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Abstract
Previous research has studied the use of Building Performance Simulations (BPS) tools with
Building Information Modeling (BIM). BPS can be used to visualize and evaluate the design
of buildings. Virtual Reality (VR) can be used as a BPS tool for designing indoor lighting.
The problem is that previous research still has difficulties with data interoperability. That is
the integration of VR with BIM. Many studies suggest using the file format IFC to mitigate
this problem.
The aim of this study is to investigate how to increase data interoperability by using a file
format IFC. A prototype system will be developed to test this. The research question is if open
BIM formats can improve the quality of design solutions? The study will try to answer how
VR can be integrated with BIM and how VR can be used for indoor lighting design.
The result from this thesis is in part a prototype system called FooBar. FooBar shows how VR
can be integrated with BIM. However, the file format IFC was not used throughout the whole
design process. Instead, IFC is only used at the beginning and the end of the process. This
study shows how VR can be used as an alternative BPS tool. Users can manipulate lights in
the building model. These changes are then updated in the original BIM model.
This means that VR can be used to improve the quality of design solutions. In other words,
FooBar can help to cope with multidisciplinary design processes. Users can immerse
themselves into the virtual environment and see different design alternatives for themselves.
Different design alternatives can easily be rendered in VR. With a system like FooBar, users
can easily define, propose, and analyze different design ideas to reach design goals.
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Sammanfattning
Tidigare forskning har studerat hur simuleringsverktyg (Building Performance Simulations,
BPS) kan användas med byggnadsinformationsmodellering (Building Information Modeling,
BIM).
Simuleringsverktyg kan dels användas för att visualisera design och användas som
designutvärdering. Virtual Reality (VR), eller virtuell verklighet, kan användas som ett
simuleringsverktyg för design av inomhusbelysning. Problemet är att tidigare forskning har
problem med datakompatibilitet, d.v.s. integrationen av VR med BIM. Många studier föreslår
att filformatet IFC används för att lösa detta problem.
Syftet med denna studie är att undersöka hur man ökar datakompatibiliteten genom att
använda ett IFC. Ett prototypsystem kommer att utvecklas för att testa detta. Forskningsfrågan
handlar om huruvida öppna BIM-format kan förbättra kvaliteten på designlösningarna.
Studien ska även försöka svara på hur VR kan integreras med BIM och hur VR kan användas
för inomhusbelysningsdesign.
Resultatet av detta arbete är en del av ett prototypsystem kallat FooBar. FooBar visar hur VR
kan integreras med BIM. Filformatet IFC användes emellertid inte under hela
designprocessen. Istället används IFC endast i början och slutet av processen. Det andra
resultatet är att denna studie visar hur VR kan användas som ett alternativ till andra
simuleringsverktyg. Med FooBar kan användare flytta, rotera och skala om ljus i
byggnadsmodellen. Dessa ändringar uppdateras sedan i den ursprungliga BIM-modellen.
Det betyder att VR kan användas för att förbättra kvaliteten på designlösningarna. FooBar kan
med andra ord bidra till att underlätta multidisciplinära designprocesser. Användare kan själva
kliva in i den virtuella miljön (i VR) och se olika designalternativ framför sig. Således kan
olika designalternativ enkelt göras i VR. Med ett system som FooBar kan användarna enkelt
definiera, föreslå och analysera olika designidéer för att nå de designmål som finns i projektet.
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Introduction

1.1 Introduction
This chapter describes the background of the problem and the current situation by looking at
previous research. In addition, this chapter states the aim and research question of this study.
1.2 Background
Building Information Modeling (BIM) can be used to visualize the design of a building in the
earlier building processes within the architecture, engineering, and construction (AEC)
industries (Eastman, et al., 2011). BIM can, for example, allow stakeholders to receive
essential information before the project is completed (Azhar, 2011). Furthermore, BIM can be
implemented as a part of a so-called “hybrid practice”. This means that a BIM model can be
used in conjunction with additional tools (Miettinen & Paavola, 2014). For example, the BIM
model can be incorporated into Building Performance Simulations (BPS) tools for design
evaluation (Hemsath & Timothy, 2014). BPS is a type of tool that uses a BIM model to run
simulations. There are many types of simulations, including, but not limited to, thermal
simulations, airflow simulations, and lighting simulations. Once a simulation is run, the BPS
may return a Key Performance Indicator (KPI). One example is energy consumption
measured in kWh/m2 (Peng Xu, et al., 2012).
However, existing BPS tools may not be preferred by architects, or designers, due to their
complexity and non-intuitive user interfaces (Paryudi & Iman, 2015). There are many BPS
tools optimized for architects (Alsaadani & Bleil De Souza, 2016). Still, Alsaadani and Bleil
De Souza (2016) mentions that improvements to current BPS tools can be made. One
improvement is increasing the integration between the BIM software and the BPS tool
(Arayici, et al., 2018).
According to Sampaio & Martins (2014), Virtual Reality (VR) can be used to reduce the first
obstacle, i.e. the complex BPS tools. They have shown that VR can lower the complexity and
serve as an alternative BPS tool. To cope with the second problem, the lack of integration,
Hilfert & König (2016) have implemented a file format called Industry Foundation Classes
(IFC). They have used IFC to improve the integration of the BIM software and the VR
environment.
Similarly, Natephra et al. (2017) have developed a BPS tool that utilizes VR. Their own
prototype system, BIM-based Lighting Design Feedback (BLDF), simulates daylighting and
the illumination of artificial lights in buildings. Figure 1 shows the setting rendered in False
Colors 3. This allows users to visualize the room in regards to photorealism or illumination
(i.e. determine how bright the room is). Their system serves as an alternative to existing BPS
tools for indoor lighting design. However, the authors have not used any open data exchange
format, such as IFC, and suggest further research in this area to be made.
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Everything that is blue in the figure is “dark”, whereas everything that is red is “light”.
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Figure 1. Illustrative interpretation of the BIM-based Lighting Design Feedback (BLDF) prototype system.
Amended from Natephra, et al., (2017).

1.3 Research Problem
Previous research has studied how Building Performance Simulations (BPS) tools can be used
with Building Information Modeling (BIM) (Hemsath & Timothy, 2014). BPS can be used
for design evaluation. The use of BPS is simplified in in Figure 2a. The design process is
iterative. The model is changed after each simulation, without input from the simulation
results.
Virtual Reality (VR) can be used as a BPS tool to design indoor lighting (Sampaio & Martins,
2014). However, previous research shows that there are difficulties with data interoperability
(Hilfert & König, 2016). That is the integration of VR with BIM. This is illustrated in Figure
2b as an abstract green line. Many studies suggest using the file format IFC to mitigate this
problem (Natephra, et al., 2017; Hilfert & König, 2016).

(a) Example of how BPS tools can be used.
(Wisén, 2019).

(b) The integration with BIM model and BPS
tools is represented as an abstract line.
(Wisén, 2019).

Figure 2. Illustration of the research problem. The problem is that the integration is not well defined, it’s blurry
and abstract. Research suggest using the file format IFC to clarify the integration.

1.4 Research Aims
This thesis aims to:

1. Introduction
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I.
II.
III.

Investigate how the open data exchange format IFC can be used to exchange
information between a BIM model and a game engine.
Develop a prototype system for indoor lighting design.
Test the developed system in a controlled environment.

1.5 Research Question
This thesis should try to answer the following research question:
A.

Can open BIM formats improve the quality of design solutions?

This research question can, in turn, be broken down into four different sub-questions.
(1)
(2)
(3)
(4)

How can VR be integrated with BIM?
How can VR be used for indoor lighting design?
What purpose does VR serve for indoor lighting design?
How can data from VR be used with BIM?

1.6 Assumptions
The author’s assumption is that the file format IFC will allow for high data interoperability
between the BIM model and VR as illustrated in Figure 3. This means that the VR
environment will contain the same data as found in the BIM model. The impediment to this
integration is the knowledge and ability to create such a system. It is believed that the author
has this knowledge and will, therefore, succeed in Aim II. Another assumption is that VR will
be beneficial for lighting design. The author believes that VR can allow for high immersion
and render photorealism. It’s believed that this can aid design decision. Finally, it’s believed
that the changes done in VR will be stored in IFC. In other words, the BIM model will be
automatically updated.

Figure 3. Assumption of how IFC will solve data interoperability. Instead of an abstract line, IFC will serve as
the link between the BIM model and VR simulation (Wisén, 2019).

1.7 Limitation
This study is limited to the field of AEC with a strong emphasis on data interoperability. The
use of VR is also restricted to indoor lighting design. Besides, this thesis is limited to a
specific set of software and tools. These are introduced in Chapter 4.

1. Introduction
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1.8 Disposition
Since this is a multidisciplinary thesis, some theories, terms, and definitions will be very
domain specific. Therefore, to ease the reader's understanding, each chapter will be divided
into sub-chapters depending on the domain. Each domain contains different sub-domains that
are listed as bullets. The three domains, or disciplines, of interest, are:
A. Architectural Design and Construction Project Management
- Multidisciplinary Design Processes
- Indoor Lighting Design
B. Data Interoperability
- Building Information Modeling
C. Virtual Reality
- Game Development
- Computer Science
The text is written in such a manner that newcomers will have a short introduction to each
topic. However, since this thesis covers a specific and technical area, all three disciplines will
overlap at some point. More in-depth explanations are found in the appendices.
Chapter 1 - Introduction
The first chapter introduces the
background to the research problem. This
chapter also presents the aim, the research
question, and the disposition of the text.
Chapter 2 - Method
This chapter explains and motivates the
methods used in this thesis.
Chapter 3 - Literature Review
The third chapter will cover how previous
research has gathered information
regarding these topics. Also, the results
from these studies will be presented.

1. Introduction

Chapter 4 - Theoretical Framework
This chapter introduce some of the terms,
concepts and ideas that will be used
throughout this thesis.
Chapter 5 - Case Study
The fifth chapter shows how the thesis was
carried out in more detail.
Chapter 6 - Results
This chapter will display the results from
the case study.
Chapter 7 - Discussion
The seventh chapter will cover how the
results, in Chapter 6, can be linked to
previous research.
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Chapter 8 - Conclusion
The final chapter will conclude the thesis. The aims and the research questions will be
answered.
1.9 Abbreviations & Acronyms
Abbreviations are presented first in full-length followed by the abbreviation itself in
parentheses. Once the abbreviation is introduced, it will remain mostly throughout the text.
Exceptions can be found in summary (after each chapter). A list of abbreviations used will
follow:
AEC
BIM
BPS
CAD
HMD
IFC
VR
UE4

Architecture, Engineering, and Construction.
Building Information Modeling.
Building Performance Simulation.
Computer Aided Design.
Head Mounted Display.
Industry Foundation Classes.
Virtual Reality.
Unreal Engine 4.

1.10 Basic Concepts
A list of basic concepts will follow. These are concepts, or terms, that are used throughout this
text. They are presented and explained in the main text and/or in the appendices. This list is
useful as a quick reminder.
C++
Candela
Blueprint
Data interoperability
Dynamo
FooBar
Lumen
Lux
Python
Revit
Unreal Engine 4

1. Introduction

A programming language.
How bright something is in a certain angle.
A visual scripting language for UE4.
The ability of two systems to integrate and exchange information.
A Revit-plugin for visual programming.
A placeholder name for the proposed system.
How bright something is in all direction.
The brightness of light as it lands on a surface.
A programming language.
A BIM software by Autodesk.
A game engine by Epic Games.
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2

Method

2.1 Introduction
This chapter will present the methods used during this thesis to answer the research
questions. The sub-chapters will also cover the development of the proposed prototype
system.
2.2 Literature Review
The literature review was conducted by referring to journal articles. Most articles were also
peer-reviewed to ensure the highest quality (Saunders, et al., 2012). It is paramount, for this
type of technical thesis, that the insight into previous research yielded the best results.
Another reason for using academic journal is that the topics are often narrower than other
forms of publication. These articles were found using the library search tool KTH Primo
(KTH Library, 2019). Keywords related to this thesis were used to find articles of high
relevance. Examples of these keywords are BIM, IFC, VR, Lighting Design, Data
Interoperability. All searches were sorted by relevance. Both abbreviations and full-length
phrases where used as keywords to include articles which used any of these. Shown below is a
table with search results using different keywords and filters.
Table 1. List of keywords and results from KTH Primo.
Keywords
BIM
BIM
BIM
Building Information Modeling
Building Information Modeling
Building Information Modeling

Filters
N/A
Material Type: Article
Material Type: Article; Years: 2015-2019
N/A
Material Type: Article
Material Type: Article; Years: 2015-2019

Results
61 642
47 284
16 898
769 195
608 637
212 475

In some cases, due to limit results, no geographical restrictions were made. Articles from
North America, Europe and East-Asia were used to fill in the gap of missing information.
Because of this, multiple different journals were used. One noticeable problem is that not all
articles are available via KTH Primo. Some articles of importance might have been left out.
2.3 Theoretical Framework
The goal of the theoretical framework is to present theories and concepts that might be new to
the reader. In addition to peer-reviewed articles, in some instances, information about
software was obtained from the associated company. This was because the company were the
only source of information. In other cases, books were used to describe broader and more
accepted topics.
2.4 Research Design
According to Saunders et. al. (2012), research philosophy is an essential part of science. It
refers to one’s assumptions, beliefs and way of thinking in regard to science. There are three
types research assumptions: Ontology, Epistemology, and Axiology.

2. Method
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Ontology shapes the researcher’s view way of study (Saunders, et al., 2012). One’s
ontological assumptions determines how one sees the world and thus affecting what to
research. Epistemological assumptions further elaborate researches ways of understanding
and tries to explain how we know what we know. In essence, what is valid and legitimate
knowledge (Burrell & Morgan, 1979). These assumptions are about what forms of knowledge
can be obtained. Furthermore, it allows for reasonings on what “true” or “false”. Axiology
refers to how one deals with values and believes, both internal and with external with research
participants. As Saunders, et. al. (2012, p. 127) mentions, your values determine how you
choose to collect data.
The three sets of assumptions have according to (Burrell & Morgan, 1979), direct
implications of a methodical nature. In short, one can have a subjectivist or objectivist
approach to science. Objectivism treats the world as if it were an external reality.
Subjectivism instead emphasizes subjective experience of individuals. The author has an
epistemology assumption and subjective viewpoint. Furthermore, the author has a positivistic
research philosophy.
This thesis is therefore an explanatory case study using a deductive research approach.
According to Yin (2014), a case study is a detailed investigation into a topic. In general, the
case itself reflects a real-world phenomenon. The case study itself is covered in detail in
Chapter 5. Theories found in Chapter 3 are tested to see if there are applicable in the case. The
results from the case study will be used to build and verify the research question, Can open
BIM formats improve the quality of design solutions?
2.5 Development of the Prototype System
This thesis will present a prototype system simply called FooBar. The name is a placeholder
(Eastlake, et al., 2001). In other words, the name of this system is not relevant to this thesis.
To obtain Aim I, the proposed system will heavily rely on the works of Natephra et al (2017).
This is because they have already proven that such a system can be built.
For the VR user to visualize the proposed design, interdisciplinary mechanics need to be
configured. This was covered in Chapter 3.2 and 3.3 and FooBar includes data
interoperability between two different systems - a BIM software and a game engine. Within
each system, several steps are carried out as depicted in Figure 4.

Figure 4. Overview of the prototype system (Wisén, 2019)..
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Since Natephra et al (2017), have already concluded that their system allows design
stakeholders to better perceive and optimize lighting conditions, there’s no need to redo that
part. Instead, this thesis will focus on data exchange and interoperability. A detailed process
of Natephra et al (2017) proposed system, BLDF, is found in the appendix (Figure 49).
2.5.1

BIM software and game engine [B]

Revit Architecture 2019 was used as the primary BIM software. Revit was used partly
because it’s a well-known application for BIM (Sacks, et al., 2018). In addition, the author
has about six years of experience with the software. Revit is also free to use for students
which is beneficial for further research (Autodesk, 2019c).
Unreal Engine 4 (UE4) was used as the game engine of choice. The choice of game engines,
for this thesis, came down to Unity or Unreal Engine (Andrade, 2015). Both game engines are
free to use and are supported on the same platforms. The difference is that Unity used C# as a
scripting language, whereas Unreal Engine uses C++ (Andrade, 2015). Unreal Engine was
used since the author is more familiar with C++.
2.5.2

IFC and the Datasmith Toolkit [B]

During initial testing, it occurred that IFC was poorly supported by the game engine (Hobson,
2015). There are limited tools for working with native IFC files in game engines in general
(IfcOpenShell, 2019). Natephra et al (2017), used a third software to bypass these restrictions
as illustrated in Figure 7.
For this thesis, a newly introduced workflow toolkit called Datasmith was used (Pimentel,
2017). Datasmith is toolkit still under development and is aimed for usages outside the
gaming industry (Epic Games, 2019c). This means that multiple CAD 4 software is supported.
When working in Revit, the toolkit exports the model as a “udatasmith” file. To clarify, UE4
doesn’t natively support IFC files. Instead, the Revit model is converted to a Datasmith file by
using the “Datasmith Export Plugin”. The output from this plugin, the “udatasmith” file, is
then used within UE4. Other CAD software might have different workflows as indicated by
Figure 5.

4

N.B. Not BIM
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Figure 5. The Datasmith workflow. Amended from Epic Games (2019c).

2.6 Summary
In summary, a prototype system has been developed based on the works of Natephra et al
(2017). This system is then used for indoor lighting design in a Virtua Reality (VR)
environment. The major difference is that this proposed system doesn’t use a third software,
instead, the data exchange is done via the toolkit Datasmith.
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3

Literature Review

3.1 Introduction
This study covers multidisciplinary topics. This chapter will, therefore, include a
methodological review where the aim is to provide knowledge of some of the methods used
within these disciplines.
3.2 Multidisciplinary design processes [A]
Multidisciplinary design problems are often found within AEC projects (Haymaker, et al.,
2005). To find solutions to these problems, each actor needs to incorporate its specific
knowledge to the project. Haymaker et al. (2005) have gathered results from different case
studies within the AEC industry. They have found that these multidisciplinary processes (of
solving design problems) are challenging to cope with due to ad hoc collaboration. In
laymen’s terms, an engineer and an architect might bring different solutions to the table on the
same design problem. If - or rather when - these differences occur, the actors need to
interrelate with each other.
Gero claims (1990) that designing, by its very nature, is distinguishable from the engineering
and construction domain. Instead, a design process is often explorative. However, the
exploration is often bound by constraints and decisions determined by the project. The
multidisciplinary design processes can thus, in most instances, be characterized as goal
oriented. It is therefore paramount for actors to be able to define, propose, and analyze
different design alternatives to reach the design goals (Haymaker, et al., 2005). According to
Haymaker et al. (2005), workers struggle to communicate their design in all the
aforementioned stages.
3.3 Performance-and-simulation tools [A]
To cope with multidisciplinary design processes, performance-driven design can be of used in
a project (Shi & Yang, 2013). In short, this method optimizes selectable factors of a building.
For example, when working with green building standards, the designers could allow for
ecological performances of the building to be highlighted. Green building certification such as
the Building Research Establishment Environmental Assessment Method (BREEAM) and
Leadership in Energy and Environmental Design (LEED) have criteria that need to be
fulfilled (Altomonte, et al., 2017). So-called performance-driven designs can allow for
scientific analyses to be used in the design process (Shi & Yang, 2013). Figure 6 shows the
workflow of a performance-driven design. The project has a design model that undergoes
simulation. From the simulation results, a design decision is made using the “Design
objectives” (the goals of the design) as a foundation. If the design is not approved, corrections
to the current model are made and the simulation is done once again. This process
(performance-driven design) is repeated until the design objectives are met.
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Figure 6. An example of a performance-driven workflow. Amended from Shi and Yang (2013, p. 127).

However, there are several technical barriers with current BPS tools (Alsaadani & Bleil De
Souza, 2016). These tools rely heavily upon building physics. If designers doens’t have
enough knowledge of this, the purpose of BPS is rendered useless. In such a scenario, the tool
is not used to its full potential (Attia & De Herde, 2011).
3.4 Building Information Modeling [B]
Within the AEC industries, BIM tools are being used more frequently for indoor lighting
design. Light simulations plugins for BIM software allows users to examine different design
options (Aksamija & Mallasi, 2010). Such plugins can be either internal or external. The
difference being that internal plugins are integrated into the software of choice, whereas
external plugins require the exchange of data across different platforms (Nasyrov, et al.,
2014). Regardless of which type of plugin to use, both types serve to perform simulations and
visualizations for indoor lighting design. Previous research has gathered both quantitative and
qualitative data using both types of plugins (Sorger, et al., 2016; Özener, et al., 2010; Yan, et
al., 2013; Kota, et al., 2014). The quantitative results have been numbers such as lumen 5
while qualitative data reflects the aesthetics of the design. Sorger, et al. (2016) argues that the
qualitative results are problematic to quantify within the research area of light design.
3.5 Game Engine & Virtual Reality [C]
A game engine is used to power the graphics, physics, AI, networking, and scripting of a
game (Eberly, 2006). Integrating computer gaming with BIM can create an interactive
environment (Figueres-Munoz & Merschbrock, 2015). Previous studies have shown many
methods of using game engines to integrate VR with BIM for different purposes (Shiratuddin
& Thabet, 2011; Wu, 2015; Goedert, et al., 2011; Niu, et al., 2015; Jalaei & Jrade, 2014;
Bille, et al., 2014; Yan, et al., 2011; Hosokawa, et al., 2016; Motamedi, et al., 2017).
However, all have in common that they lack methods for fully integrating these systems.
Specifically, the exchange of information is not done internally within the BIM software.
Even though VR allows the user to be immersed within a virtual world, there are differences
compared to the real world. Wästberg & Billger (2006) have observed and compared virtual

5

Lumen will be discussed later.
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against real-world experiences. Furthermore, Souha et al. (2005) have tested two important
properties of VR; immersion and interaction. Additional studies have used Head Mounted
Displays (HMD), instead of using a computer screen, to enhance the immersion (Ciribini, et
al., 2015; Scarfe & Glennerster, 2015). These studies show the possibility for users to
perceive the physical appearance of light. In conclusion, VR with the use of HMDs can assist
users to determine which lighting design is most suitable for them.
3.6 Summary
The method used by Natephra et al. (2017) for determining indoor lighting design tries to fill
in the gap that previous research has left behind. More precisely, they have tried to gather
both qualitative and quantitative data using a game engine with the addition of HMD in a VR
environment. The prototype system that Natephra et al. (2017) has built is external. They use
Autodesk Revit (shown in Figure 7) as their BIM software. The BIM software exports the
properties of the scene in a so-called FBX file (see Figure 7). The file is then used in the
software Autodesk 3ds Max as preparation for the game engine (Epic Unreal Engine). Once
the necessary preparations are done, the modified FBX file is imported to Epic Unreal Engine
(see Figure 7). The problem in this scenario is that information is only being exchanged in one
way (left to right in the picture below). There’s no efficient way to send the information back
to the BIM software.

Figure 7. How the BIM model can be transferred to the game engine. Amended from Natephra, et al. (2017).
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4

Theoretical Framework

4.1 Introduction
This chapter will cover the concepts and theories used in this thesis. It should be noted that
each sub-chapter merely serve as an introduction. Topics more in line with architecture,
engineering, and construction will be covered in more detail, and vice versa. Most noteworthy
are the theories regarding Virtual Reality (VR). VR will only be covered briefly since is more
related to the study of Computer Science. More information can be found in Appendix A.
4.2 Indoor Lighting Design [A]
According to R. Kilmer and W. Kilmer (2014), light for indoor use is paramount for human
activities. A designer can combine both natural (i.e. the sun) and artificial light to achieve this
need. Good lighting design is also fundamental for human’s physical and mental health. For
example, it is vital for humans to distinguish between day and night. This separation is more
noticeable and important during the winter (Tregenza & Wilson, 2011). Pile (1988) mentions
that light can control how humans interpret spaces and surroundings.
Indoor lighting design is about creating a contrast between lightness and darkness (Sully,
2015). Surfaces, or objects, are often illuminated whereas the surrounding area becomes
shaded. This difference creates two different district areas. There are international standards
that specify the level of illuminance to facilitate human visual comfort (Deru, et al., 2005).
However, according to Tregenza and Wilson (2011), the experience of light can also be
expressed as feelings. They argue that it is paramount to consider people’s reactions to the
light when constructing buildings. For example, a user might voice complaint such as “It’s
too exposed, not enough privacy” (Tregenza & Wilson, 2011, p. 4). Tregenza and Wilson
(2011) claim that these types of complains often indicate factors on which to improve upon. It
is therefore paramount to understand that light design is more than a quantity of illumination.
Indoor lighting design is also about gathering qualitative data.
4.2.1

Different purposes of indoor lights [A]

According to Sully (2015), indoor lighting can serve multiple purposes such as:
-

Ambiance light
Task-specific light
Decorative light
Illumination of objects

A list of examples highlighting these purposes can be found in Chapter 10.2.1.
4.3 Photometrics [A]
This sub-chapter will focus on some of the fundamentals of photometry. Photometry is the
measurement of emission of energy (Wyszecki, et al., 1983). The terms of interest for this
thesis are; Intensity, Luminous flux, Illuminance, and Luminance. In a more everyday
context, their associated units are of interest. The table below clarifies the difference between
each quantity.
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Table 2. Summary of photometry quantities.
Quantity
Intensity

Candela

Unit
cd

Symbol

Luminous flux

Lumen

Illuminance

Lux

Luminance

Candela per square meter

lm
(= cd × sr)
lx
(= lm/m2)
cd/m2

Note
How bright something is in a certain
angle
How bright something is in all direction
The brightness of light as it lands on a
surface
The brightness of light as it bounces of a
surface

To clarify the difference between each photometry quantity, a simple illustration will follow.
In Figure 8, the yellow light indicates the visible light that each unit measures. A more
consistent explanation of each quantity can be found in Appendix A (Chapter 10.3).

Intensity, Candela

Luminous flux, Lumen

Illuminance, Lux

Luminance, Candela / m2

Figure 8. Visual summary of photometry quantities (Wisén, 2019).
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4.4 Data Interoperability [B]
Interoperability, as defined by The Institute of Electrical and Electronics Engineers (IEEE), is;
“The ability of two or more systems or components to exchange information and to use the information that has
been exchanged”
(IEEE, 1991, p. 114 [610.12]).

However, the term “interoperability” is used at will throughout different fields of studies
(Pagano, et al., 2013). Interoperability can occur on three different levels; "Organizational,
Semantic, and Technical (Pagano, et al., 2013). Organizational interoperability might be
business goals and processes within a company. A digital resource is semantic
interoperability. Finally, technical interoperability is the technology systems that are being
used as information channels – which this thesis has focused on.
In addition, the words “exchange”, “integration”, “interoperability” is used interchangeably
which adds to the confusion (Pagano, et al., 2013). Data exchange is taking data from a given
source and copying onto a target source. Thus, the target is a mirror of the source data
(Kolaitis, 2005, p. 61). Data integration is combining different sets of data to a single
structured schema (Halevy, et al., 2006). Finally, data interoperability is, essentially, using
data integration and data exchange in the same system (or software). For the sake of
simplicity6, data interoperability can be defined as; The ability of two systems to integrate and
exchange information.
4.5 Building Information Modeling [B]
According to Eastman et al. (2011), Building Information Modelling (BIM) is
“A modelling technology and associated set of processes to produce, communicate, and analyze building
models”.
(Eastman, et al., 2011, p. 47)

The terms Modeling and Model are often used interchangeably (Sacks, et al., 2018). However,
a BIM process (from the definition above) will generate a BIM model. According to Sacks et
al. (2018), it’s important to understand what these BIM models are composed of. A BIM
model contains its very own sets of building components – such as walls, ceilings, and doors.
Each object (which represents a building component) contains data associated with that
particular building component. For example, a “window object” might have data about the
manufacturer, material, and thermal properties.
4.5.1

BIM Software [B]

Autodesk Revit, or simply Revit, is a BIM software created by Autodesk (Eastman, et al.,
2011). Revit is used within fields of AEC and also Mechanical, Electrical and Plumbing

6

The difference between “data interoperability” and “metadata interoperability” was not covered by this thesis.
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(Autodesk, 2019a). There are many different BIM applications on the market (Eastman, et al.,
2011). The problem with data interoperability is present when using different BIM software
from different manufacturers. Each software defines the BIM models in different ways. Revit,
as shown in Figure 9, has a certain way to express each object in the model whereas another
software might have an entirely different way. In Figure 9, each object (instance) belongs to a
Category, Family, and Type. There’s s a hierarchy between these sets. These sets are predefined by the software and are not easily changed.
4.5.2

Industry Foundation Classes, IFC [B]

To mitigate the lack of data interoperability, a so-called open standard to BIM is in
development. BuildingSMART has created an open object-based exchange file format called
Industry Foundation Classes (IFC) (Nisbet & Dinesen, 2010). The word “open” refers to the
IFC being:
“A free file format is a file format that is both (1) published so that anyone can read and study it in its entirety
and (2) not encumbered by any copyrights, patents, trademarks or other restrictions so that anyone may use it at
no monetary cost for any desired purpose”
(The Linux Information Project, 2007).

It should be noted that not every single BIM software fully supports IFC (Eastman, et al.,
2011). However, according to Nisbet & Dinesen (2010), IFC offers great potential for data
exchange. They argue that it should be used as a common denominator for software to use in
the future.

Figure 9. Illustration of the hierarchy in Revit. Seven instances of the type “Round Columns 600mm”.
Amended from Autodesk (2019b).

4. Theoretical Framework

16

4.6 Virtual Reality [C]
Virtual Reality (VR) is using computers to simulate a virtual world (Arnaldi, et al., 2018).
Furthermore, VR is also defined as the ability for the user(s) to perform real-life tasks in this
virtual world. The two properties, immersion (perception) and interaction (action), are vital
for both statements (Souha, et al., 2005). Within the field of AEC, immersion can be
explained as “How real does the building look like?”. In other words, how does the user
perceive the simulated reality. The second component of VR, interaction, serve as a link
between the user and the system. This interaction can, for example, occur with a mouse,
controller or joystick (Arnaldi, et al., 2018). Interaction is what differentiates VR from other
media. For example, movies may offer a high immersion, i.e. it might look real. However,
movies lack any form of interaction.
4.6.1

Game Engine [C]

As mentioned in Chapter 3.5, a game engine is used to power VR. Since VR is intended for
video games, the same tools that are used for video games also used for VR. Unreal Engine 4,
hereby denoted as UE4, is a set of game development tools created by Epic Games (Epic
Games, 2019a). These tools are often referred to as a Software Development Kit, SDK, or
devkit (Shamsee, et al., 2015). Included in these tools is the so-called game engine, which is
of interest for this thesis. UE4 runs on both Windows and Mac (Epic Games, 2019b).
4.6.2

Head Mounted Display [C]

A Head Mounted Display (HMD) is a device for use with VR (Arnaldi, et al., 2018). The
HMD has two displays, one for each eye. This is illustrated in Figure 52 (found in the
appendix). The HMD is worn on the head and is often referred to as a VR headset 7. HMDs
are used to further immerse the user to increase the perception. Since the outside world is
blocked out by the VR headset, the user only sees the VR world.
Oculus Rift is a HMD (see Figure 53a) developed by Oculus VR (Lang, 2019). It features two
motion controllers (Figure 53b) that are tracked by two sensors (Figure 53c). These
controllers represent, in most scenarios, the players left and right hand (Lang, 2019). In
addition, each controller has mappable buttons – so they can function however the developer
intended them to. One usage of the controller is allowing the user to navigate in the virtual
environment.
4.7 Sustainability
Sustainability is defined as the interconnection of economic, social, and environmental
development (United States Environmental Protection Agency, 2015). United Nations (UN)
defines sustainability as:

7

In Swedish, the term ”VR-glasögon” can be used to describe the headset.

4. Theoretical Framework

17

“Sustainable development in its economic, social and environmental aspects constitutes a key element of the
overarching framework of United Nations activities.”
(United Nations, 2005, p. 1)

United Nations have created Sustainable Development Goals or SDGs following this
definition (United Nations, 2015a). UN are devoted to achieving sustainable development by
balancing and integrating these three aspects (United Nations, 2015b). The 11th Sustainable
Development Goals is:
“Make cities and human settlements inclusive, safe, resilient and sustainable.”
(United Nations, 2015b, p. 24).

4.8 Summary
Indoor lighting design is paramount for humans (Kilmer & Kilmer, 2014). Indoor lights can
serve many different purposes (Sully, 2015). The science of how bright the lights are is called
photometry (Wyszecki, et al., 1983).
Data interoperability is the ability of two systems to integrate and exchange information. As
stated by Research Question (1), the two systems of interest are BIM and VR. Autodesk Revit
is a BIM software (Eastman, et al., 2011). Revit supports the file format Industry Foundation
Classes, IFC. This file format can store the photometric properties of each light found in the
model. These properties can be easily be exchanged – exported and be used in other software
– by using IFC (Nisbet & Dinesen, 2010). A game engine is a software used to power a Head
Mounted Display (HMD), simply called a VR headset. By using a VR headset, users can enter
a virtual world. The user can interact with that world using two motion controllers.
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5

Case Study

5.1 Introduction
This chapter covers the case study in detail. The focus is to present and explain each step of
the process. The case study was used to generate the results which will be presented in
Chapter 6.
5.2 The Prototype System
The steps of the prototype system, FooBar, can be simplified into four major steps as
portrayed in Figure 10.
1) Export the Model from the BIM Software
The building is modeled in Revit, the BIM software. Once the model is done and the light
fixtures are placed and configured properly, the model is then exported. This export process is
done using the Datasmith toolkit (mentioned in Chapter 2.5.1). With this toolkit, a new file –
separate from the BIM file – is created. This file, Datasmith File, is a representation of the
BIM model but embodied in a different file format. The format contains the model as well as
the photometric properties that are of interest in this thesis.
2) Import the Model to the Game Engine
The Datasmith file is then imported into UE4, the game engine. Once the file has been
imported, it is stored as an asset in the game project. The asset is then placed into a
(preferably empty) level. The game engine is then prepared for Virtual Reality. Once all of the
preparations are done, the design is done in VR. The user manipulates the lights to his or her
liking.
3) Export Changes from the Game Engine
Once the user is satisfied with a design, the new design is exported from the game engine. The
changes are exported into a custom created file. This file contains the necessary changes that
need to be made. In simple terms, the file tells the BIM software which objects to change (and
how). For example: “Move Light A 200 units along the X-axis”, “Rotate Light B 90 degrees”,
“Reduce the brightness of Light C by 60 units”.
4) Update the Original Model
The final step is to match the original model with the one in the game engine. The changes,
from step 3, is applied to the BIM model. These changes are done inside the BIM software
using a visual programming process called Dynamo.
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Figure 10. Simplified overview of the prototype system, FooBar (Wisén, 2019).

5.3 The BIM Model
The sample project from Autodesk Revit Architecture 2019 (Figure 11a) was used for the
case study. However, some minor changes were done to the BIM model (hereby referred to as
“the model”). All so-called Rich Photorealistic Contents were removed since these are not 3D
objects per se. Also, the model includes light fixtures from the manufactures; Litecontrol and
Cooper Lighting. These two manufacturers have different ways of setting up the lamps. All
existing (interior) lights were therefore removed. Finally, the area of operation was limited to
include only the “Kitchen & Dining” (Figure 11b).

(a) Site Plan (Wisén, 2019).

(b) Floor Plan (Wisén, 2019).

Figure 11. Site and floor plan of Revit’s Architectural Sample Project.
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5.4 Export from BIM
The final model is exported from Revit using the Datasmith plugin. A selected 3D view is
exported as a Datasmith file. Datasmith assets are stored in the same folder as the Datasmith
file. These assets mostly consist of 3D meshes, textures and material-data.

(a) The kitchen as a 3D shaded model (Wisén, 2019).

(b) The kitchen as Datasmith assets (Wisén, 2019).

Figure 12. Exporting the kitchen from Revit as a Datasmith file.

5.5 Import to VR
In UE4, a new project is created. The project can either be a blank template or from one of the
pre-installed. In this case, the “VR Blueprint Template” was chosen since it already has
support for VR and HMD. When opening the project, it’s important to enable Python (Epic
Games, 2019d). In addition, when working with the VR template, it is paramount to switch to
the correct map 8 depending on the user’s VR device. For this study, all the pre-build geometry
was deleted. Only the default Lighting assets and the “VRPawn” remained in the scene. This
resulted in a completely empty scene but with full VR support. With Datasmith enabled, the
Datasmith file was imported into Unreal. The import settings remained unchanged.
5.6 Using VR
When putting on the HMD, the user is placed into the scene. The scale is 1:1, meaning one
meter in the real world is one meter in VR. The user has two controllers, one in each hand.
These are used to navigate, manipulate objects, and change settings. The user uses his or her
dominant hand to point at an object. By selecting an object (pointing and pressing a trigger),
the user can at that moment open a “details panel”. This panel, as shown in Figure 13 from the
user’s point of view (POV), displays the properties of the selected object. These properties
differ from the properties within Revit since they are engine-related. However, the properties
from Revit can be found as attachments. Some properties are nonetheless shared with both
software. For example, Unreal inherits the light intensities that were defined in Table 4. With

8

I.e. “Content/VirtualRealityBP/Maps/MotionControllerMap”
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a simple gesture – from left to right – the user can change the intensity and see the result(s) in
real time.

(a) Intensity = 0

(b) Intensity >> 0

Figure 13. The details panel from the user’s POV.
The scene is grey-scaled, and the parameter “Intensity” is highlighted in yellow (Wisén, 2019).

The user can use a so-called Global Gizmo to move, rotate, and re-size the selected object.
Once the gizmo is activated, the user simply aligns the yellow line – or pointer – to one of the
three modes. When placing the pointer on an arrow, the object will move along that axis. The
yellow arrow in Figure 14 indicates that the selected object will move along the Z-axis (“up
and down”).

(a) The Global Gizmo from the user’s POV

(b) The Global Gizmo isolated

Figure 14. The details panel from the user’s POV.
The scene is grey-scaled, and the parameter “Intensity” is highlighted in yellow (Wisén, 2019).

5.7 Export from VR
To export the changes, a so-called “Pawn Actor” is used. This actor simply contains the
Blueprint that exports the objects of interest. From Revit, all IDs of each light is stored in a
concatenated string. This string is then used in the Blueprint in “Get All Actors” (see Figure
15). For each light, the blueprints store the ID, Time & Date, Intensity, Location, and Rotation
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in a CSV. This procedure is done twice, first at the beginning and then at the end, when the
user is done making changes. This results in two CSV that can easily be compared. The
difference – or delta – is used to update the BIM model.

Figure 15. The Blueprint that handles exporting (Wisén, 2019).

5.8 Calculate Changes
The changes are calculated using Python. Each CSV file is read and then converted into a
dictionary. The keys for the dictionary are the light’s ID. This result in two dictionaries – one
before and one after – that are going to be compared. Given a key (i.e. ID), if the two values
are not equal (excluding the timestamp), this must mean that there’s a difference to be
calculated. Depending on what value is different – e.g. intensity, position, rotation – the
comparison method will differ. The intensity is as simple as subtracting the intensity.
Equation 1

𝐼𝐼𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 = 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 − 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵

The change in location and rotation are treated as vectors instead. The math behind Equation
2 is identical to Equation 1. However, the programming algorithm differs quite a bit when
dealing with vectors.
Equation 2
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The resulting deltas are stored in an array. The array is converted to a JSON format. JSON, or
JavaScript Object Notation, is a popular data interchange format (JavaScript-Coder.com,
2019). This JSON format is then saved as a new file (denoted as “File C”). Shown below is a
simplified illustration of how this process is done.

5. Case Study

23

Figure 16. The process of calculating changes (Wisén, 2019).

5.9 Import to BIM
The final step – updating the BIM model – is done using Dynamo. Dynamo doesn’t have
built-in support for JSON. However, this can easily be fixed by installing a package, for
example JsonData (Pickmans, 2018). The file from the previous step (denoted as “File C”) is
imported to Dynamo. The file contains JSON objects. These objects are represented as
key/value pairs. Each key is the ID of the building object. Each corresponding value contains
a list. To clarify: The JSON file contains nested values.
Each nested value, or list, contains the changes to the equivalent BIM object. Shown below is
a snippet of the process. This snippet updates the location of each light in the scene. Note that
the location vector contains strings as X, Y, Z-values. That’s why the vectors are first broken
up, and then re-assembled. The update of location is done by translating 9 the existing vector
with the new delta vector.

9

Not language translation. This translation is a geometric transformation of points (x,y,z) in space.
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Figure 17. Dynamo process for updating the location (Wisén, 2019).

5.10 Summary
The case study was performed by performing four major steps. To clarify, FooBar is all these
steps. Within each step, multiple scripts are used to carry out the necessary instructions. These
scripts are also a part of FooBar. A break-down of FooBar (or Figure 10) is shown and
explained below.

a. Export the Model.

b. Import the Model.

c. Export Changes.

d. Update the model.

Figure 18. A break-down of Figure 10 (Wisén, 2019).

The case study used the sample project from Autodesk Revit. Some minor changes were done
to the BIM model. The (BIM) model was then exported to a new file (Figure 18a). This file
was then imported to VR (Figure 18b).
The user can at this stage use the VR headset and motion controllers to manipulate and edit
objects (including lights). The basic changes are moving, rotating and resizing objects. The
brightness of each light can be adjusted to suit the needs of the designer. For this case study,
the lights were moved and rotated. In addition, the brightness of each light was changed.
The third step was exporting the changes done to the model (Figure 18c). Note that the model
(from VR) is not exported – only the changes done to the said model. These changes are
stored in a custom file format. The file is imported into the BIM software (Figure 18d). A
separate script updates the original model to reflect these changes (Figure 18d).
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6

Results

6.1 Introduction
This section will cover the findings from the case study (as described in Chapter 5). Each subchapter will cover different topics of interest. At the end, a general summary will follow.
6.2 Architectural Design and Construction Project Management [A]
6.2.1 Multidisciplinary Design Processes [A]
The proposed prototype system, FooBar, gives users an immersive and interactive way of
solving design problems for indoor lighting design. The design process itself is fast and
iterative. New designs ideas can be shown in real time using the game engine and the set of
tools built for this study. It can give designers a holistic overview of the planned design.
Another finding from the case study is that the system is not limited to designers only. FooBar
can also allow co-workers, owners, and stakeholders to see the intended design. The system
and the design processes are not either limited to a single user. Instead, multiple users can use
the system, albeit one at the time. Therefore, design assessments from separate individuals
can be done. The result is that all the design actors in the project have qualitative data to base
their discussion around. Instead of describing the design with words, users can simply
immerse themselves into the virtual environment and see the design for themselves. The
outcome is that no doubts can occur - no description is left to the user’s imagination - since all
users see the same design.
6.2.2

Indoor Lighting Design [A]

FooBar is purposely built to allow for indoor lighting design. The results are therefore not of
any surprise. The user can move, rotate, and re-size any light to his or her lighting. Figure 19
illustrates the results moving and rotating a decorative light has in a dark environment.

(a) Original position.

(b) The light has moved.

(c) The light has rotated.

Figure 19. How a decorative light can change position and rotation (Wisén, 2019).

The user can also change the intensity of lights. Shown below is a scene with five different
light intensity.
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Figure 20. How different intensities (Candela) shape the environment (Wisén, 2019).

Another key finding is that building materials have a huge impact of the lighting design. The
material on large surfaces, such as walls and floors, can have an enormous impact. For
example, light interacts differently with wood, stone, and fabric. Another difference is the
color of the building material. Darker color doesn’t reflect light as much as lighter colors
does. Shown below is an office setting (not from the case study) with the same lighting. The
difference is the material of the walls, floor, and ceiling. z

Design A.

Design B.

Design C.

Figure 21. Three different designs. All have the same lighting. The only difference is the choice of material
(Wisén, 2019).

6.3 Data Interoperability [B]
The exchange of data can be summarized in Figure 22. During initial testing, it was found that
the file format IFC was not supported during the whole process. Therefore, one major finding
is that the VR didn’t natively support IFC files. More preciously, the game engine used to
power VR, Unreal Engine 4, doesn’t have native support for IFC files.
However, this problem could be solved by first opening the IFC file in the BIM software
Revit. From Revit, the model was exported as the file format Datasmith. Despite the lack of
native IFC support, most IFC properties were properly exchanged using Datasmith. Still, it
cannot be concluded that all IFC properties will be transferred – since this was not tested.
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Figure 22. Illustration of the data interoperability (Wisén, 2019).

The second major finding was that the two software (Revit & UE4) had different ways to
define rotation. When using Dynamo, Revit could only rotate objects along a single plane. In
other words, objects could only be rotated in a 2D-view. UE4 on the other hand fully supports
rotation along the three major axes; Roll, Pitch, Yaw or X, Y, Z, respectively. Therefore, only
rotation along the yaw axe is of interest. However, this is where another problem occurs.
Revit uses absolute coordinates ranging from 0 to 360 degrees. UE4 supports both absolute
and relative coordinates. When working with absolute degrees, the range is divided into two
parts; 0 to 180, and -180 to -360 – effectively mirroring the rotation. Figure 23 illustrates this
difference, and problem, more clearly.

Figure 23. The difference in rotation between each software. Amended from Gustavb (2006).

6.4 Virtual Reality [C]
The system also allows for photorealistic views from a virtual camera to be rendered. In this
scenario, the VR headset is not needed. This means that still images can be exported and
handed over to clients or stakeholders that don’t have access to the VR equipment. Similar
features found in cameras can be simulated in the system. Shown in Figure 17 is the same
scene but with two different focus distances. These features can be used in Architectural
Visualization to highlight certain design decisions.
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(a) Focus distance ~0.8m.

(b) Focus distance ~8.2m.

Figure 24. Simulation of a full-frame DSLR (Wisén, 2019).

Another result is the ability to render different decorative light fixtures. The system can show
how different floor-lamps will affect the design. Not only the light itself, but also the overall
aesthetics.

Figure 25. Different decorative lights (Wisén, 2019).

The controllers (one in each hand) adds an extra layer of interaction. The user has great ways
to manipulate, move, rotate, re-size, etc. the object(s) until their heart's content.

Figure 26. Radial Menu in VR. The menu is linked to the user’s non-dominant hand (Wisén, 2019).
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6.5 Summary
FooBar, the proposed system, is still in early development. However, from the case study, it
can be concluded that it works for indoor lighting design. It allows for a high-level of
immersion of a virtual world. Within this virtual reality, fast design decision can be made.
However, the main drawback is that the system doesn’t support the file format IFC during the
whole process. This is illustrated in Figure 27. Instead, two different file formats are needed.
However, changes are done to the original IFC file. This means that the IFC file can be used
in the project. In essence, no data is lost from the IFC file.

Figure 27. How the file format IFC is used in FooBar (Wisén, 2019).
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7

Discussion

7.1 Introduction
This chapter will be covering how the findings in Chapter 6 are related to the previous
research mentioned in Chapter 3.
7.2 Multidisciplinary Design Processes [A]
The proposed system can help with multidisciplinary design collaboration. This ties back to
what Haymaker et al. (2005) concluded. According to them, improved communication during
multidisciplinary design processes will improve the quality of the design solutions. FooBar
can allow for Engineers and Architects to work more effectively. This is done by “translating”
terms, nomenclature, units, etc., from one profession to another. In more explicit terms, the
system can, for example, convert the luminous intensities (found in the BIM software) to
rendered images (viewed in the HMD). The system can translate quantitative data into
qualitative data, and then back to quantitative data. This “translation” is illustrated in Figure
10.
In addition, multiple design proposals can be saved and re-imported to the BIM-software.
This allows users in the project to easily define, propose and analyze different design
alternatives. As Haymaker et al. (2005) pointed out, this can be used to compare different
design ideas and make faster decisions. The system also allows people, both designers and
stakeholders, to voice complains early in the design process. This, in turn, is essential as
Tregenza and Wilson (2011) mentioned. Their discussion can be based on rendered images
(from the VR) instead of relying on the words of the designer.
However, the system doesn’t gather any quantitative results as of now. This is something to
be improved upon. As previous research has shown, such numbers can be of huge importance
(Natephra, et al., 2017). These numbers become even more valuable when the building is
aiming for a green building certification as Altomonte et al. (2017) states. Other visualization
can be of aid, for example, False Colors as Natephra et al. (2017) have in their system.
7.3 Data Interoperability [B]
This system shows, which previous research has failed to show, better integration of BIM
software with game engines. For example, Motamedi et al. (2017) BIM model lost details
during the export. FooBar, on the other hand, remains all geometry and IFC properties. This is
because of the Datasmith file format which allows for this kind of data exchange.
7.4 Virtual Reality [C]
Like Aksamija and Mallasi (2010) concluded, this system also allows individuals to examine
different design options. However, the two properties of VR, immersion (perception) and
interaction (action), that Souha et al. (2005) studied have not been fully tested. Since the case
study was not performed by a third party, it’s hard to draw any conclusion on how good
immersion or interaction the system allows for.
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From a strict Computer Science perspective, there are lots of improvements to be done. Since
this is outside the scope of this thesis, only a short remark will be done. It’s tedious to have
four different languages working in two different software. This is something that could be
improved upon. There’s also a problem with the required technical know-how. As of now, it’s
unlikely that the system would make sense outside the hands of the author. More development
to make the system easier to build and maintain should be needed. Even though the code is
open source and available on GitHub, there is a lack of any proper documentation.
7.5 Sustainability
It’s complicated to discusses sustainability with the prototype system as is. In addition, it’s
hard to compare FooBar with the SDGs of United Nations (2015b). FooBar is simply
instructions for a computer. Therefore, the discussion will be based on the potential future
uses of FooBar.
A technology, such as FooBar, can aid with the sustainable development of buildings.
Primarily, when trying to meet green building certifications. Energy simulations could be
used to improve the environmental footprint. Users can run multiple energy simulations to
find the best alternative. Using FooBar could reduce the energy demand of a building.
As Kilmer and Kilmer (2014) mentions, good indoor lighting is important for human
activities. FooBar can allow designers to build better solutions to facilitate human comfort.
For example, dark and unpleasant places could be lit up. A tunnel or alley is safer if these
places are illuminated properly. With FooBar, these design ideas could be visualized easily. In
addition, the cost of these visualizations is relatively cheap. Once this system is in place, no
additional cost is required. Municipalities or landlords can with ease create design alternatives
to improve the aforementioned scenarios. The social benefits of such design solutions are hard
to discuss. However, to be able to visualize design solutions that allow for safer environments
must have some sort of benefit.
7.6 Ethics
Since no interviews were held, few ethical considerations were needed. In explicit term, this
thesis demonstrate compliance with the General Data Protection Regulation (GDPR). This is
because no personal data has been gathered or stored during the making of this thesis.
Furthermore, no personal data is stored within FooBar.
However, what can be discussed is the use of the source code. The code is licensed under the
“GNU General Public License v3.0”. This means that anyone can use this code for
commercial use, modification, distribution, patent use and private use. This include further
research. Future researchers are free to use FooBar for any purpose, modify FooBar to their
needs and share these changes. The code is licensed to give clear indication on how to use the
code. Also, by using a license, nobody is restricted to use the code (or software). In addition,
all programming code originating from someone else has been recognized. These sources are
credited in the code as comments.
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7.7 Limitations
This thesis has some limitations. First, no pilot or pre-study was made. This was due to
limited time and resources. The delivery of the head mounted display (HMD) was delayed
due to long delivery times. Because of this, it was hard to investigate the effects of VR at an
early stage. Another limitation was that all code for FooBar had to be written from the ground
up. This took longer than expected. Again, since FooBar is still in early development, it was
hard to conclude if FooBar was feasible for the main study.
The proposed method of transferring information might be another limitation. FooBar can be
summarized into four major steps. This is again illustrated in the figure below. Perhaps there
are other ways to cope with data interoperability. I.e. another way to exchange the
information. Maybe another method would have yielded different results, for example higher
data interoperability.

Figure 28. Simplified overview of FooBar (Wisén, 2019).

Yet another limitation is the method. The results might have been different if the prototype
system, FooBar, was tested in a real-life scenario. Also, with such a scenario, the research
question might have been better answered. An idea at the beginning of this thesis was to cover
a real-life building. This idea would use actual IFC-files used in the construction. Since the
building is built, a comparison between VR and the built environment could have occurred.
Another idea would to invite different lighting designers and allow them to use these tools.
Each designer would then come up with their lighting design proposal. From these fictional
proposals, a winner would be chosen and implemented into the final BIM model. However,
due to limited time, none of these ideas were realized.
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8

Conclusion

8.1 Introduction
This chapter will summarize the outcomes of the report by linking back to the aims and
research questions stated in the beginning.
8.2

Aims
Aim I: Investigate how the open data exchange format IFC can be used to exchange
information between a BIM software and a game engine.

The file format IFC is not supported throughout the whole process. As shown in Figure 29,
IFC is only used at the beginning and in the end. However, the importance of this can be
discussed. Since the proposed prototype system is written in a certain way, using IFC in the
whole processes is not necessary. To clarify, FooBar is only calculating changes to the
original IFC file. The changes are then applied to said file. In essence, FooBar doesn’t care
which file formats are used within the VR setting. With this said, FooBar doesn’t have high
data interoperability. In addition, the way information is exchanged isn’t governed by a
standardized schema. Therefore, FooBar might be very hard to use in other scenarios. Much
of the information found in the original IFC file is present in the Datasmith file. The game
engine, Unreal, can view some IFC properties.

Figure 29. Simplified illustration of Figure 22 (Wisén, 2019).

Aim II: Develop a prototype system for indoor lighting design.
FooBar offers an alternative way to design indoor lights. The prototype system uses VR
which allows the user to have a high immersion. In addition, the user can interact with the VR
environment in a great manner.
Aim III: Test the developed system in a controlled environment
The system was tested using the case study. This is a highly controlled environment. However, it
doesn’t mirror the real world. Therefore, it’s recommended to test this system in a real-world
scenario.
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8.3

Research Question
Research Question (1): How can VR be integrated with BIM?
-

This thesis has shown how VR can be integrated with BIM by presenting a prototype
system called FooBar.
The author has not been able to integrate VR into BIM as a single software/package.
Instead, a game engine is required to run VR.
The file format IFC is not supported throughout the whole process.

Research Question (2): How can VR be used for indoor lighting design?
-

VR can be used to enter the BIM model in a virtual environment.
In this environment, a user can manipulate lights to his or her liking.
These manipulations include, but is not limited to, changing the position, rotation and
size. In addition, the user can change the intensity of the lights.
These manipulations are saved, and the BIM model is updated to reflect these changes.

Research Question (3): What purpose does VR serve for indoor lighting design?
-

VR serves as an alternative to existing tools. Mainly tools that are more complex.
The purpose of VR is to give users qualitative results instead of quantitative results.
Therefore, the purpose of using VR (in this manner) is to simulate the appearance of
indoor lights in real time.
VR allows users to better communicate design ideas by showing users the design in a
virtual world. In addition, images (or screenshots) can be taken from this world. These
images can be used as a basis multidisciplinary design process.

Research Question (4): How can the design from VR be used in BIM?
-

FooBar has stored design decisions from VR in an open format.
However, this format is not standardized.
Instead, it’s recommended that design decisions are stored in a standardized format
such as IFC.
With a standardized format, the design information can be used throughout the whole
life cycle of the project

Research Question (A): Can open BIM formats improve the quality of design solutions?
-

Yes, an open format can allow for better design solutions.
This study has concluded IFC can allow for better indoor lighting design solutions.
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8.4 Future Research
This thesis has investigated how VR can be integrated with BIM for indoor lighting design.
Below is a list of recommendations for further research.
-

-

Investigate how the file format IFC can be used throughout the whole design process.
That is, to integrate VR into BIM as a single software/package.
Investigate how VR can be integrated with other BIM software.
Test the proposed system in a real-life setting and investigate real-world design
decisions. For example:
a. Allow multiple lighting design professionals to create their best design in a
given environment.
b. Store the results in different BIM models
c. To have different owners, facility managers, and others view and compare
these models in a VR environment
Compare the proposed system with traditional lighting design methods.
In addition, compare the results from both methods and analyze the difference.
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10 Appendix A - Theoretical framework
10.1 Introduction
This appendix will explain some of the theoretical terms and concepts in more detail. The
information found in Chapter 4 is simply an overview. The different concepts overlap in the
results. Therefore, by having a better understanding of these concepts, one can understand
the results better.
10.2 Indoor Lighting Design [A]
10.2.1 Different purposes of indoor lights.
According to Sully (2015), indoor lighting can serve multiple purposes such as; ambiance
light, task-specific light, decorative light and illumination of objects. This paragraph presents
short examples of these different purposes.
10.2.1.1 Ambiance light [A]
An ambient light is usually formed from multiple ceiling mounted lights. These lights are
mostly distributed uniformly to create an even spread of light. Example of ambiance lights are
offices and large indoor spaces - such as an airport (Sully, 2015).
10.2.1.2 Task-specific light [A]
A task-specific light ensures that a task can be performed. These tasks can mostly be found in
commercial settings and offices. By pointing a task-specific light onto a work area, the light
can help a user with its task. A more specific example is a lamp on an office desk that helps to
illuminate the working area (Sully, 2015).
10.2.1.3 Decorative light [A]
A decorative light serves an additional light that can, but is not limited to, enhancing a space,
shape or content. The main interests of this light type are not in the illumination itself, rather
the design on the fixture. A typical retail store will house many different domestic lights,
which also indicates that the design is mostly subjective (Sully, 2015).
10.2.1.4 Illumination of objects [A]
Finally, there are lights tailored for illuminating objects. These are generally not the primary
source of illumination. Instead, it is used to place focus onto an object by pointing a beam of
light in that direction. For example, paintings and sculptures at a museum use these types of
light to enrich the display (Sully, 2015).
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10.3 Photometrics [A]
This part of the appendix will define and explain the photometric quantities found in Table 2.
The purpose of the following text is to clarify the difference between each unit. This is best
done by clearly expressing how a unit is derived.
10.3.1 Intensity – Candela [A]
Candela (cd) is a unit in the International System of Units (SI). In simple terms, a candela is
the unit of luminous intensity over a given solid angle 10 (The NIST Reference on Constants,
Units, and Uncertainty, 2019). The unit’s origin is from the Latin word for candle, which
explains it’s intended use. A candle will have a luminous intensity of one candela (Figure 30).
Although the candle in question will give off infrared heat (Figure 31), as well as visible light
(Figure 32), the unit is only referring to the visible spectrum (Wyszecki, et al., 1968). In other
words, candelas refer to how intensely bright something is at a certain angle.

Figure 30. One candela.

Figure 31. Infrared heat (red circle)

Figure 32. Visible light

Amended from Hess (2018).

from the candle. Amended from Hess

(yellow circle) from the

(2018).

candle. Amended from Hess
(2018).

10.3.2 Illuminance – Lumen & Lux [A]
How intensely bright something is in all direction is measured in lumen (lm) (Arecchi, et al.,
2007). Lumen is the SI unit of luminous flux 11. The amount of light one candela light source
produces over one steradian is measured in lumens. The unit steradian, as depicted in Figure
33, is the angle created when the surface area is equal to the radius squared (Arecchi, et al.,
2007).

10

“A solid angle is a 3D angular volume that is defined analogously to the definition of a plane angle in two
dimensions.” - (Arecchi, et al., 2007, p. 2). See Figure 50 for an illustration of a silid angle.

11

Flux is “The rate of flow of energy through a reference surface” - (NASA, 2019).
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Figure 33. Illustration of lumen. Amended from Hess (2018).

10.3.3 Lux [A]
To illustrate the difference between candelas and lumen, use the candle in the previous
examples. There are four times Pi steradians in the surface of a unit sphere. The candle, as
mentioned above has a brightness of one candela. The candle is therefore emitting
approximately 13 lumens (Equation 3). Assume now that half of the candle is obscured with a
non-reflective surface (see Figure 33). The candle is now only giving off 6 lumens while
simultaneously having the same luminous intensity (of one candela) (Equation 4).
Equation 3
Equation 4

4𝜋𝜋 ≈ 4 × 3.14 ≈ 12.56
2𝜋𝜋 ≈ 2 × 3.14 ≈ 6.28

The unit lux is lumen per square meter (Arecchi, et al., 2007). A lux is therefore the luminous
flux generated by a one candela light source at the distance of one meter. From Figure 50, it
can be concluded that:
Equation 5

𝑠𝑠𝑠𝑠 = 𝜔𝜔 =

𝑎𝑎

𝑟𝑟 2

Given the definition of lux, Equation 5 can be rewritten 12 to instead include Candela.
Equation 6
Equation 7

1 𝑙𝑙𝑙𝑙𝑙𝑙 =

1 𝑙𝑙𝑙𝑙
𝑚𝑚2

= 1 𝑐𝑐𝑐𝑐 ×

1 𝑙𝑙𝑙𝑙𝑙𝑙 = 1 𝑐𝑐𝑐𝑐 ×

𝑎𝑎

� 2�
𝑟𝑟
𝑚𝑚2

𝑠𝑠𝑠𝑠

𝑚𝑚2

= 1 𝑐𝑐𝑐𝑐 × �

𝑎𝑎

𝑟𝑟 2

×

1

𝑚𝑚2

1

� = 1 𝑐𝑐𝑐𝑐 × � 2�
𝑟𝑟

For Equation 7 to be true, the radius – or distance – must be one meter as illustrated in Figure
34 below 13. Therefore, it can be concluded that Lux measure how much light land onto a
given area.
10.3.4 Luminance [A]

12

Note that the area in one-unit steradian is one square meter.

13

The attentive reader can conclude that the Inverse-square law prevails.
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Luminance is the amount of visible light reflected off a surface in a given direction
(Schorsch.com, 2019). The standard unit of luminance is candela per square meter.

Figure 34. Illustration of lux. Amended from Hess

Figure 35. Illustration of lux Amended from Hess

(2018)

(2018).

10.4 Building Information Modeling [ B ]
10.4.1.1 IFC Example [B]
To clarify how the IFC file works, a simple example will follow. A simple door has been
created in Revit and exported as an IFC file (Figure 36). The IFC file contains lines of text
describing, the geometry, position, and properties of the door.

Figure 36. The IFC format is a text file with lines that contains information about the BIM model (Wisén, 2019).

Each property of the door is found on a new line in the IFC file. Figure 37 shows how the
property “Heat Transfer Coefficient” can be found Revit and the IFC file. The so-called IFC
standard determines how each object’s property is stored in the file.
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Figure 37. Comparing Revit and the IFC file.
In Revit, the “Heat Transfer Coeffcient” is found within a property window”.
In the IFC file, the same information is found on line 399 (Wisén, 2019).

11 Appendix B – Method
11.1 Introduction
This appendix will explain the method covered in Chapter 2 in more detail.
11.2 Development of the Prototype System
11.2.1 Programming [B]
This chapter will briefly mention the languages that have been used in this thesis. Examples
will also be given, showcasing the syntax for each language.
11.2.1.1 Python [B]
Python is a programming language and it’s considered a general-purpose language (Python
Software Foundation, 2019). In an interview by Shein (2015), professor John Guttag argues
that Python is a brilliant programming language for newcomers. Guttag also claims that
Python is not limited to a single domain. Instead, Python is an all-around tool and a good
foundation for people who are not computer scientists. Furthermore, Python was used because
the author uses this language on a weekly basis with over four years of experience.
1 def main():
2
print ("Hello KTH")
Figure 38. “Hello World” in Python.

11.2.1.2 C++ [B]
C++ is an ISO defined, general-purpose language (Standard C++ Foundation, 2019). In most
scenarios, the reason to use C++ over Python is performance (Rudolph, 2010). C++ is faster
than Python at executing code. However, the main reason for using C++ is that Unreal Engine
natively supports this language.
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1
2
3
4
5
6
7

#include <iostream>
int main()
{
cout << “Hello KTH”;
return 0;
}
Figure 39. “Hello World” in C++.

11.2.1.3 Unreal Engine’s Blueprint [B]
Unreal Engine’s Blueprints Visual Scripting system is not a programming language per se.
Instead, it is a node-based interface. The system still inherits most of the properties found in
other languages. However, instead of writing lines of code, the implementation of
programming is done visually via nodes as shown in Figure 40 (Epic Games, 2019e).
Blueprints were used in most cases since it’s easier than writing C++ code. C++ was used
only when Blueprints were not able to do the task.
11.2.1.4 Dynamo [B]
Dynamo is free, open-source, software that can be used with Revit. It is also a visual
programming process (Autodesk, 2019d). Dynamo was used because the author needed a
simple language to work within Revit.

Figure 40. “Hello World” in UE4’s Blueprint
(Wisén, 2019).

Figure 41. “Hello World” in Dynamo (Wisén, 2019).

11.2.1.5 GitHub [B]
Git is a so-called version control system for tracking code during software development. It is
also a way for different programmers to collaborate (Git, 2019). GitHub – not to be confused
with Git – is a web-based service based on Git. In short, the essential core that supports
GitHub is Git (GitHub, 2019). GitHub was used for two purposes. The first purpose was to
track the development (version control). The second reason was that GitHub is website where
users can publish code for others to use and build upon. The code for this thesis is available
on GitHub as open source (Wisén, 2019).
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11.2.2 Hardware Requirements [B]
Each software has its own hardware requirements. Revit’s and UE4’s latest hardware
requirements are best found on their respective website. The well-grounded data enthusiast
can quickly ascertain that the hardware required is very high-end. This is mainly due to the
sheer amount of computing power to run VR. Limited computer performance can be a
bottleneck in most scenarios. It is therefore advised to fully understand the hardware
requirements before proceeding with a similar study.
Table 3. The computer system used to develop FooBar.
System
CPU
Mainboard
Memory
GPU
OS

Name
Intel Xeon E5 1660 v2 3.70GHz
Intel P9X79-E WS
64 GB DDR3
NVIDIA GeForce RTX 2080 Ti
Microsoft Windows 10 Professional 64-bit (Build 17763)

12 Appendix C – Case Study
12.1 Introduction
This chapter will cover the case study in more detail.
12.2 BIM Model
12.2.1 Revit Light Fixtures
Revit comes with several pre-installed family14 libraries. One such family library is the
“Lighting Library” meant for both MEP and architectural use. This library contains fixtures
that are grouped as either “Internal” and “External”, meaning for interior and exterior use
respectively. There are also several different types of fixtures among these. These types are,
but not limited to; ceiling lights, floor lamps, pendant lamps, recessed lamps, sconce lights,
and troffer lights (Figure 42a). These objects are configured by Autodesk with photometric
properties attached to them (Figure 42b). The light intensity can be set by Wattage (W),
Luminous Flux (lm), Luminous Intensity (cd), and Illuminance 15 (lx). For the sake of
simplicity, all photometric values will be the default, and the unit for intensity will be
Candela 16.

Bear in mind that categories are pre-defined by the software. Families can, however, be modified.
At a given distance.
16
Initial tests concluded that Candela works best in UE4
14
15
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(a) Revit Family Browser

(b) Type Properties

Figure 42. The pre-installed fixtures internal architectural use (Wisén, 2019).

There are three different lights, A–C, placed in the kitchen as shown in Figure 43. Each light
has its default properties. It happens to be that the Light Loss Factor and Color Temperature
remains the same for each light. The lights are placed in no particular order – instead, the
placement and intensity of the lights should be determined in the VR environment.

Figure 43. The placement of lights A–C (Wisén, 2019).

Table 4. The selected lights.
Light
A
B
C

Unit
Troffer Light
Parabolic Square
Pendant Light
Linear, one lamp
Downlight
Spot, 90 degrees tilt

Luminous Intensity
[ cd ]
830 cd
1900 cd
250 cd

12.3 Export from BIM
12.3.1 Prepare Collision
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Since all imported objects are treated as plain geometry, no collision is applied. This means
that a user doesn’t have anything to stand on (i.e. will fall down into the abyss), can walk
through walls, and don’t have a reference for where to place objects. For example, the user
can’t align an object to the ceiling if there’s no collision applied to the said ceiling. Each
Revit category that will have collision applied is determined in a Dynamo script. The name of
the object (denoted as ”element” in Dynamo) is stored in a so-called Comma-separated values
file (CSV) (Shafranovich, 2005).

(a) Dynamo script that handles collision.

(b) Element’s names in the CSV file.

Figure 44. Revit object collision handler (Wisén, 2019).

12.4 Import to VR
12.4.1.1 Rebuilding the Light
Right from the get-go, there are some minor differences. However, before comparing the two
scenes, the light in UE4 needs to be “rebuilt”. This means that UE4 needs to re-calculate the
lighting in the scenes (since new objects were imported). This has to do with the way game
engine approximate lights 17. Once the lighting has been calculated in UE4, one can conclude
(by studying Figure 45) that the scene is too bright in both software. Also, some minor
changes between the scenes can also be seen.

(a) The kitchen rendered in Unreal.

(b) The kitchen rendered in Revit.

Figure 45. Rendering comparison.
The grey background is used to distinguish the pictures from the background (Wisén, 2019).

17

This will not be covered in this thesis.
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As shown in Figure 46a, the Unreal scene inherits textures and materials from Revit. For this
to happen, the materials must be correctly set up in Revit. This includes specifying properties
such as; Reflectivity, Transparency, Self-Illumination, Bump Texture, etc. The better these
settings are configured, the better is the light approximations in UE4.

(a) The kitchen rendered in Unreal, but without
interior lighting.

(b) Material properties from the in-situ concrete
column (seen in the middle of the room).

Figure 46. Rendering comparison (Wisén, 2019).

12.4.1.2 Switching to Night
Since the scene is, in general, considered too bright in the starting scenario, changes to the
sunlight need to be made. It’s much better to determine lighting design when the night sky has
fallen. Since the Revit Sample Project comes pre-determined with a sun path, this was used as
a basis. The sun scenario was changed to the date “2019-01-01” and time “22:00”. In Unreal,
there’s no easy way to define the sun. However, simply aligning the shadows (Figure 47) will
do the job for now. Once the shadows are aligned, the sky needs to reflect these changes as
well. This is easily done by changing the so-called skybox to accommodate for the new sun’s
position. First of all, the colors of the zenith and horizon needs to be black. Secondly, the
clouds and night sky (i.e. stars) needs to be changed.

(a) The Revit Solar Analysis (left).
The scene in unreal with

(b) The interior scene at night.

approximated sun settings (right).
Figure 47. Changing the sky to night in UE4 (Wisén, 2019).

12.4.1.3 Apply Collision
For all objects with a simple box-shape, the script in Figure 48 can be applied. In short, the
script loads the CSV and stores each line in a list. Each line, or item in the list, is the ID of the
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asset that will have collision applied to it. All the assets in the scenery are then loaded into a
separate list. These are stored as objects (not as names). This list is then truncated to match
the aforementioned list. With this new list – containing all assets that will have collision
applied – the following Python script is used.
1 def AddBoxCollision(staticMesh):
2
shapeType = unreal.ScriptingCollisionShapeType.BOX
3
unreal.EditorStaticMeshLibrary.add_simple_collisions(staticMesh,
shapeType)
4
unreal.EditorAssetLibrary.save_loaded_asset(staticMesh)
Figure 48. An extract of the script that is used to apply collision.
The function applies box collision to a static mesh.

Any other object that are more complex than a box needs a different type of collision applied.
For example, the topo-surfaces need special attention to the details. For these, a so-called
“Auto Convex Collision” might be suitable.
12.4.1.4 Configure the VR
Setting up and configuring the Oculus Rift is fairly straight forward (Oculus, 2019). It
includes plugging in all the necessary cables and setting up the sensor. This is a one-time
setup. Once this setup is complete, the HMD should be ready to use in UE4 18.

18

This requires that the project map is also setup correctly.
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13 Appendix D – Figures
This appendix will contain figures and illustrations that are related to the main text.

Figure 49. BLDF’s usage process flow. Amended from Natephra et al. (2017).
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Figure 50. Illustration of solid angle, ω. Amended from Arecchi, et al. (2007).

Figure 51. Examples of so-called “commits” from GitHub (Wisén, 2019).
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Figure 52. The back of an Oculus Rift.
The two screens render an image for each eye. Licensed under Public Domain (Amos, 2017).

(a) Headset

(b) Touch controllers

(c) Constellation sensor

Figure 53. Oculus Rift. Licensed under Public Domain (Amos, 2017).
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