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ABSTRACT 

Timber Frame Self-Build Housing Sector in the UK amounts only 7-10% market 

share than other housing construction sectors in the country.  It is relatively 

common for people to build their own homes in other countries, with Austria 

self-build share being 80%, 50% and 60% in the US and Canada, respectively. 

Bespoke houses in chosen locations appeal to clients with an opportunity to 

save up to 30% on market value, equip the house with high energy efficiency 

level and the latest home technologies. The UK government has recently 

introduced policies to encourage self-building. Nevertheless, while the 

problem awaits resolution on a macro-economic level, the kit home 

manufacturing companies – the core providers in the self-build sector, can 

significantly contribute to the popularisation of the self-build by innovating 

their workflow.  

For clients who make buying decisions to self-build, having little or no 

knowledge of the construction industry, the major challenges in 

communication with professionals are spatial awareness, visualising technical 

drawings and understanding construction process stages.  

Virtual Reality technologies, frequently described as empathy machines, can 

successfully aid clients and professionals in a more productive interaction 

process. Gaming and simulation have already proven to be efficient in resolving 

problems in science and business.  However, the next challenge is designing 

data-rich Virtual Environments to enhance clients' spatial understanding and 
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simplify architect-client business/marketing communications, provide 

parametric customisation options, consolidate quantification, and export data 

directly to manufacturers software minimising fragmentation across the entire 

BIM lifecycle. 

This research presents a comprehensive study to exploit innovative approaches 

and the capabilities of these technologies. The study is specifically adopted to 

implement small and medium-size architectural and construction practices 

with a limited budget and time dedicated to visualisation creation.  

Exploratory theoretical research was conducted in the latest BIM, Computer 

Science and Business and management scientific literature to establish KPIs for 

measuring successful interaction and collaboration in TFSBS. In addition, 

empirical evidence was collected to identify the optimal technology for 

achieving the study's objectives. The iterative stages of the prototyping 

followed the agile software development methodology.   

The collected evidence proved that game-like interfaces combined with the 

power of BIM could provide simplified data delivery to a client, leading to 

customer satisfaction and increased sales due to confidence in the product. The 

designed workflow and templates were tested in the case study of a small self-

build construction company. The staff was trained to provide BIM data in the 

correct format and use supplied game templates. The case study demonstrated 

that automation of the VR House Configurator creation is achievable.  

The study's outcome is the prototype template for core team members to 

regenerate BIM models in the game environment and utilise the house 
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configurator's organised furniture library and costing interface. Furthermore, 

the usability tests confirmed the applicability, practicability and validity of the 

developed framework and tools to deal with the revealed challenges in the self-

building sector.  

The research achieved all initial objectives. It also achieved an extra objective 

proposed as part of a business to help implement 360 Images Web VR solutions 

compared to the stand-alone mobile app development. 

The Research provided a fresh approach for the companies in the sector and a 

step-by-step guide for implementing the innovative changes and detailed 

descriptions of the methodologies and workflows. The case study project has 

demonstrated an increase in turnover sales by £170000 attributed to improved 

workflows. The change in annual sales turnover expected in three years 

resulting from the innovation:  £1330,000. 

One of the main contributions of this project was providing a practical exemplar 

for agnostic BIM interfacing to enable the development of client applications, 

e.g., Autodesk Revit. The developed software proves the concept and 

demonstrates the basic functionality necessary for concurrent multi-user, low-

latency openBIM interactivity and data concurrency. It demonstrates a 

significant step towards effective inter-organisational collaboration along with 

low-latency data sharing.  

 

 

https://www.sciencedirect.com/topics/engineering/multiuser
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Chapter 1 
 

1 Introduction 

1.1 Motivation and Background 

The Architecture Engineering and Construction (AEC) industry encounters a rising 

complexity in the design and construction of projects (Abanda et al., 2017a), as there 

are many parties involved in each major venture. Clients, owners, investors, end-

users and facility managers must work efficiently and productively with architects, 

engineers and contractors to complete a project (Arayici et al., 2018). The smooth 

operation of this process necessitates iterative information exchanges and effective 

means of communication when trying to convey concepts and principles across 

different disciplines - from financial management through spatial planning to 

Operations and Maintenance (O&M). The aim here is to develop a common body of 

diverse information that is comprehensible to everyone at every level of the 

organisational structure of a project (Sebastian, 2010). 

Building Information Modelling (BIM) has quickly gathered momentum for its 

promise of structure, organisation and efficiency of the work processes and tools. The 

practicality of documenting and exchanging information, both as metadata and 3D 

geometry, through unified BIM technologies is superior to the conventional 

architectural documentation methods in the past, such as orthogonal drawings and 

specifications. The benefits of BIM for architectural, construction or manufacturing 
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projects have been widely highlighted in the seminal literature (Cha and Lee, 2015; 

Damen et al., 2015).  

While BIM offers great potential to integrate the processes of the entire life cycle of 

a built asset - from conception through construction and operation, there is an 

inherent flaw in the structure of this semantically rich modelling technology. The very 

accumulation of diverse data from different disciplines through consecutive phases 

increases the file sizes, thus impeding the smooth flow of information exchange. As 

a result, the frequent and timely interdisciplinary collaboration is often hindered due 

to the cumbersome exchange procedure of large files, the complex methods for 

achieving interoperability (Arayici et al., 2018), or the high latency of the interfaces. 

Furthermore, large file sizes and various formats often complicate the use of the data 

in these models to a point where the sophistication of the models exceeds the 

comprehension of the end-users, preventing them from effectively opening the files 

or navigating through them (Walasek and Barszcz, 2017). The complexity of the 

technical workflows and processes further limits the possibility of engaging with 

clients, owners and other non-engineering professionals in the decision-making 

processes due to the so-called "black-box effect", which refers to a system without 

transparency. 

Despite improvements in orthogonal drawings (Chi et al., 2013), BIM technologies 

are primarily designed as management tools or repositories of interrelated 

descriptive and 3D information (Dong et al., 2013) are limitations in their visualisation 

capacities. However, immersive technologies can potentially offer clients an 

opportunity to visualise a built asset and walk through it  (Koch et al., 2014). With the 

aid of virtual and augmented reality (VR and AR), one can experience design in 3D 

space, asses indoor factors such as lighting, plan for future maintenance and decide 
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for themselves whether it would meet their needs (Petrova et al., 2017; Rasmussen 

et al., 2017). However, currently available immersive experience solutions on the 

market offer only partial opportunities for building design integration; or otherwise 

require advanced technological skills from the user. As a result, users with no prior 

advanced training and the necessary hardware are limited in what they can view and 

achieve with these packages. Additionally, the existing software solutions offer no 

integration of BIM; hence, no data on the construction materials, services or costs 

are available for interaction. 

In response to this functionality gap between BIM and immersive technologies, this 

study proposes an interface that integrates the two to streamline design processes 

and provide a comprehensive pared-down BIM system. Additionally, this interface 

aspires to be fully agnostic towards the various BIM editing tools, which can become 

a source of input and offer synchronised concurrent user accessibility with low 

latency to promote active collaboration. Finally, to illustrate the operational 

principles of this system, the project is based around offsite manufactured self-build 

housing, where TFKHMC would present house designs in a virtual environment 

directly from their BIM models, allowing their clients to walk through customise a 

range of home features remotely. 

Most residential property buyers in the UK consider the self-building route an 

alternative to mass production development options. Bespoke houses in chosen 

locations also appeal to clients with an opportunity to save up to 30% on market value 

or optimise budget use, equip the house with high energy efficiency level and latest 

home technologies (Hamiduddin and Gallent, 2016). Clients who undertake a self-

build project typically need to accomplish the following tasks: finding a plot, agreeing 

on house design, cost calculation, attaining planning and building regulations 
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permissions, deciding on finance, project management and others. The Timber Frame 

Kit Home Manufacturing Companies (TFKHMC) are critical service providers in the 

sector. They offer a packaged range of services, which frequently include: conceptual 

and technical design, cost optimisation solutions, assistance in attaining relevant 

planning and building permissions, kit home manufacturing, shipping kit homes to 

the construction site, customer service and other forms of consultancy (Banihashemi 

et al., 2017).  

Despite multiple benefits, UK Timber Frame Self-Build Sector (TFSBS) is relatively 

small compared to its European and North American counterparts. The number of 

self-build projects per year in the UK fluctuates steadily between 10000 to 15000 

items and accounts only for 7-10% of the UK's housing construction market, whilst 

this number reaches 80% in Austria, 60% in Canada and 50% in the USA, with the 

other countries having similar dispersion (Wilson, 2017). The macro-level of the 

stagnation factors in the UK is a culture of the supply chain not being customised 

enough to cater to individual home builders' demands, difficulty in acquiring the land 

by individuals versus big house developer companies and educating the market about 

the process of the self-build. The micro-level of the UK TFSBS and worldwide is the 

enabling effective communication process between client and TFKHMC. Technical 

drawings and 2D images are frequently insufficient for clients with no construction 

background to visualise their future builds, decide on details and extensions needed. 

In addition, an increasing number of iterations per project lifecycle, having difficulties 

in keeping all the records in one consistent source and passing accurate information 

to manufacturers and builders. 

With the new governmental incentives directed on raising the sector's profile, TFSBS 

Companies need to reach out to the potential clients, encourage and educate them 
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on several benefits self-build option could offer and simplify the process of self-build 

for the clients. The Combination of VR/AR/MR technologies (XR) is widely 

acknowledged as aids for clients and professionals in a more productive interaction. 

Game technologies have also been recognised to effectively resolve problems in 

science and business (Hackl and Wolfe, 2017; Kandaurova and Lee, 2018). 

Therefore, the focus of this study is designing data-rich VREs that would enhance 

clients' Spatial Understanding (SU) from the solution spaces, simplify architect-client 

business/marketing communications, provide parametric customisation options, 

consolidate quantification, support interoperability, and leverage integration across 

the whole BIM process are still key challenges. This study focuses on bringing 

together AEC industries with the Computer Science (CS) and Electronical and Electric 

Engineering (EEE) to integrate openBIM, XR, and gamification for helping and 

supporting the UK TFSBS sector. 

Another challenge is identifying the optimal volume of information that would enable 

AEC professionals to collect client's requests, educate them about the 

product/project and finally close the deal. In the sales industry, it is frequently 

reported that clients tend to feel overwhelmed with the variety of choices and scope 

of the information to make the final decision. Therefore, the future VR software 

should be a clear response to the client's brief, delivering the concise perception of 

future build with functionality to emphasise each client's requests.  

The sales in TFSBS are considerably different from other industries. Company success 

is evaluated when the house kit is sold, shipped to the construction site and when 

the project is finally completed and the house is ready to move in. Therefore, it is 

paramount limiting the client's expectation to realistic scope and budget. As a result, 
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another important aspect of VR software package functionality is to demonstrate the 

final visual product as-built and educate and simplify project stages. 

To sharpen the global market's competitive edge, manufacturers should enable their 

customers to personalise their products and services. Mass customisation (MC) 

inherently offers individual goods and services to customers to better meet 

customers' personal needs. The User Experience (UX) of personalising products by 

conducting product configuration is crucial for encouraging customer retention and 

loyalty in various sectors of the economy. The product configurators have been 

effectively deployed in the automobile and smart products industries. However, very 

few successful attempts have been made to configure TFSBS due to the sector's 

fragmentation and parametric nature of the design elements. This project studied 

Timber Frame Kit Homes (TFKHs) by observing a design team communication with 

clients.  This study recommends integrating the configuration user-interface design 

in the Offsite Construction Manufacturing Sector (OCMS) by linking our results with 

the insights gained in the product configurator literature review. The study developed 

multi-user configurators for different platforms, web-based and Virtual Reality based. 

The proposed approach has been developed through the synergies of advanced IT 

technologies, and openBIM principles have proven valid. Therefore, they should be a 

valuable reference in the future development of the product configuration system 

for offsite manufacturing in construction. Aim and Objectives 

This study was motivated by the practical and theoretical gap within the building 

design and construction due to the disengagement of clients who do not usually have 

the technical ability to fully understand the conversations and conventional drawings 

presented during the decision making processes. By integrating digital technologies 

delivered accessible in several platforms, clients will be able to immerse themselves 
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in a virtual home, see the exterior and interior environment, interact with the home 

design and cost impacts of design changes. The software would not replicate the 

functionality of existing BIM platforms but instead would offer clients the ability to 

combine advanced interactive visualisation with the power of BIM. 

The future software will become an ultimate tool for more productive interaction and 

clients’ SU and unable TFKHMC to communicate the designs irrespectively a client's 

geographical area, reporting changes back to the original design.  

Therefore the aim of the study is to Innovate Business and Technical Operations 

within Timber Frame Self-Build Housing Sector by  Applying Integrated XR and BIM 

Technologies. This aim is further broken down into five objectives so that it is 

manageable and measurable.    

Objectives 

1. Investigate the current state of TFSBS within the UK housing industry and 

identify the critical potentials and barriers of adopting BIM principles to 

support TFSBS within the UK housing industry (literature review, workshops, 

ethnographic study);  

2. Investigate the potentials and barriers of adopting emerging game-like XR 

technologies to support TFSBS within the UK housing industry; 

3. Develop a system architecture - the framework for improving marketing and 

technical operations within TFSBS housing Sector by applying Integrated XR 

and BIM Technologies;  

4. Develop a series of prototypes of integrated XR and BIM software applications 

to support TFSBS within the UK housing industry; 



8 

 

5. Validate and disseminate knowledge through gaining feedback from internal 

supervisors, peer scholars' reviews, reliability recognition.  

 

1.3 Scope of the Research 

Due to the multi-disciplinary nature of the study, the research answers will require 

the amalgamation of the principles of OpenBIM, business and management with the 

latest software and hardware technology, as shown in the Figure 1-1: 

  

Figure 1-1: Research Scope  

The research study will follow the framework developed by the Royal Institute of 

British Architects (RIBA) Plan of Work("RIBA Plan o Work," 2013) with the 

customisations relevant to TFKHMC workflow, as shown in the figure below. In 

addition, the Federated Model (FM) was created as a central reference point for all 

the communications in TFKHMCs, as shown in Figure 1-2: 

AEC

Business &  
ManagementCS, EEE

OpenBIM

XR

Game 
Industry
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  Figure 1-2 Project Lifecycle in TFKHMC and Federated Models 

 

Hence, the primary focus of the thesis is the interaction of the following groups: 

1. Design and Sales Team (DST) operation. Creation of BIM-ready models and 

templates. 

2. The design team - Client interaction. Communicating design intent in VR, 

creating a sense of presence in VR, SU, effective sales process in XR, 

communicating design changes. 

3. The design team - Manufacturing Team (MT) interaction. Transfer of accurate 

fabrication data to MT and schedules creation. 

4. Computer Generated Imagery (CGI) Support Team (CGI ST) 

 

It is essential to emphasise the technical and sales Key Performance Indicators (KPIs) 

of the XR software. These will include Visual Fidelity (VF), Optimisation and Low 

Latency (OLL), UX, SU, Sense of Presence (SP). These KPIs details are uncovered in the 

literature review, and Agile Software Development Methodology(ASDM) is used to 

measure the KPIs and review and plan improvements. 

The data handled in the research could be distinguished into the following types: 

Conceptual and 
Technical Design 

Cost Optimisation

Attaining Planning 
and Building 
Permissions

Kit Home 
Manufacturing

Shipping to 
Construction site

Customer Service

FM

DST

MT

CGI 
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• Visualisation 3D models (interior decoration, furniture, garden assets, 2D 

interfaces, brand identity graphics) Visualisation data does not require a link 

to BIM data. It is out of the scope of a self-build company range of products 

to provide interior design services. Instead, visualisation Models serves 

primarily for creating a presence in VR, enhancing sales, the spatial perception 

of a future build. 

• BIM data (includes kit home designs and BIM objects of parametric windows 

and doors, wall styles, landscape, GIS); 

• Fabrication data (Part of BIM data that would require to be handed over to 

the manufacturing team after client- design team interaction); 

• Costing and Quantification data (Accurate data comprising project costing 

that would be handed over to the sales department after client- design team 

interaction in the form of the quote); 

• Installation data (Data/manual that would educate client/ builder/project 

manager on the installation process). 

The scope of the study will focus primarily on UK offsite manufacturing market and 

its capabilities for growth and reaching out to new markets remotely in different 

parts of the country. 

Overall, the focus of this study is designing data-rich VREs that would enhance clients' 

spatial understanding from the solution spaces, simplify architect-client 

business/marketing communications, provide parametric customisation options, 

consolidate quantification, support interoperability, and leverage integration across 

the whole BIM process are still key challenges. 

1.4 Contribution to Knowledge 

The originality and implications for practice have been key criteria for the assessing 

quality of this research. The exponential growth in EEE, CS have affected all industries 
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and businesses in recent years. Recognising that the traditional methods for business 

and technical operations in TFSBS, as well as AEC, cannot be used in implementing 

communication with the client and collaboration among team members, the thesis 

contributes to the body of knowledge as follows: 

The main body of scholars has identified macroeconomic factors of the stagnation in 

the sector, rarely elaborating on microeconomic supplier issues of TFSBS KHMC. The 

current research contributes to knowledge by identifying issues in the sector that 

could be resolved via technological innovation. The multi-disciplinary findings of the 

research in business and innovation of other sectors build a sense of trust, confidence 

in product and rapport by applying XR technologies to TFSBS. Moreover, research 

elaborates how classic business and sales principles could be adopted in XR for AEC 

in general and TFSBS. 

The multi-facet AEC sector literature provides evidence of numerous XR methods 

application. The thesis classifies the XR technologies' variety and their applicability to 

various RIBA product development cycle stages.  Theoretical contributions focus on 

identifying the optimal workflow for the TFSBS KHMC. Moreover, the study provides 

a comprehensive review of BIM and Gaming Principles, identifying key parameters 

for adoption in future software.  

The practical contribution to knowledge is achieved by delivering the step-by-step 

framework for establishing innovative workflow in a small to medium-sized 

AEC/OSM/TFSBS practice. In addition, the thesis presents a comprehensive manual 

for adopting this technologies microeconomic level.  
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1.5 Thesis Structure 

This thesis is organised into six chapters. This first chapter introduces the self-

building housing sector in the UK, presenting the motivation and background 

of the research. Next, it discusses the research problem and defines the 

solutions proposed for tackling those challenges in the residential home 

building industry. Moreover, the study's scope, aims and objectives are clearly 

defined, and the contribution to knowledge is laid out.  

Chapter 2 continues with an overview of the sector and summarises related 

benefits and barriers for self-building, focusing on the UK. It further justifies the 

need to apply innovative technologies to promote the TFSBS as an energy-

efficient house-building model. Finally, the chapter provides a broad review of 

BIM principles and XR technologies for AEC, Marketing and Data Visualisation.  

Chapter 3 provides a substantial overview of the research methodology before 

describing the methods in individual sub-chapters (3.3 – 3.7). First, details of 

the rationale behind the research plan are described, focusing on the iterative 

agile development cycle. Moreover, the scope and objectives of the study are 

clearly defined, and the research activities are presented to clarify the research 

methodology. 

Chapter 4 presents the developed prototypes, the feedback received from the 

usability tests, reviews, and recommendations for the development for each 

iteration. The KPIs table is designed to evaluate each parameter of the software 

performance. 
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Chapter 5 describes applying the developed software to the real-life industry, 

the discussions related to the literature. The details demonstrate the 

importance of automation and scripts development, knowledge dissemination. 

Finally, Chapter 6 summarises the thesis emphasising the significant 

contribution to knowledge and impact on the practice of this research work. 

Future works are also recommended. 
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Chapter 2 
 
 
2 Literature Review 

2.1 Self-Build Housing Sector in the UK 

2.1.1 TFSBS Definition and Benefits 

The developer-led private housing sector currently builds most UK residential 

homes (Ashmead, 2019; Best and Kleven, 2018). Throughout the design and 

construction processes, the final purchaser is typically unknown to the 

developer. The developer's short-term relationship with the homes they 

produce often resulting in poor quality design and specification decisions. 

Another continuously reported issue in the UK housing sector is the unmet 

demand in housing quantity in the UK (Bramley and Watkins, 2016; Heffernan 

and Wilde, 2020) alongside the growing need to address the environmental 

sustainability of the new homes.  

The alternative to the developer-led private housing sector is the self-build 

housing sector, the form of housing, where the first homeowner is involved in 

its production, either by arranging for its construction or being involved in 

building it themselves to some degree (Bossuyt et al., 2018). Bespoke Offsite 

Manufactured House Kits in chosen locations also appeal to clients with an 

opportunity to save up to 30% on market value or optimise budget use 
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(Banihashemi et al., 2017; Hsu et al., 2018), equip the house with high energy 

efficiency level and latest home technologies (Nanyam et al., 2017). Clients who 

undertake a self-build project would typically need to accomplish the following 

tasks: finding a plot, agreeing on house design, cost calculation, attaining 

planning and building regulations permissions, deciding on finance, project 

management and others (Clarke, 2012). The Timber Frame Kit Home 

Manufacturing Companies (TFKHMC) are critical service providers in the sector. 

They offer a packaged range of services, which frequently include (Salama et 

al., 2017; Walliman, 2012): conceptual and technical design, cost optimisation 

solutions, assistance in attaining relevant planning and building permissions, kit 

home manufacturing, shipping the products to the construction site, customer 

service and other forms of consultancy. TFKHMC also represents one of the 

offsite manufacturing(OM) providers. OM characterised by manufacturing and 

assembling building elements, components, and modules in offsite factories 

and then transporting them to site for installation (Jin et al., 2018; Malik et al., 

2019).  Due to the ability to ship components/kits to wider geographical areas 

TFKHMC have high potential in expanding their target irrespectively client's site 

location and have a prerequisite to reaching out for the clientele outside local 

markets (Murillo, 2012).  

The client-defined benefits of TFSBS that are frequently associated with 

decision making to self-build fall into various categories: cost-saving; 

unique/custom design in a chosen location (Brinkley, 2017); energy-saving and 

sustainability (Nall and Marble, 2018; Obremski and Carter, 2019); 

opportunities to include latest homebuilding technology features (Buildstore, 

2017); relative simplicity for educated clients (Handley, 2018). The use of 

prefabricated kits can increase the efficiency of onsite construction activities 
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and the adaptability of buildings (Arashpour et al., 2018; Isaac et al., 2016; Li et 

al., 2018). Prefabrication is reported to shorten the overall project schedule, 

improve product quality, increase onsite safety, and reduce the need for skilled 

onsite workers, waste, and carbon emissions Jang and Lee (2018); (Jiang et al., 

2019; Lu et al., 2018; Wong et al., 2017).  

The literature asserts that self-build homes are more environmentally 

sustainable than homes built by developer-led companies (Caputo et al., 2019; 

O'Neill and Gibbs, 2020). In addition, previous research identified the need to 

encourage more self-build methods of procurement (Boonstra and Boelens, 

2011; Litfin, 2014) as a long-term solution to the low uptake of environmentally 

sustainable construction practices in the UK housing sector (Benson, 2014; 

Field, 2020; Heffernan and Wilde, 2020). Therefore, developing business 

models within the construction sector must promote self-building and optimise 

the house configuration process depending on costing, sustainability, and 

unique awareness variables (Salet and D'Ottaviano, 2020).  

A considerable amount number of scholars investigated group self-building 

projects as a model to transition to zero-carbon homes (Bossuyt et al., 2018; 

Doberstein, 2020; Getuli et al., 2020; Heffernan and Wilde, 2020; Kalantidou, 

2020; Lane et al., 2020; van Wesemael, 2019) While some scholars researched 

public group opinions, others investigated case studies and key takeaways from 

the real-time group self-build. All studies have confirmed that the self-build 

group results in higher energy efficiency, affordability, quality innovation, 

sustainable communities, and meeting the occupants' needs. The SBS is “less 

prone to speculation and volatility”. 
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In rest of the Europe,  where the rate of self-build projects is significantly higher 

compared to the UK (Wilson, 2017),  the scientists (Bossuyt et al., 2018; 

Hamiduddin and Gallent, 2016) provided empirical evidence that self-build 

housing has distinctive benefits over housing provided by developers or 

housing associations in terms of affordability and quality. First, as residents 

have an opportunity to draw on their social capital and manage the equity, 

building costs can be substantially lower. In Belgium, self-builders often draw 

on specialist expertise provided through networks of friends.  Also, there are 

no shareholder profit margins nor marketing costs(Scheller and Thörn, 2018). 

Hence, self-building enlarges the opportunity for low- and middle-incomes to 

obtain housing. Economic advantages extend to the larger society as self-build 

housing is less prone to boom-and-slump cycles that affect speculative 

housebuilding. Second, as the residents are actively involved in procurement, 

the built product will reflect qualities other than just the exchange value 

pursued by large commercial builders. Self-builders build in pursuit of the 

qualitative needs of their households. It leads to housing that is often of higher 

quality or more energy-efficient. Undoubtedly, the choices made by self-

builders may not always be rational and could also be made on emotional or 

psychological grounds 

Above all, self-build housing presents a profound opportunity to increase the 

accessibility of housing to low- and middle-income households. Unfortunately, 

housing markets in advanced capitalist economies face recurrent crises of 

supply.  
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2.1.2 TFSBS Economic and Business Barriers  

Despite the benefits mentioned above, UK TFSBS is relatively small compared 

to its European and North American counterparts (Brinkley, 2017).In other 

countries, it is relatively common for people to build their own homes. The 

number of self-build projects per year in the UK fluctuates steadily between 

10000 to 15000 items and accounts only for 7-10% of the UK's housing 

construction market, whilst this number reaches 80% in Austria, 60% in Canada 

and 50% in the USA, with the other countries having similar dispersion (Kováts, 

2020; Lang et al., 2020; Wilson, 2017). 

The issues in TFSBS in the UK have been thoroughly covered in the literature 

(Abanda et al., 2017b; Barry, 2017; Beazley et al., 2017; Brinkley, 2017; Clarke, 

2012; Goulding, 2020; Jin et al., 2018; Murillo, 2012; Robert Hairstans, 2019; 

Sheffield, 2017; Wilson, 2017) and could be classified into two following 

groups: 

The macro-level of the stagnation factors in the UK is a culture of the supply 

chain not being customised enough to cater to individual home builder's 

demands, difficulty in acquiring the land by individuals versus big house 

developer companies and educating the market about the process of the self-

build, attaining mortgage and other governmental policies.  

The micro-level of the problem is thoroughly described in the literature 

(Goulding, 2020), historical perception, entrenched positioning and traditional 

thinking, lack of supply chain integration, limited availability of bespoke 

manufacturing plants, skills shortages and, perhaps, most importantly, lack of 

evidence-based OCMS business models.  
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The research studies conducted with community groups (Heffernan and Wilde, 

2020) identified common opinions about the disadvantages of self-build: the 

difficulty of financing, requirement for commitment, and difficulty obtaining 

sites. Scholars also recorded some perceptions that the ‘zero carbon’ housing 

(ZCH) standard was too complex for construction professionals, and thus 

potentially to a greater extent for self-builders. 

The United Kingdom has been a slow adopter of energy efficiency measures in 

domestic buildings (Field, 2020). Policymakers have expressed ambitions to 

ensure that new homes are built to ZCH standards, but subsequent targets 

have been abandoned (Green, 2017; Green and Lannon, 2020). In the UK 

housing sector, the high land costs, the stagnating delivery of affordable new-

build homes, and market dominance by many high-volume housebuilders limit 

progress towards lower carbon new-build homes (McKee et al., 2017; Slater, 

2018). Framed as a socially innovative means of opening up the demand for 

technological progress (Hopkin et al., 2017), local interventions into market 

practices, operating in the shadow of the ZCH policy failure, have actively 

cultivated this relationship more intimately, connecting the benefits to be 

derived from energy-efficient housing to the people who can enjoy them(Lane 

et al., 2020).In the two case studies described by the author, the initiative for 

group self-build had been lead by the community members or local architect, 

rather than government policies or incentives.   

According to the Government Report, conducted by scholars (Carola Calcagno, 

2020; Deakin et al., 2020; Hairstans and Smith, 2018), the current value of the 

offsite sector in Scotland for the 33 offsite products companies for the financial 



20 

 

year ending in 2018 may be estimated at £298 million +/- 2% in revenue, with 

approximately 1,854 people employed.   

In the next five years (by 2023), it is anticipated that the offsite sector in 

Scotland will grow to between £316 million and £370 million (average £322 

million) in revenue, with between 2,105 and 1,687 (average 1,896) people 

employed.  

The manufacturing processes were mainly manual (56%), and the most applied 

level of digitisation was BIM Level 1. The use of multi-function equipment was 

ranked as the least important measure to improve production efficiency. This 

could indicate a people-centred manufacturing approach with opportunities 

for increased digitisation. 

Design technology is vital to reflect on the manufacturing sector from the 

manufacturing perspective to appreciate the reach context, rationale and 

subsequent learning opportunities (Benderbal et al., 2018). This includes such 

issues as customer focus and implementation of Design for Variety principles, 

innovations in digital modelling for next-generation manufacturing design 

systems (Haddou Benderbal et al., 2017; Koren et al., 2018; Stark et al., 2017) 

or engaging product design optimisation techniques with evaluative criteria: 

Spatial Design Optimisation (Boonstra et al., 2019); Optimisation through 

Construction Material Evaluation (Gbadamosi et al., 2018); Energy Retrofit 

Performance Analysis (Jankovic, 2019) Design Optimisation for Product 

Lifecycle(Yoshimura, 1996). These require embedding technology in the early 

design process. Major design technology issues included the need for: 
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enhanced design processes, greater BIM adoption, and clearer supply chain 

benefits (Goulding, 2020; Lin et al., 2020). 

A key debate in manufacturing technology is the level of automation required. 

High Product Variety leads to significant demand for flexible and reconfigurable 

solutions (Al-Saeed et al., 2020; Armando W. Colombo, 2008), modelling, 

simulation and decision support systems (Górecki and Czaplewska, 2017; 

Rahmanzadeh et al., 2020).  

2.1.3 Identifying gap and future study directions 

To conclude the above, regardless of the promising advantages TFSBS can bring 

to the market (e.g., cost and timesaving, client-focused design approach), the 

adoption of TBSBS in the UK is still reported considerably low. The proposed 

research will narrow the gap in the sector by conducting a detailed study in 

numerous BIM Principles, Business and Sales, Software and Hardware 

technologies to identify optimal adoption pathways and the framework that 

would ultimately raise the sector's profile. The studies have yielded some 

important insights on potential self-builders perceived difficulties and 

commitment challenges towards the project's initiation. A substantial amount 

of the research has focused on identifying the benefits and barriers of self-build 

housing. Nevertheless, the only handful of focused studies in the sector 

harnessed the power of BIM/Game technologies to breach the gap between 

potential self-builders and TFKHMC as the guides, consultants and supply chain 

representatives for effective self-build projects.  
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2.1.4 BIM Configuration Variables in Self-Building Sector 

The impact of BIM on design can mostly be detected in the conceptual phase 

(Renev et al., 2017) of a project as it supports greater integration and better 

feedback for early design decisions: embedding energy efficiency parameters 

during the design (Beazley et al., 2017; Jalaei et al., 2020); assess a wide range 

of construction options and their embodied environmental impact (Rezaei et 

al., 2019; Röck et al., 2018). It involves the construction level modelling, 

including detailing, specifications and cost estimation, then the integration of 

engineering services and supporting new information workflows, and last but 

not least collaborative design-construction integration (Sadeghi et al., 2019; 

Wang et al., 2017). The research findings identify methods for simplifying the 

geometry module and transliterating it from an architectural or structural 

modelling paradigm into an idiomatic thermal analysis model (El-Diraby et al., 

2017). As well as establishing a BIM-based database capable of handling BIM-

based data from multiple design tools (Lai et al., 2019). The integration of 

disciplines and stages in design and construction activities is a key aim of major 

projects and an underlying theme of integrated approaches to project delivery  

(Liu et al., 2017). The vital challenge of today for BIM impact is striking a balance 

between zero-carbon goals and the stimulation of growth in the house (Chong 

et al., 2017; Gan et al., 2018; Huang et al., 2021). 

Zero-energy housing suggests (Ares, 2016; Martiskainen and Kivimaa, 2018) it 

requires a meagre amount of energy to provide the daily needs and functions 

for the family occupying the home; eliminate waste, optimise daylighting, 

incorporate the most efficient heating, ventilation and air conditioning systems 

(Nasrabadi Mahla and Hataminejad, 2019). The most researched topic on this 
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subject is safety analysis during construction activities. The second most 

studied aspect of sustainability in literature focuses on the environmental 

impact of constructions, energy analysis and waste management. This category 

groups all articles that solely focus on the economic aspect of the literature on 

BIM and sustainable construction, i.e. studies which scope is the cost 

estimation, cost-benefit of implementing BIM in the construction industry, and 

the life cycle costing analysis of construction projects (Santos et al., 2019). 

Accurate and timely cost feedback is critical for design decision-making on 

building construction projects. This is a significant challenge for estimators in 

the early design phases as they must create detailed and accurate cost 

estimates (Lawrence et al., 2014; Li et al., 2014). 

Unlike broad public and commercial architectural projects, small residential 

projects have limited timescale and budget for visualisation of each project; 

however, due to repetition and similarity in each cycle, there is an excellent 

potential for generative design and developing framework for collaborative 

design knowledge (Wang et al., 2017).  

The primary focus in this thesis is the BIM variables related to self-building 

projects to facilitate client decision making regarding the purchase of the Kit 

Home manufactured components. To investigate these components, the 

author of the thesis has researched the self-building literature bottom-up 

approach, in other words, how self-building clients make design decisions. Also, 

related studies in BIM variables decision making have been investigated. 

https://www.sciencedirect.com/topics/engineering/life-cycle-costing
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The case studies from Edinburgh Bath Street and Graven Hill, Oxfordshire group 

self-build projects(Lane et al., 2020) have demonstrated some examples of 

configuring BIM variables using a bottom-up approach in self-build. For 

example, at Graven Hill, a policy was put in place whereby plots for sale were 

offered to local Bicester residents before being opened up to a wider market. 

These were rationalised by capturing those who were already invested in the 

local area.  

Involvement in the design allowed homeowners to plan for future material 

changes to the house to accommodate anticipated future changes in personal 

and family conditions. As an example of such ’future-proofing, one Bath Street 

resident decided to construct their home so that “the boys can have their own 

space in the future” (quote from interview). With two access doors built from 

the stairwell and a moveable wall, the apartment is divided into two distinct 

parts, allowing for future changes to the makeup of their family to be 

accounted for in the home's design (s). In a similar vein, one of the residents at 

Graven Hill reflected on the fact that he “could not afford full PV now anyway, 

so it was about getting the core build insulation first” (quote from interview). 

Because of the longevity afforded by his desire to invest in the design and 

construction of his family’s own home, he was able to focus, quite literally, on 

the core fabric of the building and the construction of –as another resident 

described their approach– a “thermal envelope”.  

Other Related BIM Variables Studies. 

Prefabrication Production's decision-making system (PHP) lacks efficiency and 

collaboration because relevant information is stored and managed 
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in heterogeneous systems of various stakeholders, who are commonly 

geographically isolated. The scholars proposed that the framework involves a 

smart BIM platform, smart work packages, and smart PHP objects. A gateway 

with an interoperability function is created between the three pillars to 

facilitate communication and interaction with the central database (Li et al., 

2019b). The DST does not adopt the traditional design process in this PHP 

project but uses the BIM library to achieve the strategy. Three principles are 

implemented in the design process, following the conceptual framework of 

BIM-PHP. A hierarchical structure of the prefabricated product, from units, 

modules, components, and materials, is adopted. 

The workers' task performance and the buildings' energy consumption may 

differ greatly by the window size. Therefore, the purpose of this study was to 

determine the optimal window-to-wall ratio (WWR) considering the workers' 

task performance and the energy consumption in office buildings (Yeom et al., 

2020). 

Other scholars elaborated on synchronising BIM variables with available cash 

flow (Lu et al., 2016). Scientists suggested that a more efficient and automatic 

financial decision making support and cash flow analysis should be conducted. 

Some technological advancements, like 5D BIM, can provide advantages over 

traditional quantity surveying methods by quick schedule and budget updates, 

improved visualisation of construction details, and risk identification in 

advance. The proposed system consists of four main modules, (1) Cost 

Estimation, (2) Cash Flow Analysis, (3) Project financing, and (4) Output. The 

resource cost data and lists of work items are required in advance to make 

financial decisions using BIM. 
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The review of the literature has demonstrated the gaps in identifying decision 

making patterns for self-build clients. More empirical evidence needs to be 

collected on the matter. However, the client case studies and databases from 

TFKHMC can give sizable grounds to identify configuration variables and linked 

interfaces for manipulating them. 

2.2 Applications XR technologies for BIM 

The number of studies applying the XR technologies for BIM has increased in 

recent years due to technological growth and increased interoperability of the 

BIM software with game engines. Many studies focused on the application of 

XR technologies in the conceptual stages of the project; others were mostly 

focused on construction workspace planning. One of the novelty studies 

incorporated VR technologies into thermal analysis studies. The literature 

review findings adjacent to TFSBS are laid out below. 

Room views influence apartment prices. The study was conducted in virtual 

experiencing and pricing method for room views based on building information 

model (BIM), and oblique photogrammetry was proposed to assess such an 

influence. Using the photos collected by unmanned aerial vehicles (UAVs), a 

realistic 3D model of the surrounding environment of the targeted building is 

created based on relevant room views assigned accordingly (Sun et al., 2017).  

Huge progress has been made on AR techniques such as registration, tracking, 

and display hardware. However, a construction AR system should be more 

convenient and combined with in-use applications to support multi-disciplinary 

users throughout the construction lifecycle (Solihin et al., 2017). In an industrial 
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environment, where strategic decisions are to be made, to create aesthetically 

beautiful experiences is unless specific applications such as design or perceived 

quality (only) a plus. What is needed is to have reliable systems upon which one 

can rely on a development process. The developers need to ensure that 

an engineer will work with a digital mock-up with as much performance as 

needed (Perroud et al., 2017). 

Few other researchers emphasised the need for collaborative and multi-user 

VR experiences in construction and architectural design(de Klerk et al., 2019). 

Instead, scientists experimented with conceptual prototyping design, the flow 

of data from an authoring tool to visualisation environment, and participatory 

decision-making (de Klerk et al., 2019; Du et al., 2018; Sanchez-Sepulveda et 

al., 2019). This paper has analysed the research mentioned above, and the 

findings are presented in the framework. 

Effective workspace planning is known to play a crucial role in site planning and 

construction activity scheduling. Therefore, the researchers sought to enhance 

the usual manual workspace planning process by simulating a construction 

activity using immersive Virtual Reality and Building Information Modeling 

technologies (Getuli et al., 2020). 

The results of the application of the proposed VR-based planning methodology 

in a case study confirm the hypothesis of this study, that advanced information 

technologies can be used to improve the configuration of workspaces in a 

construction project site plan, as well as the safety procedures defined in the 

project's H&S plan. The application of the methodology revealed a clash 
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between workspaces and paths of which the construction planner had not 

been aware and which would have detrimentally affected the workers' safety. 

These results also indicate that construction projects' complexity and 

fragmented supply chain lead to a need for solutions to support the mutual 

sharing of information among project stakeholders. Such stakeholders include 

workers, planners and managers, and the mutual sharing of data they hold 

requires the elicitation, formalisation, and integration of this information. 

To sum up the literature review on applying the XR technologies for BIM, the 

authors of the thesis would like to validate the variety and diversity available 

on the subject. Nevertheless, technical knowledge has still not been fully 

unlocked in the hands of AEC professionals, and remarkably very few studies 

focused on effective client-designer collaboration applying XR as a tool.  

By integrating BIM and live IoT data within game engine environments, one of 

the studies focused on creating a novel method for real-time monitoring of 

thermal comfort conditions within the virtual twins of the regular building 

enclosures. Moreover, to evaluate the overall applicability of the proposed 

system, a VR-enabled interface was developed for a widely available 

VR headset (Shahinmoghadam et al., 2021). 

With the government’s policies stepping in to encourage self-building, the companies 

need to increase their competitiveness by providing efficient workflow and clear 

communication with clients using the latest digital technologies. End-users, who 

make buying decisions to self-build, often have little or no knowledge of the 

construction industry. Therefore, they face significant challenges in communication 

https://www.sciencedirect.com/topics/engineering/building-information-modeling
https://www.sciencedirect.com/topics/engineering/internet-of-things
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/earphone
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with professionals regarding spatial awareness, visualising technical drawings and 

understanding the construction process. For many architectural and construction 

practices in the UK’s TFSBS, the primary communication medium with clients is email. 

This results in an increased number of iterations per project lifecycle, leading to 

difficulties in interoperability among designers, manufacturers, and builders. XR 

technologies are widely acknowledged as aids for clients and professionals in a more 

productive interaction. Game technologies have also been recognised to be effective 

in resolving problems in science and business. However, designing data-rich Virtual 

Reality Environments (VREs) would enhance clients’ spatial understanding from the 

solution spaces, simplify architect-client business/marketing communications, 

provide parametric customisation options, consolidate quantification, support 

interoperability, and leverage integration across the whole BIM process are still 

outstanding challenges. Business and technical key performance indicators and 

conceptual and methodological frameworks are developed for adopting BIM 

principles and emerging game-like XR technologies to support TFSBS within the UK 

housing industry in Business and Technical Operations.  

 

2.3  AEC Interoperability Frameworks 

The evolution toward the collaborating networked organisations and the more 

cooperative management and control schemes of the present day have 

naturally led to more people solving the ever more complex problems. 

However, in many cases, an individual is neither empowered nor possesses the 

necessary knowledge to solve such matters (Beazley et al., 2017; Bilal et al., 

2016). Furthermore, research has already noted a lack of interoperability as 

one of the main obstacles in the adoption of BIM in the AEC industry (Walasek 

and Barszcz, 2017), where the role of BIM as an enabler of efficient 
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collaboration and communication is hindered by the diversity and 

heterogeneity of the output information. 

The construction industry has been criticised for being inefficient, often 

generating too much waste, emitting significant amounts of greenhouse gases 

and consuming too much energy compared to other industries (Abanda et al., 

2017b; Jabar et al., 2013; Lin et al., 2017a). 

The openBIM concept initiates a collaborative approach among various 

disciplines, where different users can use specialised software and store 

diverse data in the same unified model. In addition, this movement aimed to 

establish a common platform for sharing information in a common language, 

enabling participation and engagement in the project regardless of the tools 

employed by different practitioners (buildingSMART, 2018b). 

The Industry Foundation Classes (IFC) format is the primary vendor-neutral 

data model developed by buildingSMART, and the majority of the BIM 

authoring software support the IFC import/export feature. The IFC schema is 

an extensible object-oriented data model divided into base entities and sub-

entities. This format classifies and gives structure to the data allowing different 

sets of information to be extracted easily. Furthermore, the inherent data 

consistency of the format aims to eliminate the need to input the same 

information multiple times, thus minimising further errors and allowing the 

project team to focus on the compatibility of their workflows. 

The IFC is one of five types of open standards in the buildingSMART portfolio, 

each of which exists to perform different functions in delivering and supporting 
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assets in the built environment (BuildingSMART, 2018a). For example, the data 

model schema supports a neutral data exchange format for BIM tools 

interoperability (Afsari et al., 2017). 

Consequently, coordinating and communicating building data becomes 

increasingly complicated, despite the compatibility of formats. The resulting 

high complexity leads to lower usage among professionals where the limited 

understanding of import and export features causes translational errors and 

impedes interoperability (Pauwels et al., 2017). As a response to this inherent 

dysfunction of the IFC exchange, many studies (e.g., Choi and Kim, 2016, 2017; 

Lee et al., 2018) proposed various code checking logics to ensure open BIM 

interoperability and data consistency in order to minimise BIM data loss when 

transferring to IFC data structure from one library to another. 

The initiative to provide interoperability formats to unlock vendor’s software 

and unable AEC professionals to interact on their project has previously been 

developed among the industry specialists and software vendors. However, the 

gaming industry has realised the potential help it could support AEC 

professionals proposing various solutions. 

In recent years, XR has attracted the increasing attention of the AEC and FMT 

industry, as it shows a great potential to improve workflow efficiency through 

enhanced common understanding. However, a problem with current VR 

applications in AEC/FMT is that the manual conversation from official design 

data to VR displays is difficult and time-consuming. In addition, there is a lack 

of an automated and efficient data transfer approach between BIM and VR (Du 

et al., 2018). Therefore, the scholars introduced a BIM VR real-time 
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synchronisation system based on an innovative Cloud-based BIM metadata 

interpretation and communication method. BVRS allows users to update BIM 

model changes in VR headsets. 

In October 2018, Unreal Engine 4 has announced direct export capability from 

several AEC software packages, including Revit, Sketchup and Rhino. In 

addition, with IFC file format will be supported in the future. Unity 3D, the 

competitive game engine platform, later has revealed a similar software 

product, “Unity Reflect”, with a range of supported AEC software (Unity3D, 

2020).  

Other independent software development companies (IrisVR, 2020; Revizto, 

2020) developed interoperability with BIM data and functionality like 

navigation and clash detection. 

This new development will result in faster workflows for bringing AEC models 

into the game environments and a broader range of immersive interactions 

with architectural/CAD objects and their metadata and properties. The science 

will estimate these impacts on automating visualisation workflows and 

improving communication (UnrealEngine4, 2020b). Detailed technical review 

of the available interoperability options benefits and shortcomings will need to 

be conducted to select the best route for the future software design to support 

the self-build housing sector. 
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2.4  Sales and Marketing using XR Technologies 

This chapter aims to describe main sales principles, highlight special features of 

sales and marketing processes, particularly in the self-building sector, and 

review the literature on how these principles have been adopted in similar 

projects in science.  

2.4.1 In-Person Sales Process  

The success of the gamification of a virtual environment hugely depends on the ability 

to convey its context (Schell, 2008; Thompson et al., 2007). The context of the current 

experience as a target for gamification is to provide an effective sales process that 

includes a better understanding between a client and a product/service provider 

(Eisingerich et al., 2019; Leclercq et al., 2018). The effective sales process consists of 

the following stages (Nasirzadeh and Fathian, 2020; Viio and Grönroos, 2016). The 

preparatory stage is when a salesperson acquires all the necessary knowledge about 

the product/service and clients background and motives. The first contact stage is 

characterised by building rapport with the customer, providing a client with basic 

knowledge about the products/services without overwhelming them with the details 

at the initial stage. The next stage is designated for listening/questioning and 

objections handling, where the client is provided with more specific knowledge on 

request. Finally, the customer is provided with a detailed quote for a customised 

product at the last stage of the journey. The sales techniques described in the 

literature also emphasised the importance of the comfortability of a client sales 

experience.  
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In-personal sales are one of the most effective sales tools as it engages all 

communication channels: verbal, the intonation of the voice, opportunity to use sales 

visuals, expressive body language and demonstrations.  

 Several publications and authors have focused on identifying key stages of successful 

sales (Alison, 2018; Arli et al., 2018; Lyngdoh et al., 2018; Viio and Grönroos, 2016). 

Below is the summary of essential buyer-seller steps in the in-person sales process: 

They are setting the scene. The preparation stage is characterised by finding out all 

the background knowledge about the product/products, prospect customers, all the 

visuals required and the tools to execute the sale, personal presentation, and 

handling all possible scenarios of the sales interaction. 

First point of contact with a customer. They are also described in other sources as 

building the rapport with the customer, ‘breaking the ice’ or ‘B2B’ – converting a 

browser to buyer techniques. At this step, the salesperson puts the client at ease, 

creating a comfortable, friendly communication starting point, where a client sees a 

salesperson as a consultant whose function is to save their time and help make the 

right choice (Avlonitis and Panagopoulos, 2010). 

Listening/questioning stage. This stage is designed to gain more knowledge on 

customer expectations, desires and needs. Ask additional questions to specify the 

information given, demonstrate the presence and put the customer at the centre of 

interaction. 

Demonstration/reflection. With the knowledge gained and the rapport build in 

previous stages, the salesperson is now ready to demonstrate the possible solutions 
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to customer problems reflecting on the knowledge gained and narrow down the 

product choices according to the customer preferences.  

They are handling objections. The possible objections would include the budget 

price, delivery timescale, product design or compatibility. Being ready for possible 

objections, a salesperson would need to suggest the solutions and level of flexibility 

the company can offer to suit the customer needs. 

They are closing the sale. Closing the sale or ‘asking for a sale’ is considered vital to 

a successful sales process. Usually prompted by a customer verbal/non-verbal signs 

or ‘ask anyway’ attitude, asking for the sale could be implemented in various mild 

and direct techniques. For example, issuing the quote and handing it over to the 

customer would be an ideal reference point for making a final buying decision or as 

a final resort if a customer decides not to proceed with the sale.  

 Other relevant sales principles  may include: 

Selective Information exchange. The sales adviser can solely provide a client with 

only individually tailored information to help them make the right buying decision 

and save their time. Choice unrelated information should be omitted as it could be 

overwhelming and cause delays in making buying decisions. Offering too many buying 

choices for a client could be daunting. A salesperson should listen and ask questions 

about client buying motives or conduct some form of research beforehand and then 

proceed with offering a limited number of rational options  (Cardone, 2016). 

Narrative and scripting. Guiding the customer through sales interaction experience 

should follow a script, where he will be questioned on his/her buying motives and 
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offered practical information in predefined sequence to demonstrate expert 

knowledge. 

Channel of communication.  A sales advisor must adopt their information channels 

to clients’ communication channels(visual, audio, sensory). 

2.4.2 Special Features in Self-Build. 

The seminal literature has reported communicating design intent between an 

architect and a client and presenting outcomes in the form of a winning bid 

(Sawczuk, 2013). The interaction between a salesperson and a client in AEC is 

significantly more complex than sales interactions in other sectors. The 

effective communication process is essential for the success of construction 

projects. Previous research shows that construction project teams spend most 

of their time communicating with other parties and stakeholders via emails. 

However, only a few previous studies address the problem solution by applying 

digital interfaces and XR technologies. Large architectural projects are 

expected to have extended project lifecycles as a large number of stakeholders 

are involved.  Conversely, small scale residential projects require significantly 

shorter project cycles and faster interoperability workflows reaching clients 

often remotely. 

2.4.3 Adoption of Sales Principles in VR UX 

As a sales tool, VR software must adopt several principles of in-person sales. 

However, relatively few studies have focused on virtualising and gamifying the 

sales process with VR experience instead of visual representation 

demonstration. Therefore, it is important not to underestimate the value of the 
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above principles and make several suggestions that these principles could be 

adopted in VR software as a sales tool. 

The study conducted by (Hollebeek et al., 2020) is among the few that analysed 

VR applications through the customer journey. The scientists have classified 

three stages of the journey: (1) pre-VR encounter, consumers gain awareness 

of marketing-based VR; (2) the core VR encounter or intra-interaction 

experience reveals consumers' engagement during their VR-based 

interactions; (3) post-VR encounter captures the dynamics transpiring after 

consumers’ marketing-based VR interactions.  They advised the VR narrative 

and graphics as key VR content features, given their importance in shaping VR 

engagement and experience 

Several studies addressed the issue of the use of immersive virtual reality 

technologies in a virtual simulated store, museums or archaeological sites and 

its correlation with enhanced presence and usability compared to conventional 

desktop technology (Goulding et al., 2012; Hamari and Keronen, 2017). The 

studies show that immersive technologies improved presence and usability; 

however, they admit the need for further advancement in VR hardware and 

software capabilities. 

The study conducted by Sherman and Craig (Sherman and Craig, 2018) 

emphasises the equal necessity for a comprehensive exploration of the VR 

subject area and the VR medium. A wide range of VR applications subjects in 

the research conducted includes military training, education and design. 

Authors draw attention to the fact that adoption of VR in each area must be 

driven by deliberate design, designing to engage the audience, social 
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interaction consideration, understanding user objective, start, process and end 

of the user scripts, real need for trade-offs. 

Another study (Lin et al., 2017b) was conducted on clients’ feedback on VR 

product configurator use. The empirical evidence confirms that the VR system 

of product configurator enables a better understanding of the future product 

and reduces the indecision/objection handling stage during the sales process.  

Gamification is a rather significant trend in recent years. It builds on the 

emotional and involving qualities of gaming but may not entail a full-fledged 

game. Gamification exists in a large number of industries, retail, media, 

consumer goods, and healthcare. It is used to educate employees in all 

industries, create customer engagement to brands and businesses, and even 

nudge people to change their behaviour (Wünderlich et al., 2020). However, 

scholars have stipulated that most gamification implementations are doomed 

to fail due to a poor understanding of how to design gamification successfully. 

This dearth of a comprehensive understanding of the phenomenon inhibits 

organisations from adopting and designing effective gamification approaches. 

Furthermore, there is still a lack of a coherent framework that entails the 

impact gamification has on various stakeholder groups. 

VR has increasingly been used in tourism to engage consumers and market and 

sell tourism services and products (Zeng et al., 2020). Researchers suggest 

managers should allocate resources in the design of virtual reality content from 

customers' perspective (Kim et al., 2020; Loureiro et al., 2020; Tussyadiah et 

al., 2018), such as high quality and visually stimulating imagery that generate 

richer experience and encourage exploration (Bec et al., 2021), and hence 
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greater enjoyment for the visitors (Bogicevic et al., 2019). Travel retailers may 

install virtual reality in stores as a simulation tool to create a virtual experience 

of the destination and hotel properties (Guttentag, 2010; Kim and Ko, 2019), 

which helps potential consumers to make travel and booking decisions, 

reducing their reliance on textual information (Zarzuela et al., 2013). 

With high-immersive virtual reality (VR) systems approaching mass markets, 

companies are seeking to understand better how consumers behave when 

shopping in VR (Wedel et al., 2020). A key feature of high-immersive VR 

environments is that they can create a strong illusion of reality to the senses, 

which could substantially change consumer choice behaviour compared to 

online shopping (Meißner et al., 2020). 

Among the pool of evidence collected about VR supermarket shopping patterns, 

the scholars highlighted that respondents are more susceptible to variety-

seeking and less price-sensitive. 

Given that respondents had to pay for the chosen products with their own 

money, the results support the idea that shopping in VR would potentially 

affect de facto spending behaviours.  

The other two studies have focused VR shopping experience (Farah et al., 2019; 

Han et al., 2020) investigated the effects of telepresence, challenge, body 

ownership, control, playfulness, and usefulness on behaviour intention in the 

VR supermarket; Turning the linear shopper journey into a non-linear one: in 

order to reduce the expectations gap as well as the transition risk that could 
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negatively affect in-store purchases; 3D VR correlation to consumer shopping 

behaviour: informativeness and playfulness. 

Data was collected by having participants use VR glasses in an actual VR 

supermarket created for this study. By elucidating factors that help consumer 

adoption of VR technology and emphasising unique factors inherent to VR (i.e. 

telepresence and time distortion), this paper provides important contributions 

to the literature and implications for marketing managers (Han et al., 2020). 

Informativeness is another important dimension of the virtual reality shopping 

experience. The promise of being able to provide additional product 

information has been a major driver for the commercial deployment of VR in 

marketing applications analysing the role of informativeness and playfulness in 

the consumer online purchase process (Bec et al., 2021; Kim and Hall, 2019; 

Loureiro et al., 2020; Tussyadiah et al., 2018). The reviewed principles in sales 

and business and examples studies from VR consumer behaviour give 

important insights for developing a research strategy and methodology for self-

building housing sector client-designer collaboration. Although many 

recommendations could be transferable to the thesis topic, there still 

significant gaps exist in developing a sufficient conceptual framework.  

2.5 Application of the Game Design Principles 

VR has the potential to provide experiences and deliver results that cannot be 

otherwise achieved. However, interacting with immersive applications is not 

always straightforward. Therefore, the VR UX should work intuitively that is a 

pleasurable experience and devoid of frustration. It is up to designers to 
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develop VR applications to achieve their goals elegantly and comfortably 

(Jerald et al., 2017). 

Unlike a staff member, who has to learn to navigate complex interfaces with 

ease by a  job description, a client, on the contrary, is no under such obligation 

and could have a very different reaction towards virtual environments. The 

salesperson/construction/design specialist should be able to handle the 

complexity of the UI. However, a client's User Experience(UX) should contain 

no discouraging complexities or be guided by a salesperson.  

The quality of VR experience is classified into two categories: scene of presence 

and sense of immersion (Jerald, 2016). Whereas immersion is about the 

characteristics of technology, presence is an internal psychological and 

physiological state of the user. The summarised characteristics of the quality of 

VR UX are all detailed below (Somrak et al., 2019; Wu et al., 2018): 

Sports fans may prefer attending a sporting event to watching it via media since 

the former offers much more experiential depth. However, it is not easy to 

deliver a similar experience via traditional mass media. Therefore, the primary 

function of VR is to provide an immersive experience to sport media consumers 

by enhancing telepresence. In any media environment, individuals interact 

with the environment using their senses, and the extent to which a certain 

media technology can reproduce this sensory information determines the level 

of telepresence. In VR, users' perceptions are created by surrounding them 

with visual images, sounds or other stimuli that produce a total engaging 

environment (Kim and Ko, 2019).  
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They are creating a deep cultural experience through different moments of life, 

involving on-site gaming, edutainment and online supports and activities. 

These data may indicate that users tend to acquire more information, learn to 

apply them concretely, and tend to remember them in a more lasting way over 

time. In addition, the playful aspects may allow the users to live a rewarding 

experience, a source of positive emotions such as interest, curiosity, 

exploration, the sense of challenge and self-efficacy (Bozzelli et al., 2019). 

The human visual system constantly uses a visual attention mechanism, which 

rapidly analyses complex scenes by directing its attention to the prominent 

parts of a scene. This mechanism repeatedly shifts focal attention to the salient 

feature points, and the details transferred from the real world to the HVS 

change with these shifts. Such a process lessens the cognitive burden while 

perceiving the surrounding world. Therefore, an essential issue that emerges 

regarding visual saliency assessment in VR is how applicable the visual saliency 

cues that are well-studied for two-dimensional (2D) stimuli and saliency 

estimation methods using those cues are for VEs, especially when they are 

experienced with commercially available HMDs (Celikcan et al., 2020). 

Flow is an autotelic nature experience, which suggests that flow is generally 

related to positive consequences for the individual engaging in an activity Flow 

is also an optimal experience. People simultaneously feel cognitively efficient, 

motivated, and happy in the state. Thus, flow is a positive experience 

associated with feelings of enjoyment (Bian et al., 2016). 

The frame rate is a minimum vital characteristic of the quality of the user 

experience. The majority of the sources indicate 90fps as the comfortable 
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minimum; nevertheless, with the steady technology improvements, 

particularly in the video cards capacity, other developers suggest a much higher 

number (Lee et al., 2017; Louis et al., 2019; Suznjevic et al., 2017; Yang et al., 

2019). Another essential characteristic here is maintaining the same level of 

the frame rate across a game experience, as significant fluctuation may cause 

adverse user discomfort. A virtual representation that is as close to the 

product/building/environment as possible. Materials in the virtual world 

should simulate real-world material colours, reflective properties, and surface 

roughness characteristics(Kress et al., 2014). Lighting should simulate real 

lighting fixtures, colour temperatures, and shadow casting. In the past years 

(2017-2020), the market of XR headsets has significantly expanded, offering a 

variety of options from various manufacturers (Cuervo et al., 2018; Fuchs, 

2017). The quality of the VR experience and the interface functionality 

significantly depends on the hardware and the platform. As the VR for 

construction app vital purpose is to give users perception of space, all the 

objects in the VR environment should correspond to high fidelity accurate scale.  

Making interfaces intuitive with the simplest mental model possible can 

achieve the desired VR UX result (Khan et al., 2017; Khan and Tunçer, 2017). 

Other scholars emphasised the importance of providing sensory cues (like 

haptic feedback)and audio cues(like sound effects) to cover a broader range of 

users across all modalities. 

Furthermore, in-game computer characters'/instructors and multiuser experiences 

were proven to help users learn the same interactions. HMDs typically incorporate 

sensors that track head position, orientation and movement, so that the virtual 

environment can be rendered congruently with the user's point of view. Handheld 

AR devices track their position and orientation in space, enabling them to blend 
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virtual and real-world scenes and objects (Wedel et al., 2020). The number of frames 

per second that HDMs can deliver is critical in head-based rendering and for 

generating a high-fidelity illusion of motion Recorded sounds can be reproduced with 

very high fidelity, sound propagation in real-time in virtual environments by 

modelling the physical processes involved is an extremely challenging task (Bialkova 

and Van Gisbergen, 2017) find that higher levels of engagement and presence caused 

music to have a greater modulating effect on behaviour. Haptic functions are 

increasingly becoming part of VR systems, adding the senses of force and touch to 

virtual environments. A range of haptic inputs can be simulated with vibration motors, 

for example, the sensation of coming to a hard stop, an opposing force, friction, or 

texture (Li et al., 2019a; Peiris et al., 2019). Transference occurs when task 

performance and associated cognitive and emotional states are similar to those in 

the real world (Bialkova and Van Gisbergen, 2017). For example, users respond to 

abstract virtual people and their facial expressions in similar ways as they do to real 

people (Bialkova and Bigne; Borrego et al., 2019; Clifford et al., 2020).  

 

2.6 Mass Customisation and product configurators 

The research studies focused on mass customisation (MC) have indicated 

increasing preferences in customising products and services (Deradjat and 

Minshall, 2018; Ellena et al., 2018; Mourtzis et al., 2014; Piroozfar et al., 2019). 

The scholars have suggested that consumers became more sophisticated and 

aware of their products and services design, quality, and functionality issues. 

As a result, demand has increased for affordable and reliable products that 

correspond precisely to the purchaser's specific needs (Papathanassiou, 2004). 

MC of markets means that organisations can reach the same large number of 
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customers as in the mass markets. Still, additionally, they can address their 

customers individually as in the customised markets. 

In this paper, the Timber Frame Kit Home Manufacturing Companies (TFKHMC) 

are identified as Manufacturers seeking MC of their products and services via 

digital interfaces, and the client is the potential purchaser of the Timber Frame 

Kit Home. The detailed analysis of the sales and manufacturing process in the 

industry implies focusing on two practical approaches in MC described by the 

scholars (Gilmore and Pine, 1997; Papathanassiou, 2004; Steger-Jensen and 

Svensson, 2004). First, the collaborative approach suggests dialogue with 

individual customers to help them articulate their needs, identify the particular 

offerings, and customise them. Second, the adaptive approach implies that an 

organisation offers a standard but customizable product designed so that 

customers can alter it themselves.  

The growing complexity of AEC projects involves multiple stages and 

variables(RIBA, 2020): site information and spatial requirements; client 

requirements and project brief; project budget and cost plan; technical design 

and application of lean manufacturing principles; environment, social and 

economic sustainability outcomes. In addition, the past five years have seen 

further changes in the construction industry. Digital innovation continues to 

transform many aspects of project workflow, arguably moving towards a 

paradigm shift rather than tweaking more traditional ways of working. In 

addition, modern construction methods, including volumetric modular, are 

transforming the residential sector, pointing to new future business models. 
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Due to the reiterative project nature of the self-building housing sector, the 

empirical evidence from TFKHMC websites (HebrideanHomes, 2020; Norscot, 

2020; Scotframe, 2020) has demonstrated a wide variety of template house 

options.  The template designs represent each company's competitive edge in 

solving a classic challenge of finding optimal solutions with aesthetic design, 

cost efficiency, lean manufacturing, and environmental sustainability 

principles. As a result, we aim to explore the adaptive approach for the Kit 

Home Template Designs customisation by presenting the available options 

using digital interfaces to ensure clients' participation in the visual and spatial 

design process. 

Previous research identified the need to encourage more self-build 

procurement methods as a long-term solution to the low uptake of 

environmentally sustainable construction practices in the UK housing sector. 

The primary focus in this thesis is the BIM variables related to self-building 

projects to facilitate client decision making regarding the purchase of the Kit 

Home manufactured components. To investigate these components, the 

author of the thesis has researched the self-building literature bottom-up 

approach, in other words, how self-building clients make design decisions. Also, 

related studies in BIM variables decision making have been investigated. 

The scholars(Pour Rahimian et al., 2019) proposed a method for integration of 

BIM data into immersive VR and AR environments in order to streamline the 

design process and provide a pared-down agnostic openBIM system with low 

latency and synchronised concurrent user accessibility that gives the “right 

information to the right people at the right time”. These concepts have been 

further demonstrated by developing a prototype for an openBIM-Tango 
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integrated virtual showroom for offsite manufactured production of self-build 

housing. The prototype directly includes BIM models and data from IFC format 

and interactively presents them to users on VR immersive and AR 

environments, including Google Tango-enabled devices. The research offered 

innovative and practical solutions for the integration of openBIM and VR/AR 

interfaces, which can address interoperability issues of the AEC industry. This 

new development will result in faster workflows for bringing in AEC models into 

the game environments and a broader range of immersive interactions with 

architectural/CAD objects and their metadata and properties. Detailed 

technical review of the available interoperability options benefits and 

shortcomings will need to be conducted to select the best route for the future 

software design to support the self-build housing sector. 

The empirical evidence confirms the notion that the VR system of product 

configurator enables a better understanding of the future product and reduces 

the indecision/objection handling stage during the sales process.  

2.7 Theoretical Framework 

The conducted literature review has revealed several theoretical patterns 

linked to the research project. The key takeaways are presented below. 

Self-build and group self-build housing projects result in significantly better 

quality housing, increased environmental efficiency and value for money 

(Benson, 2014; Brinkley, 2017; Górecki and Czaplewska, 2017; Green and 

Lannon, 2020; Handley, 2018; Heffernan and Wilde, 2020; Hopkin et al., 2017; 
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Jankovic, 2019; Jiang et al., 2019; Lane et al., 2020; Murillo, 2012; Walliman, 

2012). 

Various literature review areas have stipulated the need for simplification of 

the data delivery to the final purchaser. Self-Build sector researchers 

emphasised that many aspects of self-building appear to be daunting and 

discouraging to the purchasers. Scholars also recorded some perceptions that 

the ZCH standard was too complex for construction professionals, and thus 

potentially to a greater extent for self-builders (Heffernan and Wilde, 2020; 

Lane et al., 2020; Lang et al., 2020). Several research areas in marketing and 

sales prove that initial research of individual customers facilitates options 

filtering, presenting them with only a few suitable choices. In this case, clients 

are likely to proceed with the purchase (Alison, 2018; Arli et al., 2018; Avlonitis 

and Panagopoulos, 2010; Cardone, 2016; Eisingerich et al., 2019; Lyngdoh et 

al., 2018; Viio and Grönroos, 2016). The BIM Scholars over the years reported 

raising data complexity in the sector and have resorted to game interfaces 

adoption in several studies (Abanda et al., 2017a; Al-Saeed et al., 2020; Choi 

and Kim, 2016; de Klerk et al., 2019; Du et al., 2018; El-Diraby et al., 2017; 

Fadoul et al., 2018; Gbadamosi et al., 2018; Getuli et al., 2020; Lai et al., 2019; 

Nabil et al., 2017; Sun et al., 2017).  

Self-building statistics in Scotland and England have confirmed that timber 

frame kit-home manufacturing companies in the UK require growth in BIM 

maturity levels and would significantly benefit from improved interoperability 

(Bramley and Watkins, 2016; Hairstans and Smith, 2018; Robert Hairstans, 

2019; Wilson, 2017). So far, most of the research has been focused on larger 

BIM projects, where adoption of the open BIM principles and game interfaces 
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has been accelerated by significant investments and involvement of research 

and development groups and visualisation specialists.  

The application of XR technologies in various sectors has revealed several 

patterns. First, it has been reported that the use of VR in tourism and hospitality 

sales raises clients confidence in the purchase, improves decision making and 

product satisfaction as a result (Bec et al., 2021; Bogicevic et al., 2019; 

Guttentag, 2010; Kim and Hall, 2019; Kim et al., 2020; Loureiro et al., 2020; 

Tussyadiah et al., 2018; Williams and Hobson, 1995; Zarzuela et al., 2013; Zeng 

et al., 2020). Secondly, several VR/AR shopping studies have uncovered the 

pattern of higher variety-seeking and less price sensitivity while using the 

technology(Farah et al., 2019; Han et al., 2020). Nevertheless, scholars have 

discovered that this effect is much greater while using high-end headsets. It is 

shown to be much less when using lower quality hardware. Third, the 

application of  VR increases users empathy in charitable donation projects and 

increases the number of donations (Kandaurova and Lee, 2018). Finally, the 

effect of VR has proven to be crucial in spatial planning research projects for 

eliminating mistakes and clash detection(Getuli et al., 2020; Immersion, 2017; 

Innoactive, 2018; Jerald et al., 2017). 
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Chapter 3 

3 Research Design and Methodology 

3.1 Conceptual Framework 

The conceptual framework has been developed by synthesising the literature review 

findings with the project aim and objectives. The future VR Software will integrate 

two concepts, the Virtual Showroom and the House Configurator. As the Virtual 

Showroom, the software will have the ability to walk through the environment and 

interact with the objects. As a House configurator, it will exercise the possibility of 

adopting other product configurators (like cars and smart products). It will entail 

changes to the element configuration and calculation of price changes. Presenting 

data relative to space will simplify data delivery to the client, improve client 

satisfaction, and increase sales. The research study will also investigate automating 

these steps or implementing the steps achievable in a small design/architectural/ 

construction firm.  

 Overall, the research study aims to confirm two hypotheses: 

Game-like interfaces combined with the power of BIM can provide simplified data 

delivery to a client, which will lead to customer satisfaction and increased sales due 

to confidence in the product (Figure 3-1).  
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Figure 3-1. Hypothesis One. Simplified Data Delivery and Sales 

 

Automated VR House Configurator/”Showhome” creation is achievable. For example, 

this is demonstrated below in Figure 3-2: 

Sales
Increase

Customer  
Satisfaction

Simplified Data Delivery

openBIM+Game UI+XR
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Figure 3-2. VR Software Automation 
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In the figure above, Organisation A presents a common workflow where the 

architectural team requires sending BIM models to CGI(Computer Generated 

Imagery ) team to create the VR experience, videos, and images. This workflow results 

in constant information loss, delays and mistakes. Organisation B presents an 

improved workflow where an architectural team uses automated templates with 

dynamic scripting to insert each new design. CGI Team is only responsible for 

maintenance and update of the template, continuous improvements and 

automation. This workflow improvement will ultimately reduce workforce or 

outsourcing expenses in small to medium businesses. The system presents a more 

efficient workflow achievable as an objective of the current research project.  

 

3.2 Workflow Overview 

Investigation of the current state of TFSBS within the UK housing industry and 

identification of the key potentials and barriers of adopting BIM principles to support 

TFSBS within the UK housing industry (literature review, workshops, ethnographic 

study). 

Exploratory theoretical research will be a primary method for achieving the literature 

review includes the following directions: TFSBS process and issues slowing down the 

industry; BIM principles applicable to TFSBS VR software as a sales tool in architecture 

and construction; review of significant hardware and software technology enablers 

for future VR software. 

The industry research will entail identifying the structure of the companies in the 

sector and analysing product catalogues and detailed product libraries.  
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Working closely with academic and industry professionals, the author will apply 

qualitative research methods to identify the average length of the existing business 

project lifecycle, the main enabling characteristics of a new software application 

which can help facilitate better communication between professionals and clients as 

well as leveraging the integration of their work procedures, in order to optimise the 

design and contribute to saving labour, cost, and time. Finally, comprising the results 

achieved, the author will estimate the target KPIs of a future project lifecycle length 

and the ratio of closing the deal per number of client cases. 

The author will collect qualitative research data through discussion with industry and 

academic professionals (a)capturing current business systems and staff capabilities 

relevant to the project; (b) identifying and exploring existing design platforms and 

visualisation tools currently used in the sector, as the baseline situation that can be 

referred in the future business cases to help map out infrastructure, compatibility, 

and cost issues involved in future developments; (c) developing initial product 

database and matrix and acquiring an understanding of the common parameters of 

each product and detail and Service Order Records; (d) working with the detailed 

drawings and technical aspects TFSBS’s products. 

Investigate the potentials and barriers of adopting emerging game-like XR 

technologies to support TFSBS within the UK housing industry. 

Research investigate and identify state-of-the-art Virtual Reality technologies 

available concerning providing users with a virtual experience of the built 

environment. Furthermore, the Author will explore further and update their 

knowledge regarding the emerging and evolving technologies concerning a virtual 

representation of buildings for clients and building teams. The detailed business case 
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will also be extended in terms of financial implications of choosing one platform 

against another, in terms of the initial cost of the software licence, licence 

peruse/sale, running costs of each technology in terms of data warehousing and 

cloud computing and others. 

Develop a framework for Improving Marketing and Technical Operations within 

TFSBS housing Sector by Applying Integrated XR and BIM Technologies.  

It is essential to develop relation precisely, data and follow models (using Unified 

Modelling Language UML) to present an overview of the system in machine vision. 

All objects, users, system behaviour and their relations are defined in these models 

in a diagrammatic way.  Using UML models with an iterative software development 

approach in each step (prototype and final version development) will accelerate the 

development process by enabling amendments to the models’  interfaces, algorithms 

and codes in an interactive manner.  Moreover, dealing with a large data set of BIM 

models and noting that the final software application targets the mobile platforms, it 

is crucial to carefully design the mobile/server process models to prevent latency, lag 

and high load in devices. The author will assess the hardware related issues (e.g. 

accuracy and accessibility, the interaction of users with VR/Mobile interfaces) as 

another challenge, which must be considered in designing the user interface of final 

virtual showrooms. Special attention will be paid to identifying what drawings, 

project data, sales information, and design documents are needed to access the 

project and gain a brief overview of potential application algorithms. 

The software design process is iterative. However, the author will follow a structured 

design methodology to develop design alternatives and employ a design rationale 

model to meet specifications. The study will design a development framework and 
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integration strategy for a Game-Like VR Showroom environment using the latest 

hardware and software technologies and enabling multi-criteria optimisation. 

Specifically, this will include data representation, object classification and hierarchy 

(behaviour/structure/relationship), Unified Modelling Language (UML) 

methodology, BIM compliance and metadata rubrics. 

In the first stage of the application development lifecycle, the project will establish 

the requirements and priorities represented in an ontological structure. The scope, 

constraints, and system requirements will be thoroughly discussed among 

experiment participants through this activity.  

The next step is designing a prototype, which allows users to interact with systems 

and develop models representing processes, inputs and outputs. This step includes 

architectural design, preliminary user interface and application behaviour design, 

code development, verification and validation, including developing the environment 

through an optimised everyday data environment matched to the archiving strategy. 

This stage will include the development of entity relation, data flow and object 

models using UML. The generic structure and content for the VR objects will be 

formulated. The next stage will establish object classes and hierarchy to satisfy 

multiple abstractions (compliance with extranet metadata, such as folder 

classification guidance for BIM classes). The primary user interface and database 

design will be undertaken during this stage, based on the Entity-Relation models (to 

comply with HCI and accessibility guidelines and others). Translation of the design 

into the software program. Algorithm design: designing algorithms based on the flow 

diagrams. Coding the algorithm using the appropriate programming language to 

interact with the user interface, debugging and removing errors from the program.  
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The process will focus on program and application development tasks; however, 

feedback can be considered in improving the software. These will include coding and 

system testing. 

In this stage, the author will carry out a range of workshops to engage with industry 

professionals to demonstrate the new system to them, communicate the project's 

goals to the staff, and better understand their needs and see how the new system 

can affect their working processes. In addition, this phase will hugely involve 

disseminating findings to staff and usability tests with staff to receive feedback from 

them to finalise the system and prepare documentation and produce user manuals.  

Applying Agile software development methodology, the first group of prototyping 

stages will focus on client-designer/salesperson interactions. Providing optimal 

interface and visual perception. The second consequent group of prototypes will 

focus on OpenBIM Principles integration. Finally, software Development cycles will 

examine the fastest routes possible at current technology development for in-House 

VR software tools and reach out to geographically remote clientele via mobile devices 

and necessary VR hardware available.  

In this stage, BIM compatibility will be added for the developed application. The 

Interface module between the mobile application and Industry Foundation Classes 

(IFC) will be developed, and interoperability will be assured. Afterwards, the interface 

will be enhanced to integrate building information representation and reporting 

capabilities with the VR model. The final application will be capable of inserting IFC 

models into the VR environment and provide users with full integration of 

semantically rich building information with VR models. Users will be able to: navigate 

the VR environment easily with mobile devices and in-house software, integrate 
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them with the physical environment and existing objects (as well as manipulating 

interior design options to measure the room sizes) and see how they would fit their 

prospective house, as well as customising layout, building components, and materials 

and seeing results in real-time. This will include how space will look and how it will 

perform and the other consequences of changes, such as a change in the project 

budget, energy performance, and completion time. 

The developed software application will be further enhanced to allow interoperability 

with IFC models and facilitate direct input of Building Information, including Cost, 

Material, Lifecycle Assessment, Energy Performance etc., from the IFC model to the 

VR environment. This real challenge will be addressed by full integration of the 

Object-Oriented VR engine database with IFC schema. Since IFC is a standard schema 

in which all data is stored in a certain format, the software will insert appropriate 

information directly from respective tables in IFC. Once this data is loaded, the 3D 

will be inserted directly from the Rev or IFC file format.  

Conduct a series of usability tests to receive feedback from end-users and experts in 

software and building design. 

The author will establish a project communication and dissemination strategy. This 

activity will include identifying and contact the right people, such as academics, 

building engineers, architects, construction stakeholders, builders, end-users, 

policymakers, software developers and users, TFSBS clients to a setup a range of 

workshops to engage and disseminate findings, train staff to adopt the new software 

application to their working procedure. In addition, testing a prototype model and 

gathering information using qualitative and quantitative research methods against 

KPIs established.  
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Calibrate the initial prototype by using the feedback received. 

The Agile Software Development Process will take the developed software 

application through an iterative testing and modification procedure to diagnose and 

troubleshoot the alpha version application regarding functionality, compliance, 

grouping, integration, maintenance, version control, and validating and amending 

the interface to include any additional fields/delimiters identified during usability 

tests. 

The author will establish a project communication and dissemination strategy and 

develop a supporting business case for crucial dissemination actions (local, national, 

international events) to maximise scientific impact through industry stakeholders' 

engagement and experts.  

 

3.3 Identifying XR Methods 

3.3.1 Gains and Drawbacks  of each XR  type 

This chapter is dedicated to classifying the various types of realities and applying 

them to the current project. It aims to identify the optimal technological pathway for 

communicating business and technical operations within TFSBS. 

As a means of communication, VR extends the scope of existing technology with its 

ability to fully go beyond distances and bring everyone together in the common space 

of a virtual reality environment irrespectively of the real-world locations. Therefore, 

spatial locations are no longer an obstacle in project meetings across the globe as 

people can interact in the same virtual space simultaneously.  
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Furthermore, VR environments can also fulfil themselves as training zones where the 

activity normally occurs under dangerous conditions and circumstances. For 

example, secure virtual environments can substitute unsafe construction job sites 

and offshore zones, military and aviation, and other activities. Moreover, AVC, VF of 

3D graphics can enhance viewers immersion (VI), SP and empathy. 

Additionally, this possibility extends into the opportunity to visit a place that would 

be impossible for most people. For example, engaging in simulations close to floating 

in space, scanned environments of incident scenes, AEC and Infrastructure 

simulations, simulations of archaeological and historical findings. This possibility then 

opens new doors to innovative thinking. It allows for a shift in the paradigm of what 

is humanly possible.  

The common requirements for setting up and using quality VR headsets like HTC Vive, 

Oculus is a 9X9m room or open space to calibrate the sensors. The project can be 

virtually seen in the VR headset and an additional screen for the spectators. 

The existing limitations in harnessing the latest VR technologies include cumbersome 

and bulky equipment set-up and transportation processes. As well as the inaccessible 

price range of the high-end quality hardware to the vast majority population. The 

pleasures derived from the interactive VR environments also impose a risk of 

addiction on a social level. As a way of escaping the real world, many people might 

be tempted to abandon their real-world responsibilities and submit to the alternative 

of the virtual worlds, which might, on some occasions, appear better and more 

comfortable.  
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Given that VR is still an emerging technology, the guidelines and regulations of those 

new virtual worlds have not been fully developed. At the same time, the rapid pace 

of development further hinders the possibility to contemplate possible hazards and 

side effects of its wide implementation. Consequently, communication performed 

through the means of VR leaves an opportunity for purposeful deception and 

manipulation if uncharitable companies or people use the technology.  

While VR creates a new world to explore in a virtual realm, augmented reality 

overlays virtual objects onto physical reality. Mixed Reality (MR) is the extension of 

the capabilities of AR with additional UI to interact with virtual objects in physical 

space. AR/MR provides information and guidance at the location it is required. 

AR/MR is widely used in measuring real spaces via AR-enabled devices, placing virtual 

objects like the furniture to extrapolate future capacity and visual compatibility, 

overlaying future construction work over an existing site, providing location-based 

training and guidance. This provides the client with a first visual of what space could 

be and its potential from their influence. In the design development stage, the AR 

device will provide the client with “true to scale visuals of internal and external 

environments of their design within context to demonstrate how it will function when 

in use”. The AR device can also illustrate how to solve complicated structural issues. 

This can narrow down errors at the construction stage and shorten the time frame 

from construction documentation to the final design sign off. AR does not require 

much space, if any, to set up and use. Description and justification of the selected 

Method and Hardware for the Research 

To assess the suitability of the hardware and type of reality required for the business 

and technical operations in TFSBS, an empirical study was conducted to test the 

various type of headsets and types of XR. In addition, international and Local 
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conferences were attended to study various demonstrations of various types of XR 

hardware. Moreover, the university labs containing various types of equipment were 

a great source for the hardware usability tests. Finally, the company-manufacturer 

websites were used to estimate hardware specs, degrees of freedom (DOF), price 

range, and customer niche where physical testing was impossible.   

The following hardware testing sessions were attended during PhD project 

development: London Digital Construction Week 2018, 2019. Epic Games training 

sessions August 2019; Inverness Interface Innovation Events 2017-2019.  

Below named XR technologies were tested: Oculus Rift; Oculus Go; Oculus Quest, HTC 

Vive; HTC Vive Pro; Microsoft Hololens; Magic Leap; Igloo Vision Immersive spaces; 

HP Reverb G2, Google Cardboard versions with use of the mobile phones, Daydream 

VR headset attachment for mobile phones, Google Tango.  

The specifications of the following XR headsets were assessed using manufacturer 

websites against tested XR headsets: Gear VR, Aser Headset, Asus Headset, Dell Visor, 

Playstation VR, HTC Vive.  

Developer apps from the following platforms were tested: Google Cardboard, Google 

Daydream, Viveport, Youtube VR, Web VR 360 images.   

To organise methodology decision-making options, Table 1 below was developed: 
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Table 1 Forms of Realities, Classification, Application and Requirements. 

Types of 
Realities 180/360 Videos VR AR MR 

Definitions 

Immersive videos or 
spherical videos are 
recordings, where a 
view in every 
direction is recorded 
simultaneously, shot 
using an 
omnidirectional 
camera or a 
collection of 
cameras. 

The fully 
immersive 
experience, 
where the user 
can influence 
the virtual 
world.  

Overlays 
graphics 
and video 
onto the 
real 
world.  

Enables 
seeing real-
world 
graphics and 
video as well 
as the ability 
to interact 
with them. 

Application
s 

conferences; social 
media; exhibitions; 
museums; 
visualisations; 
presentations. 

Gaming; 
education/train
ing; 
visualisations; 
design; 
presentations; 
marketing; 
collaborative 
decision 
making. 

Marketing 
and 
advertise
ment; 
gaming; 
visualisati
on spatial 
directions 

visual 
instructions/c
ustomer 
service; 
marketing 
and 
advertisemen
t; gaming; 
collaborative 
decision 
making; 
education/tr
aining; 
visualisation; 
design; 
spatial 
directions. 

Developme
nt process 

360 camera for 
capturing real 
environments; 
utilising latest 
innovations in virtual 
environments 
rendering software 
and game engines 

3d virtual 
content 
creation using 
3d, 2d or cad 
software. 
Coding gaming 
logic using 

3d virtual 
content 
creation 
using 3d, 
2d or cad 
software. 
Coding 
gaming 

3d virtual 
content 
creation 
using 3d, 2d 
or cad 
software. 
Coding 
gaming logic 
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for capturing and 
recording 360 
videos. Using 
available social 
media platforms for 
sharing them.  

game engines 
of choice. 

logic using 
game 
engines of 
choice. 
  

using game 
engines of 
choice. 

Developme
nt 
Necessities  

360 camera for 
capturing real 
environments; 
development 
software for creating 
and capturing virtual 
environments and 
exporting them to 
desired platforms 
 

Access to 
gaming and 3d 
software. 
High-end pc 
and high and 
HMD. 
Standalone or 
mobile phone 
VR hardware. 

Access to 
gaming 
and 3d 
software. 
High-end 
pc. 
ARcore or  
ARkit or 
Vuforia or 
other 
relevant 
SDK for ar 

access to 
gaming and 
3d software. 
High-end pc. 
Mobile and 
wearable 
devices for 
platforms of 
choice. 

Viewing 
Platforms 

SteamVR; Youtube  
visualiseR; Facebook 
360; 
Kuula; webVR; 
WebGL; full-dive; 
Oculus store; 
daydream; 
etc. 

steam VR 
oculus store 
PlayStation 
Xbox 
daydream 
Appstore 
etc.  

Mobile 
and 
wearable. 
Playstore 
Appstore 
wearable 
platforms 
 

mobile 
platforms: 
Playstore; 
Appstore; 
wearable 
platforms: 
Windows 
mixed reality; 
magic leap 
meta2 

Viewing 
Hardware 

PC with high-end 
HMDs; 
mobile, or 
standalone HMDs; 
360 projection 
structures domes 
and cubes; 
 

High-end pc 
and high and 
HMD. 
Standalone or 
mobile phone 
VR hardware. 

mobile 
phones or 
tablets 
 

mobile 
phones or 
tablets; 
HoloLens 
Magic Leap 
Meta2 
etc. 
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Reachable 
Audience 

social media users, 
business and 
education users.  

Users with 
access to the 
platforms 
mentioned 
above and 
hardware. 

Potentially 
all mobile 
phone/tab
let users. 

Potentially all 
mobile 
phone/tablet 
users. 
users with 
access to 
wearable MR 
HMDs 

Costs  

individual 
experiences are 
inexpensive. 
However, domes and 
cubes are extremely 
high in price. 

relative to 
platform or 
number of 
platforms of 
choice; 

relative to 
platform 
or number 
of 
platforms 
of choice; 

relative to 
platform or 
number of 
platforms of 
choice; 

 

Selecting the type of reality: At the client and design team interaction stage, the 

primary subject for discussion is future home designs. These would ultimately involve 

separation from the real world and complete immersion with the virtual 

representation of the future home. The ability to perceive real-world virtual space 

measurements with the highest fidelity possible would be a valuable decision-making 

criterion. Hence, VR, by definition, was selected as a primary medium for this 

research project. The possibility of applying AR and MR on other stages of the BIM 

life cycle, including construction and FMT stages, was also evaluated. Three hundred 

sixty images and videos application were discussed due to its ability to reach a wider 

audience, though only supplementary. Owing to limited interactivity capabilities, this 

medium would not fully uncover the objectives of the project.  

Selecting VR HMD: The empirical evidence confirms a literature review on the 

superior quality of the Oculus VR (Rift, Quest) and HTC Vive/Vive Pro headsets 

compare to other VR Headsets.  As reinforced by the larger developer and researcher 

communities, these two platforms have led the VR market for several years with 
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larger support forums, significantly more apps produced for enterprise and 

entertainment industries. Both platforms are distinguished by a wider field of view 

(FOV), enabling better immersive experiences. Six degrees of freedom for both VR 

headsets and the motion controllers deliver wider interaction capabilities with the 

virtual world.  As a result, it was established that future VR software would be 

developed for the above-selected platforms. 

 

3.4 Identifying BIM Methods 

The impact of BIM on design can mostly be detected in the conceptual phase. It 

supports greater integration and better feedback for early design decisions. It 

involves the construction level modelling, including detailing, specifications and cost 

estimation, then integrating engineering services and supporting new information 

workflows, and last but not least collaborative design-construction integration. The 

vital challenge of today for BIM impact is striking a balance between zero-carbon 

goals and the stimulation of growth in the housebuilding industry. BIM level two 

refers to the ability of two or more computer systems or software applications to 

exchange the format by following a standard and using the information delivered. It 

is frequently defined as an interoperability system that allows the user to respond to 

the delivered model and customise it based on its requirements, specification and 

needs by utilising the nD’s modelling concept - 4D; time, 5D; cost, and 6D; FMT.  

To support the fast-pasted decision-making process and efficient estimations, robust 

interoperability workflows are essential. Therefore, as a part of the prototyping 

stage, various workflows will be tested to identify the best solution to support small 

and medium-sized companies in the sector.  
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Current construction issues such as dislocation between design and construction, lack 

of project predictability, excessive industry use of unstructured, incomplete design 

information and over-dependence on human judgement resulted in low industry 

profitability.  

The Revit platform comprises Revit Architecture, Revit Structure, and Revit MEP. At 

the same time, there are many supporting applications associated with the various 

disciplines. In addition, an extensive online product library BIM object (previously 

known as Autodesk Seek) also supports the platform with directly available 

specifications and design objects.  

The Revit environment is rather intuitive and also supports a real-time collaborative 

mode of working. Additionally, there is the possibility for cloud collaboration (Level 3 

BIM) through Autodesk A360 and A360 Team, which acts as a CDE (Common Data 

Environments) and allows the hosting of central models that different project 

collaborators can access.  

In addition to its built-in commonly used objects, Revit enables professionals to 

design custom free-form elements. Revit offers a hierarchical relation of parameters 

and establishes parametric relationships that define or constrain the objects and 

building elements. A variety of import and export formats is supported. The user can 

also manage and organise their views and drawing layouts. Furthermore, the 

software has a built-in API (Application Programming Interface), allowing the user to 

make custom changes and improvements to the software. 

Bentley also offers several interrelated software targeting architecture, engineering, 

infrastructure and construction professionals. Among their most notable products 
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are MicroStation (2D drawing and 3D modelling), ProjectWise (multi-project server 

for information management and collaboration) and AssetWise (risk management 

tools). There are, however, lower levels of mutual integration between the 

applications. 

MicroStation is file-based (not object-based) and allows the ability to link files and 

manage their relationships. The platform supports object IDs and timestamps. It 

offers a standard set of predefined parametric objects which can only be extended 

through API. The environment also allows for 2D detailing and annotation on 3D 

models. The Parametric Cell Studio and The Generative Components plug-in enable 

parametric modelling and creating custom objects. 

Vectorworks is essentially a package of separate tools – Architect, Designer, 

Landmark, Spotlight, Machine Design, Renderworks. Each of these products is 

directed at a particular discipline to support particular tasks. In addition, the 

environment can be customised through its API or its Vectorscript scripting language. 

Implementing a universal platform for referencing processes and information 

throughout the life cycle of an asset eradicates the issues related to software 

incompatibility. Thus, team members and companies do not need to be selected 

based on their software and actual knowledge and capabilities relevant to the AEC 

industry.  

The benefits of software compatibility are inherent data consistency, which 

eliminates the need to input the same information multiple times and thus eradicates 

other errors. Consequently, the project team can focus on the compatibility of their 

workflow. Additionally, this universal approach to collaboration in building 
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information management can further improve the online product supply information 

on the market so that accurate product data (in terms of both characteristics and 3D 

objects) can be directly imported into BIM projects. 

IFC is a common format used for graphical data sharing on BIM projects. The standard 

is developed and maintained by buildingSMART. However, it is not formally part of 

the UK’s BIM Level 2 requirements.  

This type of graphical data exchange is an alternative to the native model file formats 

of the typical AEC software (e.g.Revit's .rvt, ArchiCAD’s .pln, MicroStation’s  .dgn). 

Similar to the choice of neutral spreadsheets for COBie, the IFC model format is 

established as an enabler of interoperability and smoother workflows that allow for 

3D object exchange between BIM software or cost estimation systems while retaining 

the capability to perform analyses objects. The IFC format is an extensible object-

oriented data model where the base entities can be divided into sub-entities. IFC 

constructs preserve the data structures inherited from the native format about 

geometry, logical relations, and attributes of the 3D elements. Throughout its life 

cycle, the different needs of the professionals involved in a project necessitate 

multiple geometry, properties, and relations. 

IFC is an open, vendor-neutral, global standard for data exchange in the building 

industries, and BIM data repository for the semantic information of building objects, 

including geometry, associated properties, and relationships to facilitate:  

• cross-discipline coordination of building information models, including 

architecture, structural, and building services,  

• data sharing and exchange across IFC-compliant applications,  
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• handover and re-use of data for analysis and other downstream tasks.  

 

IFC is both a common data model and an open file format. Building industry 

professionals can use IFC to share data regardless of what software application they 

use to get their job done. In other terms, IFC is a definition of a standard format to 

describe a BIM. It defines how information should be provided/stored for all stages 

of a building projects lifecycle. IFC formatting goes right down to the properties of 

the individual object. It can go from “very little” information to “everything”. IFC can 

hold data for geometry, calculation, quantities, facility management, pricing etc., for 

many different professions (architect, electrical, HVAC, structural, terrain etc.).  

IFC-Based Interoperability – 4 Levels:  

• File-level – the ability of two tools to successfully exchange files  

• Syntax level – the ability of two tools to successfully pass those files without errors  

• Visualisation level – relates to the ability of two tools to visualise a model being 

exchanged faithfully  

• Semantic level – the ability of two tools to come to a common understanding of the 

meaning of a model being exchanged. 

 

The object-based, data-rich environment of BIM allows quick and interactive design 

generation and development methods. Parametric design is a way of defining and 

managing the relations between the objects of BIM.  

Parametric modelling techniques are based on constraints and variables, defining and 

diversifying the design options through different parameters (e.g. dimensions, 



71 

 

materials, specifications, etc.). Predefining the logical relations between geometric 

entities allows them to move or change as per the values of the established 

parameters. Parameters can also be included in formulas that automatically calculate 

certain design aspects based on user input (through the graphic user interface, not 

necessarily code and commands). Random iterations can be produced as well for 

design option diversity. This ensures further flexibility in the design process and 

enables the practitioner to choose the most suitable generated options. 

Depending on the needs for flexibility and the objects defined, different parameters 

can be used, e.g. length, area, angle, text, number, Boolean (Yes/No), integer, 

hyperlink, etc. The use of parametric models facilitates data searches as the input 

parameters can be listed and categorised in tables/ schedules that cover the entire 

model. Provided that the attributes of each component in the BIM are parametric, a 

list of quantities and areas can be quickly extracted. Usually, the designer’s team is 

responsible for assigning attributes to the objects as they are the ones who place and 

use the components. However, it is equally important to consider the attributes 

needed by the other actors in the project. 

The Autodesk Revit has been selected as the project's primary architectural and 

construction software due to its wider use among construction specialists and greater 

interoperability with other Autodesk Software products such as AutoCAD 

Architecture, Navisworkss Manage Autodesk 3DS Max.  

The list below describes data flow in a self-build project and classifies data types 

relevant to the project. For example, the data handled in the research could be 

distinguished into the following types: 
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Visualisation 3D models (interior decoration, furniture, garden assets, 2D interfaces, 

brand identity graphics) Visualisation data does not require a link to BIM data. It is 

out of the scope of a self-build company range of products to provide interior design 

services. Visualisation Models serves primarily to create a presence in VR, enhance 

sales and the spatial perception of a future build. 

BIM data (includes kit home designs and BIM objects of parametric windows and 

doors, wall styles, landscape, GIS); 

Fabrication data (Part of BIM data that would require to be handed over to the 

manufacturing team after client- design team interaction); 

Costing and Quantification data (Accurate data comprising project costing that would 

be handed over to the sales department after client- design team interaction in the 

form of the quote); 

Installation data (Data/manual that would educate client/ builder/project manager 

on the installation process). 

While the primary self-build models should be produced using relevant BIM software, 

the BIM software alone cannot facilitate fully interactive and visually enhanced 

Virtual Reality experiences. The Gaming Industry, for many years, has been an 

optimal tool for intuitive client-oriented interfaces and high fidelity virtual 

environments. However, only in recent years it has gained momentum for improving 

its interoperability with enterprise projects.  

Traditional workflow for interoperability with game engines includes exporting AEC 

models (from Revit, Sketchup, Archicad and others) to 3D modelling 
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software(Autodesk 3DS Max, Autodesk Maya, Blender and Others) for any distortion 

corrections, creation UV tiles and texturing, dividing object onto different material 

IDs, placing correct pivot point and optimisation of the amount of the triangles in the 

3D geometry for another .fbx or .obj export. Then, after 3D modes preparation, they 

would be exported to the game engine. Then, they had to go through the manual 

process again for the correct placement, material selection and data integration. It 

has been a laborious and time-consuming process, which commonly results in various 

spatial mistakes, scale distortion, and data loss as Figure 3-3 indicates. 

 

Figure 3-3. Revit to 3DS Max Mesh Distortion Example after Export 

Various studies have focused on automation of the BIM to Game Engine 

Interoperability (Boton, 2018; Du et al., 2018; Getuli et al., 2020; Goulding et al., 

2012; Khalili, 2021; Lai et al., 2019; Lin et al., 2018; Sun et al., 2017; Yan et al., 2011) 

The detailed literature review of each method discussed require empirical studies to 

assess the pros and cons of each interoperability method. 
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With the development of Datasmith plugin for Unreal Engine 4, the new workflow 

was identified: Revit(.udatasmith) => Unreal Engine(UnrealEngine4, 2020b). The use 

of the plugin has enabled one-click interoperability workflow with the game engine. 

Each imported element of a model has preserved all metadata, materials and 

locations assigned in Revit. The plugin does not require additional cost expenses 

except the license cost of the Autodesk software, and the workflow is applicable for 

a small construction team. On the other hand, the Unity game engine offered the 

software product “Unity Reflect” (Unity3D, 2020) with similar capabilities. However, 

this plugin comes at an additional cost with a Unity Pro license(2020).  

Both Unity and Unreal Game Engines have been industry leaders for the last 15-20 

years. Originally, the Unreal Engine trademark emphasises visual fidelity and high-

quality cinematic experiences, while Unity's primary focus is user-friendly 

development tools. However, recently both game engines made huge strides to fit 

their content in the scope of any project. As a result, it is a healthy competition that 

enables steady improvements and better development tools.  

Unreal Engine 4 (UE4) is a suite of integrated tools for game developers to design and 

build simulations and visualizations. It is one of the most widely used game engines 

among both hobbyists and professionals. In addition, the engine features Blueprint 

Visual Scripting or simply Blueprints, which was created to support the workflow of 

designers and artists by enabling the full range of concepts and tools generally only 

available to programmers (Chu and Zaman, 2021). 

Due to its efficiency and flexibility, C++ is among the most popular languages used in 

game development – an industry that often pushes the hardware limits to deliver 

quality products to stand out in the fierce competition. However, recently visual 



75 

 

programming has been gaining popularity in modern game engines. Recent examples 

include visual scripting plugins for the popular Unity Engine such as Flow Canvas, 

Playmaker, Bolt and Amplify Shader Editor. Initially, these efforts have been 

directed to support rapid prototyping, but this is changing(Chu and Zaman, 2021). 

After detailed consideration and study features of both game engines (2018), Unreal 

Engine 4 was selected as a primary tool. The features that ultimately swing decision 

towards UE4 include:  

• Datasmith plugin and growing support for enterprise (BIM) companies; 

• Blueprint visual scripting system for fast prototyping; 

• Advanced render quality and material simulation; 

• Automated process of lightmaps and Level of Detail (LOD) creation; 

• Free full license and a large number of free quality 3D assets and plugins.  

 

3.5 Marketing Methods 

VR software enables two base channels of communication: interpersonal 

communication and object interaction. Hence this chapter aims to answer two 

research sub-questions: 

How to make interpersonal sales communication in VR effective? 

How to create compelling virtual content that would sell the product? 

VR offers a variety of engaging and immersive experiences. Nevertheless, all the 

functionality capability needs to be examined to serve sales purposes and not divert 
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a client from it. It is a general game purpose to entertain. However, the scope of the 

research is to identify only functionality that would sell the product at the end of the 

interaction. VR software should also be considered a part of a company sales process 

and seamlessly into company workflow. Therefore, the two stages are offered: 

Suggest a checklist that would examine VR functionality for fitting a sales purpose; 

Investigate company workflow and suggest the functions VR software should 

implement, stages of the sales process beforehand, and stages after VR software has 

been used. 

VR Functionality Checklist. 

• Does this function help to gain more information on the client’s motives? 

• Does this function help to ease the tension in the sales interaction? 

• Does this function give an optimal volume of the information to make a 

buying decision?  

• Is this function clear, concise and user-friendly? 

• Does this function facilitate the implementation of a stage in a sales 

process? 

Table Table 2 Demonstrates various stages of the process in the timeline. 

Table 2 Stages of the sales process before, during and after using VR software 

Beforehand In-Game  Afterwards 
Client background research 
stage Let’s Demonstrate Handling Objections 

Setting the Scene Making choices Quote 
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VR introduction video tutorial 
on functionality 

Educating/ giving 
client information Closing the sale 

  Follow up 

The table above categorises the stages of sales that should be handled before/during 

and after VR software interaction. This would ensure an effective communication 

process and optimal results achieved through applying virtual reality tools. 

The limitations in using VR headsets should be considered and the possibility of using 

alternative mediums working with remote and in-person clientele. For example, 

possible limitations for in-person clients might include not every client would be 

comfortable and agreeable using a VR headset and would prefer a different way of 

interacting with the virtual environment, like first-person walkthrough, website 360 

images and videos or mobile app. On the other hand, some remote clients would not 

have access to high-end PC and VR headsets or would not have sufficient training to 

use the hardware or require additional guidance for interacting with the virtual 

environment. 

Alternative pathways for communication with these groups should be suggested 

during the case study.  

3.6 Agile Software Development Methodology 

 The comprehensive literature review stage has established the associations between 

MC, product configurators, BIM and latest software and hardware capabilities 

intending to investigate effective deployment of adaptive customisation approach in 

the Self-Build Sector.  
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The ASDM is significantly more flexible in comparison with the traditional linear 

waterfall workflow. It is characterised by multiple iterations and empirical studies 

cycles to test the ideas and solutions. Figure 3-4 demonstrates the common ASDM 

cycle and prototyping stages. 

 

ASDM (Schwaber and Beedle, 2002) works well when the outcome vision or 

features are not fully defined. ASDM allows software development 

management to adjust requirements and priorities along the way to take 

advantage of opportunities and ultimately deliver a better product to all the 

project stakeholders. The prototyping stages were focused on client-

salesperson interactions and VF, SP, OLL, SU and other KPIs of the kit homes 

virtual space. The collected usability tests helped analyse feedback on 

improving the interface and suggesting additional functionality for the next 

stages. The final prototype was developed during the final stage, which 

presented proof of concept house configurator using BIM variables and test 

results were validated.  

Requiremnts

Design

Develop

Test

Deploy

Review

Figure 3-4. ASDM 
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3.7 Measuring Software Development Outcomes and 
Establishing KPIs 

The extensive literature review provided KPIs for measuring the results of the 

software development. These KPIs will be used after each development stage 

in the agile cycle and as a methodology for validating results and contribution 

to science. The wide spectrum of the KPIs could be classified into three groups:  

• Software Usability;   

• Product Improvements; 

• Business Benefits. 

3.7.1 Software Usability KPIs 

Software Usability KPI will measure the overall performance of the software 

and will include the following indicators, as shown in table Table 3: 

 

Table 3. Software Usability KPIs 

AVC  - Audial and Visual Cues 

FR  Frame Rate 

FOV  - Field of View 
LOD  - Level of Detail 
OLL  - Optimisation and Low Latency  
SP  - Sense of Presence 
SU   -  Spatial Understanding 

UX  - User Experience, Ease of User Experience 

VF  - Visual Fidelity 

Lilia Potseluyko-Amobi
Changed capitalisation
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VI  - Viewer Immersion 
 

3.7.2 Product Improvements KPIs 

 

The product improvements KPIs will measure the product (TFKH) improvements 

achieved due to VR software interaction. Although the literature review covered a 

number of the KPIs in this section, only three of them were selected, which are most 

relevant to the project: 

Table 4. Product Improvement KPIs 

MO  - Materials Optimisation 
SO  - Spatial Optimisation 
ZCH  - Zero Carbon Housing 

 
 
3.7.3 Business Value KPIs 

The third group of the KPIs will demonstrate values achieved for business as the result 

of the use of VR Software: 

 

Table 5. Business Value KPIs 

CO  - Cost Optimisation 
LO  - Labour Optimisation 
SLI  - Sales Increase 
TO  - Time Optimisation 

 

The SLI KPI will be assessed against all other KPIs above to validate thesis hypothesis 
one.  
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3.8 Sample Selection 

The usability tests covered three main areas of software development: general 

software performance, user’s improved spatial understanding and workflow 

improvements. For each area of testing different sample size selection was agreed. 

The sample size for software performance included 110 participants from various 

academic, gaming and technical backgrounds, which exceeded the required 

minimum sample size.  In the case of spatial understanding, the results were derived 

from over 105 tests conducted with participants from construction backgrounds 35% 

and 65% potential clients, which tested their attention to detail before and after 

experiencing interaction with VR software. Due to confidentiality limitations and 

research scope constraints, only the case study company employees were tested for 

workflow improvements, including 100% of the related staff of the company.  

3.9 Ethical Constrains 

The ethical constraints included confidential information collected in relation to 

client databases. All names and addresses used in the case study were changed or 

removed as well as the names of chosen house designs to preserve confidentiality. 

Personal data related to the usability test subjects were also removed from the PhD 

thesis. Instead, only inductive outcomes are presented.  

3.10 Summary and Milestones 

To summarise the above methodology, at the initial stage, exploratory theoretical 

research will be a primary method for achieving the literature review objectives. The 

author will apply qualitative research methods to identify the average length of the 

existing business project lifecycle. The author will collect qualitative research data 

through discussion with industry and academic professionals as well as investigate 

and identify state-of-the-art Virtual Reality technologies available to provide users 
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with a virtual experience of the built environment. Special attention will be paid to 

identifying what drawings, project data, sales information, and design documents are 

needed to access the TF SBS projects and overview potential application algorithms.  

The software design process is iterative. However, the author will follow a structured 

design methodology to develop design alternatives and employ a design rationale 

model to meet specifications. The next step is designing a prototype, which allows 

users to interact with systems and develop models representing processes, inputs 

and outputs. Finally, the author will conduct a series of usability tests to receive 

feedback from end-users and experts in software and building design. 

 

To identify optimal  XR Methods,  the author investigated the client and design team 

interaction stage. Due to the fact the primary subject for discussion is future home 

designs, the author has built the research methodology on separation from the real 

world and complete immersion with the virtual representation of the future home. 

To Identify optimal BIM Methods, the author investigated the interoperability of 

existing software applications. To Investigate Marketing Methods, the author 

examined the functionality capability needed to serve sales purposes and not divert 

a client from it. Agile Software Development was applied to test the ideas and 

solutions for measuring software development outcomes. Finally, the extensive 

literature review provided KPIs for measuring the results of the software 

development. These KPIs were used after each development stage in the agile cycle 

and as a methodology for validating results and contribution to science.  
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Chapter 4 
4 Prototype Development 

As described in the methodology chapter, the prototyping stages were designed to 

follow the ASDM. Each prototyping stage was divided into three steps: (1) 

requirements, (2) design/develop, (3) test/deploy/review => new requirements. The 

process is described below. 

4.1 Prototyping Stage 1 “Virtual Showhome” 

4.1.1 Requirements. 

 The author used one of the smallest and commonly used TFKH to enable fast 

prototyping for prototype one, as shown in Error! Reference source not found. The 

chosen two-bedroom design is widely used for holiday homes or 2-3 people 

households and has various options for extension.     The primary objectives for this 

prototyping stage were to test some of the available BIM interoperability formants 

with the game engine software, have VR walkthrough functionality and interactive 

objects.  
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Figure 4-1. Virtual Showhome Floor Plan  
 

4.1.2 Design/Develop.  

The original BIM model was remodelled in Autodesk Revit using linked Autodesk 

AutoCAD files. The tested interoperability workflows included: Revit(.fbx) =>game 

engine; Revit(.ifc )=>game engine; Revit (linked file import) => 3DS Max(.fbx) =>game 

engine.  Each of the described workflows has demonstrated some form of data loss, 

need for manual object placement into correct positions, some forms of 3D objects 

distortion due to tessellation and triangulation, and as a result, manual model 

adjustments using 3DS Max were required to improve visual perception of the 

models. Lastly, the prototype was developed using the HTC Vive VR headset as a 

platform. The experience included a teleportation interface, picking up and moving 

furniture, opening and closing doors, and reflective mirrors. Figure 4-3 demonstrates 

screenshots of the VR house navigations and teleport interface. 
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Figure 4-3. Showhome VR walkthrough 

4.1.3 Test/Deploy/Review.  

Initially, 75 usability tests were conducted.  32% of the participants were classified as 

frequent game players, the other 35% were classified as potential clients, and 

construction industry professionals represented the remaining 33%. 

Software Technical KPI Review. 

AVC  - 

(Audial and Visual Cues)  
The prototype included haptic feedback, mild rumbling in the 
controllers, activated when controllers were near an interactable 
object. For example, the prototype had a door opening interactivity 
when a player was inside the trigger volume box -signifying vicinity to 
the door. 

FR  (Frame Rate) _The test results confirmed a steady frame rate of 110 
frames per second.  

FOV  - Field of View. The field of view was standard quality for HTC Vive 
HMDs 
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LOD  - Level of Detail. All objects were presented at the same level of detail 

OLL  - 
Optimisation and Low Latency. As the chosen model was quite 
small, no steps were made at this stage to reduce latency or 
optimise lighting and geometry  

TF - 
Transference. The Users demonstrated telepresence at every stage 
of the interaction with the prototype. Users stepped back for doors 
to open; organised furniture in a specific order 

SP  - Sense of Presence. The users experienced presence in the VR space  

SU   - 

 Spatial Understanding. The users were given the floor plan drawing 
of the model to view before the VR experience, and after the VR 
experience, the users were asked to compare two. 85% of the users 
highlighted qualitative and quantitative differences in spatial 
understanding.  

UX  - 

Diegetic interfaces and interactable game objects are ideal for the 
first point of contact with the client to attract attention and, as 
'icebreakers' or conversation starters, essential elements of the initial 
sales process. However, on the detailed stage of the design review, 
the design-specific interface is required without gravity ability to 
move objects around. 

VF 
 - 

Visual Fidelity. The construction specialists-users suggested the 
lighting in the scene needs to be improved to adhere to better visual 
fidelity. 

   

The test BIM model was a frequently purchased house template aimed to be a holiday 

home design. The typical house customisations highlighted by previous clients were 

removing the wall between the living room and the kitchen (highlighted in the image 

in purple), bedroom extensions, and the entrance space's size (highlighted the image 

in blue). In addition, the users suggested the capability of viewing the common design 

extension variations. 

Furniture in the house served as a sensible space perception guide for the clients. The 

participants repositioned the furniture to imagine a different setup or removed 

furniture entirely to reimagine the space. Moving each furniture piece individually in 

the virtual space was perceived as a cumbersome and tedious task—the new method 
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of manipulating interior setups needed to be proposed. The use of VR experiences in 

mainstream daily households has not yet reached its momentum, some discomfort 

and apprehension in using and trying VR experiences by various participants needed 

to be anticipated and addressed. Many participants experienced various forms of 

disorientation in virtual space. One participant had mild immobility in their fingers, 

which prevented them from comfortably pressing buttons on the VR Controller. The 

following prototyping stage also aimed to consider known types of disability and 

propose solutions accordingly. Several participants requested the feature of 

customising exterior variables house facades, roof styles and day/night scenarios.  

 

4.2 Prototyping  Stage 2: Virtual Showhome and design 
variables, metadata demonstration 

4.2.1 Requirements.  

"The exhibition template" VR experience was proposed for development to respond 

to the gamification of the interaction of the first point of contact with the client and 

application of 'B2B'(conversion browser to the buyer) techniques in VR. Other 

requirements included testing of the various options of teleport menu UI to support 

user's orientation and navigation in virtual space; testing various options of interior 

design representation to support user's spatial perception; selecting one of the BIM 

variables and testing as proof-of-concept prototype for future house configurator; 

demonstration of the metadata from Autodesk Revit model at software runtime.  
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4.2.2 Design/Develop.  

Before the development, several VR architectural walkthroughs and gaming 

experiences(Immersion, 2017; Innoactive, 2018) proposed various teleport menu 

styles before the development. For this stage, three new BIM models were placed in 

the interactive game environment. As a result, each of the Virtual show homes had a 

different teleport menu system: 

Motion controller attached floor plan. When clicked on the grip button, the left 

motion controller had the teleport menu enabled and other variables in the house. 

By clicking with the right hand (right motion controller ) on the red targets on the 

floor plan, the user was teleported to the corresponding location in the house. 

Image-based teleport menu. The Teleport location UI was placed around the house 

in images of the next location options. For example, the user would need to click the 

image with an upstairs landing to teleport upstairs. Users were also provided with a 

button to return to support those who started feeling disoriented in virtual space. 

This method has given the user opportunity to follow a narrative path created by the 

developer.  

The third teleport system was automatically assembled in the UI by placing bookmark 

actors(scripts) in the model scene and giving each actor a location name. The users 

could then select each name from the UI list to teleport to the desired location. 

For the users, who preferred to be guided by the sequence of locations guided by a 

consultant (designer; salesperson), the teleport keyboard shortcuts were created, so 

the person who supervises the user in a VR experience could override her teleports 

by using the keyboard. For example, to teleport to the kitchen, a consultant would 
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need to click k; bedroom 1 – 1; back yard – b; u – utility and others. These are 

demonstrated below in Figure 4-4, while Figure 4-6 reveals the scripting logic for 

teleport setup. 

 

Figure 4-4 Teleport menu systems left to right: (1) motion-controller-attached 2D 

floor plan with teleport locations, (2) location-based menus with images of teleport 

options and return to start button, (3) scroll menu with room names and teleport 

destinations. In addition, (4) keyboard shortcuts for teleport locations were created 

to be used by sales consultants outside VR experience to assist participants 

teleportation in VR. 
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Figure 4-6 Setting up teleport locations in Level Blueprint. 

Due to the KPIs results, in the previous prototype, the users found that moving each 

piece individually was a cumbersome and tedious task, the new method for making 

furniture switches was proposed. As an example, firstly, the size of the bed was 

chosen as a variable. Then, the bed size was controlled by UI, which was helping users 

to decide if further extensions of the house are needed by placing the desired size of 

the bed in the room and estimating the remaining void.  

The evidence suggests that each room in the BIM model could be used for various 

purposes (study; bedroom; snug). Therefore, interior UI, various furniture sets were 

created for each room, context-based 3D widgets were used to switch from one 

interior option to another and an empty room. Also, the size-changing bed UI (Figure 

4-7) was proposed for each bedroom to determine which bed size would fit in a room 

in correlation with a remaining void and if further room extensions were required. 

Figure 4-9 demonstrates the core scripting logic for setting up  bed configurations: 
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Figure 4-7. Interior UI prototyping. Left to right: (1) Changing size bed UI; (2) UI for 

adding and removing a room furniture.  

 

 

Figure 4-9. The UI Script for Bed Sizes 

For the proof-of-concept BIM variable, Norscot interior door designs selection was 

used. The sales algorithm for door selection was examined. The door changing 

variables included style, material, and matching glass door design. The door metadata 

was carefully studied, and the pathways of utilising metadata for quantification 

filtering were suggested (Figure 4-11). 
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Figure 4-11. (1) Door Interface (2) Metadata Extraction Example 

Image one demonstrates the first version of the door changing script that allows 

users to choose a preferred style for all the doors in the house and select matching 

glass doors for the kitchen and living room. Image two demonstrates exposing 

metadata at run time when right-clicking on each BIM Object chosen. Figure 4-12 

demonstrates core scripting logic for setting up door configurations, while Figure 

4-13 presented example metadata for a window received from Revit in Unreal Engine 

via Datasmith plugin.  
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Figure 4-12. UI Logic for Door Swap Script 
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Figure 4-13. Example Metadata for Selected Window  
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4.2.3 Test/Deploy/Review.  

The usability tests for this stage included two kit home design cases with clients; 7 

Norscot design and sales professionals, 95 industry professionals and peers. In 

summary, the use of teleport locations menus significantly improved the sense of 

direction in VR space. The scroll menu enabled an alphabetical search of the 

locations. The floor plan menu significantly helped life project clients establish a 

connection between the floor plan and actual space. Additional images with the 

locations helped clients to navigate to previous locations and the start point. The 

keyboard shortcuts were effectively used to aid the users in the VR experience. 

Ideally, all four teleport menu types should be included in the VR experience. 

Hypothetically, due to the limited time scale and workforce available in the 

experiment, adding all four elements to each new design would be challenging. The 

use of furniture as a space measurement tool has proven to be useful in life projects. 

The clients were able to judge effectively if extension or downsizing is required. The 

proof-of-concept door interface was useful in presenting the company door range; 

however, further development was required and connection with costing data and 

metadata filtering. The construction specialists suggested exposing only metadata for 

the BIM objects that would directly influence the price of the final kit home. One of 

the common repetitive workflows included interior objects and decorations in the 

scene, garden creation and lighting scenarios. A pre-made optimised sublevels library 

should be suggested.  Further effort was required to create a universal and dynamic 

UI with less customisation for each new design as possible. 
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4.3 Prototyping stage 3. House Configurator 

4.3.1 Requirements. 

 The house configurator utilised knowledge and experience developed in previous 

prototyping stages and was focused on automating repetitive workflows and utilising 

quantification and costing data.  To minimise repetition, the sub-levels library was 

required.  

4.3.2 Design/Develop.  

The house configurator was developed using Unreal Engine 4 Collaboration Viewer 

Template (UnrealEngine4, 2020a) with extended functionality added to meet 

previous ASD requirements. The Figure 4-15

 

demonstrates Data Elements assembled in the engine. While Figure 4-16 

demostrates dynamic widget interface.  
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Figure 4-15. House Configurator Data Flow Elements 

 

 

 

Figure 4-16. Dynamic Widget Interface 

The pre-existing template functionality includes multiuser support for multiple 

platforms and allows sessions to be saved and viewed later with further adjustments 
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(measurements, object positions and annotations). In addition, the dynamic lighting 

system was used for faster workflow prototyping. The designed interface() variables 

were divided into two groups (1) visual and spatial variables presented in columns 

Interior and Exterior UI; (2) cost affecting variables presented in Interior and Exterior 

Door Controls. By making changes in cost affecting variables, clients could see an 

overall change to the total price. 

The example variables changed are described below with related images in the  
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House Configurator. Exterior Variables: Rows from top to bottom: (1) Façade Styles; 

(2) Lighting Scenarios; (3) Garden options; (4) Window materials; (5) Roof variables.  

 

The first row demonstrates variables for the façade of the Nisbet house 

template. These were scripted using Unreal Variant Manager. 
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The second raw demonstrates lighting scenario change from day to evening. 

Two lighting scenarios were created at different levels and added using the 

level streaming manager. The UI widget switched controls from one lighting 

scenario to another. 

Row three demonstrates exterior garden setup; similar to lighting scenarios, 

the exterior setups were brought into persistent level via level streaming and 

switching controlled using developed UI. The first two images in the raw consist 

of 3D models and landscapes. The third example in the raw presents 360 

images that enveloped the house. These present a proof of concept, where 360 

images from the construction site are brought into a virtual environment to 

make decisions on house rotation and window views. This solution presents a 

basic solution and a rough estimate. The complex and precise solution would 

entail bringing the topographical 3D model into virtual space, modifying the 

house template to adjust it to the real-life landscape, and adding the scene's 

views using point cloud data. All these tasks are currently supported inside of 

Unreal Engine 4. However, this would be a lengthy and cost-ineffective solution 

compare to the cost of an average project. Furthermore, the precise model 

creation could be produced on request for a client at an additional price. 

However, as a rule, the majority of the clients would agree that a rough 

estimate was sufficient. 

Row four and five of the image above correspond to window and roof material 

swap scripted using Unreal Variant Manager.  
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Figure 4-18. (Row 1) Bedroom Furniture Swap; (Row2) Snug Furniture Swap 

In addition, the script was created for interior and exterior doors configuration. 

The doors were swapped using the automated recipe, and a scripted door 

interface was automatically added to the 3D view and user interface. The script 

utilised a data table with the company's door pricing figures. 

 

 

 

 

 

 

 

 

 

 

 

 

4.3.3 Test/Deploy/Review. 

 The usability tests were conducted to study the ease of modification of the template 

by the staff members. Ten days of training was presented to 5 staff members with 

the previous skillset in architecture and drafting. After training was completed, the 

staff members could customise the template independently, and each house 

configurator took, on average, 4 hours to complete. The review by peers and staff 

members has shown users more comfortable navigating in desktop mode and 

switching to VR once changes are implemented. It was suggested to explore further 

other BIM/ quantification variables, including window materials and house 
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extensions. In addition, the interface could be further extended to add detailed 

quantification.  

4.4 Summary of the Software Performance KPS 

AVC  - Audial and Visual 
Cues-  

The prototype provided visual cues by presenting 
floor plan UI and list of teleport locations;  

CO  - Cost 
Optimisation 

The prototype has been tested on 15 BIM models 
created for real-life cases. Each BIM model 
placed in VR enabled the design team to identify 
other errors and clashes and change requests by 
clients. As a result, average cost optimisation 
improvements due to error detection amounted 
to   6%.  

FOV  - Field of View 
The field of view remained the same across all 
prototypes as all of them were tested using the 
same HTC Vive  

FR  Frame Rate 

The average framerate in VR was 130 frame rates 
per second while standard 60 frames per second 
in the first-person mode. All users have found the 
VR experience comfortable and did not 
experience delays. 

LOD  - Level of Detail 

All parts of the BIM model were presented at the 
original level of detail.  The visualisation models 
(interior and exterior) utilised Unreal Engine LOD 
scripts that render different detail level models 
depending on user proximity to the object. This 
was one of the provided methods to optimise the 
frame rate. 

MO  - Materials 
Optimisation 

The UI delivered method for configuring exterior 
roof, façade and window materials. The clients 
and design team were able to browse through 
various combinations to optimise the choice. 
100% of tested BIM professionals and clients had 
found this feature useful for making design 
decisions. 

SLI  - Sales Increase This KPI would be further investigated in the case 
study and its implications for practice. 

Lilia Potseluyko-Amobi
Sample size selection

Lilia Potseluyko-Amobi
Ethical constrains added
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SO  - Spatial 
Optimisation 

70% of users tested could make more detailed 
changes(room size change, windows and doors 
positions) in the BIM model after interaction with 
a digital model. 

SP  - Sense of 
Presence 

100% of testers demonstrated an increased 
sense of presence while interacting with a digital 
model 

SU   -  Spatial 
Understanding 

100% of tester reported significant improvement 
in spatial understanding of the BIM model after 
interaction with the digital model. 

TO  - Time 
Optimisation 

This KPI will be tested in the case study 

UX  - 
User Experience, 
Ease of User 
Experience 

the users have found earlier prototypes easier, 
50%, and more user friendly as the variety of the 
new UI variables made it more complex for them 
to interact with. 

VF 

 - Visual Fidelity 

80% of the BIM professionals confirmed the high 
level of model visual fidelity; others suggested 
some improvements due to the lighting quality of 
the model.   

VI  - Viewer 
Immersion 

The prototypes released in two previous stages 
were more immersive due to engaging gravity 
and physics. However, at this stage, the level of 
immersion was not the priority due to different 
stages of the sales process in which this 
prototype would be used.  

ZCH  - Zero Carbon 
Housing 

To summarise, the above mentioned KPIs 
contributed to improvements in ZCH due to 
increased SO, SU, CO and others. 
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5 Advances of Real-Life Industry 
Application. Discussion and Research 
Triangulation. 

5.1 Norscot Joinery. Company Overview before 
Automation and Digitalisation.  

5.1.1  Business Challenges. 

Norscot Joinery Ltd manufactures the widest range of building components available 

from a single source anywhere in Scotland, including timber frame kit homes; made-

to-measure windows, doors, patios and conservatories. Established in 1984, the 

company has a long history of innovation comprising sophisticated computer-

controlled machinery and optimising building materials to reduce waste. Norscot’s 

competitive advantages include well-acclaimed precision in design, construction to 

optimise value for money, individual approach to each client. Being an established 

leader in its geographical area (North of Scotland), the company is looking to expand 

into other UK products and regions. As a result, there is a significant demand for 

excellent quality building materials and services. Norscot currently employs over 60 

staff members and generates an annual turnover of approx. £5 million. Norscot is 

relentless in pursuing environmentally friendly and sustainable business practices 

and actively engages in several activities to support the local community. The 

company’s quality assurance scheme is accredited to the Internationally recognised 

ISO 9001: 2015 standard. 
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Norscot has an in-house design department responsible for producing templates and 

customised house kit designs. At the start of the case study, the leading software for 

delivering drawings was AutoCAD Architecture and timber-frame kit design tools and 

Window Designer Software. Interviews with design team members confirmed that 

clients rarely go ahead with picking template designs without customisation. Most 

clients customise the designs, add several extensions, add/remove internal walls, 

change window styles and positions. Negotiations with clients could last several 

weeks and sometimes months. This results in the exponential growth of project 

related information in emails, drawings, quotes and other documents.   

The study confirms the literature(Hairstans and Smith, 2018) about the digitalisation 

of the companies in the Timber Frame Construction Sector in the UK. However, many 

authors (Heffernan and Wilde, 2020; Lane et al., 2020; van Wesemael, 2019) focused 

on describing issues in TFSBS neglected the role of the companies like Norscot Joinery 

(TFSBS KHMC) as key providers of energy and cost-efficient ZCH housing.  The small 

and medium-size TFSBS KHMC compete against large residential construction housing 

providers to provide individually catered cost-optimised housing. In a great deal, the 

marketing strategy for these companies hugely depends on words of mouth from one 

satisfied buyer to another. Nevertheless, these companies continue to stay afloat 

while continuously delivering exceptional quality services and cost optimisation. As a 

result, they could be advocated as the ideal model for ZCH. Moreover, TFSBS KHMC 

handles the complexity of TFSBS for the buyers, further encouraging them to pursue 

a self-building route. 

Lilia Potseluyko-Amobi
Edited chaper as per examiners requirments
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5.1.2 Innovation Objectives.   

The designers acknowledged that email communication and 2D drawing 

demonstration are insufficient to explain a design project's intricacies. The company 

managers sought to explore Advanced Visualisation Technology and openBIM 

principles integration to improve business and technical operations in the company, 

identifying objectives as follows: 

Design software for various users (professional architects, housebuilders, self-

builders and private clients), allowing users to have a fully immersed visual 

experience of a house before construction.  

Overcome the marketing challenge at a distance, improve technical operations’ work 

cycles, and better communicate with clients.  

Integrate BIM and gaming technologies to create a user experience allowing them to 

interrogate their home design, picture it on their site, and initiate changes whilst 

understanding their impact on manufacturing, construction and assembly, life-cycle 

maintenance, and running costs. Integrating these three types of technology and 

working together will enhance the user experience and increase the opportunity to 

get it the first time.  

Use advanced ICT to reach out to new markets. For example, effectively adopt 

progressive social media and data science to increase brand awareness outside the 

North of Scotland, increase networking with partners and have company 

representatives in areas local to major client markets.  
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Use XR technologies to offer a more efficient service and add value to the clients. 

Improve interoperability and standardisation of product design and delivery 

processes to decrease the length of the average project cycle and offer more 

competitive prices; Leverage sustainability and help reducing waste, pollution and 

work to maximise output and reduce the carbon footprint.  

Apply lean principles integrated with the advanced data sciences and building 

information management for increasing design sustainability and energy efficiency. 

Develop homes for the future that looks after the householder's well-being and the 

environment; increase the lifespan of a house's occupancy ("Wellbe homes"). 

Contribute to positioning Norscot as an innovative, caring and sustainable brand. 

 Use software to encourage clients to be sensible with their designs and plans the 

existing budget, timescale and future saleability; Integrate environment 

topographical data of the client’s plot.  

Record a client communication outcome and present it in a final document which 

would solidify their customization choices. 

To resolve business challenges, the research study was required to amalgamate the 

literature findings from various disciplines:  immersive UX (Getuli et al., 2020; Wu et 

al., 2018); marketing and sales principles (Alison, 2018; Arli et al., 2018; Avlonitis and 

Panagopoulos, 2010; Kandaurova and Lee, 2018; Lyngdoh et al., 2018; Viio and 

Grönroos, 2016); understanding the nature of collaborative design in architecture 

(Damen et al., 2015; Du et al., 2018; Field, 2020; Lang et al., 2020; Wang et al., 2017); 

3D modelling and game development optimisation challenges (Li et al., 2019b; Louis 

et al., 2019); material optimisation and cost efficiency and others. The papers 
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mentioned above focused on one or two disciplines; however, no studies exist to 

combine all the cross-disciplinary research. 

 

5.1.3 Company Product Range 

Norscot has been building homes for over 25 years, and their timber frame 

house kits are manufactured to the highest standards. The company is NHBC 

registered and a full member of the Structural Timber frame Association, the 

trade association representing a wide membership of businesses and people 

involved in construction using engineered timber from across the UK.  

Norscot timber frame homes are individually certified by an independent 

structural engineer and, in standard form, suitable for any mainland or island 

location. Over 760 house kits have been supplied to date. Although the 

company supplies timber frame kits to the trade, it has a strong bias towards 

the self-build market. This is because it believes it can add the most value and 

enhance customer service.  

The timber frame house kits are available on a supply only basis, delivered to 

the client site. Commonly, a client would hire builders to erect it. However, the 

company can provide further assistance with recommending approved builders 

or provide ones of their own.   

The factory is equipped with sophisticated computer-controlled machinery 

which, together with the skilled workforce, produces the widest range of 

building components and related products available from a single source 

anywhere in Scotland.  



109 

 

To promote and distribute the products out with Caithness, the company owns 

a  purpose-built showroom, sales office and storage facility on the Carse 

Industrial Estate in Inverness.  

Compared to larger timber manufacturers, the company’s strategic advantage 

is to supply highly tailored house kits complete and precise from the first 

delivery. This advantage makes Norscot the number one choice for delivery in 

remote country areas of Scotland. Providing outstanding service in the 

neighbourhood, word of mouth continues to be one of the steady 

advertisement methods in securing new contracts for the company. Also, 

customers find Norscot through their website, local newspaper adverts, radio 

and football event sponsorship. 

The regular customer niche comes from the domestic, retail, trade, and public 

market sectors from the Shetland Isles north to the central belt in the South 

and from the Outer Hebrides in the west to Aberdeen east (Figure 5-1). In 

addition, however, Norscot has supplied customers throughout Scotland, 

England and Wales and as far away as Spain.  
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Figure 5-1. Norscot House Kits project across the UK. 

Each year, the company has gone from strength to strength, with core growth 

founded on its original values of providing excellent value for money and superior 

customer service. Over the years, Norscot has built up a strong capital base and now 

has the financial resources to provide and maintain the highest customer service 

level.  

The company product range includes a portfolio of over 60 standard timber frame kit 

homes; made-to-measure windows, doors, patios and conservatories; the 'Alarbond'  

It is recommended to proceed to the design stage once a plot of land has already 

been secured, as the final design will depend on the site location, topography and 

orientation. The directors and management of the company have over 150 years of 

combined experience in house building and are happy to offer guidance to clients at 

any stage. 

At the core, Norscot kits are supplied with the acclaimed ‘EcoWall’(Figure 5-2) – 

external wall construction, which provides levels of insulation almost double that 
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required by building regulations. So not only are Norscot homes cheaper and easier 

to build, but they also offer superior eco-credentials, making them cheaper to heat 

too. 

 

Figure 5-2. Norscot "EcoWall" specifications 

+` Table 6 demonstrates the summarised classification of the existing variety of 

kit home template choices and pricing range. 

Table 6. Home Kits Classification 

Range Name Number of 
designs Floor Area m² Number of 

bedrooms 
Kit Price 
range £’s 

Cottage Range 21 65-155 2-4 20580-
43000 

Town House 
Range 25 66-235 2-5 22000-

72000 
Countryside 
Range 15 133-246 3-6 45900-

93000 



112 

 

 

Window design software has been used to select various window styles, sizes and 

opening directions(Figure 5-3).  

 

Figure 5-3. Window Design Software 

A wide range of interior and exterior door styles include oak, pine and painted wood 

materials for indoor collection and various colours of plastic and wood for outdoor 

styles.  

 

Figure 5-4. Norscot Interior Door Styles 



113 

 

 

Norscot Energy Saving Timber Frame House Kits Components. 

‘EcoWall’ timber frame package. 

• Structural Pack;  

• Prefabricated external wall panels;  

• Prefabricated gable spandrel;  

• Stainless steel holding down straps and wall ties; 

• Prefabricated load-bearing/racking partitions;  

• Prefabricated roof trusses and fixing clips and all necessary loose support 

beams;  

• Dormer(s);  

• Loose timbers and platform to form cold water storage tank stand; 

• Prefabricated gable ladders;  

• Fascia boards;  

• White PVC soffit;  

• Roof ventilation units;  

• High-performance double-glazed  windows with locking handles and trickle 

vents; 

• White PVCu entrance door sets; 

• Finishing Pack.  

 

For new homes, compliance with the current building regulations is now assessed via 

whole-house calculations. This covers many aspects of the construction, including 

airtightness, insulation levels, the efficiency of heating systems, controls, the number 

of glazed openings and the orientation of the building. Ultimately, a final specification 

for the building would be incomplete until all of these items have been decided upon.  
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Norscot’s standard kit specification gives very high levels of insulation and 

airtightness. Therefore it is possible to give a basic guide to heating types. For 

example, if a client plans to use an air source or ground source heat pump for the 

heating and domestic hot water, most house types with Norscot’s standard 

specification (as above) will be sufficient to pass the current requirements.  

Innovative Research in House Designs.  

The company continues to maintain an innovative approach within and genesis of 

new products and revenues such as “WellBe homes”, “Garden Rooms”, “Container 

Homes”. “Wellbe homes”,  for example, comprises the development of the homes 

for the future that looks after the wellbeing of the householder, the environment and 

increase a householder lifespan of the occupancy in a house. These will be achieved 

by creating a design layout with modular house elements, which could be changed 

depending on householder needs during occupancy and applying smart technologies, 

which are currently gaining momentum in the residential housing sector. Such 

technologies will support people with physical and mental challenges in continuing 

independent lifestyles.  

 

The scholars assert that group self-build projects are more likely to adhere to zero 

carbon policies, establish communities and offer affordable housing solutions. 

However, the common pitfalls for group housebuilders are a lack of knowledge in 

construction projects and group initiative management and organisation (Heffernan 

and Wilde, 2020; Lane et al., 2020).  

 

To summarise the real-life example of the Norscot Joinery product range, the 

company focuses on individual self-builders providing project organisation and 
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management through conceptual and technical development. The company provides 

a great example of the energy-efficient and affordable house design for individual 

self-build. Combining this example with the above literature review notes suggests 

targeting local communities with potentials for group self-build. In this case, the VR 

software would also participate in communication among clients to take 

collaborative decision-making. The VR software will facilitate improved 

understanding of the construction aspects and gain confidence in the project in the 

success of the outcomes  (Kandaurova and Lee, 2018). Such projects could save 

housebuilders money and attract new markets of those who have not considered 

self-building routes before.  

 

5.1.4 BIM Level, RIBA Project Cycle and Company Structure.  

The company provided computer-aided design service through the in-house 

architectural team. Norscot aimed to make alterations to the homes in a standard 

range and provide bespoke designs, to suit individual client requirements at no extra 

cost.  

The Company Sales team receives enquiries through KEN Database as shown in Figure 

5-5 below: 
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Figure 5-5. Client Enquiry Database 

This database is designed to initiate the first point of contact between clients and the 

sales team. Also, the database is useful for merging weekly follow up reports to make 

sure every enquiry has been dealt with. One of the challenges in communication with 

the clientele is to keep the track record of all the customer responses organized in 

one source, as the customer could reach out to the sales team by various means of 

communication. After each enquiry has been dealt with, the weekly discussion is 

organised to oversee its progress (Figure 5-6). 
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Figure 5-6. Enquiry Follow up Database. 

• Initial Discussion Stage and Concept Design 

On average, the initial discussion stage could take about 2-3 weeks. It would consist 

of the following steps: collecting external data on customer profile and preferences 

environment/plot/landscape analysis, local authorities’ requirements and finding 

suitable solutions for a customer using pre-existing kit designs as a starting point. 

During this stage, the sales team evaluates client ideas and makes recommendations 

based on practicalities, technical capabilities, and overall design flow. 

• Agreement and deposit. 

As the outcome of the first stage for each project, a client and the sales team agree 

on a particular concept design that would be implemented at a further stage. The 

design would include proposals for structural design, building services systems, 

preliminary cost information and relevant project strategies. 

As much as clients agree on a certain design specification, they are likely to change 

their minds on certain parts of the design throughout the manufacturing stages, 

which sometimes leads to costly amendments at the factory. One of the frequent 

changes is caused by an inability to imagine the outcome, forgetting previous design 
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choices or simply being unable to establish an emotional connection to the design 

that has not been visualised.  

• Developed and technical design. 

At this stage, coordinated and updated proposals for structural design being issued 

and building services systems, specifications, cost information, technical drawings, 

and the letter of confirmation of all the design details will be issued and sent to the 

client. 

• Acquiring Planning and Building Permissions for the client  

Planning permission will approve a building visual coherence and impacts on the 

environment. A local authority will approve building permission on minimum 

standards of design (roof pitch, waste bin collection areas, parking availability, 

drainage sewers availability etc.) The company also submits applications for planning 

and building warrant approval on the client’s behalf, free of charge, except for the 

statutory fees involved. 

 

• Manufacturing.  

Once all the preparation works are completed and the design is confirmed, the 

specifications will be sent to manufacturing house kit components, which, on 

average, could take from 3 days to 3 weeks to complete. Figure 5-7 demonstrates 

examples of the kit manufacturing process, while Figure 5-9 shows an example of 

the window manufacturing process. 
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Figure 5-7. House Kit Manufacturing Process
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Figure 5-9. Window Manufacturing Process 

House Kit Shipping and Erection. 

While house kit erection could take up to a week, other groundworks for kit home 

construction preparation can take much longer. The common time frame for full 

house delivery from conceptual design to the full completion and handover can take 

five months to two years. The  

Several studies in the literature review addressed VR planning and workplace 

organisation (Getuli et al., 2020) at the construction site, and others elaborated on 

facility management via a digital 3D model. However, no studies to date would 

overview the entire AEC and FMT cycle using the same model at different access 

points. 
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Figure 5-11. Norscot Employee is inspecting house kit erection 

Norscot follows the general structure of the RIBA plan of work. For example, Figure 

5-12 and Figure 5-13 demonstrate similarities in the RIBA work cycle and the Norscot 

drawing register stages: 

 

Figure 5-12.  RIBA plan of work roles existing in the company 

 

 

Figure 5-13. Drawing Register. The table supports monitoring life projects’ progress.  
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The company structure includes the following departments and responsibilities 

(Figure 5-14): 

 

Figure 5-14. Company structure 

 

Managing Director responsibilities:  

• Business planning and financial control; 

• Marketing strategy; 

• Public relations and advertisement; 

• All products promotions; 

• Supervision of Inverness showroom; 

• Networking with partners; 
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• Supervision of window and door sales staff; 

• Setting sales targets for windows/door sales. 

• Setting sales targets for house kits sales; 

Technical Director Duties: 

• House kits sales; 

• Estimating and pricing house kits; 

• Pricing windows/doors; 

• Architectural services and client liaison regarding the design; 

• Planning building warrant applications and liaison with structural engineers;  

• All products processing for manufacture and preparation of delivery 

schedules for house kits; 

• Maintenance of quality assurance system;  

• Ensuring progress through BIM maturity levels; 

• Supervision of designer software development; 

• Launching new brands; 

• Networking with partners; 

 

Production Director Duties: 

• Buying; 

• Production planning; 

• Supervision of house building; 

• Distribution of manufactured goods; 

• Transport management in terms of vehicle operator’s licence; 
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Quality Assurance Duties: 

• Surveying and supervision of windows and doors and other home 

improvement installations; 

• Supervision of Bower showroom; 

• After Sales; 

• Customer Service Request; 

• Health and safety maintenance; 

The observed and recorded company structure has common features with the RIBA 

plan of work and differences (RIBA, 2020). Due to the self-build nature of the service 

and manufacturing process, the active company participation in the project ends as 

soon as the house has been shipped to the construction site. The kit home assembly 

process is supported through customer support service over the phone. Future 

studies could investigate extending the RIBA BIM cycle by providing virtual software 

to oversee the construction process and its progress and hand over the model to the 

client for facility management. Firstly, the conceptual BIM model would be divided 

into kit home elements and the assembly sequence with construction workspace 

planning instructions. After each step completion, the software would animate the 

assembled element and provide instructions for other steps. 

5.1.5 End-User Case Studies 

Customer Enquiries. 
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Weekly, the design and sales team members hold the meeting regards all existing kit 

enquiries and follow-ups.  

All initial enquiries being analysed and prioritised into two groups: 1)generic, 

2)enquiries requiring more specification and 3)direct and detailed enquiries, with a 

greater potential of converting them into sales. See examples below: 

‘Hi, I have planning permission for a holiday cabin and considering a building or using 

a prefabricated timber kit for the frame and roof structure. The base size is 9 m x 5m.  

Would you be interested in quoting for the timber kit?’ 

Finding a site for a self-build project could be a daunting and lengthy process. 

However, with the planning permission sorted, this client is ready to purchase the 

house kit as soon as he finds a suitable design at a suitable price.  

‘We want to buy a plot of land near Dunkeld and are looking at self-build.  The plot is 

675 sq metres with a frontage of 50 metres and a depth of 15 metres.  This is formed 

of a concrete slab that had Sheds built-in top. The overall plot size is 0.3 of an acre, 

but the level "site” is described above.   There is outline planning in place.  We need 

help and advice, and I am interested in your Cottage or Country designs.’ 

This client already has a plot in mind and has already researched the company’s range 

of house kits.   

‘My husband and I have been thinking for a long time about building our own home 

and quite often find ourselves looking at your kit houses. We would not be building 

for possibly another 3 - 5 years; however best to plan ahead! We would be looking 

for a full build and wondered if you have contractors who would do the building or 
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only provide the kits, and we need to find the builders ourselves? Any information 

would be greatly appreciated.’ 

This client is looking into building a house in the next 3-5 years, however. Working 

with this type of customer, explaining their self-build process and offering them 

discounts could create a long-term commitment in choosing Norscot as their future 

partner for their self-build project. With extra guidance and support, the client might 

decide to build their home in a shorter period, possibly 2-3 years.  

‘Do you do extensions? For example, we would like a second-floor extension in 

timber.’ 

This enquiry is one example of a generic type as the company does not specialise in 

extensions; similar enquires are commonly answered with interest appreciation and 

a referral to a relevant business. 

‘I would like more information on the cottage designs (in particular the Invergarry 

house design), possibly a brochure to be sent, since the showrooms are a great 

distance away. Will travel to showrooms if this is the company for us.’ 

This enquiry requires more specification. The sales team would need to ask additional 

questions to understand the client’s needs and readiness for handling a self-build 

project. 

Company responses to clients. 

The citations below present a typical detailed response to client enquiries and 

discussion of a self-build project.  
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“Please find attached a copy of your drawings which have hopefully been amended 

as per your requests. Can you please check the drawings and get back to me with any 

changes? 

The next stage is to apply for planning permission, but before we do so, there are a 

couple of things we will need some further information on: 

Do you own the site or any ground around the site? If you do not own the site, can 

you confirm the name and address of the owner, please? 

Has the site got Planning in Principle, or has there been any previous planning 

application? If so, can you supply the planning paperwork? 

Have you made a pre-application? 

There is a line on the Scottish water map showing some services diagonally to the 

West of the site. Do you know what this is, its exact location and how far your 

proposed house will need to be from it? 

As part of the planning application, we need to make a design statement that we can 

do for you, but we need some information to do this. We need to know why you 

picked this site and its location. A bit of history would be good. Also, why this 

particular design and your plans for the house, do you have a family, plan to work in 

the area etc. We need to make a case to planning for why you want to build a house 

in this location. It would be good to get some photos of the site and some photos of 

the other houses on the same road. 
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I have guessed a bit about the house's location on the site, but it can be moved. First, 

however, I would like to point out that planning normally like the house to be parallel 

with the road. 

If you are unsure about the above information, there is a document on the Highland 

Council Web site called Housing in the Countryside siting and design, which is helpful. 

About the house design, there are also a couple of things I need to explain and ask: 

I have shown Solar Photovoltaic panels on the roof, and this is because you are having 

Oil fired heating, and without the PV panels, the house will fail the SAP calculation, 

and you will not get a building warrant. Normally it will need at least 2Kw of panels, 

but until I do the SAP calc, I cannot confirm this. 

I have shown the Boiler and Hot Water cylinders in the Garage as there is no room 

elsewhere for them. 

We currently use a 15mm thick plasterboard throughout our kits for Sound reduction 

as standard, and all internal partitions apart from the cupboards will be insulated 

with 25mm Sound insulation. 

I have had to move around the Shower room to allow for accessible access as per the 

current building regulations. It is extremely tight but works as it is. 

I have also shown a ramp at the Utility door again. Again, this is a requirement of the 

building regulations.” 
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Many discussed points in the email would benefit significantly from 3D visual aiding. 

For example, the discussed elements describe tight spaces, kit home size elements, 

building regulations requirements.  

The next citation aims to highlight the company’s competitive edge and project value. 

“When comparing this quotation with others, please note this is a fixed price. In its 

standard form, our kit specification 

exceeds current building standards and gives excellent value for money but also helps 

to future proof. 

Homes against increasing energy costs. If you receive lower prices from other kit 

suppliers, please ensure you are comparing like with like. The lowest price is no 

guarantee of the best value. Any item may be omitted from our kit package, if not 

required, and the price reduced accordingly.” 

Comparing items of a house kit could present a daunting task for a client. However, 

as it has been noted from literature review, smart products and car industries 

introduced mass customisation and product configurators to aid this task (Deradjat 

and Minshall, 2018; Ellena et al., 2018; Gilmore and Pine, 1997; Mourtzis et al., 2014; 

Papathanassiou, 2004; Piroozfar et al., 2019; Steger-Jensen and Svensson, 2004). 

The analysed data of marketing operations have been summarised in the list of 

common issues described below. 

Issues in communication with customers 
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Collection of Data on customer plot location. 

 As we stipulated in previous chapters’ home kit design and positioning depend 

on the plot location and topography. The ability to collect precise data would 

enable architects to give highly specialized recommendations. 

Client’s perception of space and ability to Imagine final product.  

Overall, it has been challenging to visualise measurements of future rooms in 

several clients' cases and imagine how the future home would look like. 

Therefore, many clients tend to change their minds on the details of the kit 

houses, wall colours, window types, doors. Furthermore, with the future house 

details expressed only in technical drawings, it is challenging for clients to 

create an ‘emotional connection’ with their future home. 

Client’s ability to interpret technical drawings. 

Clients tend to misinterpret final drawings: understanding internal restriction 

of roof pitch, the position of doors and windows. 

Project Cycle Length. 

With the main communication channel being email, the total time of the 

interaction increases each project lifecycle and causes difficulty in keeping all 

project enquiries and amendments in one consistent source. Therefore, 

encouraging face to face interaction could significantly reduce the possibility of 

misunderstanding and omissions. 
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Reaching out to new markets geographically 

Norscot capacity to produce kit houses is triple the current production rate, 

and finding ways to reach new markets is one of the strategic company’s goals.  

The below Figure 5-15 presents the example of the quote provided to a customer, 

including door and window elements and the description  

 

 Quote Examples 

 

 

Figure 5-15. Quote Example 



132 

 

 

Project Examples  

Kincraig House Kit(Figure 5-16) is one of the popular design choices due to its 

affordable price and easy customization. Likely design changes by customer request 

to remove the external wall between kitchen and lounge and extension of the 

bedrooms. It is also a popular choice for holiday home investors. Holiday Home 

investors tend to preserve original designs as they tend to cater to many occupants.  

 

 

Case Study “Kincraig” 

 

Figure 5-16. Norscot Kincraig Kithome Design 

 

Case Study “Castleton”(Figure 5-17) 
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Figure 5-17. Castleton House Design. 

 

The client proposed the original idea of the house design. The client calculated the 

rooms they desire and later put them together according to their daily lifestyle. The 

company negotiated with the client to make the design more generic so the house 

could be easily resold in the future. However, the client insisted on the original 

design.  

 

Case study “Architectural Brief.” 

Lilia Potseluyko-Amobi
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The client of this design initially communicated the Architectural Drawing services, 

who drafted the design according to the client’s brief. They later communicated with 

Norscot to get a house kit quote.  Impressive visually and spacious dwelling design, 

later have been assessed by Norscot design and drafting team. The original design 

has been calculated, and, also to provide a competitive price, Norscot employees 

offered the client to consider one of their template designs. Both designs had a 

similar amount of space. However, the design offered by Norscot offered the client 

£34 500 savings. The template design utilised lean manufacturing principles and 

reduced waste.  The client went ahead with the design offered by Norscot. 

 

The examples below present great opportunities to introduce Dynamo generative 

and computational design into the architectural team's daily design workflow. The 

generative design will serve as strong support for identifying optimal design and 

justification justifying selected options. 

 

5.2 Workflow Automation and Workforce Upscaling 

5.2.1 BIM Maturity Level Growth 

Overview 

At the start of the case study, the leading design software for template and individual 

house designs was AutoCAD Architecture. This software has limited capability for 

utilising OpenBIM principles and parametric solutions. Revit, on the contrary, allows 

design and construction teams to work more efficiently, but it allows them to capture 

the data they create during the process to benefit operations and maintenance 

activities.  About the case study, the other points for swinging decisions towards 

Revit Architecture were growing complexity in design, the need for parametric 
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solutions and quick design changes, interoperability with the game engines. The 

appropriate planning and training steps are needed to upscale the workforce to 

transition from Revit Architecture as the main design tool. 

Firstly, the questionnaire was developed to scope the potential for the transition. The 

staff members were asked to describe (1) existing drawbacks in the workflow using 

AutoCAD Architecture, (2) the knowledge on benefits of BIM, (3) previous skills in 

Revit, (4) what are common obstacles preventing the transition and (5)how quickly 

on the estimate they think it will take them to learn a new tool? 

The survey results yielded the following answers: (1)Even though AutoCAD was a 

primary tool in the company for several years. All staff members had advanced skills 

with the software. However, they admitted lack of parametric capabilities for 

modifying house templates, difficulty to unify level of the details across all the 

drawings, lengthy process for generating and viewing 3D models, basic quality for the 

2D Drawings lacking visual enhancements for presentation to clients, the data related 

to the drawings could only be stored in layers, tags, attributes and supporting PDF 

files. (2) The staff members were well acquainted with the benefits of BIM and would 

be interested in extending their knowledge during dedicated workshops and training 

sessions on how BIM workflow could be incorporated into the company. (3) All staff 

members attempted individual training and online learning, but due to lack of 

consistency, structure, and dedicated time, they could not progress the skills to the 

next level. (4) Revit Architecture is a significantly more expensive software tool for a 

small construction practice, and the management wanted to be confident intangible 

future financial benefits before making the transition.  The staff members highlighted 

that Revit appeared to be quite an intuitive tool; specific areas (e.g. Revit families 

creation, scheduling)  seemed daunting. (5) The staff members estimated that 

learning Revit to Advanced skill level might be achieved in 4-5 months.  

Proposed Solutions 
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To motivate BIM maturity level growth, the BIM workshop was organised for the 

management and design team. The workshop covered topics: difference among the 

BIM Maturity Levels; Common Problems in Construction; Clash Detection with 

Building Simulation; Automated Quantity Extraction Process; Safer Construction 

Site Simulations with BIM; Better Planning and Management; Scheduling; 
Improved Facility Management with BIM; Energy Analysis for Sustainable Buildings; 
BIM Software Packages; Improved Collaboration and Common Data 

Environment(CDE); Operating BIM  in The Cloud; COBie; BIM Adoption Around 

the Globe; BIM Application in Norscot; Aims of the Current Case Study; As the 

result of the workshop discussions, the management agreed to host a Revit/BIM 

training course; provide structured and dedicated time for practising learned 

information; provide team members with Revit LT licenses with the possibilities for 

the full licenses purchase in the future; hire outsourcing specialists to create 

interoperable Revit families and example template houses using Revit software. 

 

Revit Training Course 

The formal Revit training in the company with visiting lecturer-tutor included a 40-

hour course(Figure 5-18). During the training, the staff members were guided to 

complete several template houses in the Revit software. The course also introduced 

the basics of Revit families creating, scheduling and simulation. Being able to commit 

extra time for structured learning and improvements, the staff members expanded 

the foundation knowledge further. The university professional network supported 

the progress and searched to answer specific on-demand questions via online 

training and documentation. 

 

Lilia Potseluyko-Amobi
Changed Capitalisation



137 

 

 

Figure 5-18. BIM Training at Norscot. 

 

Revit Families and House Template  Library Outsourcing 

While the team members were developing their skills in Revit, to speed up the 

transition, the decision was made to outsource the Revit Library of the Parametric 

Objects. In addition, all windows, doors and roofs needed to correspond to Norscot 

design specifications and must be fully interoperable with game environments 

(Figure 5-19).  

Lilia Potseluyko-Amobi
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Figure 5-19. Window, Door and Roof Specifications for BIM Library Creation 

The various tests needed to be conducted to optimise the families and ensure full 

interoperability and specification support. The team was in regular correspondence 

with outsourcing specialists to highlight test results and further amendments to 

initial objects the completed outcome presented below (Figure 5-20).  

 

Object Sizes 

 

Object sizes were supposed to correspond to UK standard dimensions and building 

regulations. 
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Figure 5-20. Interior Door Revit Families created from AutoCAD drawings in the 

previous image and imported into the Unreal Engine 4. 

Level of Detail 

 

Overcomplicated models tend to cause difficulties with rendering in the game engine, 

jittering due to z-fighting. Further discussions and investigation helped compromise 

engineering and construction visual correctness and appropriate detail for game 

engine rendering.  
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Separating Material IDs 

The Game Engines apply materials to objects depending on predefined material IDs. 

Traditionally game developers semi-manually define which object polygons relate to 

which Material ID. This procedure is undertaken in 3D software like Autodesk Maya, 

3DS Max and Blender. In parametric design, specifically in Revit, an object could be 

subdivided into material elements inside families. For example, windows can have 4 

Material IDs (Figure 5-21): glass, handle, indoor, and exterior. The latest versions of 

Unreal Engine are equipped with adding extra material IDs options. However, fixing 

this problem at the early stages when the BIM model is drafted would save a 

significant amount of time otherwise spent on a repetitive task inside the game 

engine.  
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Figure 5-21. Object Material IDs 

The above images present an example of material IDs. In the first image, the door on 

the left is selected. It has five material slots. The door handle material ID has the index 

of 0. In the second image, the door on the right is selected. It has four material slots, 

and the door handle material ID has index 1. This example presents a certain 

challenge when trying to apply materials to a group of objects. There are several ways 

to solve the challenge. In the subsequent chapter, one of them will be demonstrated.  

 

A similar visualisation issue could be traced working with floors and walls in template 

houses.  The walls and floors needed to be split to apply a different material in Revit 

to floors and wall parts. This is proven to be a lengthy process and commonly yielding 

mesh errors. To avoid that, an alternative solution was found (Figure 5-22) to create 

an additional layer with a minor offset from the main floor or walls in the areas where 

different materials are expected to be applied.  
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Figure 5-22. Additional Floor was Created to Represent Kitchen Tiles Material 

Open/Close Parameter 

When exported into the game engine the first time Revit libraries were 

developed, the doors were closed as originally specified in Revit. These 

confused various rooms in a building and presented a lack of spatial 

information. It was decided to keep doors open to allow seamless navigation in 

the game engine. The decision was made to update Revit doors families with 

Open Leaf Parameter defined by door opening angle. With doors already 

opened in a virtual environment, another manual preparation task was 

eliminated.  

The example below demonstrates doors imported into the game engine with 

the open leaf parameter set to 90 degrees (Figure 5-23). Unfortunately, the 

static objects do not inherit dynamic changes from Revit, and once imported, 
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the doors would lose their capability of manipulating the door opening angle. 

In the subsequent chapter, it will be demonstrated how a dynamic door 

changing script was created. 

 

Figure 5-23. Doors Imported to the Game Engine with Open Leaf Parameter 

Naming Conventions 

C++ programming language has certain limitations to the object names. Besides, it 

was paramount to establish uniform naming conventions across various software 

packages to create future automation and object filtering grounds.  The names must 

be compact, avoiding gaps and numbers at the start. For example, all windows in the 

library were named W[Number]; all interior doors were called DI[Number].  

 

Visual Correctness 

With the models placed into Virtual Reality Environments, various errors could 

be noticed that could not be seen from elevations. Some common errors that 
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could be spotted much easier during VR simulation included the style of 

finishing elements, gaps between elements of the model, clashes. 

This part of the study confirmed that VR building simulations could improve building 

designs and eliminate errors.  Game Engine provides user-friendly interfaces, an extra 

level of visual fidelity, allowing users to navigate the model easily and spot errors that 

could not be seen in vendor software. 

Furniture  

Another dilemma to be resolved during BIM Revit model development is 

whether to use available furniture families from Revit or use visually enhanced 

and optimised game models of the furniture in the final VR environment. This 

paragraph will describe the pros and cons of each method and justify the 

proposed workflow. In the case study of the Norscot, the interior design does 

not appear to be part of the payable service and serves as an example spatial 

and “room versatility” measuring tool. Accept plumbing components: baths, 

toilets, and sinks strictly defined by size and position at an early design stage. 

All other components are movable and editable. The distinctive feature of 

Revit, due to its parametric qualities, is the ease of insertion of furniture 

families.  However, Revit has a limited number of furniture families available 

inside the software and online libraries. Developing furniture families could be 

a lengthy and time-consuming task in the early skills development process. 

Revit furniture is designed to correspond to standard furniture sizes and 

appears to be an excellent estimate for prototyping room functionality and 

sizes. The significant drawback of this method is that complex furniture items 

do not always interpret correctly into game meshes and tend to lack visual 

quality.  
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Example 

After various tests, it was decided that Revit Furniture could be kept as part of 

the model. Some furniture families could stay original to the BIM model; for 

example, kitchen cupboard units, others could serve as reference points for 

substituting them with visually enhanced game meshes.  The development 

substitution scripts and UI furniture swaps are described in the chapters below. 

Materials 

Revit materials would require replacing high-quality realistic rendering materials 

inside the game engine when imported to the game engine. To enable ease of 

filtering materials for swapping, it was proposed to use only a limited number of 

predefined Revit materials.   

 

 

Game Object Library  

The game object library was created to enhance the BIM model visually and 

demonstrate the interior furnishings options. Following sources were used to 

put the library together. The majority of the models came for the Unreal 

Marketplace free and paid assets. In addition, some virtual assets have been 

purchased from the online 3D library Turbo Squid and later customised and 

optimised for games. The number of assets that could not be found in any 

online libraries was 3D modelled inside Autodesk 3DS Max.  For realistic 

materials creation, primarily Substance Plugin Material library was used.  The 

example below (Figure 5-24) demonstrates a kitchen 3d model in Revit and 

after editing in Unreal Engine. 
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Figure 5-24. From Revit To Unreal 

 

BIM Maturity Growth Activities Results 

As a result of the above-described activities, the company design team 

members could fully transition from AutoCAD Architecture to Revit as their 

main design tool. The gradual and part-time approach was effective for the 
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busy and hard-working schedule of the team. This transition took four months. 

The models and families created in Revit were also designed to convert into the 

game format with ease and eliminate unnecessary manual operations.  

 

5.2.2 Using Data Preparation Graph. 

Figure 5-25 demonstrates a floor plan view for the Revit model, including 

several irrelevant objects for the game engine (hedge, Revit lighting, camera 

views)  

 

Figure 5-25. Original Revit Model Used for House Configurator. 

The image above presents the original BIM model, which was developed in Revit. The 

schematic objects used to represent furniture, plumbing and garden, needed to be 
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quickly substituted when imported into the Game Engine using the automated recipe 

in UE4 (Figure 5-26). 

 

Figure 5-26. Data Preparation Graph 

Developed in Autumn 2019, the data preparation graph became an intuitive, easy-

to-use tool for the BIM models to Game Engine preparation. Before, this activity 

could only be reproduced using Python automation scripting or editor widgets 

scripting. The data preparation graph continues to expand functionality with the new 

Engine versions. The above screenshot demonstrates functions that filter and delete 

unnecessary objects from the BIM model. For example, all objects containing their 

names' plumbing, furniture, and mechanical parts will be deleted. The second group 

presents material swaps. As shown on the image, all materials named glass will be 

swapped with new glass material, all objects containing walls in their name will 

inherit new material specified in the slot.   
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5.2.3 Dynamic Scripting Proof of Concept 

Dynamic scripts were developed to reduce the amount of manual work further. The 

VR/First Person collaboration template was enhanced with additional scripts. When 

inserting each new house kit model, the house elements will be swapped with game 

actors and inherit predeveloped interactivity. The dynamic scripts included interior 

doors, exterior doors, door frames and total cost calculation. The cost calculation 

proof of concept exhibited the achievement of one of the project objectives. The 

client can edit one of the cost-design variables and see how it will affect the entire 

house kit price. Below is Figure 5-27 presents door styles and prices example image 

and related spreadsheet, which was developed into dynamic Exterior Door Script.  

 

Figure 5-27. Exterior Door Pricing Summary 

The Exterior Door Collection consisted of 4 door styles and four material options. The 

door style names as shown on the image were Tay, Shin and Watten. Item 4 style was 

renamed to “Glasgow” to avoid confusion. The four material styles included: (1) 

white outdoor and indoor material; (2) grey outdoor and white indoor; (3) rose gold 

outdoor and white indoor; (4) rose gold on both sides. Figure 5-28 presents schematic 

logic of the scripts communication where each door item was assigned a unique 

name and added to UI using costing item controller: 
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Figure 5-28. Exterior Door Dynamic Script Logic. 

Figure 5-29 demonstrates a script that unifies material IDs for each object in 

one data structure-function, so when materials are changed in other scripts, 

the consequent material is assigned to the correct elements of all objects, as 

shown in Figure 5-30. 

Exterior_Door_Actor
• Contains all exterior door 

styles and materials;
• contains 

functions(commands) to 
demonstrate specific door 
style and material. 

Cost_Item_Controller
• counts all exterior doors in 

the scene;
• assigns index to each exterior 

door in the scene;
• takes each exterior door level 

name and passes it to the UI 
combobx;

• communicates UI_Widget to 
identify which door is active 
in the scene.

UI_Widget on Screen
• selects active door
• selects door style and 

material and calls functions 
from exterior_door_actor.

• once new style and material 
is selected for a new door, 
automatically inserts the 
price into the cost calculator  
and ammends total cost. 
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Figure 5-29. Creating Material Variables by Organising and Unifying Material IDs of 

each door Style. 

In Chapter  5.2, the Image “Object Material IDs” demonstrated an example problem 

with Material IDs. In the first door, the handle material was placed in the slot with 

index 0, while the second door handle material was placed in slot one. Material IDs 

were organised and unified in the script above to resolve such issues when working 

with a group of objects and material variables. For example, all material IDs slots 

representing exterior door material were grouped in variable “outside”, and all 

material IDs slots representing door handles were grouped in the variable “ handle”. 
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Figure 5-30. Example Material Function 

With all Material ID slots unified, each door material style was created using new 

material variables: “Outside”, “Inside”, “Handle”, and “Glazing”. As shown in the 

image above, when the function “grey outside and white inside” is triggered, the 

variable “outside” will switch material “grey”, the variable “inside” will switch to 

material “Plastic”(white) and so on. Then these functions had been called from UI, as 

shown in Figure 5-31 - 5-36. 
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Figure 5-31. Door Design Style Functions 

The same approach was applied for creating door design styles. The exterior Door 

Style Function was scripted to hide all the door mesh collections placed inside the 

actor except the UI Widget triggers. 
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Figure 5-32. Open/Close Door Function 

 

Cost Item Controller 

 

 

Figure 5-33. Dynamic Creation of the Array of Exterior Doors in the Scene 
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Figure 5-34. Blueprint Communication. The Script Uses Exterior Door Level Names. 

The UI selects The name from a combo box list and makes it active for Style and 

Material Change. 

 

Figure 5-35. Selecting Door Style and Material 
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 5-36. Calculating Total Price of All Exterior, Interior and Frames 

5.2.4 3D Furniture Levels Library 

As noted in previous chapters, creating room furniture decoration could be a lengthy 

and time-consuming process. Searching each room set up individually, amending the 

materials to make sure each piece fits and work together with the room style are the 

tasks for an experienced interior designer.  These tasks become a challenge in a small 

design team with many repetitive house templates to complete. Commonly the room 

sizes of each house could be similar to one another. Therefore, marketplace 

collections of furniture were purchased/acquired. After being split into smaller sets, 

they were created to fit into standard rooms in Norscot designs and the library of 

furniture levels (Figure 5-37). The library included 5 to 7 standard variations for each: 

bathroom, bedroom, living room, kitchen, garden, garage, dining and lighting 

scenario. Using pre-developed library setups alone has reduced house template 



157 

 

preparation time by half. Next, the furniture levels were dragged into Level Streaming 

Manager and repositioned according to the room location (Figure 5-38). As shown in 

the figure below, some areas had multiple levels placed on top of one another, and 

the UI Widget controlled the visibility (Figure 5-39). 

 

 

Figure 5-37. Furniture Levels Library 
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Figure 5-38. Top Right. Levels from the Library are dragged and dropped in Level 

Streaming Manager. 

 

 

Figure 5-39. The UI Button Controls 3 Dining Streaming Levels and changing room 

setup after every button click. 
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5.2.5 Handling Design Repetition 

The common examples of the repetition in the design include the fence along a path, 

making sure it would follow the landscape curve, placing pavement tiles and paths, 

placing a line of kitchen cupboards. To minimise the time for handling repetitive 

objects, various scripts were investigated. For example, landscape splines and foliage 

tools are huge time savers inside Unreal for solving these repetitive tasks (Figure 

5-40). However, they work primarily for landscapes, could only be manipulated as a 

group, and sometimes can significantly impact performance. Figure 5-41 presents an 

example script that was created to generate a line of kitchen cupboards.  

 

 

Figure 5-40. Example of Repetition in Design 
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Figure 5-41. Using Script for a Placing Line of Kitchen Cupboards 

  

Lilia Potseluyko-Amobi
Changed Capitalisation



161 

 

5.2.6 Using Variant Manager 

Variant Manager is a tool recently released to assist non-programmers to develop 

BIM Model configurations and variants in the Enterprise sector. The example below 

shows level variant sets for roof materials on the left and three roof elements that 

participate in material change variations on the right (Figure 5-42). The variant 

manager is ideal for scripting variants that are different in each project. However, 

even though the variant manager is significantly easier to use than dynamic scripts, 

it is hardcoded to work with a specific level only, so the developers have to start with 

every new house kit. For example, in the House Configurator template, the roof and 

wall material changes were scripted using Variant Manager, while proof of concept 

Doors and Frames used a dynamic scripting system as these elements maintain the 

same styles across all house designs. Figure 5-43 demonstrates the scripting logic for 

changing variant sets from the UI. 
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Figure 5-42. Variant Manager Example 

 

 

 

Figure 5-43. The UI Controls Example for Variant Manager Level Sets. 

 

5.2.7 Workforce Upscaling.  

The full summary of the training sessions and workshops conducted is presented 

below in Table 7. Training Summary: 

  
Table 7. Training Summary 

Period Hours Training Topic Details 

07/07/2018 2 

Principles 
OpenBIM and 
Digitisation 
Workshop  

Conducted with the company 
management. Objectives and Strategies 
Setting 

07/07/2018 2 Working with 
VR Hardware 

Setting Up VR Prototype for Viewing. 
Introducing VR to clients. Marketing and 
Sales Approach. 
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15/07/2018 
–  
15/07/2019 

6 Revit-Unreal 
Interoperability 

Discussions and workshops to facilitated 
Improved Interoperability 

01/07/2019-
15/09/2019 25 

Unreal Engine 
4  
Foundations 

Navigation. Object Placement. 
Materials. Landscape. Lighting. 360 
Images Creation inside Virtual 
Environments. They were conducted in 
the form of training sessions and 
progress monitoring, question-answer 
responses.  

01/04/2020 
– 
12/06/2020 

30 
Unreal Engine 
Automation 
Workflows 

Using Customised Collaboration 
Template. Using Data Preparation 
Graph, Adding Dynamic Scripts, Using 
3D Furniture Levels Library, Handling 
Design Repetition, Using Variant 
Manager, Editing UI. 
 

01/04/2020 
– 
12/06/2020 

2 Data 
Management 

Source Control and Version Control. 
Maintaining data organisation, including 
libraries and 3D assets. 

09/12/2020 
– 
05/05/2021 

6 Adobe Creative 
Cloud 

Working with 360 Images. Image 
Enhancement. Video Compositing. 
Creating 2D images for the user 
interface. In addition, they were 
conducted with the company marketing 
professional to enhance 2D design skills 
in photoshop and premiere pro. 

 

The training sessions demonstrated the fast adoption of the new technologies and 

software skills.  After training was completed, the staff members could customise the 

template independently, and each house configurator took less than 4 hours to 

complete. Figure 5-44 presents final estimates for each interactive house kit 

completion.  
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Figure 5-44. Workflow Automation Results 

Discussion.  

The previously literature asserted that the application of game interfaces and virtual 

reality has to be complex and difficult to implement independently in small 

architectural companies with limited visualisation budgets. As a result, architectural 

companies usually outsource visual quality rendering to external partners that would 

use software like 3DS Max to produce the visual imagery representing the future 

concept. 

The process of kit home creation is reiterative, and therefore so many tasks are 

automatable.  

The case study in this chapter illustrated that this automation is achievable in the 

repetitive workflow of kit home design and manufacturing. This study confirms 

hypothesis 2 in the conceptual framework: The Automation of the VR House 

Configurator is Achievable (Figure 5-45).  

Revit Model +Costing Metadata+ Data Preparation Gaph

Under 30 min
Exterior and Interior Insertion

1 h
Automation Scripts Application

1h
UI Testing

Under 30 min
Test and Build

Under 30 min
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Figure 5-45. Design Visualisation and Configuration Automation 

End-User Software Testing Results 

Several Virtual Showhome Experiences have been applied to real-life cases. The 

example below will describe one of the cases. 

Mr and Mrs S contacted the company regarding their intention to build a house 

kit designed by one of the local architects. After careful assessment of the 

design, the architectural team within the company suggested that some of the 

rooms could be reduced in size to optimise energy efficiency and overall spatial 

flow. To support their decision, the VR interactive experience of the house 

model has been created. 

All client’s family has attended the showroom to view the model. Although, as 

a result, they agreed some of the rooms require a size reduction, they also 

noticed they would like to change the position of some windows and their 
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styles. Therefore, after the model was edited to their request, they committed 

to purchasing and final design. 

VR experience has increased their confidence in the product and resulted in 

proceeding with the purchase. The total savings for the client due to 

downsizing the original design was equal to £5500, which does not include the 

cost of maintaining the required level of heating through the winter. The 

images from the project developed for this client are presented in Figure 5-46: 

 

Figure 5-46. End-User Testing Results. 
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5.2.8 Pitfalls of VR application in Practice. Alternative Medium 
Prototyping and Discussions. 

Mobile App Proof of Concept and Full App Completion Estimates 

So far, the Case Study was centred around the application of Virtual Reality 

Technologies as the main medium with high-end VR HMDs like HTC Vive. This medium 

could be unattainable to a wider audience in the foreseeable future due to the cost 

of the equipment (PCs and HMDs) totalling £1500 as a bare minimum investment at 

the time of the writing. Also, using this equipment commonly requires some setting 

up skills and software navigation requires some previous experience with VR or a 

level of guidance and support from the design/sales team. The usability test results 

demonstrated that 15% of software testers were generally reluctant to try this 

medium.  Another common issue was that many company clients communicate 

remotely with the sales and design team and do not intend to visit the office or 

showroom.  

To support a wider audience, the alternative medium needed to be considered. In 

the case study, originally, the company widely supported the idea of enterprise app 

development. The question of the mobile app direction has been widely discussed. 

The academic professional offered to substitute mobile apps with interactive 360 

videos that could be accessed through WebVR platforms and other social media 

websites on mobile devices using Google Cardboard VR or a basic mobile interface. 

The board welcomed the idea of 360 videos. However, it asserted the need for mobile 

app creation. 
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During further discussions and testing sessions several VR Experiences, it was agreed 

to explore the further idea of the mobile app that uses 360 Unreal CGI and interactive 

transitions (gaze interaction interface) from one scene to another.  

It was planned to target mobile platforms like Google play store and the Apple app 

store. Using a game engine is the quickest way to get the prototype working and build 

ready mobile apps. Out of the box, Unity creates more lightweight apps without any 

extra code and assets, unlike Unreal 4. 

The demo app was planned to have basic UI interactions where users can jump right 

into house exploration or read company information. The main exploration part 

would utilize 360 panoramic images of each room and interactive transitions 

between those. UI would include the "back to menu" button, schematic map of the 

house to indicate the user's current location and "enter the VR" button. VR mode 

would utilize cardboard functions and gaze interactions. 

Concerns. VR mode would require stereoscopic panoramic renders to be viewed 

correctly in cardboard to required-pano renders for left and right eyes can be stacked 

and combined into one large image. 

https://sites.temple.edu/tudsc/2016/09/01/uploading-a-stereoscopic-spherical-

video-on-youtube/ Example How to produce stereoscopic content for YouTube. 

 The demo app would be created with content built-in; however, content streaming 

must be moved to the server-side in the long run. For example, one panoramic 

lossless image can take up to 6MB of storage space. If the final app provided more 

than 40 houses with at least four panoramic images in each, the app size would grow 

to 40 * 4 * 6(MB) = 960MB. With code and other assets, size will grow to gigabytes of 
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storage space. This is unacceptable, and mobile apps should not take more than 

50MB on the point of downloading it from the app store. Therefore, upon installation, 

the app will come empty, only with essential code and assets. When the user selects 

a house to explore app will steam the required content from the server. Streamed 

houses will be cached on the phone storage and reused whenever the user choices 

to revisits those houses. For this case, a backend infrastructure must be built to 

accompany the app. Cloud storage that will provide the required data based on app 

requests. This backend infrastructure must be scalable to provide performance for 

simultaneous user connections. For example, if 100s of users decide to download 

data from the server, it must not crash and fulfil requests of each connection 

instance. 

The app must be tested on numerous devices and screen types, e.g. iPad, iPhone, 

Android tablets, and phones. Since this app will use only panoramic images, the app 

can support a wide range of devices.  

The Example proof of concept app was developed to demonstrate how the app will 

be working inside a mobile app and demonstrated to the company management. The 

Web VR proof of concept consisted of a touch screen interface that would allow 

switching from one image to another.  The minimal time estimates for app 

development and support were assembled and presented in Table 8. The Figure 5-47 

presented planned mobile app workflow development.  
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Table 8. Minimal Time Estimates for Mobile App Development 

Core app development 

Optimize app structure, prepare for content 
streaming, 
Ensure camera interactions are smooth. 

20 

Main Menu UI/UX 

Creating visually enhanced UI System, ability to 
filter and search for houses, 
Download new content, enter options, loading 
the bars. 

40 

Game Menu UI/UX 

In-game options to switch controls, ability to see 
CAD map of the house 
Moreover, move between scenes using it. 

40 

Creating Scenes 

Adding panoramas and setting up links between 
them. Uploading 
To the server using predefined scene format. 
Three h per house. 

3*60 

Content stream/cache 
from the server 

The main content will be stored on the server. 
The app must be able to download 
User-requested content (panoramas, maps, 
transitions) and present it. 

40 

VR Mode 

VR mode must have gaze interactions, work with 
cardboard, be able to toggle 
On/off seamlessly. VR mode will use stereo 
images that should be presented 
In hires. 

40 

Adding new interaction 
modes 

Add kinetic camera (google maps style), add the 
possibility to use Gyro mode 
In non-VR mode. 

25 

Bug fixes/testing 

2-3 days on testing and fixing inevitable bugs. 
Stress testing and adding 
Changes to the code. 

30 

Android deploy 
Acquiring licences, building and posting on app 
stores. 10 

IOS Deploy App Conversion for IOS 30-40 

 Total 
Three 
months 
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Figure 5-47 . Mobile App Development Workflow Planned 

 

5.2.9 360 CGI and WebVR 

Understanding the stage of the client’s journey is paramount in determining 

the required functionality. Three forms of client interactions were identified in 

this study: (1) First point of contact, (2) Option Selection, (3) Final Inspections. 

The whole approach was offered for each form of interaction.  

The first point of a company communication with a client is building rapport, 

establishing company credibility, and familiarising with the product range. 

Therefore, the clients, who just considering the self-build option, are 

recommended to use a lighter version of the VR experience. Three hundred 

sixty images and videos, WebVR experiences are now fairly easy to be accessed 

through brand mobile apps and company websites. HTML frameworks like A-

Frame and Roundme provide easy deployment of Interactive WebVR 

experiences on any website. Branded cardboard headsets could be posted to a 

client location for further encouragement. The 360 scenes with gaze 
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interaction interface enabling the transition from one image to another are 

sufficient to fulfil the first point of contact communication stage with the client: 

high fidelity spatial perception demonstration, reputation building, quick 

access to a multitude of the product demo scenes. At the current hardware and 

software capability level, lightweight 360 scenes have proven to be more 

efficient than heavyweight 3D scenes, which would need to incur significant 

optimisation or loss of the level of the detail and visual quality to be adapted 

for WebVR.  Figure 5-48 demonstrates a simplified workflow compare to 

planned standalone mobile app development. Figure Figure 5-49 demonstrates 

an unwrapped 360 images of an example house kit alone with the interface of 

the experience on the company webpage. 

 

Figure 5-48. Simplified Workflow Using WebVR Platforms 
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Figure 5-49. 360 Architectural Scenes Demonstration for Web. From Left to Right: 

(1) Lounge Demonstration, (2) Unwrapped 360 image of the same room. 

The Company management compared the time and cost estimates of mobile app 

development versus the WebVR. The mobile route development will require at least 

£6000-10000 pounds investment to hire outsourcing programmers to develop the 
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app. The Web VR route, on the other hand, could be easily managed by an in-house 

team. It will require only a nominal cost to use one of the WebVR platforms. The pre-

existing WebVR User Interface was sufficient and user friendly to navigate around 

Virtual House Kit Designs. The company management agreed to proceed with the 

WebVR route. 
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6 Conclusion 

This chapter summarises the study findings for each objective stated in the 

Introduction chapter. The chapter includes four main sections, justification of the 

objectives are delivery, contributions to knowledge, implications on the practice, and 

recommendations for future work. 

 

6.1 How Main Research Objectives Are Delivered 

6.1.1 Objective One 

Investigate the current state of TFSBS within the UK housing industry and identify the 

critical potentials and barriers of adopting BIM principles to support TFSBS within the 

UK housing industry. 

A broad range of literature was reviewed focusing on the British Market of TFSBS. The 

statistics information was used for both Scotland and England on the number of SBS 

projects per year and level of the digitalisation of the industry. Where applicable, the 

research covered common aspects in other scientific areas.  The research 

investigated how the offsite construction manufacturing sector utilised openBIM 

principles and studied the existing XR applications described in the literature. The 

literature review also stipulated ZCH practices and potentials of improving these 

aspects depending on the application of XR technologies in the sector.  The significant 

barrier for application XR in TFSBS has been interoperability in various software 

packages and game engines. The author highlighted the above-described gap in the 

literature and the need to develop practical frameworks and empirical studies to 
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narrow this gap. The literature review also focused on the business aspect of using 

XR technologies as a sales tool, collected evidence suggesting differences in the sales 

process and hence requiring a special approach to user interface creation compare 

to VR Supermarket or Hospitality sales. The literature examined BIM variables 

actively participating in the product–house kit configurations. To instigate the results, 

the author researched the adjacent literature of mass customisation of various 

products and the possibility of adopting collaborative and adaptive approaches in 

customisation.  

 

 

6.1.2 Objective Two 

Investigate the potentials and barriers of adopting emerging game-like XR 

technologies to support TFSBS within the UK housing industry. 

The in-depth research provided a detailed description of various XR technologies 

available in the market. In addition, the hardware and software overview were 

further classified and presented in the comparison table. As a result, the potential 

and barriers of the XR technologies were examined against time, cost and workforce 

constraints as well as applicability to the research purpose.  
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6.1.3 Objective Three 

Develop a system architecture - the framework for improving marketing and 

technical operations within TFSBS housing Sector by Applying Integrated XR and BIM 

Technologies.  

Firstly, to achieve this objective, a conceptual framework was developed. The 

underlying theory stated that applying the XR+BIM technologies in TFSBS would 

simplify data delivery to the client, increase customer satisfaction, and, therefore, 

increase sales. Secondly, the underlying theory two stipulated that automated 

workflow in a small TFSBS KHMC is achievable at the present level of the technology. 

The speed of creating the XR experiences could be greatly reduced for the clients to 

benefit from interacting with BIM variables through VR. The methodology chapter 

describes the methods for proving underlining theories and agile prototyping 

methods to iteratively adapt the framework to the technological growth and 

development proposals from peer and client reviews. 

 

6.1.4 Objective Four 

Develop series of prototypes of integrated XR and BIM Software applications to 

support TFSBS within the UK housing industry. 

From July 2018 to March 2020, the author developed a series of prototypes to 

conduct a literature review, developed a methodology, and empirically collected 

requests from peers, AEC professionals, and AEC clients. The prototyping was divided 

into three agile development stages, during which nine prototypes in total were 

developed to respond to the brief. The developed software and automation scripts 
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were presented to the design team in the Case Study. The case study focused on the 

adoption of existing software to the company needs. Adopted Automated workflow 

was tested with three staff members.  During the described period, they received 

training on using automated templates in their workflow, and  6 Interactive kit homes 

BIM models were built with the supervision and instructions from the author. After 

the training period was completed, the staff members created interactive BIM 

models independently using provided templates.  

 

 

6.1.5 Objective Five 

Validate and disseminate knowledge through gaining feedback from internal 

supervisors, peer scholars' reviews, reliability recognition.  

Conceptual theory one was validated by putting it to a real-world test. The Interactive 

BIM Model with House Kit “Souter” was demonstrated to the client in VR. The floor 

plan drawing seemed to be completed in the client’s opinion. However, when the 

model was placed in the VR in a simplified data delivery format, several more changes 

appeared to be needed in the model: repositioning the windows and reducing the 

size of the living room. This ultimately helped the customer to save more money and 

agree to the final purchase.  

Conceptual theory two was validated through a workflow automation study. The 

original Revit->3DS Max-> Game Engine workflow has been substituted by  
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Revit->Unreal Game Engine through Datasmith plugin. Automation scripts were 

applied in the template, and the standard ten-day workflow was replaced with a 4 

hour template editing workflow.  

The research project results were also validated through usability tests and peer 

review. This was highlighted by being awarded an Outstanding KTP grade and being 

shortlisted for the Scottish KE Awards 2020, Innovator of the Future, and receiving 

the 2018- Innovation of the Year Award and a Special Distinction Award 

buildingSMART International 2018. The project received a significant level of 

recognition at a national level and was presented at various government events. 

Richard Lamb, Programme Manager for Knowledge Transfer Partnerships, Innovate 

the UK, participated in peer review tests and made very positive remarks on the 

achievements. This project was selected for presentation at the "Transforming 

Scottish Business" event. During this event, Dr Alicia Greated, CEO of KTN Ltd, was so 

impressed that she made exciting comments about this project and its impacts in her 

consequent interviews and social media posts. 

Besides all measurable benefits for all parties, the project achieved all initial 

objectives, stated in the above section. In addition, it also achieved an extra objective 

that was proposed as part of reaching out to users through web and application of 

360 Images Web VR solutions compared to the stand-alone mobile app development. 

This saved the company over £10000. 

The research triangulated with other research works on applications of VR for BIM 

and Data configuration. The credibility could be validated by comparing results with 

the theoretical framework developed in this study. 
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6.2 Implications for Practice 

The research findings have been instrumental in adopting the TFSBS digital design, 

manufacturing, and marketing infrastructures.  

The guidance provided in this thesis enables TFSBS KHMC to develop a better 

understanding of the emerging digital technologies to increase efficiency and 

improve services to clients. The TFSBS KHMC challenged to create a fully immersive 

and photorealistic Virtual Showhome for Company clients. Due to the varying 

customer types, there is also a need for a mobile platform that could easily be used 

at the early sales process stages. The final need of the TFSBS KHMC was to be able to 

create these different virtual and immersive methods of viewing the house designs 

in a way that would both speed up and make the design process more efficient, giving 

the customers substantially improved service and ensuring they had a fuller 

understanding of the finished product to ensure fuller satisfaction of the product.   

The added benefit of the research project is the improvement in their methodologies 

and understanding how this applies to their business, allowing them to create a 

strategy for further developments and how to make these more efficient.   The 

provided framework is also valid for remote communication and training using 

appropriate source control methods, which became actual for the COVID-19 

lockdown period and the subsequent regulations. 

The dissemination of the research project to a wider audience has been important in 

its success. The AEC professionals and the colleagues in the case study have now been 

fully empowered to adopt digital technologies, especially 360 Virtual Tours, BIM, 
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Gamification and VR, in their design and marketing processes. These are all new skills 

to the industry. This significant development has created a more acceptable price 

point for the potential clients and increasing possible margins. 

Achievements in the case of the industry partner: 

• The change in current annual sales turnover:  £170,000  

• The change in annual sales turnover expected in three years resulting from 

the research project:  £1330,000  

• Change in current annual exports attributable to the KTP:  £1,000  

• Change in annual exports expected in three years:  £500,000  

• Change in current annual profit before tax attributable to the KTP: £33,000  

The application of XR technologies for TFSBS KHMC an advantage over its competitors 

in appearing to be more sophisticated and efficient in our methods. As their 

marketing improves, this will increase their ability to secures additional leads and 

increase the percentage of sales.  
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6.3 Research Limitations 

This thesis established a foundation for further research and digitisation in the 

construction sector, offsite manufacturing and TFSBS. The primary focus of the thesis 

was TFSBS. However, several features could be adopted for the wider AEC sector. The 

research covered only the UK TFSBS market. The active investigation, testing and 

validation of the research covered the period January 2018 – May 2020. Due to the 

limited period and workforce available, only several BIM variables were used for 

configuration in XR interfaces. Like software development, maintenance and updates 

are a continuous process, the further increase and detailing of the BIM variables were 

agreed to be out of the scope of the study. The research focused primarily on the 

collaboration of the design team members, end-users and further implications for 

constructions and facility management. The construction and facility management 

operation applying XR technologies were also agreed on limitations of the research. 
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6.4 Recommendations for Future Works 

The thesis covered the only examples and test BIM variables for doors, windows, and 

materials pricing. The pricing for the components was imported to Unreal Engine 

from the company pricing data table.  Future works could be dedicated to developing 

a complete set of BIM variables to assemble a full sales quote for the client. The quote 

could be printed out for the client for future reference with a comprehensive 

description of all items and their prices. The future workflow will include the 

following steps: (1 ) the BIM model of a house kit will be autogenerated in Revit using 

Dynamo table, which will output coordinates of each component; (2) after imported 

to Unreal Engine; and (3) the collaborative discussion between the design team and 

the client will result in further changes to the BIM model;  (4) the Unreal Engine will 

update the new coordinates for the house kit components in the same table the 

model was created from in step 1; (5) – this will result in updating the model 

coordinates in Revit. (6) – the updated version interactive BIM model will be fed back 

to Unreal Engine.  

Manufacturing and handing over to Construction.  

Working with small projects in TFSBS was the “perfect playground” for testing 

automation concepts. The concepts discussed in this thesis could be adopted in the 

future for larger AEC and Infrastructure projects. The upcoming research after PhD 

thesis completion will focus on the digital twin development for the UK and European 

road infrastructure software.  The traditional software used to control road 

equipment(traffic lights, cameras, road signs) commonly utilises only 

GIS(geographical information system) data in geographical and schematic maps. 

Adding BIM data to the equation will equip traffic operator/ traffic controllers with 
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an additional layer of spatial information. Interactive experiences for road networks 

will enable them to take faster and more precise spatial decisions.  The scripts used 

in this thesis for the configuration of BIM variables will be reused for configuration of 

the road equipment states and enabling equipment controlling from a data table. The 

road networks and tunnels systems BIM models are significantly more complex than 

building models in export/import relationships with game engines. The workflows 

developed in this thesis will need to be further detailed and expanded to subdivide 

the BIM model into gaming sub-levels to reduce optimisation challenges and latency 

drawbacks. The Dynamo scripts will regenerate LANDxml lines into solid road mesh 

to provide the Unreal Engine format.  After being assembled in Navisworks with other 

BIM files, the generated floor models with optimised polygon count will be imported 

Unreal Engine to be reused for collision and walk path creation.   The BIM data 

combined with GIS and real-time rendering VR mode will enable traffic operators to 

simulate evacuation action plans, finding optimal escape routes and test equipment 

positioning. The digital twin will provide data exchange with existing 2D road 

networks software to visualise real-time equipment states and increase traffic 

operators spatial awareness. As it was physically impossible to visit every location on 

the road in person, they will virtually teleport to the required location before making 

the operational decision. The point cloud data will be imported from accident scenes 

to overlay the existing BIM model and study the impacts. 

Due to the vast size of road network models, the floor plan minimap would be 

insufficient to understand spatial location within the model. Therefore, the UX will 

need to be further enhanced, and new solutions need to be proposed to create a 

schematic “gods view” that would enable users to navigate various locations in the 

model. The automated schematic maps of the road equipment would be one of the 

methods to present an interface for identifying the required position on the map. 
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One of the completed research studies published in November 2021 is an automated 

process for generating schematic equipment maps for road networks to support 

digital twins.  

The creation of a digital twin  to enable an automated &intelligent decision support 

system complimented by 2D automated schematics for advanced visualisation 

presents the following challenges:    

-The application of a myriad of digital technologies, such as data-driven nD 

visualisation within game engines, computer vision and image processing, Natural 

Language Processing, AI/Deep learning for road data analytics and BIM for 

management platforms to create a digital twin environment.    

-The identification of data sources and integration into one format is a challenging 

due to the volume of mixed data sets and unstructured data sources. Therefore 

preliminary data pre-processing by use of deep learning based image processing and 

Natural Language Processioning will require the application of new methods based 

on high-dimensional data analysis (using machine learning), optimisation and data 

fusion.   

Optimisation and verification of a 3D model generated as result of a deep learning 

process is a challenge due to lack of a processing standard and benchmark also lack 

of enough data. As such there is a need for defining application specific measurement 

as a benchmark and use of advanced machine vision techniques for comparing 

synthetic and design generated 3D models. This could be done via clash-detection 

within BIM management tools such as Navisworks, Infraworks or Tekla or another 

layer of image processing.  
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  A current thesis presented over 250 pages of a comprehensive review of BIM and 

Interactive Game Technologies Adoption for spatial visualisation and configuration in 

the AEC sector. However, we are just at the first pages of the innovative technologies 

journey they could deliver for solving BigData challenges across various industries in 

a growing global society.    
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