 10
present a comparison between Speckle and Semantic Web framework.

Components | Identifiers | Svntax Data Taxonomies | Querying | Trust/auth
interchange  (schemas)
Semantic URLIURL | XML RDF RDF-5 SPARQL |-
weh (RDFXML)
ISON-LD
Speckle URLURL | ISON Speckle Speckle MongoDB | Passport.
{hashes) object schemas gueTies ]5

Figure 9: Speckle and Semantic Web Technology stack (Poinet, et al., 2020)

User interface and applications | MongoDB Redis
Q
=
Auth Layer + DAC 2,
I Proof REST Api WS Api S
I Unifying Logic |
Ontologies: | I Rules: | : web E (cAD)
Querying: I owi RIF/SWRL 24 Applications Application
SPARQL b Integrations
I Taxonomies: RDFS | °
I Data interchange: RDF I g
Automation
S Scripts &
I mml‘ | Other Hacks!

Identifiers: URI Character Set: UNICODE

Figure 10: Speckle and Semantic Web Technology stack
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What can be initially be observed is that both frameworks make use of Uniform Resource Identifiers
(URIs) and Uniform Resource Locators (URLs) to identify and access unique resources. Moreover,
while Semantic Web uses the Resource Description Framework (RDF), speckle its own data
interchange model and related taxonomy: the SpeckleObject, a simple base class that adds a set of
simple properties related to authorization and commenting to all applicable resources. Finally,
because Speckle does not use RDF data models and employs MongoDB to store data, it uses the
query language developed specifically for MongoDB, as well as query-to-mongo, a Node.js package
to convert query parameters into a mongo query criteria and options (Poinet, et al., 2020).

2.1.5 Other existing tools in data sharing

In the recent years, there have been some efforts in developing BIM software that facilitate the
generation of information databases in the models. These software have a Data Driven Design
orientation, which is an increasingly popular approach to creating a standardized system for
recording information to geometric models. In this way, the design process is based on a central
database, which is able collect as many requirements and information as possible and then
synchronize and map selected data with the model (Lozinski, 2020).

dRofus is a planning, data management and BIM collaboration tool that provides all stakeholders
with extensive workflow support and access to building information throughout the building lifecycle.
The key features of this tool enable a data centric approach for creating and planning building data,
capture client requirements, provide a workflow support for architects and integrate program data
with design for validation of building requirements (dRofus, 2019).

Moreover, Bimeye is a cloud based BIM data management aiming to improve the speed and quality
of a construction project from the initial idea up to the handover to the facility management. Bimeye
provides a common data environment where all project information can be managed in a model
centric way. The main principles of this tool is sharing information to every stakeholder, collaboration
and interaction of all participants and enrichment of the model with different data such as
scheduling, costs maintenance all in one place related directly to the building elements (Bimeye,
2019).

Another software dedicated to information structuring is CodeBook, which provides a narrative of
the project life cycle, from inception through design, tender and construction to occupation by the
facility users. Two distinctive features of CodeBook are i) Room Data Collector (RDC) and ii) Project
Room Data (PRD). RDC is an interface to the central CodeBook project database that can be used to
allow any stake holders of the project to view or optionally modify or comment upon the project
data. PRD allows all those involved in design, construction and operation of complex buildings to
work with coordinated data, produce schedules, graphical views, room data sheets (RDS) and BIM
ready outputs. The database will be used for estimating and tendering purposes and during
construction for recording compliance and ff+e asset data, with all the captured data available for
the purposes of facilities management (CodeBook, 2021).

Overall, despite of the discrete differences between these software some common features can be
highlighted. These include the capture and management of clients’ initial requirements, the
development of room sheets that include information about area, functions etc. Moreover, they
enable bi-directional links with 3D models for data synchronization. Hence, an important aspect is
the presence of a 3D model of the built facility.
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2.2 LITERATURE GAP

BIM advocates seamless exchange and interoperability of information in a digital format among
various stakeholders throughout the entire lifecycle. Nonetheless, several studies indicated that BIM
workflows still face the shortcoming of semantic interoperability due the existence of several data
structures and unstructured data in documents (Farghaly, et al., 2019) (Rasmussen, et al., 2020)
(Costin & Eastman, 2019). For that reason, exchange standards, such as the IFC were introduced to
overcome these barriers. Yet, they lack formal rigidness to unambiguously capture the full semantics
needed for seamless and reliable information exchanges (Belsky, 2021). Furthermore, open source
tools for data exchange such as Speckle were introduced. Speckle allows the communication of data
with data streams, however these are custom metadata for objects. As such, they are abstract and
additional interpretation is needed. So, it can be acknowledged that it focuses more on
communicating data rather than defining them.

In addition, the literature search identified several ontologies that intend to reach semantic
interoperability and enable data integration across different disciplines in the AEC industry. These
lightweight and easy to use ontologies seem to have a promising potential with regards to data
sharing, however it is evident they lack an orientation towards the early design phases. Consequently,
in order to address the needs of early design information management and take full advantage of
these technologies, it is essential to strive towards defining an ontology that covers that needs and
implement it alongside BIM. In this way, it will be possible to assist information integration and
reuse by reaching semantic interoperability in early phases and later on it will be possible to hand
this information to later phases.
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3. RESEARCH METHODOLOGY

3.1 RESEARCH DESIGN

This part of the report defines a methodology to answer the main research question. The focus of the
research is solution oriented. Given that, the objective is to design a framework that will eventually
address the main issue of problem statement. For that purpose, the research follows a sequence of
phases where corresponding questions are addressed. Figure 11, provides an overview of the steps
and actions that serve this purpose.

The preparatory phase, which serves as research input, addresses the issues of data management in
BIM workflows over projects’ early phases and captures the company’s problem and vision within
that context. Additionally, a literature review explores topics relevant to the problem statement and
identifies possible gaps. Phase 1, initially explores the existing practices during these stages and
then evaluates the deficiencies of the current processes. Phase 2 first introduces a new process model
and conceptually defines a data structure and a workflow in order to materialize the proposed process
model. Afterwards, in phase 3 the findings of the previous step are implemented in a case project
and a working prototype is developed, whereas in phase 4 the outcomes are eventually validated.

! PHASE 1: - . .
1 Investigation of Interviews with Report + process
REQUIREMENTS [ — ? A Document study
| current practices specialists model
|
L ANALYSS

Critical examination
of investigation’s
outputs

Evaluation of
current practices

List of deficiencies
and shortcomings

| |
| PHASE 2: ! Development of Definition of Workflow Data structure +
JCONCEPTUAL DESIGN rocess model data structure recommendation workflow
| ! p
____________ 4 ‘
"~ " TPHASE3: | . Prototype
l
: DEVELOPMENT AND ———» Proof of concept Systen(';ecfxir;:i?gﬁdure development and Working prototype
I IMPLEMENTATION J testing
T L _____ !
| PHASE 4: ! Ontology !
: VALIDATION :—b Workshop evaluation Validated ontology
____________ 4
LEGEND
(——————
| PHASE | see | | acmon | [ ourcome
U

Figure 11: Research design
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3.1.1 Phase 1—Requirements analysis

Investigation of current practices

In this step, the current practices in terms of structuring and using data in the Early (50/VO) and
start of Final (DO) stages of a project were investigated. The main aim was understanding how
specialists are dealing with data in these design phases, how they make their interpretations and
assumptions on a design and in what extent they collaborate and exchange information.

For that purpose, eight semi-structured in-person interviews were held with ABT's specialists that are
involved in these stages. More specifically, two Building Physicists provided insights about the
operations with regards to ventilation, daylighting, acoustics and energy calculation analyses
(building physics report), a third Building Physicist described the procedure of drawing up
sustainability concepts and advise, a Senior Cost Manager was asked about a typical cost calculation
process and a Fire Safety Specialist provided an overview of the fire safety analysis procedure.
Moreover, two Architectural and a Structural modeler/engineer provided an overview of the role and
characteristics of the Architectural and Structural departments.

In order to achieve the objective of this step, the intended questions were categorized in distinct
groups, as seen in the scheme of Figure 12.

EARLY DESIGN PHASE —_ FINAL DESIGN PHASE
INPUTS 1 PROCESS —» OUTPUTS INPUTS ] PROCESS
- Data requirements - Designated tasks - Expected outcomes - Data requirements - Designated tasks
- Data sources and - Format type - Data sources and - Modelling engineering
retrieval - Data sharing and retrieval process
collaboration - Information incorporation

Figure 12: Structure of interviews' questions, including relevant categories

For the early phases, the interview’s questions firstly focused on the scope and the type of tasks that
are required, how specialists initiate their work, what are the information requirements to do so and
which are their data sources. Finally, it was explored what outcomes are produced, in what kind of
format and how and where they are eventually shared. As far as the final design is concerned, the
questions focused on what information is needed, how it is handled during the initiation of the
process and up to what extent information from preceding phases is incorporated into the design.
All sessions were concluded with questions focused on the personal reflection and thoughts of the
interviewees. The full lists of questions that were asked are presented in Appendix A.

In addition, relevant corporate reports, working files, spreadsheets and other calculation files of the
above mentioned disciplines were explored in order to support the documentation and gain credible
information with regards to current practices.

For the analysis of the interviews' data an inductive approach was employed. Given that, the analysis
started with a set of observations on the insights provided by the interviewees and then common
patterns were identified, concerning the different above-mentioned aspects. Therefore, starting from
individual process models of each discipline and taking into account the complete set of observations
and identified patterns, this step ended up with a general process model for each design stage,
presenting in graphic format the sequence of activities of the examined specializations coupled with
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corresponding information flows. Moreover, concise reports were composed describing the whole
process and containing the disciplines involved, their data requirements and the format of their
inputs and the outputs that they produce.

Evaluation of existing practices

Having thoroughly investigated the early and final design stages, this step aimed at assessing the
current processes from the perspective of data structuring and handling. By critically examining the
findings of the previous steps and taking into consideration the personal reflection and opinion of
the interviewees as well, the main deficiencies of the current situation were identified. Hence, this
step ended up with a report listing and describing these deficiencies together with two illustrations
with their position in the current processes.

3.1.2 Phase 2 — Conceptual design

At this phase, a new process model was initially synthesized aiming at overcoming the shortcomings
that were identified in the previous chapter. In order to materialize the proposed process model, a
structure that responds to the information needs of early and start of final design stages was
required. This structure, should also provide compatibility between these two phases. Therefore, a
“reverse engineering’’ approach was employed. As such, the aim was that the proposed data model
of the early design phases should follow exactly the same structure as in the final phases, with the
only difference that it excludes the 3D details. That, would ensure that information is seamlessly
integrated into the final stages, since essentially the same structure is used. Thus, this procedure
consisted of 3 main steps:

(@) Select a common data structure: based on a second round of literature search, an existing data
standard that is employed in the final design phases and is also available in BIM, was selected and
therefore reused as basis for the subsequent steps.

(b) Identify what piece of information needs elicited from phase 1 is already covered and what is
currently missing.

(c) Define the final data structure by enriching the current one with additional concepts that are
required in order to address the needs of early and start of final design stages.

Furthermore, a workflow was also introduced describing how professionals can actually use and work
around this data structure. The very first step consisted of the definition of use cases, which are short
descriptions of a feature told from the perspective of the person who desires the new capability,
usually a user or customer of the system (Cohn, 2018). They also present the specific goals [what]
from the perspective of an individual actor [who]. In this case, use cases describe the actions that
specialists take while interacting with the proposed data structure.

3.1.3 Phase 3 — Development and implementation

This phase intended to develop a tool that will help materialize the proposed data structure and
workflow and implement it in a case study. For this purpose, a proof of concept approach was
followed. A Proof of Concept (POC) is a small exercise to test a design idea or assumption. The main
purpose is to demonstrate its main functionality, including its general design or specific features
and to verify that can be achieved in development (Singaram & Jain, 2018).

This proof of concept consisted of two distinctive parts; the system architecture definition and the
prototype development. The system architecture conceptually defined the fundamental constituents
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of the proposed tool, their connections and relationships as well as the main characteristics of its
function (Jaakkola & Thalheim, 2011).

The prototype development concerned the implementation of the system architecture and the
creation of a working interactive model, demonstrating how it can actually work. The initial point
was the formulation of use cases in order to have a general explanation about the prototype features
from the perspective of the user. In the conceptual phase of this research, 3 initial use cases with
regards to the main workflow were established, so this step took over and split them into smaller
ones in order to gain more detailed insights on the development requirements. Then, the main
constituents of the prototype were described in detail. Eventually, a case study project provided the
context for the implementation and testing of the prototype in real practice.

3.1.4 Phase 4 — Validation

Validity and reliability are two essential aspects when it comes to determining the quality of a
research (Alvin, 2021). In order to evaluate the outcomes of this study a validation strategy was
required. Based on the problem statement and research objective, the validation focused on two
directions.

As far as the first direction is concerned, the proposed ontology together with the workflow around
it were evaluated. For that purpose, a human-based method was selected, in which according to
(Lozano-Tello & Gomez-Perez, 2004) the evaluation is done by humans who try to assess how well
the ontology meets a set of predefined criteria, standards or requirements. In this case, the criteria
that were formulated in order to assess the findings via human expertise are consistency,
completeness, rework elimination, scalability, applicability and efficiency.

Consistency indicates whether all disciplines use the same measurement of variables throughout the
datasets without having discrepancies over the same data. Completeness assesses whether the
information needs of relevant domains are sufficiently covered. Rework elimination indicates
whether redundant take-offs for the same data by multiple specialists are reduced. Scalability
assesses to what extent the proposed ontology can be used by other specialists of early design phase
that are not included in the scope and effectively cover their own needs. Applicability, indicates how
easily professionals can use the ontology whereas the last criterion of efficiency addresses the overall
efficiency that it bring to professionals’ work processes in terms of collecting and managing
information.

The second direction intended to evaluate whether the proposed solution facilitates the smooth flow
of information from one phase to the other. Consequently, the two evaluation criteria in this case
are integration and applicability. Integration indicates the extent that generated information can be
incorporated in final design processes and applicability how easily modelers can transfer information
from one phase to the other.

For executing the validation, a workshop was organized with 4 professionals that operate in the early
design and one in the final design and their expertise corresponds in one of the disciplines that are
included in the scope of the research. The workshop was divided in two distinctive rounds. During
the first round, the new ontology together with the main idea and functionality of the prototype were
presented to the participants. Then, the working prototype was implemented in the study case
project. The aim was to provide a demonstration of how the workflow can be applied in practice. Two
specialists were actively engaged and used the prototype while the remaining participants were able
to spectate and observe how it works. The first round of the workshop concluded with participants
receiving and filling a questionnaire in order to evaluate the proposal, according to the criteria that
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were established before. In order to measure them a 1-5 scale was employed, where the lowest score
(1) meant that the criterion is met in a poor level while the highest (5) that the criterion is fully met.
The questionnaire can be found in Appendix F. Alongside with the questionnaire the participants
provided additional remarks concerning drawbacks, limitations and further improvements on the
proposal. In the second round of the workshop, the generated data model together with the workflow
of transferring information to final design were presented to a BIM-modeler, who consequently filled
a questionnaire as well.
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4. REQUIREMENTS ANALYSIS

4.1 INVESTIGATION OF CURRENT PRACTICES

4.1.1 Early design phase

This part of the report presents the outcomes of the investigation of existing practices concerning
data handling during the early design stages of a project. Five ABT's specialists that are engaged in
these phases were interviewed and relevant working files/7documents were explored.

Process model

The existing process model of early design phases as emerged from the exploration of that stage is
represented in Figure 13. This image illustrates a representative workflow example of the disciplines
that are included in the scope of this research.
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Figure 13: Preliminary design stages process model
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A typical process initiates when the architect of the project shares his output with the team, which is
usually 2D drawings in pdf or dwg format or sketches/visualizations of a built facility. The 2D
drawings consists of the global indication of the layout, elevations and sections in either 1:200 or
1:100 scale presenting the preliminary architectural appearance of the building. Information on the
initial selection of materials is also incorporated. Additionally, sketches in 1:200 or 1:100 scale and
render visualizations may also be included, as it is optional at this point. Moreover, the drawings
consist of the conceptual landscape design and/or the urban development position of the location
and the connections to the immediate and wider environment.

This output constitutes the primary source of information for team’s specialists. Additionally, the
Program of Requirements (PoR), is a source of information as well. PoR is a document that comprises
a list of requirements and objectives that a project has to comply with. This document is created by
the client and the project initiative and concerns the urban planning, landscape and architectural
integration, usage activities, functional and environment performance of a built facility.

When the drawings are shared, a data take-off process follows where each specialist extracts all the
information needed for his/her operations. This take-off process, is usually manual by measuring
drawings on the pdfs. Here, the data that are retrieved are based on the information requirements
of each discipline which are presented later in this chapter. Furthermore, this process depends on
the personal interpretation of the design by each specialist and the assumptions that he does when
certain information is not included in the drawings.

As soon as the take-off process is completed, the data are placed in spreadsheets and later on are
manually transferred in order to be used as input for the different calculations and analyses.
However, the retrieved information is temporarily gathered in spontaneous Excel files on the
individual working space of each specialist, until it’s transferred to the final software. Hence, it is
not saved in a centralized database for future use by other project members.

Afterwards, the outputs of different tasks, which are usually excel or pdf files, are shared and used
as inputs for other team members or they are communicated to the architect. For example, the
product of a cost expert can be used as input by structural or installations engineers or forwarded
back to the architect and is sent directly by e-mail. Finally, the products of the above mentioned
operations are usually stored in local project folders.

Inputs and outputs of early design phase

Hereby the information that specialists need for the execution of their analyses and calculations
together with their outputs are presented. For cost estimation, the NEN 2699 norm is used to
determine which building characteristics are required. This norm includes definitions and
standardized structure and classification of all building associated costs. Concerning the building
physics domain, the information requirements refer to three categories; building’s geometry,
functionality and usage of different areas/zones and attributes of building components. The
sustainability discipline needs information regarding the building’s dimensions, the type and
characteristics of the installations as well as the used materials. Finally, the fire safety specialization
needs information that is graphically expressed like floor plans with the overall building layout, the
location of stairs and windows and also insights on the proposed materials. On the left part of Figure
14, the aggregated data needs can be seen, where a color coding represents which domains use
certain data. Accordingly, the right side corresponds to the outputs of each operation. Appendix B
consists of tables with a more detailed presentation of these inputs and outputs per domain.
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Figure 14: Summarized inputs and outputs of early design phase

4.1.2 Final design phase

This chapter presents the outcomes of the exploration of the current practices with regards to data
handling during the initiation of the final design stages. For that purpose eight ABT's specialists and
engineers that are involved at that design phase were interviewed and relevant working
files/documents were investigated.
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Process model

The current process model of the initiation of Definitive Design (DO) phase as emerged from the
investigation of that stage, is illustrated in Figure 15. The differences with the early design phases
process are highlighted with light blue color and they refer to the engagement of the architectural
and structural engineering departments and the development of the 3D BIM model, which also serves

as an additional source of information for specialists.
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Figure 15: Final design (DO) phase process model

The DO stage initiates when the external architect shares his work ABT team members, which is the
primary source of information. Moreover, the outputs of the VO phase, like fire safety and building
physics requirements and parameters are also used as input for specialists and the architectural and
structural departments.
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As soon as the required information is received, structural engineers start by creating a concept
structural design. Afterwards, based on this concept design the structural model is being developed
and elaborated. On the other hand, the architectural engineering department starts its activities
based on the drawings of external architects. The process initiates by incorporating geometrical
information in the models. Then, ABT's architect engineers use information from the Program of
Requirements, the specialists’ outputs from preceding phases and the internal knowledge of ABT to
perform technical elaboration of the design.

During that stage, engineers start enriching their models with additional information like rooms,
functions or characteristics related to acoustic parameters, fire safety specifications and materials as
part of the engineering process. They usually receive pdfs with drawings or excel and text files and
they manually adding the parameters to certain elements of the models. However, in some projects
specialists are given access to work directly inside the 3D model and add parameters and outputs of
their work.

As far as the specializations of cost estimation, building physics, sustainability and fire safety are
concerned, their sequence of activities remain the same as described in chapter 4.1. However, a
differentiation lies on the fact that the 3D BIM model, developed by the architectural and structural
departments is also a source of information. Therefore, when a 3D model is available, specialists can
automatically extract data for their calculations and analyses.

Inputs of final design phase

The information that is required for the initiation of the final design phase is presented below. The
input needs of the disciplines that were investigated during the early phases remain the same. The
architectural and structural engineering departments initially require information with regards to
the geometry and shape of a building, for the development of their 3D models and the investigation
of clashes and design problems. Furthermore, architect engineers need additional information
concerning building physics, environmental and functional performance, constructability and
maintainability aspects, regulations or specifications from the Program of Requirements.

Figure 16, illustrates the aggregated inputs of final design, where Appendix C contains a more
detailed description of these data. Part of this information can already be traced in the outputs of
the previous design phase and is graphically represented with dashed-line oval shapes. Nevertheless,
there is also a piece of information that is not produced at all during earlier stages and is required
for the work of architects. This is highlighted with yellow-lined oval shapes.

BIM Without A 3D In Early Design Stages | Emmanouil Patsoumadakis| Master’s Thesis 37



INPUTS

PROCESS

I Fagade - I
Materials open/close J
| percentage

Structural engineering
department

Structural modelling and
engineering

B

department

Architectural engineering

Architectural modelling
and engineering

sup porting

Cost Engineer

Facade walls
openings area

Facade walls
area

Facade

Projects costs estimation

open /close

Building Phycisist

Exhaust

Energy calculations
BENG calculations
Daylighting analyses
Ventilation analyses

specific fan
power

Gross Room gross Room
perimeter height dimensions

Cooling

Fire Safety Engineer

operation
profile

Net
perimeter
Occupancy
MEP max

Fire safety analysis

Ventilation Light power
zones density
I
I
I
I
I
I
I
I

Occupancy
BES

Sustainability expert

Heating
operation Vennlation
L ofile rate sup plv

indow’
frame
materia

Buﬂdlng
Iayo ut

Sustainability concept
design

Distance Gross. I
between b g : Legend
indoy

TR | Inputfrom N
f - O ly desi Cost engineer Flre.Safety
| e ! early design Engineer
: : Output from ~ Building ’ Architectural
| I early design phycisist Eng. Dept.
! Installa- Recyclability y R .
| : Inputfinal Sustailn‘a bility Mult.|plg
- | design specialist specialists

Figure 16: Summarized inputs of final design phase

BIM Without A 3D In Early Design Stages | Emmanouil Patsoumadakis | Master’s Thesis

38




4.2 EVALUATION OF CURRENT PRACTICES

Further to the thorough investigation of current practices in terms of structuring and using data in
the early and final design stages, the main deficiencies and challenges of the existing process are
hereby presented. In order to do so, the process models that derived from the exploration of these
phases were evaluated and the areas that shortcomings lie were highlighted and further analyzed.

4.2.1 Deficiencies of current early design process
As far as the early design stages are concerned, the main problems relate to data retrieval process,
structure of the collected data, and structure of the final outputs. Figure 17 illustrates these points
of attention by highlighting them with distinct colors.
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Figure 17: Early design process deficiencies
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Lack of collaborative practices

The principal issue is associated with the lack of collaborative practices among integrated project
members. What seems to be challenging and problematic for specialists is that there are lots of
iterations and rework, from the perspective that each discipline does the same operation in order to
retrieve necessary data. Thus, every specialist spends a significant amount of time for an operation
that ideally could be only done once.

Time consuming and inaccurate data retrieval approach

The second issue concerns the manual data retrieval approach that is usually followed. This method,
requires significant amount of time since the entire design data have to be measured from pdf files.
Furthermore, apart from being notably time-consuming, this approach is not accurate at all since
errors can be easily made due to loose and imprecise snap and reference points. Moreover, the
drawings are plotted in different scales so there is always the hazard that calculations are made on
different or false scales. This matter, is even more evident when there is time pressure to give
feedback about specific reports and calculations that later on affect other disciplines.

Structuring issue

A notable deficiency of the existing process during the preliminary design phases, concerns data
structuring of both inputs as soon as the take off process is completed and outputs of specialists
analyses. What can be observed here is that all retrieved information is gathered in temporary Excel
files on each specialist's working platform, until it is transferred to the designated software for
specific analyses and calculations. Moreover, their outputs are also stored in isolated working files
in various format types.

Data consistency issues

Another notable shortcoming relates to inconsistencies when it comes to using certain building data.
Given the fact that multiple specialists have to collect all necessary data that are needed for their
designated tasks on their own, they tend to interpret the design and make specific assumptions when
needed based on their experience and expertise, without aligning it with other project members. This
is even more evident when certain constituents of a design are not explicitly defined by the architect
(i.e. functions of areas, materials used, type of windows etc). Therefore, that leads to occasions where
specialists use different values for the same design data, therefore resulting in data inconsistency
issues. However, what is equally leading to the use of inconsistent data, is the fact that specialists in
certain cases are not using the same version of the design, because of the existence of multiple
information sources.
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4.2.2 Deficiencies of interface between early and final design phases
As far as the transition from the one design phase to the other, an important issue is traced on the
interface between them. The main limitation here lies on the fact that the information that is
generated in the early design stages is saved on format types that are not interoperable with final
design stages. Therefore, when engineers start their work in later stages it is not possible to integrate
this information into the design (i.e. importing it into Revit).
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model that will mitigate or overcome these barriers. This research introduces a new process for
preliminary and start of final design stages with regards to information handling, which is illustrated
in Figure 19.

Taking into consideration the findings above there is an emergent need of defining a new process
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The core idea is the establishment of a centralized information model which serves as the main
information source for the activities of specialists during the early design stages. The very first step
consists of the data take-off from the Program of Requirements or from 2D drawings and the
deposition of data in the model, which is a manual process. In this case this is a collective task, which
implies that there is a shared responsibility among the members of an integrated team for extracting
data and filling this database. When certain data are available in the model, specialists can make
queries and retrieve them automatically for executing their operations.

Moreover, while switching from the VO to the DO phase, this information model will also act as the
principal data source for specialists and the architectural/structural engineering departments and
provide them with information from the preceding phase. This will enable a smooth and consistent
data flow from the earlier towards the final phases while minimizing the information loss.

Here, it has to be mentioned that during the DO stage there are lots of iterations in the design and
engineering process, so depending on the requirements of each project multiple loops with
information exchange may take place. However, since the scope of the research covers only the
initiation of the DO phase these loops are not depicted in the process model. Throughout this
chapter, more detailed insights on the requirements, characteristics, and function of the new
workflow will be thoroughly presented.

5.1.1 Process model requirements
Having previously designed a novel process model to address the issues of chapter 4.2, there are
some emergent requirements, which can be perceived as pieces of a wider puzzle that have to be

put together. These requirements relate to both information structuring aspects and workflow related
issues.

1. Inclusion of aggregated data set

The information model that constitutes the core of the new process in order to serve its purpose, it
has to contain all data that specialists and engineers require for their designated tasks in early design
phases as well as during the initiation of the final phases.

2. Systematic data structure

Moreover, it is essential to provide users with a common language when it comes to data
interpretation, so they can share a mutual understanding. Thus, it is necessary to establish a structure
to define and describe data in a systematic way.

3. Interoperability with final design phases

What is also necessary, is that the data structure of early phases should be interoperable with the
final design phases. In this way, it is ensured that information that is generated in the SO and VO
stages can be integrated into the design of engineers in final phases and therefore reused.

4. Flexibility of adding data without a predefined sequence

From the investigation of the SO and VO design stages, it is acknowledged that especially during the
very early phases, the availability of information is rather incidental. That means that based on the
provided sources there is not a standard piece of information available, so some data might be or
not be available depending on the development of the design. At the same time, during the early
stages there is not a standard process with sequence of actions by different people. This is determined
by the objectives of each project. As such, the new workflow should give specialists the flexibility of
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adding any kind of data at a time without requiring a strict sequence and dependency of data that
are stored.

5. Visual feedback on what is already recorded

Finally, it is necessary that specialists are able to identify what information is already recorded and
have a visual feedback on the correspondence between the entities that are filled in the database
and the actual design. So for example, when somebody creates Spacel entity, another project
member to be able to identify in the design which space is actually Spacel.
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5.2 DATA STRUCTURE

5.2.1 Selection of a common data structure: Industry Foundation Classes (IFC)

According to the literature search, since the IFC format is considered a major data exchange schema
standard for BIM (Building Smart, 2020) and comprises a comprehensive set of entities for managing
spatial and semantic information about building elements as well as modelling spatial relationships
between these elements (Daum & Borrmann, 2014), this research suggests that IFC data format can
be used as basis and be extended in accordance with the research’s information needs that were
acquired in previous chapters, in order to fulfill the first two functional requirements as stated above.

Moreover, another essential aspect that justifies this selection, is that structuring information of early
design phases in IFC based format provides interoperability with the final design stages. Hence,
when project members like architect engineers start their work in these phases, they are able to open
and integrate these data in their platforms (i.e. Revit, ArchiCAD etc.) and use them as a basis for
their operations later on (process requirement 3).

5.2.2 IFC entities relevant to research’s needs

Hereby, the IFC schema is explored to identify what piece of information from chapter 4 is already
covered. An overview can be seen in Table 22 of appendix D. However, currently IFC does not fully
address i) the needs of specialists during the early design phases, ii) part of the information that is
needed during the initiation of final design nor iii) part of the early phase’s outputs that are used as
inputs in the start of final design.

Initially, although IFC schema contains the concept of predefined building systems such as the
“OUTERSHELL" for facades and zones like “FIRESAFETY" for fire compartments, the process of
defining them is very rigid. As such, in order to create these systems, all the elements that aggregate
them must be defined first. More specifically, in order to capture information concerning the facade
for example, all ifcWall entities have to be created and then set the property IsExternal = “'true”’.
The same thing applies to fire compartmentation, MEP systems, thermal and security zones. However,
this process is not useful at all when specialists want to express initial information for that kind of
systems as a whole in early stages where information about sub-elements that compose them are
not available.

Moreover, as seen in Figure 20, specific concepts and attributes that are necessary during these
phases are not included at all. These have to do with general building characteristics, specific
measurements according to NEN 2580 norm, the total surface of traffic areas, building physics
characteristics and specifications and MEP components.

Therefore, the subsequent part suggests the introduction of additional concepts and property sets,
in order to sufficiently cover the information requirements of these phases.
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Figure 20: Information that is not covered by the existing IFC schema

5.2.3 Data structure definition

In this step, the development of the proposed data structure is presented. In order to define
information with regards to the entities and their relationships, there is the need of an ontological
application, which allows the publication of IFC-based objects as directed labelled graphs,
represented using the Resource Description Framework (RDF) (Building Smart, 2020). This research’s
structure is based on ifcOWL ontology whereas red colored boxes demonstrate the proposed new
additions.
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Figure 21: Enriched ontology for early design phases

As shown in Figure 21, the existing ontology is initially complemented by introducing new concepts
that represent building systems and zones. These are the building systems JifcFacade,
ifcBuildingStructure and 1fcdMEP and six spatial systems; ifcFireCompartment, ifcSecurityArea,
ifcThermalZone,  ifcVentilationZone, ifcHorizontalTrafficArea and ifcVerticallrafficArea. The
introduction of these concepts overcomes the barriers that stem from the strict way that ifc is built
up and allows the representation of information about these systems even before defining all objects
that compose them. For example, having information on the percentage of open/closed area and the
acoustic requirements of the north facade of a building, before capturing all external walls of the
building, or defining a ventilation zones before talking about specific spaces.

Furthermore, two more entities; 7//cFoundation and ifcMainSupportingStructure are also added to the
current schema. In addition to these extensions, new properties and property sets are also utilized
to include data from Figure 20 and are discussed later on this chapter. All new additions throughout
the document are highlighted with red color. The rest entities and relationships already exist and
therefore reused. Each component of the ontology is briefly explained below.

Spatial structured elements

Initially, the data model starts with spatial elements (highlighted with blue dashed box) which are
structured in a hierarchical manner. As such, first the 7fcSite entity is modeled, which is composed
by ifcBuilding entities, which in turn is composed by one or more ifcBuildingStorey, which again
consists of one or more 7fcSpace. In order to related these entities the //cRelAggregates relationship
is utilized.
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New spatial elements

Moreover, new additional spatial elements; ifcFireCompartment, ifcSecurityArea, ifcThermalZone,
ifcVentilationZone, ifcSecurityZone, ifcHorizontalTrafficArea and ifcVerticalTrafficArea are integrated
into the structure. These elements represent wider zones under some functional consideration. They
are contained in one building storey using the i/cRelContainedinSpatialStructure relationship and
have a set of predefined properties which are later presented. Moreover, one or more spaces can be
referenced in these elements using the /fcRelReferencedinSpatialStructure relationship.

New building systems

Three new main concepts as building systems are utilized. /fcFacade captures each building’s facades
as independent components. It is linked to ifcBuilding using the relationship
IfcRelContainedinSpatialStructure. 1t also consists of property sets that contain general information
like id and orientation, basic physical measurements and building physics requirements and
specifications, which are presented later. In addition, the 7/cBuildingStructure entity represents the
building’s skeleton and is also linked to 7fcBuilding. Finally, the /7cMEP is a generalization of the
HVAC system of the building. Each one of the systems namely ifcHeatingSystem,
ifcVentilationSystem, ifcCoolingSystem and 1fcPlumbingSystem include other components such as
pipes, ducts etc.

Building elements

On the other hand, building elements are highlighted with red dashed box. 7/cSlab, ifcRoof and
ifcWall elements, using the /fcRelContainedinSpatialStructure relationship are associated with one
ifcBuildingStorey. These three entities might also contain openings, like doors, windows or plain
voids for walls or just voids for roofs and slabs. As such, in order to capture this aspect, the
ifcOpeningElement entity is connected with these elements using the 7fcRefVoidsElement capturing
the opening in general. Then, the ifcRefFillsElement relationship connects the ifcOpeningElement
with 77cDoor, ifcWindow or ifcVoidin order to specify the type of opening. Moreover, ifcFoundation,
ifcColumn and ifcMainSupportingStructures together with 7fcRoof, ifcSlab and external ifcWall are
assigned to 7fcBuildingStructure.

The jfcWall entities that have the /sExternal property = “true’ are also referenced in one JfcFacade
system using the 7fcRelAggregates relationship. ifcWalls also provide boundary to one or more
ifcSpace entities (/fcRelSpaceBoundary relationship). Furthermore, in order to include information
with regards to finishes the ifcCovering entity is employed. This entity is assigned to one ifcSpace
using the relationship /fcRelCoversSpaces and to one building element using the relationship
IfcRelCoversBldgElements.

Materials

As far as the materials are concerned, they are specified using the relationship
IfcRelAssociatesMaterial linked to a building element. The attribute RelatingMaterial may refers to
an object, which can have several subclasses like: ifcMaterialLayerSet, ifcMaterialLlayer and
IfcMaterial. Figure 22 below illustrates in a graph based format the relationship of all building
elements with materials.
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fcowl:ifcObject

Ifcowl:ifcRelAssociatesMaterial

Ifcowl:RelatedObjects_of _
ifcRelAssociatesMaterial

Ifcowl:RelatingMaterial_of_ifcRel
DefineshyProperties

lfcowl:ifcMaterialLayerSet

Ifcowl:isDisjointWith_MaterialLayers

L

Hcowl:ifcMateriallLayer

Ifcowl:isDisjointWith_Material

lfcowl:ifcMaterial

Figure 22: ifcRelationship connecting IfcBuildingElement and IfcMaterial

Property and Quantity Sets

Each ifcObject, both ifcSpatialElement and ifcElement, has specific property and/or quantity sets that
define detailed information according to the needs chapter 4. The general approach that is followed
related ifcObject classes with ifcPropertySet and ifcQuantitySet classes, using the ifcOWL ontology is

illustrated in Figure 23.

Ifcowl:ifcObject

Ifcowl:ifcRelDefinesByProperties

Ifcowl:RelatedObjects_of _i
fcRelDefinesbyProperties

Ifcowl:RelatingPropertyDefinition
_of_ifcRelDefinesbyProperties

Ifcowl:ifcPropertySetDefinitionSelect

Rdfs:subclassOf Rdfs:subclassOf

Ifcowl:ifcPropertySet Ifcowl:ifcQuantitySet

Rdfs:subclassOf

Ifcowl:ifcElementQuantity

Figure 23: ifcRelationship connecting ifcObject and ifcPropertySet or ifcElementQuantity classes

IFC schema already contains a rich set of properties which are reused, however for information needs
that are not included extensions and new property sets and properties are proposed. The new
additions are presented in red color. Appendix D contains all ifcObject entities and their respective
Property and Quantity Sets. As a general approach, in order to be as simple as possible, the extension
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of the current IFC schema tries to keep the new properties to minimum while maximizing the usage
of existing ones. However, the main aim is to integrate every single data need into the new structure.

5.2.4 Relevance of new concepts throughout the design phases

The main objective of introducing new IFC systems is to respond particularly to the information needs
of early design phases. Yet, they are still valuable in a BIM process even later, since specialists keep
referring to them for part of their calculations.

Nevertheless, as the design evolves so as its level of detail, they are also decomposed into detailed
components in order to support more comprehensive calculations. For example, a facade that is used
in early design which is later on decomposed into multiple exterior walls. Therefore, it is inevitable
that part of the systems’ attributes becomes obsolete or their rough level of detail is no longer useful
in later stages. Even so, there is still a significant amount of attributes that are still useful and reused
in final phases.

So, the main vision is that these systems are kept and used throughout the lifecycle, but as soon as
there are decomposed part of the sub-elements’ attributes is automatically inherited from them.
Overall, it is expected that this will be the case for the following systems, ifcFireCompartment,
ifcSecurityZone, ifcVentilationZone, ifcThermalZone, ifcMEP, ifcFacade and ifcBuildingStructure.

Hereby, the same example with the ifcFacade and ifcWall entities is presented. Tables below contain
the attributes of these entities where red colored ones give an indication of attributes that are
automatically integrated from facade to walls. Exactly the same approached is followed for the
aforementioned building systems.

Table 1: ifcFacade common properties

Pset_FacadeCommon

PropertyName Template Data type
Reference Single value Ifcldentifier
Orientation Single value ifcLabel

Table 2: ifcFacade base quantities

Pset_FacadeBaseQuantities

PropertyName Template Data type

Length Single value Ifcldentifier

Width Single value ifcPositiveLengthMeasure
Height Single value ifcPositiveLengthMeasure
Gross Area Single value IfcAreaMeasure
Total closed area Single value IfcAreaMeasure
Total openings area Single value IfcAreaMeasure
Open/closed percentage Single value IfcAreaMeasure
Total glass area Single value IfcAreaMeasure

Table 3: ifcFacade building physics specifications

Pset_FacadeBFISpecifications

PropertyName Template Data type
AcousticRatingRequirement Single value IfcLabel
AcousticRating Single value IfcLabel
ThermalTransmittanceRequirement Single value IfcThermalTransmittanceMeasure
ThermalTransmittance Single value IfcThermalTransmittanceMeasure
FireSeparation Single value ifcBoolean
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FireRating Single value ifcLabel
FireSeparationDuration Single value ifcTimeMeasure

Table 4: ifcWall quantities

Qto_WallBaseQuantities

Name Description Type

Length Total nominal length of the wall along the wall center line (even Q_LENGTH
if different to the wall path).

Width Total nominal width (or thickness) of the wall measured Q_LENGTH

perpendicular to the wall path. It should only be provided, if it
is constant along the wall path.

Height Total nominal height of the wall. It should only be provided, if it Q_LENGTH
is constant along the wall path.

NetSideArea Area of the wall as viewed by an elevation view of the middle Q_AREA
plane. It does take into account all wall modifications (such as
openings).

NetFootprintArea Area of the wall as viewed by a ground floor view, taking all wall Q_AREA
modifications (like recesses) into account.

NetVolume Volume of the wall, after subtracting the openings and after Q_VOLUME

considering the connection geometry.

Table 5: ifcWall general data

Pset_WallCommon

PropertyName Template Data type
Reference Single value Ifcldentifier
IsExternal Single value ifcBoolean
LoadBearing Single value ifcBoolean
Orientation Single value ifcLabel

Table 6: ifcWall Building physics specifications

Pset_WallBFISpecifications

PropertyName Template Data type

Insulation Single value IfcLabel
InsulationThickness Single value ifcPositiveLengthMeasure
AcousticRatingRequirement Single value IfcLabel
AcousticRating Single value IfcLabel
ThermalTransmittanceRequirement Single value IfcThermalTransmittanceMeasure
ThermalTransmittance Single value IfcThermalTransmittanceMeasure
FireSeparation Single value ifcBoolean

FireRating Single value ifcLabel
FireSeparationDuration Single value ifcTimeMeasure

5.2.5 ifcJSON
Moreover, all IFC entities as well as their relationships, properties and property sets are encoded in
ifcJSON format. Hereby, two examples are provided. The one captures the relationship between a

building storey, a space and a wall object, while the second one defines a wall object and its
properties.
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"type": "IfcBuildingStorey",
"globalId": "66eaf36c-fab5-4ee5-9d8c-bcaa2f2d7c7d”,
"isDecomposedBy": [

: "IfcRelAggregates”,
"1 "46f56dad-c3e6-42a7-913a-23ede8eae73c”

}
1,
"decomposes": [
{
"type": "IfcSpace”,
"globalld": "ead@aael-7fbe-4cfe-9cee-621071ee204a"
}
1,

"containsElements™: [

1 "IfcRelContainedInSpatialStructure”,
": "3afosfed-7542-48e4-8e98-f543debsde32™

"type": "IfcwWall",
"globalId": "e38a@149-dbbb-48be-8be4-1cs5bc73absse”
}
]
}

Figure 24: ifcBuildingStorey, ifcSpace and ifcWall relationships in JSON

{
"type": "Ifcwall",
"globalId": "f92c2898-fd68-44ef-9178-3348e340017b",
"isDefinedBy": [
{
"type": "IfcRelDefinesByProperties”,
"globalid": "d2ecfel7-45be-4b36-959d-1be3ec8193bd",
"ownerHistory": "6d7919fd-2c83-497b-b21c-d4209e5162bf",
"relatingPropertybefinition”: {
"globalid": "486f7679-1a8a-4deb-8798-5a7e@c8c7d51",
"ownerHistory": "6d7919fd-2c83-497b-b21c-d4289e5162bf",
"name": "QTO WallBaseQuantities”,
"hasProperties": [

{
"type": "IfcPropertySinglevalue”,
"name": "Length",
"description”: "Length",
"nominalvalue": {
"type": "IfcPositivelengthMeasure",
"stringvalue": "insert URL"
}
b
{
"type": "IfcPropertySinglevalue",
"name": "width",
"description": "width",
"nominalvalue": {
"type": "IfcPositiveLengthMeasure",
"stringvalue": "insert URL"
}
s

Figure 25: ifcWall properties and property sets in JSON
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5.3 PROPOSED WORKFLOW

This part of the research introduces a workflow in line with the process model that is defined in
chapter 5.1. The main objective is to describe how specialists of early phases can use the proposed
data structure in order to meet the research’s objectives. Moreover, it is demonstrated how the data
generated in early design can be transferred to the final design.

5.3.1 Early design phase workflow
As described in chapter 3.1.2, initially three main use cases are formulated and presented below.

Table 7: Main use cases

e A project member wants to store information for an entity for the very first time.
o A project member wants to add further information to an already recorded entity.
o A project member wants to reuse information already recorded by others.

Moreover, the basic workflow is illustrated in Figure 26, where detailed description and insights
about the actions that are taken in each step are presented throughout this chapter. As a general
remark, this workflow intends to bring as little as possible obligations for project members. Thus,
they can start their processes by collecting information directly for the building components that
they require. Additionally, the retrieval process of use case 3 has its own starting point since its start
is not depended on the end of the other two use cases.

PROJECT INITIATION USE CASE 1 USE CASE 2 USE CASE 3

Project starts

User story 3 starts

Check wether
object is already
recorded

Setup of default
IFC project

Identify an object

Is object Yes
already ‘

created?

#
:

Identify object on
the drawings

H
H

Make a label on
the drawing
(name+id)

]
]

Add ifc category,
name and id on
the database

]

Add as much
information as
required/available

:

lNo

End of user story 1

Yes Are there more
objects to record?

and the drawings

See what data are

required/available

Yes Are there more
objects to update?

End of user story 2

in the database

already stored

Add new data

Add as much
information as

&

No !S .
e information

Check wether
information is
available

available?

Yes

Retrieve
information

Use information

End of user story 3

Figure 26: Basic workflow in early design stages
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Project initiation

According to chapter 5.2, it is essential that the new workflow provides flexibility in filling the
database without a predefined sequence. So every specialist can directly collect and deposit only the
information that is relevant to his operation. However, the aim is to balance this requirement with
the relationships and dependencies between different entities, as the data structure of Figure 21
suggests.

Hence, it is proposed that every project is initiated with predefined default entities and attributes
corresponding to the ifc format, like one default ifcSite, ifcBuilding, ifcBuildingStorey, ifcFacade and
so on. But, if it is needed to modify and add new entities on a later time it is possible to do so.

Visual feedback on what is already collected
Moreover, in order to allow specialist to identify and match the entities recorded in the database
with the actual objects in the design, this research suggests that one set of drawings is shared and
used within the project team. In this set, whenever specialists record new entities, they add labels
for these entities in the drawing, using a pdf editor. This label consist of a unique name and id,
which is the same as the one filled in the database.

Use case 1

The first use case addresses the scenario when a specialist is the first person to record and add
information for an ifc entity. Hereby, a small example is provided to support the description of this
process. In this case it is assumed that a new project starts and a building physicist is asked to analyze
the acoustic requirements and performance of the facade first. Figure 27 illustrates an abstract
sketch of preliminary design with the facade entity.

\/ -Facadel
5] A2 | -id#f1

-Default_ifcBuildingStorey _..__)

id: #dbs1
1
|

-Default ifcBuilding —2 {

-id: #db1 .

|

i

| :
Default_ifcSite
id:#dsl

Figure 27: Abstract sketch of preliminary design with highlighted facade entity

Initially the building physicist identifies the facade that needs to be analyzed (which has not been
recorded yet) and adds a label on the drawing with name and id. Accordingly, the same data is added
to the database and then measurements about the facade are also filled. However, since the complete
set of information about the facade is not available, some values are left to default. According to the
suggestion earlier, the project already contains a default ifcSite, ifcBuilding, one ifcBuildingStorey
etc. So the Facadel is linked to default ifcBuilding.
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Figure 28 and Figure 29 present two snapshots of the IFC at the specific time. In the snapshot, the
attributes that are filled together with the values that are left to default can be seen.

{

"name"”: "Default Building",
"type": "IfcBuilding”,
"globalld": "#b def",
"isDecomposedBy": |
1
"type”: "IfcRellAggregates”,
"ref”: "dbf5bddd-cleb-42a7-913a-23ede8eae/3C”

¥
I,
"decomposes”: [
1
"name”: "Default BuildingStorey”,
"type”: "IfcBuildingStorey”,
"globalld": "#bs_ def"
¥
I,
"containsElements": |
1
"type": "IfcRelContainedInSpatialStructure”,
"ref": "3af95fed-7542-48ed-8e98-1543dBb5de32”

¥
1

"name"”: "Facadel",
"type": "IfcFacade”,
"globalld": "#f1"

¥
]

i

Figure 28: Relationships between Facade 1, building and building storey
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"name™: "Facadel”,
“type": "IfcFacade”,
"globalid™: "#f1",
"ispefinedBy": [

"type": "IfcRelDefinesByProperties”,
"globalid": "d2ecfel7-45be-4b36-959d-1be3ec8193bd”,
"omnerHistory™: "6d7919fd-2c83-497b-b21c-d4209e5162bf",
"relatingPropertybefinition™: {
"globalid": "486f7679-138a3-4deb-8798-537e@c8c7d51",
"ownerHistory™: "6d7919fd-2c83-497b-b21c-d4299e5162bf",
"name™: "Pset_FacadeBaseQuantities”,
"hasProperties™: [
{
"type": "IfcPropertySinglevalue”,
"name™: "Length",
"description™: "Length",
"nominalvalue™: {
"type™: "IfcPositiveLengthmeasure™,
"stringvalue™: "1e"
}
Is
{

"type™: "IfcPropertySinglevalue”,
"name": "wWidth",
"description™: "width",
"nominalvalue™: {
"type™: "IfcPositiveLengthmeasure”,
"stringvalue™: "default™
3
1,
{
"type™: "IfcPropertySinglevalue”,
"name": "Height",
"description™: "Height",
"nominalvalue™: {
"type™: "IfcPositiveLengthmeasure™,
"stringvalue™: "&"
3
1,
{
"type": "IfcPropertySinglevalue”,
"name™: "GrossSideArea”,
"description™: "GrossSideArea”,
"nominalvalue™: {
"type™: "IfcAreameasure”,
"stringvalue™: "ce"
3
1s
{
"type™: "IfcPropertySinglevalue”,
"name™: "WallsArea”,
"description™: "NetwallsArea",
"nominalvalue™: {
"type™: "IfcAreaMeasure”,
"stringvalue™: "58"
3
1,
{
"type™: "IfcPropertySinglevalue”,
"name™: "OpeningsArea”,
"description™: "OpeningsArea”,
"nominalvalue™: {
"type": "IfcAreaMeasure”,
"stringvalue”: "defaultf"

Figure 29: ich\acade and facade properties
On a later stage, it is supposed that the building consists of two levels, so one other project member
wants to add more detail and decompose the facade into two parts, by recording two new walls, one

on each building storey. In order to do so, first he creates two new ifcBuildingStorey entities, and
then two ifcWall, Wall 1 and Wall 2, following the sequence of steps of user story 1. Figure 30
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presents the sketch design with the entities that are required to analyze. As soon as the new walls
are created they automatically inherit part of the facade’s attributes, as stipulated in chapter 5.2.3.
Moreover, when the two walls are linked with the facade, part of the facade’s attributes is
automatically updated or filled as the aggregate of the corresponding walls” attributes. These are: 1)
Gross area, ii) Total closed area, iii) Total openings area, iv) Open closed percentage. The rest facade
properties remain the same.

’ s -Wwall2
= & -id#w2
S -Walll

-id#wl

~ -Default_ifcBuilding
-id:#dsl
o
-Default_ifcSite
-id:#dsl

Figure 30: Abstract sketch of preliminary design with highlighted walls and storeys entities

Use case 2

The second use case relates to the scenario when objects have already been recorded and specialists
enrich them with additional information or updating existing values. So using the same example, a
third project member requires additional unregistered data in order to execute thermal analysis for
the facade. As such, first he/she identifies the specific facade in the database and the drawings, sees
what information is already available and consequently fills the required information based on the
PoR, i.e. facade materials, thickness, thermal requirements. So, these attributes that were previously
remained at default value, now are updated to the values based on the take-off of the second
specialist. At the same time it is possible to change some existing attributes if there has been any
modification in the design.

Use case 3

The third and last use case has to do with the scenario that a specialist only wants to retrieve and
use information that is already collected earlier. This procedure is more straightforward and a project
member initially checks if the information that he needs is already available. If so, he makes queries,
collects it and therefore reuse it. In other case, he just goes back to user story 1 and follows the same
steps.
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5.3.2 Dataincorporation in the final design
As far as the early design data incorporation into the final design is concerned, the main workflow
is presented in Figure 31.

FINAL DESIGN
INITIATION

Modelllng starts

Create worklng Create an Identify the id Assign the Open importer,
file (Revit, obiect of the object in same id in the select id's and Click import
ArchiCAD ect) ! early design new object attributes
*.

Attributes automatically
attached to new objects

Figure 31: Data incorporation workflow

BIM modelers posses the main role in this transition. The process starts with the creation of objects
in the working software (i.e. creating walls in Revit). What is essential, is that the id's of these objects
should match the id’s of the ifc objects that were created during the previous phase. As such, the
modeler gets back to the outputs of early phases and makes sure that the id’s between the objects
correspond. Afterwards, an add-in application is required to import the attributes of ifc objects into
the relevant objects of the final design file. For this research’s case, a custom importer shall be
developed and used. In this add-in the modeler selects the id’s of the objects and the attributes that
he wants to transfer. Then, the add-in reads the selected attributes from the ifc model and then
automatically attach them to the new objects.

However, a distinction should be made between different piece of information that should or
shouldn’t be incorporated into the final design. The first group concerns attributes that characterize
physical measurements such as length, width, area, height etc. These are generated automatically
in final design as soon as an object is created in the 3D model. However, if these attributes are
transferred from the early design model to the 3D model, and the values of early design don’t match
the values of final design, the geometry of the object will be modified. This will consequently cause
problems and clashes to the 3D model. So, their transfer from previous phases is not recommended.
On the other hand, all the other attributes that are not related to physical measurements shall be
transferred from early design model to the 3D model.
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6. DEVELOPMENT AND IMPLEMENTATION

Having proposed a new ontology and a workflow for preliminary design stages, it is important to
demonstrate whether this proposal is feasible from an implementation standpoint. Therefore, using
a Proof of Concept method this chapter aims to develop a prototype tool in order to showcase how
the ontology can be applied in a case study. Moreover, for the scope of this research only wall and
space entities shall be included in the working prototype.

6.1 SYSTEM ARCHITECTURE

The first part of this chapter describes the main system architecture of the proposed tool, which is
composed of three fundamental parts. A user interface, an application programming interface (API)
and a database, which are illustrated in the global architecture scheme of Figure 32.

_________________________________

/7 User interface ’ AP * ’ Storage

<<data translation to

<<data deposition>>
proposed format >>

\ / \ ! !
1 i i | ; |
1 i 1 ! ; !
1 ; 1 ! ; !

1 i |
1 1 ; ®
1 —— : ] : 1 0 O :
; . : e | e%°
1 : 1 : 1 T l :
1 y ; 1 ! ; !
1 i 1 ! | !
V' —<dataretrieval>> | V' <<data translation from 1 1 |
I ! ' oroposed format >> ! ] <<store data>> 1
: ! : prep ] : i
! | | ! ! e~ :
1 i 1 ! ; U !
i ' i ! i -y I

I i |

___________

Other inputs b
1

Software/ :
tool/ I
interface :

-

___________

Figure 32: Global architecture scheme

In a nutshell the main idea is, as soon as the manual data take-off is completed, specialists and
engineers deposit their data into a front-end (user interface). Then, data will automatically be parsed
and translated using an Application Programming Interface (API) into ifc(JSON and subsequently
stored in this format into a database. On the same line, when specialists need to retrieve data from
the database, they use this front-end to make queries from it. Then the API will read the data from
the library and return them to the user front end in a easily readable format.

This proof of concept proposes an interface that specialists use to manipulate and add information.
However, in a fully developed solution the overall system shall allow the integration of information
from other sources, besides the manual take-off. As such, by using different interfaces or software,
project members still will be able to covert information to the proposed structure and eventually
deposit it in this centralized database.
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6.1.1 User and application interface

Hereby a general system activity diagram is presented in Figure 33. As far as the data deposition is
concerned, initially the user requests and receives a specific template containing only the datasets
that are relevant to his take-off process through the user interface. For example, if a building
physicist wants to add information related only to rooms’ measurements and properties. The
application receives this request and gets back to the user tables with the above mentioned datasets.
Then, the user fills the tables with information collected from his/her manual take-off and finally
clicks a save button in order to submit it. Then the application parses the data from these tables,
converts them to JSON format and eventually exports them to the database where they are stored.

For the process of data retrieval from the data base, the user makes a data retrieval request, selecting
again only the templates that he/she is interested in. The application interface receives the request
and subsequently processes the request to the database. Afterwards, the database sends back the
data that are requested in JSON format. Then the application parses the JSON format data, translates
them in an easily readable format and sends them to the user in tables based on the templates that
were initially requested.

DATABASE

USER INTERFACE

Initiate tool
for data deposition

i Process template

i Click save button  § > Parse data

Initiate tool
for data retrieval

@

..................... il

i Exportin database

Data retrieval request §

Send request to |

Receive data 4

i readable format

Figure 33: General system activity diagram
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6.1.2 Storage provider

As far as the storage of data is concerned, a storage provider that supports JSON is required. As such,
this proof of concept suggests that a NoSQL Document Database is utilized for that purpose. NoSQL
technology stores information in JSON documents instead of columns and rows used by relational
databases (Couchbase, 2021). Two main advantages of this choice can be acknowledged. The first is
the flexible schemas that allow adding new fields, removing existing fields or changing the field
values to a new type. This is particularly important since it supports cases where the main data
structure is modified in order to capture additional building information. The second is the fast and
easy queries of data (Schaefer, 2017).

6.2 PROTOTYPE DEVELOPMENT

This part of the research provides insights with regards to the development of the working prototype.
In line with the findings of the previous step, this part intends to shape the user and application
interface. In addition, it describes how data are converted into ifc(JSON format and subsequently
stored. Accordingly, the reverse process of translation of ifcJSON data and their display in the user
interface in an easily readable format is described. For this proof of concept only two datasets, related
to wall and space entities are taken into consideration.

The starting point consists of the definition of use cases. In chapter 5.3 three general use cases
(epics) have been already formulated, which are hereby broken-down into smaller ones presenting
more detailed actions.

Table 8: Use case 1

1. A project member wants to store information for an entity for the very first time.

1a. Project member 1 wants to store data related to wall entities for the very first time.

Project member 1 creates wall objects.
Project member 1 adds wall quantities and properties.
Project member 1 saves to database.

AN N

1b. Project member 1 wants to store data related fo space entities for the very first time.
Project member 1 creates space objects.

Project member 1 adds space measurements and properties.

Project member 1 saves to database.

NANAND

Table 9: Use case 2

3. A project member wants to add further information to an already recorded entity.

3a. Project member 2 wants to store additional information related to wall entities.

o

v’ Find what walls information is already available in the database
Add walls information that is not yet stored

Save to database

<]

3b. Project member 2 wants to store additional information related to space entities.

Find what space information is already available in the database
Add space information that is not yet stored
Save to database

NANENE
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Table 10: Use case 3

2. A project member wants to reuse information already recorded by others.
e 2a. Project member 3 wants to make queries and automatically retrieve data for building’s walls
and spaces
Find available wall measurements and properties
Find available space properties

v
v

6.2.1 User interface

The initial point for shaping the working prototype is the establishment of the user and application
layout. The front-end that shall be used for this system is Microsoft Excel. The purpose of this
selection is to allow specialists depositing their data collected from a manual take-off, as well as
retrieving data necessary for their calculations and analyses, that are already stored in the database.
Excel is a widely adopted software by professionals for managing and processing building data.
Therefore, the choice of this software can provide project members an easy access to the database.

6.2.2 Application interface

According to the global architecture scheme, an intermediate layer is required as a connection
between Excel data and the database. Hence, a new Excel add-in is developed that can export data
into ifcJSON format and consequently store them in this format, as well as import data from the
database and present them in Excel. This add-in is created by ABT's development team.

As such, a new tab “Add-ins” can be found containing three main buttons namely; i) Create
template, ii) Import from database and iii) Export to database.

AutoSave [',-_5

File Home Insert Page Layout Formulas Data Review View

CaseProject_Import_IFC - Saved ~

Help BHoM PDF-XChange

Export To Database

Create template

Import from Database

group1

Figure 34: New Add-in tab

The first button ‘Create template” creates two sheets that correspond to templates designated for
depositing data; one for wall and another one for space objects. These are the main templates which
consists of columns with name, id and all properties of the objects. To create a new object, i.e. a new
wall, this can be easily done in the first column where the user shall give the name of the object and
an id in the second. For exporting reasons, in the first row from cells C3 and onwards the property
display format is the following “'Property/relationship/data type”. The following image presents the
main template for depositing data.
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Figure 35: Data deposition main template

However, given the fact that this might be confusing for the end users and also in order to provide
them specialized templates where they can manage only the data that they actually need, two pairs
of secondary templates, connected to the main one are proposed. This allow specialists to customize
the sets of data that they would like to deposit, without having to go through the entire dataset,
which in large and multidisciplinary projects might be long. In other words, in the whole range of
information each user can have his own perspective on what information he wishes to see.

So, all cells in the secondary sheets are linked to the main template. Hence, when specialists deposit
data into their templates, data are automatically transferred into the main one. Eventually, when
end users have filled their data, they click “Export to database’ and data are stored in the end
database. The two different templates are shown in the following illustrations. What should be
mentioned here is that for the development of this prototype, the secondary sheets are created
manually, however in a fully developed proposal these sheets would appear automatically when
inserting a new template.

CaseProject_Export_IFC - Saved ~ £ Search
File Home Insert Page Layout Formulas Data Review View Add-ins Help BHoM PDF-X(
I—:;\ln:' & Calibri Light 10 A A= EE e EBWrapText General ~
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Clipboard [ Font ] Alignment [ Mumber &
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A B € D E F G H J K
1 User 1 template:
2 Property sets
3 Pset_WallBaseQuantities |Fsst_'u‘.'aIICcmmcn
4 Length (m) ‘L“.’Idth |He|ght ‘NetSldsArsa ‘GrcschctprmtArEa |Nst‘»'c|ume |Rsfsrencs |I5E><t5rna| |LcadEsarlng|OrlEntat\cn
5 |walll
6 |wall2
7 |wall3
8 wall4
9 |walls
10 \wall &
11 wall 7
12 \wall 8
13 \wallg
14 \wall 10
15
‘ Ifewall ifcWallUser1 ifewalluser2 ‘| ifeSpaceUsert | ifcSpaceUser2 (-B-

Figure 36: User 1 template
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Figure 37: User 2 template

Accordingly, for the retrieval of data, the end user should click the button “Import from database”.
Then, three sheets are shown on the interface as well, one principal and two specialized ones. So,
according to his needs, every specialist can overlook the entire dataset or customize and see the data
of his preference.

6.2.3 Data parsing and processing

The main idea for processing data is hereby briefly presented. Initially, raw data in Excel are reformed
into an intermediate class structure and then from this structure into the proposed ifcJSON format.
The reason that the intermediate format is utilized is that it operates as a translation class thus
simplifying the conversion to ifcJSON. In this intermediate format, each ifc object has a specific
name, id and list of parameters as seen in the images below. The application code of this Add-in
operates the translations between these data formats and the export to ifcJSON. Figure 38 and Figure
39 show an example of this class structure for a wall entity.

{LfcWall|

string name { ge

int id { get; set;
string IfcName = "IfcWall®;

List<ifcParameter> parameters =

rTcParameter

ng propertySet { get;
‘ing propertyName { get

ring propertyValue{ get

propertyvalueType

originalName { g

Figure 39: ifcWall parameters in intermediate format
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6.2.4 Database

In the description of the system architecture in chapter 6.1 it is stipulated that a NoSQL Document
Database is utilized. However, due to time constraints the development and implementation of such
a database in the working prototype is not possible. Given that, as an alternative option a text (.txt)
file storage of ifc objects in JSON format is employed. Although it does not have the same capabilities
as a NoSQL database, it can still support the primal aim of this prototype, which is a simple and
practical demonstration of how it can work. Hereby, a screenshot of the final export and storage of
walls in ifcJSON format is presented in Figure 40.

I

{
"name": "Wall 1",

"type": "Ifclall",
"globalld™: "wl",
"isDefinedBy": [
{
"type": "IfcRelDefinesByProperties”,
"globalld": "e928ce28-43ac-4612-84a6-7d2bl157Fdchd”,
"ownerHistory": null,
"relatingPropertyDefinition”: {
"globalld": "ae3fd3fd-1b26-4f17-bB15-506a087aclb?",
"ownerHistory": null,
"name": "IfcRelDefinesByProperties”,
"hasProperties": [
1
"type": "IfcPropertySingleValue”,
"name": "Length",
"description”: "Length",
"nominalValue™: {
"stringValue": "5",
"type": "IfcPositivelengthMeasure”,

"walue": "5"
¥
Is
{
"type": "IfcPropertySingleValue”,
"name": "Width",
"description”: "Width",
"nominalValue™: {
"stringValue": "5",
"type": "IfcPositivelengthMeasure”,
"walue": "5"
¥
Is
{
"type": "IfcPropertySingleValue™,
"name": "Height",
"description”: "Height",

"nominalValue": {
"stringValue": "5",
"type": "IfcPositivelengthMeasure”,
"wvalue": "5"

Figure 40: Screenshot of this proof of concept database
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6.3 CASE STUDY IMPLEMENTATION

The developed prototype is applied and tested through a study case project. The goal is to provide a
demonstration of how it can be applied in real practice. The selected project is the educational
building Eben-Haezer in Boskoop, The Netherlands. It is a single-floor building with overall
dimensions 26,78m x 11,26m x 4,48m. It consists of two main teaching rooms, an office space, a
technical and two sanitary rooms and a corridor with two enclosed porches. What is important to
mention here is that the design that was used for this case corresponded to the Preliminary Design
Voorontwerp (VO) stage, which is aligned with the main focus of this research. The available
information sources were 2D drawings and they are contained in Appendix E section of the report.

The application and testing of the developed tool is executed by two specialists, a cost engineer and
a building physicist where it is assumed that they need to perform their typical analyses during the
VO phase, building cost estimation and ventilation/daylight/thermal calculations respectively. The
process starts with the cost engineer intending to collect information for walls and spaces that are
relevant to his/her analyses. First, he/she identifies in the 2D drawings all walls and spaces and then
adds labels with names and id’s, as seen in Figure 41.

:' Z‘wﬂq _ vy | ! [ I | | N/ | i
| |/ = | | | \ | ]
._,_I_,_____._I LS .. L

nnnnnn

~
"

Figure 41: Case study drawing (plan) with labels

Then, he/she opens Microsoft Excel, goes to the tab “ifcWallCostEst™ fills the needed attributes and
consequently clicks “Export To Database” in order to save them. The same procedure is followed for
spaces in tab “ifcSpaceCostEst”’. Figure 42 and Figure 43 illustrate two screenshots of the tabs
“ifcWallCostEst’ and “ifcSpaceCostEst” filled with data.

Afterwards, the building physicist wants to add more information that is needed for his/her discipline.
Thus, first he/she opens Microsoft Excel and clicks “Import From Database” in order to see what
information is already recorded before. Then, opens the tabs “ifcWallBFI" and "“ifcSpaceBFI”, fills
additional data and finally clicks “Export To Database”. During the process, the building physicist
used the same pdf with labels that the cost engineer created in order to identify the objects recorded
in the database and the drawings. In the last step, it is supposed that the cost estimator needs to
retrieve all the information that was recorded in this study case. Therefore, he/she opens Excel clicks
“Import From Database’” and then receives the tabs with all data related to walls and spaces. As far
as the exported data into JSON are concerned, Figure 44 illustrates a screenshot of the database
including a certain building’s space.
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B1 - S Cost est template: v
A B C D E G H J K M N [«]
1 Cost est e
2 | Property sets
3| Pset_WallBaseQuantities ‘PsetﬁWaHCommon
4 | Length [m] ‘W\dth Height NetSideArea [GrossFootprintArea NEtVD‘UmE‘REfEFEHCE IsExternal |LoadBearing | Orientation
5 |wall1 8.70 0.35 3.89 33.84 3.04 11.73 NLRS_21.10 WA HSB  TRUE FALSE  west
6 |wall2 17.50 0.35 4.48 43.81 2.65 15.33 NLRS_21.10 WA HSB  TRUE FALSE  south
7 |wallz 0.73 0.35 4.48 1.98 0.22 0.56 NLRS_21.10_WA _HSE  TRUE FALSE  east
8 |wall4 3.20 0.35 3.22 5.38 0.96 1.61 NLRS_21.10_WA_HSBE  TRUE FALSE  south
9 |walls 8.00 0.10 3.22 25.75 0.80 2.57 NLRS_21.10_WA _HSE  TRUE FALSE  east
10 |walle 7.03 0.10 3.22 22.63 0.70 2.26 NLRS_21.10_WA HSE  TRUE FALSE  south
11 |wall 7 2.19 0.10 3.22 2.79 0.22 0.28 NLRS_21.10_WA_HSE  TRUE FALSE  east
12 |wall g 2174 0.10 3.22 4165 112 4.17 NLRS_21.10_WA_HSE  TRUE FALSE  north
13 |wall 9 2.40 0.10 3.22 182 0.24 0.16 NLRS_21.10_WA_HSB  TRUE FALSE  west
14 |wall 10 7.25 0.30 451 2236 2.18 6.71 NLRS_21.10_WA_HSB  TRUE FALSE  north
15 |wall 11 1.85 0.1 2.85 3.14 0.18 0.31 NLRS_22.13_WA_hsb-  FALSE FALSE -
16 |wall 12 13.95 0.1 3.04 22.806 1.395 2.281 NLRS_22.13 WA_hsb-  FALSE FALSE -
17 |wall 13 569 0.1 2.72 15.47 0.569 1.548 NLRS_22.13_ WA_hsb-  FALSE FALSE -
18 |wall 14 0.648 0.095 0.895 1.876 0.062 0.178 NLRS_22.13_WA_hsb-  FALSE FALSE -
19 |wall 15 8.3 0.1 2.815 17.32 0.83 1.733 NLRS_22.13_WA_hsb-  FALSE FALSE -
20 |wall16 1.9 0.1 3.22 842 0.29 0.843 NLRS_22.13 WA_hsb-  FALSE FALSE -
21 |wall17 25 0.1 2.72 234 0.25 0.234 NLRS_22.13 WA_hsb-  FALSE FALSE -
22 |wall18 25 0.1 2.72 7.23 0.25 0.724 NLRS_22.13 WA_hsb-  FALSE FALSE -
23 |wall19 2.5 0.1 2.72 4.35 0.25 0.435 NLRS_22.13 WA_hsb-  FALSE FALSE -
24 |wall 20 7.17 0.2 2.72 19.5 1.434 3.9 NLRS_22.13 WA_hsb-  FALSE FALSE -
25 |wall21 2.3 0.1 3.22 5.95 0.284 0.595 NLRS_22.13 WA _hsb-  FALSE FALSE - L
26 | =]
» ‘ [SYEIN ifcwWallCostEst1 ifewallBFI |‘ ifcSpaceCostEst | @ [«1 | Dl
. ’ . . . .
Figure 42: Walls’ data filled in cost estimation template
120 - i v
A B | C D E | F | G H | K
1| BFI template:
2 | Proparty sets
3 Pset_SpaceCommon P
4 | Reference |I5Externa\ Usage area[|GrossHeight NetHeight |Length |Width |GrossPerimeter NetPerimeter|Net Volume |F
5 _Tochtpor‘taal 1 Abt.001.cr FALSE 11.70 2.80 2.70 7.02 185 17.76 15.16 3159
6_Gang Abt.001.cr FALSE 2840 2.80 2.70 10.15 250 2775 2415 76.68
7 _Tochtpor‘taal 2 Abt.001.cr FALSE 13.20 2.80 2.70 5.20 250 1538 11.78 3564
S_Rust ruimte Abt.001.0f FALSE 267 2.80 2.40 1.87 1.43 6.60 5.70 6.41
9 _Spreekkamer Abt.001.mf FALSE 15.10 2.80 270 290 520 16.20 1470 40.77
10_ Lokaal kleuters Abt.001.cr FALSE 57.80 3.55 3.25 7.05 8.20 3005 26.65 187.85
11_Berg|ng/Techn|sche ruimte  Abt.001.of FALSE 16.25 3.55 2.70 2.90 5.60 17.00 16.20 43.83
12_ Sanitair kleuters Abt.001.co FALSE 3.00 3.55 270 1.20 250 740 6.50 8.10
13_ Sanitair peuter Abt.001.co FALSE 4.10 3.55 270 1.65 250 8.30 7.40 11.07
14 |Lokaal peuters Abt.001.co FALSE 57.00 3.55 325 700 810 30.20 27.70 185.25
L2 =]
4 F | ifcwallBFI ‘ [(EEICM ifcSpaceCostEst | ifcSpaceBF ... @ E1 ]

Figure 43: Spaces’ data filled in cost estimation template
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"name”: "Tochtpeortaal 17,
“type™: "ifcSpace”,
"globalid™: "s1”,
"ispefinedBy™: [
{
"type™: "IfcRelDefinesByProperties”,
"glebalIid™: "cabesefa-S5a29-46fe-91la-f5be3a3clcha”,
"ownerHistory™: null,
"relatingPropertybefinition™: {
"globalld™: "2236%9236-7751-4258-9508-99%9283282754",
"ownerHistory™: null,
"name”: "IfcRelDefinesByProperties”,
"haspProperties™: [
{
"type™: "IfcPropertySinglevalue”,
"name”: "Reference”,
"description™: "Reference”,
"nominalvalue™: {
"stringvalue™: "Abt.eel.cr”,
"type™: "IfcLabel”,
"value™: "Aabt.eel.cr”
1

“type™: "IfcPropertySinglevalue”,
"name”: "IsExternal”,
"description™: "IsExternal”,
"nominalvalue™: {

"stringvalue™: "False",

"type™: "ifcBoolean”,

"value™: "False”

b

“type™: "IfcPropertySinglevalue”,
“name”: "Usage area (G0O}",
“description™: “Usage area (G0}",
"nominalvalue™: {

"stringvalue™: "11.7",

"type”: "ifcareaMeasurs”,

"value": "11.7"

}

“type™: "IfcPropertySinglevalue”,
"name”: "GrossHeight®,
"description™: "GrossHelght”,
"nominalvalue™: {
"stringvalue™: "2.97,
"type™: "ifcPositiveLengthMeasure”,
"value®: "2.9"

}

“type™: "IfcPropertySinglevalue”,
"name™: "MetHeight”,
"description™: "NetHeight",
"nominalvalue™: {
"stringvalue™: "2.77,
"type™: "ifcPositiveLengthMeasure”,
"value®: "2.7"

}

“type™: "IfcPropertySinglevalue”,
“name™: "Length”,
"description™: "Length”,
"nominalvalue™: {

"stringvalue™: "7.82",

Figure 44: Exported space data
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7. VALIDATION

As described in Chapter 3.1.4 ‘Phase 4 — Validation a validation workshop was held in order to
evaluate the proposed ontology and workflow. The workshop was executed in two rounds. The first
intended to assess the impact of the proposal upon the early design practices. The expert panel
consisted of a cost engineer, a building physicist, a sustainability specialist and a fire safety engineer.
The proposed ontology as well as the new workflow were presented to participants and the developed
prototype was applied in the selected case project. Moreover, additional examples were given on
how each discipline can use the ontology, in order to support its comprehension by different
backgrounds. The second round focused on the transition towards the final design. Therefore, the
information that was generated through the application of the prototype and the workflow of data
integration in final phases were presented to an architectural BIM modeler. Both rounds ended with
participants evaluating the findings by filling a questionnaire, as seen in Appendix F.

7.1 FIRST ROUND — IMPACT ON EARLY DESIGN STAGE

Concerning the first part of the validation, the criteria that are used to evaluate the contribution of
the proposed ontology on early design stage are consistency, completeness, rework elimination,
scalability, applicability and efficiency. Table 11 presents the aggregated results of the expert panel
questionnaires.

Table 11: Evaluation aggregated results - early phases

Criteria Scores (1-5) Average per criterion
Domain expertise

Building L Cost Fire

physics sustainability estimation safety
Completeness 4.00 5.00 3.00 4.00 4.00
Consistency 5.00 4.00 5.00 3.00 4.25
Rework elimination 5.00 5.00 4.00 4.00 4.50
Scalability 3.00 5.00 3.00 4.00 3.75
Applicability 4.00 5.00 3.00 5.00 4.25
Efficiency 3.00 5.00 4.00 4.00 4.00
Average per discipline 4.00 4.83 3.66 4.00 Overall score:  4.12

As the results indicate, the rework elimination that the proposed ontology and workflow can achieve
scored the highest among participants with 4.5/5.0. Nevertheless, consistency in use of data and
applicability of the ontology scored very close with 4.25/5.00 respectively. When it comes to
completeness in terms of addressing early design information needs and the overall efficiency in the
work processes, both criteria received a 4.00/5.00. The scalability of the proposed ontology seems
to be the least appreciated criterion with an average of 3.75/5.00 among participants.

Among the disciplines that were involved in the first round of the validation process, the ontology
received the higher score from the sustainability expert with an average of 4.83/5.00. The disciplines
of building physics and fire safety both evaluated the proposal with an average of 4.00/5.00, whilst
the cost engineer evaluated with a 3.66/5.00. Overall, the proposed ontology and workflow were
evaluated with an average of 4.12/5.00 concerning their contribution in early design stages.

More specifically, as far as the criterion of completeness is concerned, two out of four participants
stated that the ontology covers their early design information needs to a good extent, one claimed
that the ontology fully meets his needs while another one insisted that it covers his needs to a fair
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extent. What was particularly mentioned is that for the building physics department there is still
some room for optimization of this criterion regarding detailed measurements that can easily be
added as new properties to the existing property sets. Moreover, the fire safety engineer observed
that there are parameters (ex. direction of fire rating in a wall or window, fire rating property in part
of a wall and not in the entire wall) that still need to be considered. Additionally, the cost engineer
claimed that the standards (i.e. NEN2580, NEN2699) that are used for defining building
measurements should be clearly specified among the project team.

Concerning the criterion of consistency, the majority of the participants stated that the ontology can
significantly contribute towards a consistent use of data which was also highlighted as the major
advantage. Moreover, one participant believed that consistency can be achieved in a fair level, since
an attention point remains the coordination between the disciplines in the start of the process but
also during the iterations.

Regarding the rework elimination criterion, half of the experts claimed that the new workflow is
expected to reduce the level of redundant rework to an absolute level, while the rest are confident
that unnecessary take-offs will be decreased to a good level. However, this can be achieved as long
as there is good and constant communication among project members, and can be optimized if a
secondary system of communication and coordination is used together with the tool.

Moving to scalability aspects, it is observed that the proposal scored the lowest rate among the
defined criteria. Although some of the participants think that it can be adopted be other disciplines
in a good level, the main observation that stems from the real practice, is that it is quite possible
that some people will be reluctant in changing the conventional practices.

As far as the applicability is concerned, two out of four participants mentioned that the new ontology
and workflow are easy to use in an absolute extent, one believed that it can be applied in a fair level
while the last participant stated that it is applicable in a good level. Overall, everyone appreciated
the effort that was made in order to structure the proposal in a way that it can be as easy to use as
possible. Additionally, the decision to use Microsoft Excel as the user interface of the developed
working prototype was a great advantage, since everybody acknowledges that it is a convenient
software for managing and manipulating data.

Finally, regarding the overall efficiency that the ontology can bring to their processes, mixed
reactions were collected. One respondent claimed that it can definitely improve his efficiency, two
of them concluded that it can contribute to a good extent while one participant stated that it can
help in a fair level. However, the main claim of two participants is that they could only answer this
question as long as it is applied and tested in real practice. Therefore, the outcome is that it seems
to be promising but the overall efficiency can only be measured after it is adopted in daily practice.
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7.2 SECOND ROUND - TRANSITION TO FINAL DESIGN STAGE

Regarding the second round of the validation, the two evaluation criteria that are employed are
integration and applicability. Table 12 presents the evaluation scores by the architectural BIM
modeler.

Table 12: Evaluation results - start of final phases

Criteria Scores (1-5)
Domain expertise
Architectural BIM modelling
Integration 4.00
Applicability 5.00
Overall score: 4.50

For the criterion of integration, the BIM modeler evaluated the proposal with a 4.00 out of 5.00.
More specifically, he insisted that the way information is structured in early phases can allow its
transfer to final design in a good extent. Moreover, the benefit of giving access to specialists for
adding specific element related information in the early design model is especially valuable for the
integrality of the final design. On the other hand, the applicability of the proposed workflow for
transferring data to the final design stage was assessed with a 5.00/5.00. In general, it was
acknowledged that the proposed workflow is a good start for creating an automated transition from
the earlier to the final design stages of project. Nevertheless, it was pointed out that it is important
to consider how this workflow in later stages can be managed and adapted to fit the 3D models in
execution.

7.3 VALIDATION CONCLUSION

To summarize, the evaluation results indicate that the ontology scored a fairly good grade in the
criteria that were established on both rounds. Moreover, specific observations and remarks were
given by the participants which provide the context for further investigation. Consequently, the
proposal can be regarded as valid and can successfully contribute towards the fulfillment of the main
research objective.
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8. DISCUSSION

8.1 RESEARCH CONTRIBUTION

As evidenced in the literature, existing BIM strategies lack an orientation towards the early design
phases, whereas their main benefits are mostly exploited in later stages only after the initiation of
the geometrical 3D modelling. This is triggered by the fact that existing BIM structures do not fully
cover the information needs of specialists during these stages, nor they provide them a common
language to exchange information. As far as the scientific contribution of this research is concerned,
this study fills this gap by developing a structure that supports information integration by disciplines
of early design and a workflow that enables professionals to work together around this structure.
More specifically, the proposed ontology emerges from the extension of the current IFC schema,
with additional concepts that respond to the needs of early phases. The main novelty is the
introduction of generic systems before the entities that compose them (i.e. zones, facades, MEP etc)
in order to capture more abstract information. Furthermore, the intention of structuring information
in IFC format, has additional value since it’s interoperable with final design thus allowing a smooth
flow of data into later stages.

8.2 RESULTS INTERPRETATION

The most significant observation is that the outcomes remain close to the primal hypothesis of this
research, which is summarized in its title “BIM without a 3D in early design stages’’. The application
of the working prototype in real practice revealed that it is possible to create a centralized model in
early design, without having any 3D data, which professionals can use in order to store, collect and
reuse information. Moreover, the fact that this model can seamlessly integrate early design data and
enable them to be passed towards later stages, makes it even more relevant and necessary for an
efficient and versatile information management.

Furthermore, it is equally important that a new way of working based on centralized information can
actually be accomplished. The evaluation of the proposal by domain experts revealed that it has a
promising potential in bringing consistency and efficiency to their practices and concurrently
eliminate redundant rework. At the same time, the easy application and agility of the proposed tool
is also a great advantage as far as its adoption is concerned. Additionally, a noteworthy observation
is that this novel way of working engages disciplines of preliminary design phases in the BIM process,
which use to have limited participation in current practices.

8.3 RESEARCH IMPLICATIONS

The intention to use IFC as basis for defining the research’s data structure, underlines the possibilities
of a wider use of this format in early design phases. It is common practice that IFC is employed in
later stages, where it plays an important role in creating and exchanging digital building models.
However, while it is structured in a way that it particularly responds to the needs of the respective
phases, the findings suggest that IFC with the proposed extensions, can be effectively used even in
earlier phases where there is no 3D information. In this direction, IFC can ensure structuring
information in an open, well-documented format and ensure vendor-neutrality and sustainable data
continuity, eventually leading towards Big Open-BIM (Borrmann, et al., 2015) already from the very
early design stages.
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Furthermore, the utilization of IFC structure and eventually its translation into a sort of database has
the potential to ensure that IFC files can be accessed and edited from other interfaces apart 3D
models. At the same time, disciplines that do not have affinity with 3D modelling can still use and
modify them. Therefore, this is a valuable conclusion that can have a more universal approach and
can work for every organization that aims towards a more versatile and flexible management of IFC
files.

8.4 LIMITATIONS AND FUTURE WORK

Further to the discussion of the results, this research possesses some limitations which provide space
for further research as well. Initially, although this study is intended to be used for the early design
phases of the whole construction sector, the organization that provided the context is an engineering
consultancy company. Hence, only aspects that are relevant to engineering consultancy are taken
into account. Other stakeholders, for example architects are excluded from the scope. Additionally,
due to time constraints only five representative disciplines delivered input for the needs of this
research. However, in early stages many more different specializations are engaged. In order to
address this limitation, additional research ought to include a wider spectrum of backgrounds and
thoroughly investigate multiple stakeholders across various sectors of the industry.

Second, during the validation stage, professionals raised the issue of tracking down design changes
and consequently modifications to the information model. During a typical workflow it is
indispensable for professionals to be able to identify when a design has been changed and then
adjust their analyses accordingly. This is usually addressed by one-to-one communication between
project members, which is not always that efficient. For that reason, it is important that future
research introduces a version management perspective to the study.

Third, as far as the development and implementation is concerned, the prototype structures
information in ifc(JSON. So the objective was to demonstrate that data can be saved in an IFC object
format definition rather than create a working IFC file. After all, the creation of a valid IFC file
requires the definition of the entire hierarchy as presented in chapter 2.1.3 ‘Industry Foundation
Classes (IFC)" and the addition of geometrical information.

Finally, concerning the wider adoption of the proposal, it is designed for being as easy as it can be
and close to the existing standard practices of professionals. Nevertheless, it is always possible that
people might be reluctant in changing their working routines and use new tools, especially in
conceptual design phases. The difficulties in adopting digital innovations are argued to be rooted
into the very traditional way of working of the construction industry and its reluctance to change its
conventional practices (Oloke, 2021). Consequently, in order to ensure a high adoption rate,
professionals need to be convinced about the benefits that it can bring to their processes but also to
the overall efficiency of the project team, in order to change their working practices and embrace
the new proposal.

8.5 RECOMMENDATIONS FOR A FULLY DEVELOPED TOOL

This part of the research aims to reflect on the adopted approach concerning the prototype
development and identify the opportunities for the transition towards a fully developed tool. In order
to do so, the prototype is evaluated in terms of the extent that it covers the process model
requirements of chapter 5.1.1, and then based on this reflection specific recommendations are
drawn up.

BIM Without A 3D In Early Design Stages | Emmanouil Patsoumadakis| Master’s Thesis 73



Systematic data structure

As far as the data structuring and conversion are concerned, an Excel interface was employed to
deposit raw data and an Excel add-in API to convert them into ifcJSON. Therefore, the users would
only need to use Excel to fill in information, which can be regarded as an advantage since it is very
close to their existing working practices. And then on the background the APl would do the
conversion to ifc(JSON which is the main intention. Therefore, the developed prototype addresses the
requirement of structuring and conversion of data.

Inclusion of aggregated data set

Since the prototype took into account only datasets related to space and wall entities, it has to be
recognized that the scope of data conversion is rather limited. Therefore, in order to include the
aggregated information requirements of early phases in a fully developed proposal, the existing
Excel interface should be expanded and be designed in a way that it can facilitate an easy deposition
and retrieval of the entire data set of early phases.

Interoperability with final design phases

Concerning the interoperability aspect, structuring information in ifc(JSON format allows for semantic
interoperability with the final design phases, which is already demonstrated in a conceptual level in
chapter 5. However, in its current state the developed prototype is fragmented from later phases
since it does not address the transfer of data into the final design model. So it is necessary to find a
way to link in a practical way the BIM without a 3D with the 3D BIM model of final design in order
to achieve the goal of seamless information flow later on.

Therefore, it is recommended that a custom importer is developed within the 3D modelling authoring
software (i.e. Revit, ArchiCAD etc.) that can read and attach data from the model of early design to
the 3D of final design. It is essential that this importer has the ability to read and attach data based
on a unique ID, in order to match the entities of early model with the actual entities in the 3D model,
as stipulated in the workflow of chapter 5.3.2.

Flexibility of adding data without a predefined sequence

Afterwards, the application interface of the developed tool allows specialists to create their custom
templates for managing data only for the entities that they want. So currently the requirement of
adding data without a predefined sequence is fully met.

Visual feedback on what is already recorded

Moreover, regarding the visual feedback on the correspondence between the entities that are filled
in the database and the actual design, the workflow of the current prototype indicates the manual
addition of labels with objects’ id in a common set of drawings by using a pdf editor. Then, each
engineer has to detect where each object is located in the drawing. However, it has to be
acknowledged that in a fully developed proposal manually adding and identifying labels for all the
objects of the data structure in the drawings would not be convenient.

Given that, it is suggested that a visual platform is developed and integrated into the tool, where
the drawings of the design are imported. There, the labels will be added as an additional layers on
the drawing, based on the type of the entity and its id on the database. So when, an engineer selects
a certain entity on the database (for example a wall), then it will be automatically highlighted in the
visual platform. This integrated feature within the tool would efficiently address the requirement for
visual correspondence between the database and the design.

BIM Without A 3D In Early Design Stages | Emmanouil Patsoumadakis| Master's Thesis 74



Tracking down design changes

Finally, a limitation of the overall research that was identified in the previous chapter is related to
the detection of design changes. Therefore, aligned with the intention of applying a version
management approach to the research, in further development steps it is recommended that the
tool is complemented with a communication feature (version tracker) where every discipline can be
up to date with design updates and iterations.

8.6 CONCLUSION

To sum up, this study aimed to introduce a strategy for working around centralized data in
preliminary design stages when a 3D model is not yet available, which can later enable a seamless
integration of information in final phases. The findings demonstrated that the proposal is a
promising start to the direction of centralized information management in the early phases of a
project’s lifecycle. Consequently, this research can be regarded as an attempt to bridge the gap
between BIM and its implementation in early design phases.
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APPENDIX A — INTERVIEWS QUESTIONS

Table 13: Interview guide - Early design phases

Focus of questions

Interview questions

Recording consent

1. Before we start, for the needs of the results” analysis, | would like to record
this interview. Is this ok for you? 7he recordings will be transcribed by me
personally and erased once the transcriptions are checked for accuracy.
Neither your name nor any other identifying information (such as your voice
or picture) will be used in presentations or in written products resulting from
the stuady.

Scope and function

2a. Can you tell me what kind of projects you are involved in?

3a. What is the design phase that you are engaged?

4a. With regards to the SO/VO phases, can you describe me what are your
tasks, responsibilities and outcomes in these projects?

Data requirements

5b. Moving on to the data requirements issue, what piece of information about
the building facility do you need to execute your work?

6b. What is the format of the data you need? (ie. dwg, pdf xis)

7b. How do your information requirements change depending on the design
phase you are involved in? (*if you participate in more than one)

8b. In addition, depending on the design phase, what kind of information do
you usually miss and in what extent does this occur?

Software type

9c. Could you tell me what tools/software you use?
10c. What are the data formats that are supported by these software?

Data retrieval

11d. During the initiation of a typical task, can you explain me what are your
main data sources? And who is the provider of these sources?

12d. Moreover, can you describe how you extract data from these data sources?
13d. Further to the extraction of data, what are the main challenges and what
are the barriers you have to overcome?

14d. In what extent do you face interoperability issues and how do you
overcome them in your daily work?

Design interpretation
and assumptions

15e. Can you explain me how you interpret a design based on the information
you posses, and how and in what extent do you align your personal
interpretation with your team members one?

16e. Can you tell me what kind of assumptions do you usually face in a typical
project?

17e. What are the factors that drive your assumptions?

Data sharing and
collaboration

18f. Does your output serve as input for your team members?

19f. Can you describe how, where and in what format you share your outputs?
20f. Can you tell me in what extent you exchange data with your team
members?

Discussion and
conclusions

21g. Moving to the last part of the interview, could you reflect on the main
issues and challenges that you face in this process?

22g. Additionally, based on your experience and expertise what do you think
should be done in order to overcome these barriers?

23g. Can you think of any representative example projects that | can extract
information from, for the topics that were addressed?

24q. Finally, would like to add anything else before we end this session?

BIM Without A 3D In Early Design Stages | Emmanouil Patsoumadakis| Master’s Thesis

81



Table 14: Interview guide - Final design phases

Focus of questions

Interview questions

Recording consent

1. Before we start, for the needs of the results” analysis, | would like to record
this interview. Is this ok for you? 7he recordings will be transcribed by me
personally and erased once the transcriptions are checked for accuracy.
Neither your name nor any other identifying information (such as your voice
or picture) will be used in presentations or in written products resulting from
the stuady.

Scope and function

2. Can you tell me what kind of projects you are involved in?
3. Could you describe me what are your tasks, responsibilities and products in
these projects? And what software do you use?

Data requirements

4. Moving on to the data requirements issue, what piece of information about
the building facility do you need to start your work?

5. What is the format of the data you need? (7.e. dwg, pdf, xls)

6. In addition, what kind of information do you usually miss and in what extent
does this occur?

Data retrieval

7. During the initiation of the modelling/engineering process, can you explain
me what are your main data sources? And who is the provider of these sources?
8. Moreover, can you describe how you extract data from these data sources?

9. Further to the extraction of data, what are the main challenges and what
are the barriers you have to overcome?

10. In what extent do you face interoperability issues and how do you overcome
them in your daily work?

Modelling/engineering
procedure and
information
incorporation

11. What kind of information from preceding phases (VO) is available at the
start of the modelling/engineering process?

12. What information and how do you embody it into your
calculations/designs/3D models?

13. Could you describe me in short the sequence of steps in your
engineering/modelling process? *(for architectural/structural department)
14. Do the information requirements of other specialists affect your modelling
process? *(for architectural/structural department)

15. Is there any specific piece of information that has to be modelled first?
*(for architectural/structural department)

Discussion and
conclusions

16. Moving to the last part of the interview, could you reflect on the main
issues and challenges that you face in this process?

17. Additionally, based on your experience and expertise what do you think
should be done in order to overcome these barriers?

18. Can you think of any representative example projects that | can extract
information from, for the topics that were addressed?

19. Finally, would like to add anything else before we end this session?
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APPENDIX B — EARLY DESIGN PHASE INPUTS-OUTPUTS

Table 15: Cost estimation discipline information requirements

DATA ADDITIONAL INFO UNIT SOURCE TAKE-OFF

GENERAL

Function Per building type PoR Auto

Levels (floors) Per Building num Design docs/PoR Manual/Auto

Capacity Users (per building)  num. PoR Auto

Rooms name Design docs/PoR Manual/Auto

Gross height Per building m Design docs/PoR Manual/Auto

Gross height Per floor m Design docs/Assmpt.  Manual/Oth.par

Gross floor area (BVO) NEN 2580 m? Design docs/PoR Manual/Auto

Net floor area (NVO) NEN 2580 m? Design docs/Assmpt.  Manual/Oth.par

Usage area (GO) NEN 2580 m? Design docs/Assmpt.  Manual/Oth.par

Tare area (TO) NEN 2580 m? Design docs/Assmpt.  Manual/Oth.par

Lettable floor area (VWWO) NEN 2580 m? Design docs/Assmpt.  Manual/Oth.par

Voids and holes m? Design docs/Assmpt. ~ Manual/Oth.par

Shafts m? Design docs/Assmpt.  Manual/Oth.par

Horizontal traffic area m? Design docs/Assmpt. ~ Manual/Oth.par

Vertical traffic area m? Design docs/Assmpt.  Manual/Oth.par

Overbuilt area m? Design docs/Assmpt.  Manual/Oth.par

Patios m? Design docs/Assmpt.  Manual/Oth.par

Gross volume NEN 2580 m? Design docs/Assmpt. Other par.
(BVO + voids with a /Oth.par
surface > 4m? *
gross height)

Net Volume NEN 2580 m? Design docs/Assmpt. Other par.
(NVO + voids with a /Oth.par
surface > 4m? * net
height)

Installations area m? Design docs/Assmpt.  Manual/Oth.par

Sanitary facilities m? Design docs/Assmpt.  Manual/Oth.par

INDIVIDUAL SPACES

Room name Design docs/PoR Manual/Auto

Room level num Design docs/PoR Manual/Auto

Room function Bouwbesluit room type Design docs/PoR Manual/Auto
type

Usage function Bouwbesluit room type Design docs/PoR Manual/Auto
function

Usage Area (GO) Per room m? Design docs/PoR Manual/Auto

FOUNDATION

Soil Facilities m? Design docs/Assmpt.  Manual/Oth.par

Floors on base m? Design docs/Assmpt. ~ Manual/Oth.par

Foundation structures m? Design docs/Assmpt.  Manual/Oth.par

Pile foundations m? Design docs/Assmpt.  Manual/Oth.par

SKELETON

Inner bearing walls m? Design docs/Assmpt. ~ Manual/Oth.par

Outer bearing walls m? Design docs/Assmpt.  Manual/Oth.par

Columns m? Design docs/Assmpt. ~ Manual/Oth.par

Floors m? Design docs/Assmpt.  Manual/Oth.par

Roof m? Design docs/Assmpt. ~ Manual/Oth.par

Main supporting structures m? Design docs/Assmpt.  Manual/Oth.par
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FLOOR FINISHING

(NVO - Vertical
traffic areas)

Floor finishing area

Design docs/Assmpt.

Oth.par

ROOF FINISHING

Roof area
Roof openings

Design docs/Assmpt.
Design docs/Assmpt.

Manual/Oth.par
Manual/Oth.par

FACADE FINISHING

Exterior/facade walls area
Exterior/facade walls
openings

Exterior/facade walls area
incl. variations

Design docs/Assmpt.
Design docs/Assmpt.

Design docs/Assmpt.

Manual/Oth.par
Manual/Oth.par

Manual/Oth.par

INTERIOR WALLS FINISHING

Interior walls area
Interior walls openings
Interior walls area incl.
variations

Design docs/Assmpt.
Design docs/Assmpt.
Design docs/Assmpt.

Manual/Oth.par
Manual/Oth.par
Manual/Oth.par

STAIRS AND RAMPS

Stairs area

Design docs/Assmpt.

Manual/Oth.par

Ramps area Design docs/Assmpt.  Manual/Oth.par
Handrails length Design docs/Assmpt.  Manual/Oth.par
CEILINGS

(NVO - Vertical
traffic areas +

Ceiling finishes

overbuilt surface)

Design docs/Assmpt.

Other par.

NOT INCLUDED IN THE BVO

Balconies
Galleries

Design docs/Assmpt.
Design docs/Assmpt.

Manual/Oth.par
Manual/Oth.par

Table 16: Building physics discipline information requirements

DATA ADDITIONAL INFO UNIT SOURCE TAKEQFF

Function Per building type PoR Auto

Rooms name  Design doc/PoR  Manual/Auto

Room level num Design docs

Room function Bouwbesluit room type type Design doc/PoR Manual/Auto

Usage function Bouwbesluit room type Design doc/PoR  Manual/Auto
function

Room dimensions Length/width m Design doc Manual

Usage area (GO) Per room m? Design doc Manual

Gross height Per building m Design doc/PoR Manual/Auto

Gross height Per room m Design doc Manual

Gross perimeter Per room m Design doc Manual

Net perimeter Per room m Design doc Manual

Net Volume Per room m? Design doc Manual

Occupancy MEP max Room occupancy peak num.

Occupancy BES Room occupancy BES num.

Ventilation zone Climate zone Per room type

Ventilation rate supply Per room num.

Ventilation rate extraction Per room num.

Ventilation type (One- Per room type

side/cross)

Exhaust specific fan power Per room num.

Outside air variation profile Per room type
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Heating Load Per room num
Cooling Load Per room num.
Heating method Per room type
Maximum temperature Per room num.
Minimum temperature Per room num.
Heating operation profile Per room type
Cooling operation profile Per room type
Light power density Per room num
Required light level Per room num.
Facade walls area Per floor/orientation m? Design doc Manual
Facade openings types Per floor/orientation type Design doc Manual
Facade openings dimensions Per floor/orientation m Design doc Manual
Facade openings area Per floor/orientation m? Design doc Manual
Facade open/closed percentage  Per floor/orientation m? Design doc Manual
Glass area Per floor/orientation m? Design doc Manual
Window frames type Per floor/orientation type Manual
Window frames area Per floor/orientation m? Design doc Manual
Type of opening (90°/reclined)  Per floor/orientation type Design doc Manual
Facade openings’ obstructions  Per floor/orientation real Design doc Manual
Facade openings’ obstr. Per floor/orientation m Design doc Manual
dimensions
Table 17: Sustainability discipline information requirements
DATA ADDITIONAL INFO UNIT SOURCE TAKE-OFF
Building length m Design docs Manual
Building width m Design docs Manual
Building height m Design docs Manual
Roof area m Design docs Manual
Materials Per building element m3/kg Design docs Manual
Recyclability Per material % Int. knowledge/xls Automatic
Installations type m Installations docs Automatic
Glass areas m Design docs Manual
Opac areas m Design docs Manual
Plot area m PoR/Design docs Auto/Manual
Landscape area m PoR/Design docs Auto/Manual
Table 18: Fire safety discipline information requirements
DATA ADDITIONAL INFO UNIT SOURCE TAKE-OFF
Function Per building type PoR Auto
Building layout Included in drawings dwg/pdf Design docs Manual
Gross height Per building m Design docs Manual
Usage area (GO) Per room m? Design docs Manual
Capacity Users (per building) num PoR Auto
Capacity Users (per room) num PoR Auto
Stairs Included in drawings dwg/pdf Design docs Manual
Materials Per building element type Design docs/PoR  Manual/Auto
Distance between windows Vertical m Design docs Manual
Window frames materials type Design docs Manual
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Table 19: Specialists' outcomes and generated information

COST MANAGER
OUTCOME
Project’s costs
spreadsheet

INFORMATION TYPE

SHARED 10

1. Building costs Excel

1. Architect
2. Structural Eng.
3. Local project folder

FIRE SPECIALIST
OUTCOME
Drawings with
comments/lines

INFORMATION TYPE

SHARED 10

. Fire compartments Pdf
. Fire separation walls

. Fire rated walls

. Duration of fire rated walls

. Fire rated windows

. Components’ materials

. Evacuation routes direction

. Extra protected evacuation routes
(EBV)

9. Evacuation stairs

10. Sprinkled areas

11. Types of doors

12. Fire safety installations

O ~NONUT B WN B

1. Architect

2. Building physicist
3. Installations eng.
4. Local project folder

BUILDING PHISICIST
OUTCOME

Energy calculations
report

BENG calculations report

Daylighting analysis
report

Ventilation analysis
report

INFORMATION TYPE

SHARED 10

Entire building Excel
1. Total energy consumption

level

2. Total power for cooling and heating
Individual rooms

1. Local cooling and heating loads

2. Ventilation rate

3. Temperature profiles

4. Number of hours that temperature
goes above a certain level

5. Humidity

6. CO2 concentration

1. Total energy requirement in kWh per
m 2 of usable area

2. Total primary fossil energy use, also
in kWh per m 2 usable area

3. the total share of renewable energy
in percentages

4. the hours that temperature

goes above 25C

Indlividual rooms

1. Distribution of illuminance

2. Equivalent daylight area

1. Ventilation strategy

2. Ventilation rate

3. Ventilation rate per room

4. Ventilation profile

1. Architect
2. Local project folder

SUSTAINABILITY
OUTCOME
Sustainability concepts

INFORMATION TYPE

SHARED 10

Excel/
Report

1. Building materials impact
2. Amount of PVs needed

1. Architect
2. Cost manager
3. Local project folder
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APPENDIX C— FINAL DESIGN PHASE INPUTS

Table 20: Architectural engineering information requirements

DATA ADDITIONAL INFO UNIT SOURCE TAKEOFF
Geometry/layout Per building dwg/pdf/3D Design docs Auto
Levels and grids Per building dwg/pdf/3D Design docs Auto
Rooms name Design docs/PoR Auto
Rooms number Design docs/PoR Auto
Functions Per room type Design docs/PoR Auto
Fire compartments Per building room Fire specialist docs Auto
attribute
Fire rated walls Per building name Fire specialist docs Auto
Fire separation Per room bounding element Fire specialist docs Auto
element attribute
Duration of fire separation Per room bounding element Fire specialist docs Auto
element attribute
Evacuation route Per room room Fire specialist docs Auto
attribute
Evacuation route direction Fire specialist docs Auto
Security zoning Per building room Fire specialist docs Auto
attribute
Fire rated doors name Fire specialist docs Auto
Duration of fire rated doors ~ Per component minutes Fire specialist docs Auto
Acoustic properties Per value (db) Building physics docs Auto
room/walls/doors
Acoustic requirements Per value (db) Building physics Auto
room/walls/doors docs/PoR
Thermal requirements Per room/bounding  Rc (m2K/W)  Building physics docs Auto
element
Thermal Per room/bounding Building physics Auto
performance/specifications element docs/PoR
Insulation type Building physics docs Auto
Insulation Thickness mm Building physics docs Auto
Maintainability Per component text Internal Auto
knowledge/docs
Constructability Per component text Internal Auto
knowledge/docs
Availability on market Per component text Internal knowledge/web Auto
Doors type Design docs Manual
Windows type Design docs Manual
Materials Per component type/m? Design docs/PoR Manual/A
uto
Finishes Per room/and-or type/m? Design docs Manual
bounding element
MEP components type MEP engineer docs Auto
MEP components position dwg/pdf MEP engineer docs Auto
MEP components size m MEP engineer docs Auto
MEP components area m? MEP engineer docs Auto

BIM Without A 3D In Early Design Stages | Emmanouil Patsoumadakis| Master’s Thesis

87



Table 21: Structural engineering information requirements

DATA ADDITIONAL INFO UNIT SOURCE TAKE-OFF
Geometry/layout Per building dwg/pdf Design docs Auto
Levels and grids Per building dwg/pdf Design docs Auto
Facade openings percentage Per facade % Design docs Manual
Materials Per element type Design docs/PoR  Manual/auto
APPENDIX D — IFC SCHEMA
Table 22: Research's information needs that included in IFC schema
DATA IFC ENTITY PROPERTY SET PROPERTY
GENERAL INFORMATION
Function ifcBuilding Pset_BuildingCommon OccupancyType
Number of floors ifcBuilding Pset_BuildingCommon NumberOfStoreys
Gross height ifcBuilding Qto_BuildingBaseQuantities Height
Voids ifcOpeningElement Qto_OpeningElementBase Area
Quantities
Balconies ifcSpace Pset_SpaceCommon is External/
NetFloorArea
Galleries ifcSpace Pset_SpaceCommon is External/
NetFloorArea
Patios ifcSpace Pset_SpaceCommon is External/
NetFloorArea
Materials IfcMaterial = =
Finishes ifcCovering Qto_CoveringBaseQuantities NetArea
Doors ifcDoor Pset_DoorCommon Reference
Acoustic requirements ifcDoor Pset_DoorCommon AcousticRating
Acoustic properties ifcDoor Pset_DoorCommon AcousticRating
INDIVIDUAL SPACES
Rooms ifcSpace Pset_SpaceCommon Reference
Room level ifcSpace - -
Usage function ifcSpace Pset_SpaceOccupancy OccupancyType
Requirements
Capacity ifcSpace Pset_SpaceOccupancy OccupancyNumber
Requirements
Gross Height ifcSpace Qto_SpaceBaseQuantities Height
Net Height ifcSpace Qto_SpaceBaseQuantities  FinishCeilingHeight
Maximum temperature ifcSpace Pset_SpaceThermal SpaceTemperature
Requirements Max
Minimum temperature ifcSpace Pset_SpaceThermal SpaceTemperature
Requirements Min
FIRE SAFETY
Fire separation ifcWall Pset_WallCommon FireRating
Evacuation route ifcSpace Pset_SpaceFireSafety FireExit
Requirements
FOUNDATION
Pile foundations ifcPile Qto_PileBaseQuantities GrossSurfaceArea
SKELETON
Inner bearing walls ifcWall Qto_WallBaseQuantities NetSideArea
Outer bearing walls ifcWall Qto_WallBaseQuantities NetSideArea
Columns ifcColumn Qto_ColumnBaseQuantities CrossSectionArea
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Slabs ifcSlab Qto_SlabBaseQuantities NetArea
Roof ifcRoof Qto_RoofBaseQuantities NetArea
INTERIOR WALL FINISHING
Interior walls area ifcWall Qto_WallBaseQuantities NetSideArea
Interior walls openings ifcOpeningElement Qto_OpeningElementBase Area
Quantities
ROOF FINISHING
Roof area ifcRoof Qto_RoofBaseQuantities NetArea
Roof openings ifcOpeningElement Qto_OpeningElementBase Area
Quantities
Table 23: IfcSite properties
Pset_SiteCommon
PropertyName Template Data type
Reference Single value Ifcldentifier
TotalArea Single value IfcAreaMeasure
BuildableArea Single value IfcAreaMeasure
LandscapeArea Single value IfcAreaMeasure
Table 24: ifcBuilding quantities
Qto_BuildingBaseQuantities
Name Description Type
TotalHeight Gross height, from the top surface of the construction Q_LENGTH
floor, to the top surface of the construction floor or
roof above
EavesHeight Gross height, from the top surface of the construction Q_LENGTH
floor, to the base of roof structure.
Table 25: ifcBuilding general data
Pset_BuildingCommon
PropertyName Template Data type
Reference Single value Ifcldentifier
BuildingID Single value Ifcldentifier
NumberOfStoreys Single value Ifcinteger
OccupancyType Single value IfcLabel
OccupancyNumber Single value IfcCountMeasure
Table 26: ifcBuilding measurements
Pset_BuildingMeasurements
PropertyName Template Data type
GrossFloorArea(GFA) Single value IfcAreaMeasure
NetFloorArea (NVO) Single value IfcAreaMeasure
UsageArea (GO) Single value IfcAreaMeasure
TareArea (TO) Single value IfcAreaMeasure
LettableFloorArea (VVO) Single value IfcAreaMeasure
OverbuiltArea Single value IfcAreaMeasure
Gross volume Single value ifcVolumeMeasure
Net volume Single value ifcVolumeMeasure
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Table 27: ifcBuildingStorey quantities

Qto_BuildingStoreyBaseQuantities

Name Description Type

GrossHeight Gross height of this storey, from the top surface Q_LENGTH
of the construction floor, to the top surface of the
construction floor or roof above.

NetHeight Standard net height of this storey, from the top Q_LENGTH
surface of the construction floor, to the bottom
surface of the construction floor or roof above.

GrossPerimeter Perimeter of the outer contour of the building Q_LENGTH
story without taking interior slab openings into
account.

Table 28: ifcBuildingStorey general data

Pset_BuildingStoreyCommon

PropertyName Template Data type

Reference Single value Ifcldentifier

Table 29: ifcSpace general data

Pset_SpaceCommon

PropertyName Template Data type

Room name Single value IfcLabel
Reference Single value ifcldentifier
IsExternal Single value ifcBoolean

Usage area (GO) Single value ifcAreaMeasure
GrossHeight Single value ifcPositiveLengthMeasure
NetHeight Single value ifcPositiveLengthMeasure
Length Single value ifcPositiveLengthMeasure
Width Single value ifcPositiveLengthMeasure
GrossPerimeter Single value ifcPositiveLengthMeasure
NetPerimeter Single value ifcPositiveLengthMeasure
Net Volume Single value ifcVolumeMeasure

Table 30: ifcSpace Occupancy data

Pset_SpaceOccupancyRequirements

PropertyName Template Data type
Room function (7ype) Single value ifcLabel
OccupancyType (Usage function) Single value IfcLabel
OccupancyNumber Single value IfcCountMeasure
OccupancyNumberPeak Single value IfcCountMeasure
OccupancyTimePerDay Single value IfcTimeMeasure

Table 31: ifcSpace Fire Safety requirements

Pset_SpaceFireSafetyRequirements

PropertyName Template Data type
FireCompartment Single value ifcBoolean
FireCompartmentationReference Single value ifcLabel

FireExit Single value ifcBoolean
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Extra protected evacuation routes (EBV)

Single value

ifcBoolean

SprinklerProtection Single value ifcBoolean

SprinklerSystemType Single value ifcLabel

FlammableStorage Single value ifcBoolean
Table 32: ifcSpace Security requirements

Pset_SpaceSecurityRequirements

PropertyName Template Data type

SecurityArea Single value ifcBoolean

SecurityAreaReference Single value ifcLabel
Table 33: ifcSpace BFI requirements

Pset_SpaceBFIRequirements

PropertyName Template Data type

Occupancy MEP max Single value IfcCountMeasure

Occupancy BES Single value IfcCountMeasure

AcousticLevelRequirement Single value ifcLabel

ThermalRequirement Single value ifcLabel
Table 34: ifcSpace BFI specifications

Pset_SpaceBFISpecifications

PropertyName Template Data type

AcousticLevel Single value ifcLabel

ThermalPerformance Single value ifcLabel

SpaceTemperatureMax Single value IfcThermodynamicTemperatureMeasure

SpaceTemperatureMin Single value IfcThermodynamicTemperatureMeasure

Ventilation zone Single value ifcLabel
Ventilation rate supply Single value IfcCountMeasure
Ventilation rate extraction Single value IfcCountMeasure
Ventilation type (One-side/cross vent.) Single value ifcLabel
Exhaust specific fan power Single value IfcPowerMeasure
Outside air variation profile Single value ifcLabel
Heating Load Single value IfcPowerMeasure
Cooling Load Single value IfcPowerMeasure
Heating method Single value ifcLabel
Heating operation profile Single value ifcLabel
Cooling operation profile Single value ifcLabel
Light power density Single value IfcllluminanceMeasure
Required light level Single value IfcllluminanceMeasure
Table 35: ifcSpace finishes
Pset_SpaceCoverings
PropertyName Property type Data type
Floor covering Single value IfcLabel
Floor covering thickness Single value ifcPositiveLengthMeasure
Wall covering Single value IfcLabel
Wall covering thickness Single value ifcPositiveLengthMeasure
Ceiling covering Single value IfcLabel

Ceiling covering thickness

Single value

ifcPositiveLengthMeasure
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Concealed flooring Single value IfcBoolean

Concealed ceiling Single value IfcBoolean
Table 36: ifcSlab general data

Pset_SlabCommon

PropertyName Template Data type

Reference Single value ifcldentifier

LoadBearing Single value ifcBoolean

AcousticRating Single value IfcLabel

FireRating Single value IfcLabel
Table 37: ifcSlab quantities

Qto_SlabBaseQuantities

Name Description Type

Width

Perimeter

NetArea

Nominal width (or thickness) of the slab. Only given, Q_LENGTH

if the slab is prismatic (constant thickness).

Perimeter measured along the outer boundaries of Q_LENGTH
the slab. Only given, if the slab is prismatic (constant

thickness)

Total area of the extruded area of the slab. Openings Q_AREA

and recesses are taken into account by subtraction,
projections by addition. Only given, if the slab is

prismatic.
Table 38: ifcVoid general data
Pset_VoidCommon
PropertyName Template Data type
Reference Single value ifcldentifier
Length Single value ifcPositiveLengthMeasure
Width Single value ifcPositiveLengthMeasure
Area Single value IfcArealMeasure
Table 39: ifcRoof general data
Pset_RoofCommon
PropertyName Template Data type
Reference Single value ifcldentifier
LoadBearing Single value ifcBoolean
AcousticRating Single value IfcLabel
FireRating Single value IfcLabel
Table 40: ifcRoof quantities
Qto_RoofBaseQuantities
Name Description Type
NetArea Total net area of the outer surface of the roof. It is the Q_AREA

sum of all roof slab net areas. Roof openings, like sky
windows and other openings and cut-outs are taken into
account.
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ProjectedArea

Total gross area of the outer surfaces of the roof, Q_AREA
projected to the ground. It is the sum of all projected roof

slab gross areas. Roof openings, like sky windows and

other openings and cut-outs are not taken into account.

Table 41: ifcColumn general data

Pset_RoofCommon

PropertyName Template Data type
Reference Single value ifcldentifier
LoadBearing Single value ifcBoolean

Table 42: ifcColumn quantities
Qto_RoofBaseQuantities
Name Description Type
Length Q_LENGTH
CrossSectionArea Total area of the cross section (or profile) of the column. Q_AREA
OuterSurfaceArea Total area of the extruded surfaces of the column, Q_AREA

normally generated as perimeter * length.

Table 43: ifcMainSupportingStructure general data

Pset_MainSupportingStructureCommon

PropertyName Template Data type

Reference Single value ifcldentifier

LoadBearing Single value ifcBoolean

TotalArea Single value ifcAreaMeasure

Table 44: ifcWall quantities

Qto_WallBaseQuantities

Name Description Type

Length Total nominal length of the wall along the wall center line Q_LENGTH
(even if different to the wall path).

Width Total nominal width (or thickness) of the wall measured Q_LENGTH
perpendicular to the wall path. It should only be provided,
if it is constant along the wall path.

Height Total nominal height of the wall. It should only be Q_LENGTH
provided, if it is constant along the wall path.

NetSideArea Area of the wall as viewed by an elevation view of the Q_AREA
middle plane. It does take into account all wall
modifications (such as openings).

NetFootprintArea Area of the wall as viewed by a ground floor view, taking Q_AREA
all wall modifications (like recesses) into account.

NetVolume Volume of the wall, after subtracting the openings and Q_VOLUME

after considering the connection geometry.

Table 45: ifcWall general data

Pset_WallCommon

PropertyName

Template Data type
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Reference Single value Ifcldentifier
IsExternal Single value ifcBoolean
LoadBearing Single value ifcBoolean
Orientation Single value ifcLabel

Table 46: ifcWall Building physics specifications
Pset_WallBFISpecifications
PropertyName Template Data type
Insulation Single value IfcLabel
InsulationThickness Single value ifcPositiveLengthMeasure
AcousticRatingRequirement Single value IfcLabel
AcousticRating Single value IfcLabel
ThermalTransmittanceRequirement Single value IfcThermalTransmittanceMeasure
ThermalTransmittance Single value IfcThermalTransmittanceMeasure
FireSeparation Single value ifcBoolean
FireRating Single value ifcLabel

FireSeparationDuration

Single value

ifcTimeMeasure

Table 47: ifcDoor quantities

Qto_DoorBaseQuantities

Name Description Type

Width Total outer width of the door lining. It should only Q_LENGTH
be provided, if it is a rectangular door.

Height Total outer height of the door lining. It should only Q_LENGTH
be provided, if it is a rectangular door.

Perimeter Total perimeter of the outer lining of the door. Q_LENGTH

Area Total area of the outer lining of the door. Q_AREA

Table 48: ifcDoor general data

Pset_DoorCommon

PropertyName Template Data type

Reference Single value Ifcldentifier

IsExternal Single value ifcBoolean

SecurityRating Single value IfcLabel

AcousticRating Single value IfcLabel

ThermalTransmittance Single value IfcThermalTransmittanceMeasure

FireSeparation Single value ifcBoolean

FireRating Single value ifcLabel

FireSeparationDuration Single value ifcTimeMeasure

FireExit Single value ifcBoolean

SelfClosing Single value ifcBoolean

Table 49: ifcWindow quantities

Qto_WindowBaseQuantities

Name Description Type

Width Total outer width of the window lining. It should only Q_LENGTH
be provided, if it is a rectangular window.

Height Total outer height of the window lining. It should Q_LENGTH
only be provided, if it is a rectangular window.

Perimeter Total perimeter of the outer lining of the window. Q_LENGTH

Total area Total area of the outer lining of the window.
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Glazing area Total glass area of the window. Q_AREA
Opac area Total opac area of the window. Q_AREA
Frame area Total frame area of the window. Q_AREA

Table 50: ifcWindow general data

Pset_WindowCommon

PropertyName Template Data type
Reference Single value Ifcldentifier
IsExternal Single value ifcBoolean
GlazingAreaFraction Single value IfcLabel
SecurityRating Single value IfcLabel
AcousticRating Single value IfcLabel
ThermalTransmittance Single value IfcThermalTransmittanceMeasure
SelfClosing Single value ifcBoolean
Table 51: ifcWindow types
Window types
Attribute Description Type
PredefinedType Predefined generic type for a window that is specified  IfcWindowTypeEnum
in an enumeration. There may be a property set given
specifically for the predefined types.
PartitioningType Type defining the general layout of the window in IfcWindowTypePartiti
terms of the partitioning of panels. oningEnum
Table 52: ifcWindow lining properties
Lining properties
Attribute Description Type
LiningDepth Depth of the window lining (dimension measured IfcPositiveLengthMea
perpendicular to window elevation plane). sure
LiningThickness Thickness of the window lining as explained in the IfcNonNegativelengt
figure above. If LiningThickness value is 0. (zero) it hMeasure
denotes a window without a lining (all other lining
parameters shall be set to NIL in this case). If the
LiningThickness is NIL it denotes that the value is not
available.
Table 53: ifcWindow panel properties
Panel properties
Attribute Description Type
OperationType Types of window panel operations. Also used to assign  IfcWindowPanelOper
standard symbolic presentations according to national ationEnum
building standards.
PanelPosition Position of this panel within the overall window style.  IfcWindowPanelPosit
ionEnum
FrameDepth Depth of panel frame, measured from front face to IfcPositiveLengthMea
back face horizontally (i.e. perpendicular to the sure

window (elevation) plane.
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FrameThickness

Width of panel frame, measured from inside of panel IfcPositiveLengthMea

(at glazing) to outside of panel (at lining), i.e. parallel sure

to the window (elevation) plane.

Table 54: ifcFacade common properties

Pset_FacadeCommon

PropertyName Template Data type
Reference Single value Ifcldentifier
Orientation Single value ifcLabel
Table 55: ifcFacade base quantities
Pset_FacadeBaseQuantities
PropertyName Template Data type
Length Single value Ifcldentifier
Width Single value ifcPositiveLengthMeasure
Height Single value ifcPositiveLengthMeasure
Gross Area Single value IfcAreaMeasure
Total closed area Single value IfcAreaMeasure
Total openings area Single value IfcAreaMeasure
Open/closed percentage Single value IfcAreaMeasure
Total glass area Single value IfcAreaMeasure
Table 56: ifcFacade BFI specifications
Pset_FacadeBFISpecifications
PropertyName Template Data type
AcousticRatingRequirement Single value IfcLabel
AcousticRating Single value IfcLabel
ThermalTransmittanceRequirement Single value IfcThermalTransmittanceMeasure
ThermalTransmittance Single value IfcThermalTransmittanceMeasure
FireSeparation Single value ifcBoolean
FireRating Single value ifcLabel
FireSeparationDuration Single value ifcTimeMeasure
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APPENDIX E — USE CASE PROJECT
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Figure 45: Floor plan
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Figure 46: East facade
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Figure 47: Section A
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Figure 48: Section C

Figure 49: 3D illustration
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APPENDIX F — VALIDATION QUESTIONNAIRES

Table 57: Validation form - early design

CRITERIA SCORE
3 5
1. Consistency
All disciplines use the same measurement of variables throughout the
datasets without having discrepancies over the same data.
Additional remarks:
2. Completeness
Evaluator’s information needs are sufficiently covered.
Additional remarks:
3. Rework elimination
Redundant take-offs for the same data by multiple specialists are
reduced,
Additional remarks:
4. Scalability
Extent that the proposed structure can be used by other specialists of
early design phase.
Additional remarks:
5. Applicability or ease of use
How easily the evaluator can use the proposed solution.
Additional remarks:
6. Efficiency
Overall efficiency that the proposal brings to evaluator’s work process in
terms of collecting and managing information.
Additional remarks:
Scale: 1. Poor, 2. Low, 3. Fair, 4. Good, 5. Excellent
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Table 58: Validation form - final design

CRITERIA SCORE
3 5
1. Integration
Indicates the extent that generated information can be incorporated in
final design.
Additional remarks:
2. Applicability
How easily modelers can transfer information from one phase to the
other.
Additional remarks:
Scale: 1. Poor, 2. Low, 3. Fair, 4. Good, 5. Excellent
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