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ABSTRACT

Digital innovation is recognized as a new architectural design process to
improve building design, productivity with less construction cost and time.
However, it is also recognized that it creates changes in design processes that
can in turn alter business goals. The destructive negative impact to architectural
practice varies from the size of the architectural firm. To elucidate the problem,
this thesis investigates the key determinants and barriers that impede
architectural practices in digital innovation adaptation. Its objectives are to
investigate the digital technologies used by architectural practices in digital
innovation adaptation; examine the barriers, how crucial it is and which among
the barriers is the most significant; and to evaluate whether there is a significant
relationship between the size of architectural practices and barriers in digital
innovation adaptation. An in-depth literature review of digital innovation tools
and processes and digitally innovative projects in architectural practices was
conducted. This study has utilized quantitative and qualitative survey method
where data from selected forty five (45) architectural practices that have utilized
digital innovation were collected through the use of structured survey. The data
were analyzed through descriptive statistics, Scheffe post hoc and multiple
regression analysis and was subsequently validated. The result of this study
revealed that technological, financial, organizational, process and psychological
barriers were more pressing in smaller architectural practices than bigger
architectural practices. ~Among the six (6) subsequent barriers that were
examined, financial barrier was found to be the most crucial in digital innovation
adaptation. It was also found out that the size of architectural practice and
barriers in digital innovation adaptation are significantly correlated. This finding
means that the bigger the architectural practice, the less that it is affected by
barriers in digital innovation adaptation, while the smaller architectural practice,
the more that it is affected by barriers in digital innovation adaptation. With this
findings, a guideline for digital innovation adaptation in architectural practices
was recommended.
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ABSTRAK

Inovasi digital telah diakui sebagai proses reka bentuk senibina terkini bagi
memperbaiki reka bentuk bangunan, meningkatkan produktiviti dengan
pengurangan kos dan masa pembinaan. Walau bagaimanapun, inovasi digital turut
membawa perubahan kepada proses reka bentuk yang seterusnya mengubah
matlamat sesebuah perniagaan. Impak negatif yang boleh merosakkan firma-firma
senibina adalah berbeza mengikut saiz sesebuah firma. Bagi menjelaskan
permasalahan tersebut, tesis ini mengkaji penentu-penentu utama serta halangan-
halangan yang menyekat firma-firma senibina dalam penyesuaian terhadap inovasi
digital. Objektif kajian ini adalah untuk mengkaji teknologi-teknologi digital yang
diguna pakai oleh firma-firma senibina dalam pengadaptasian inovasi digital;
mengenal pasti halangan; serta untuk menilai sama ada terdapat hubung kait yang
signifikan di antara saiz firma-firma senibina dengan halangan-halangan dalam
pengadaptasian inovasi digital. Kajian literatur yang terperinci telah dijalankan bagi
mengenal pasti peralatan-peralatan yang terlibat dengan inovasi digital serta proses-
prosesnya, serta projek-projek inovasi digital yang terlibat di syarikat-syarikat
senibina. Kaedah kuantitatif dan kualitatif soal selidik berstruktur telah digunakan;
di mana data-data telah dikumpul daripada empat puluh lima (45) firma senibina
terpilih yang mengamalkan kaedah inovasi digital. Data-data tersebut kemudiannya
dianalisa secara statistik diskriptif, Scheffe post hoc serta analisa pelbagai regresi.
Hasil kajian mendapati, faktor teknologi, kewangan, organisasi, proses dan
halangan-halangan psikologi lebih dominan dalam firma-firma senibina yang lebih
kecil berbanding dengan firma-firma senibina yang lebih besar. Di antara keenam
enam (6) halangan yang telah dianalisa, halangan kewangan didapati sebagai
penentu yang paling penting dalam pengadaptasian inovasi digital. Kajian turut
mendapati bahawa saiz sesebuah firma senibina serta halangan-halangan dalam
pengadaptasian inovasi digital adalah berkait secara signifikan. Penemuan-
penemuan ini menyimpulkan bahawa semakin besar sesebuah syarikat senibina
maka ia semakin kurang terkesan dengan halangan-halangan pengadaptasian inovasi
digital. Manakala, semakin kecil firma senibina maka ia akan semakin terkesan
dengan halangan-halangan pengadaptasian inovasi digital. Berdasarkan penemuan
ini, sebuah garis panduan untuk pengadaptasian inovasi digital bagi firma senibina
telah disyorkan.
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CHAPTER 1

BACKGROUND OF THE STUDY

1.1 Introduction

As modern world develops and utilizes design technology for architecture,
different design methodologies have emerged. Current design research focuses on
computationally mediated design process (Kolarevic, 2003; Hensel and Menges,
20006; Littlefield, 2008; Datta et al., 2009) which is essentially concerned with form
finding and building performance simulation i.e. structural, environmental,
constructional and cost performance through the integration of physics and
algorithms. Since its emergence, architectural practices are increasingly aided by and
dependent on the technology and have resulted in major paradigm shift (Qawasmi
and Karim, 2004; Pauwels et al, 2011). It opens new territories of formal
exploration in architecture and radically reconfigures the relationship between
design and production creating a direct digital connection between what can be
imagined and designed, and what can be built through ‘file-to-factory’ processes of
computer numerically controlled (CNC) fabrication (Kolarevic, 2003; Janssen ef al.,
2011; Davis, 2011). These new digital technologies and its processes (Luebkeman
and Shea, 2005), helps improved quality of design, reduced cost and time, and new
aesthetics as possible. The advent of digital technologies have evoked ‘digital

innovation’ in architectural practices wherein digital technologies are not just used



for the primary purpose of construction documentation and visualization, but also for
modeling and documenting projects that is aesthetically and structurally sound, less

in construction cost and time (Shi and Tang, 2013).

On the other hand, while the advancement of the new digital technologies has
the potential for improving productivity, profit and design dramatically, literature of
the subject revealed that substantial organizational and technical barriers exist that
inhibit the effective adoption of these new technologies (Johnson and Laepple, 2002;
Intrachooto, 2002; Henfridsson et al., 2014; Berente et al., 2014; Leach and Gou,
2007).

Despite the availability of new digital technologies that is abundant, digital
innovation is not implemented. This is because only few knowledge and resources
are transferred and utilized from one project to another. It usually happened when
the primary objective or purpose of projects is not similar and does not include team
members of the previous project who has the right skills, proficiency of the new
process and knowledge of the technology. Furthermore, Cory and Bozell (2001)
elucidated that although architectural practices have acknowledged that the use of
new digital innovation process can save a substantial amount of energy and time,
these new digital technologies are minimally utilized. The benefits of digital
innovation are to reduce cost, better work flow, reduce life cycle applications, and
increase productivity, however these technologies are not fully utilized to its full

potential (Fallon, 2004).

Looking further into digital innovation research of Johnson and Gunderson
(2009) they have enumerated critical issues about technical and staff’s abilities that
are problematic in today’s architecture, engineering and construction industry. It
relates to organizational and technical barriers which are important when adopting

the new technology (Whyte and Levitt, 2011; Yoo et al., 2012).



Innovation research in different allied fields also revealed that companies
implementing digital innovation are impede by several challenges and barriers which
shared common and the same attributes. A survey in product design and
manufacturing that was conducted by O’Sullivan (2002), elucidated that out of three
thousand new innovation ideas for products, minimal number are successful because
failure is part of innovation process and cannot be evaded. Most successful
innovative organizations needs to importantly consider an appropriate level of risk
when implementing innovation because the negative effect of failure of unsuccessful
innovation is worse than a simple loss of investment or a bankruptcy. According to
O’Sullivan (2002), failure can be also psychological which leads to loss of
confidence among staff, and even resistance to change and improvement in the
future. O’Sullivan (2002) added that the primary causes of unsuccessful innovation
have been thoroughly research and found out that it varies to size of organization.
Some problems are external and outside the control and influence of the
organization. Several causes of failure in organizations elicited are poor
organization, poor empowerment, poor knowledge management, poor leadership and

poor communication.

In architecture, engineering and construction (AEC) innovation research
evaluated by Johnson and Laepple (2002), it was concluded that practices adopting
innovation is negatively affected by barriers and challenges relevant to additions of
logistics and changes of organization structure. These include additions of expertise,
costly investment of software, changes of new work processes, marketing strategies,
and changes in culture and leadership of organization. Research studies made by
Cory and Bozell (2001) have shown that while the advent of digital technology have
benefited the construction industry, commercial issues that relates to cost, time and
new methodology occur. With this issues, architectural practices should importantly
consider software costs, software learning curve, design costs in relation to time,
software and speed of computer to handle complex geometry, partition of the model
among multiple users, level of details necessary that software can model, integration
of models from multiple sources, web publishing, extraction of working drawings,
maintenance and speed, all of which affect the profit and liquidity of the

organization.



A research by Civil Engineering Research Foundation (1996) revealed nine
(9) barriers to innovation in the construction industry. These include lack of
technology transfer, salary disincentives, limited basic and industrial research and
design, poor leadership, high equipment cost, adversarial relationships, inflexible

building codes and standards, risk and liability, and construction based initial costs.

In technological innovation research of Inchachoto (2002), he coined that
innovation in technology is better fostered by a team with has the work experience
prior to innovation than a team of individuals selected through their expertise.
According to Inchachoto (2002), collaboration is very useful and serves as multiple
functions such as psychological assurance, financial security and technical-risk
reduction. In order to attain success in innovation, the organization should consider
team dynamics and project logistics. Project logistics are funding from outside the
organization, collaboration in research, demonstration, validation and technical
evaluation. Furthermore as added by Inchachoto (2002), it is very important to

allocate budget for research in technological innovations.

1.2 Statement of the Problem

It is evident that digital innovation is happening in architectural practices but
it is also evident that some architectural practices are facing challenges (Whyte,
2010; Whyte and Lobo, 2010). This is due to rapid increase of new digital
technology and the current trends of non-orthogonal building design and the issue of
sustainability. A number of architectural practices are indeed experiencing
challenges evoked by the introduction of digital innovation. Unexpected client’s
demands, costly equipment, the new processes brought by the new digital
technology, increasing global competitions, lack of knowledge of the technology,
limited software, limited logistics are among the challenges (Braglia and Frosolini,

2014). Undeniably, implementing digital innovation in architectural practices is



problematic and not trouble-free. Return of investment and practices profit is the

bottom line of business are at risk of failure when digital innovation is implemented.

Another challenge in implementing innovation is coping up with the change
in organizational management of the organizations because innovation is doing
something new and requires new knowledge of the processes (O’Sullivan (2002). To
successfully implement innovation, it requires varied understanding of the main

stages through which an innovation is to be developed (O’Sullivan (2002).

Furthermore in research studies of Perrow (1999) and Williams et al, (2014)
it was concluded that firms which are engaged in building design are
organizationally complex, and have non-linear and multiple interdependencies
between their sub-systems. They are considered as complex organizations because
the design processes are segmented and requires high efficiency and productivity.
According to Whyte and Lobo (2010), digital technologies enable new design
processes and the new method of interaction and infrastructure which increase the
interactivity and complexity of practices leads to several issues such as limited time,
low productivity, and cost which enable more logistics, managerial skills and

leadership.

In management perspective (Kallinikos, 2005; Dossick and Neff, 2008), it
was elucidated that leadership skills helps managers in organizations to handle the
increasing coupling of technological solutions because of nature of loose coupling of
organization set-up of organizations. According to Kallinikos (2005) and Dossick
and Neff (2008) it is important to analyze digital technologies, organizational

structures and processes to avoid failure.

In digital innovation research of Johnson and Laepple (2002), it is concluded

that there is an interrelationship between business goals, work processes, and the



adoption of new digital technology. That is, changes in business goals generally
require revising work processes which can be enhanced further by the introduction
of digital technology. It is also recognized that innovations using digital technology
creates possibilities for new work processes that can, in turn, alter business goals,
understand how digital technology influences architectural organization, and
therefore it is important to understand all three of these interrelated elements (Figure

1.1).

requires requires

Work
processes

Information
technology

Business
goals

creates

creates

Figure 1.1 Model to understand the role of technology in innovation (Johnson and

Laepple, 2002).

Innovation is a new way of doing something or new set of process and
businesses are at risk of failure (Davila ef al., 2006). While innovation increase value
typically, it may have negative destructive effect to organizations, and possibility of
changes in organizational structures and practices. The negative impact varies from
the size of organization (Davila et al., 2006). Through the literature of the subject,
innovation is accepted to increase productivity and profit in business, and therefore
the mentioned barriers should be effectively managed by organizations to attend

success in digital innovation (Johnson and Laepple, 2002).

In this study, it is argued that the success or failure of digital innovation in
architecture does not only depend on the knowledge of the new digital technology
and processes but it is also influenced by organizational factors which may vary

from the size of architectural organization.



1.3 Objectives of the Study

To evaluate knowledge relevant to the mentioned problems, the main
exploration of this study is focused in evaluating key determinant factors and
barriers that impede architectural practices in digital innovation adaptation.
Addressing these factors that impede architectural practices in digital innovation
adaptation will poster a deeper understanding of the digital processes and how
architectural organizations adapt with the advent of new technology. Specifically

the objectives of this research are:

1. To investigate the digital technologies used by architectural practices in

digital innovation adaptation.

2. To examine the barriers, how crucial it is and which among the barriers is the

most significant in digital innovation adaptation.

3. To investigate whether there is a significant relationship between the size of

architectural practices and barriers in digital innovation adaptation.

14 Research Questions

This research assessed key determinant factors and barriers that impede
architectural practices when implementing digital innovation. Specifically, it sought

to answer the following research questions:



1. What are the digital technologies used by architectural practices in digital

innovation adaptation?

2. What are the barriers, how crucial it is and which among the barriers is the

most significant in digital innovation adaptation?

3. Is there a significant relationship between the size of architectural practices

and barriers in digital innovation adaptation?

1.5 Significance of the Study

The main exploration of this study is focused on evaluating the key
determinant factors and barriers that impede architectural practices in digital
innovation adaptation. Addressing the factors that impede architectural practices in
digital innovation adaptation will foster a deeper understanding of the digital
processes and how architectural practices adapt with the advent of new technology.
The significance of this research lies on the deeper understanding of technological,
financial, organizational, government, process and psychological barriers as key
aspects in architectural practices management particularly in digital innovation

management.

Digital innovation research in the context of architecture is still very limited,
therefore the findings and conclusion drawn from this research will be helpful in
increasing literature on the subject. Though the variables identified herein are
already informally known before this study is conceptualized, there is no formal
publication or journal in the context of architecture that can be used as a guide or

reference to identify barriers and challenges in digital innovation in an architectural



practices. This study therefore will unleash the gap of traditional paper-based
architects to move forward using the new digital technologies through digital
innovation. Developing knowledge in these aspects is significant from the following

perspectives:

1. Defining digital innovation in context of architecture. Studies in digital
innovation in information science have established the definition of digital
innovation but there is no well established definition of digital innovation in
architecture. Defining digital innovation in context of architecture is very

significant.

2. Identifying the digital technologies used in digital innovation. Although
digital technologies for digital innovation has been identified and used in
architectural practices, there has been a limited literature that elucidate the
used of variety of digital tools that is being utilized in a life cycle of the

project.

3. Increasing the understanding about technological, financial, organizational,
government, process and psychological barriers as key aspects in

architectural practice management.

4. Identification of the benefits and constraints of new digital technologies in
architecture and increase understanding of the relationship between size of

architectural practice and barriers in digital innovation adaptation.
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1.6 Scope and Limitation

The scope of this study is focused on evaluating digital technologies and
barriers that impede digital innovation adaptation in different size of architectural
practices specifically from schematic design phase up to construction documentation

phase of architectural projects that employ digital innovation.

The following variables were the focus in this study: digital technologies
which are non-parametric, parametric, building information modeling, building
performance simulation and scripting; and the six (6) subsequent barriers that
impede architectural practices in digital innovation such as technological barriers,
organizational barriers, financial barriers, governmental barriers, psychological

barriers and process barriers are the limitation of the study.

Singapore was chosen as the model for this study because the country has the
availability of resources such as digital tools, complexity of projects, skills,
knowledge transfer and presence of variety of sizes of architectural organizations
that have implemented digital innovation. Through experience and observations,

digital innovations exist in several architectural organizations in Singapore.

The number of respondents is forty five (45) architectural practices selected
on the basis of digital innovation experience and size of architectural practice. The
list of respondents is categorized in three groups (small, medium, big) is presented in
Appendix B. There are many architectural practices in Singapore but those
architectural practices that have employed digital innovations for the purpose of
form finding, building information modeling (BIM), optimization or other
computationally driven processes using new digital tools were only selected. With
this, fifteen (15) of each group (small, medium and big architectural practices)
comprised the number of respondents because there are only fifteen (15) big

architectural practices in the country that are digitally innovative.
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1.7  Originality and Contribution of this Study

There are lots computational design researches that are focused on digital
modeling techniques and sustainability. Those studies are tailored on modeling
techniques, parametric modeling and generative design and simulation of air flows,
heat and other issues that relates to minimizing energy and improving thermal
comfort. These studies of digital processes and modeling techniques in architecture
have mostly been carried out in research institutes and universities but research on
how this computationally driven process negatively affects architectural practices
has not been explored yet. There are limited literature that elucidates how
architectural practices adopt in digital innovation and how it affects the practice

focused in the context of architecture.

Evaluating the challenges and barriers to digital innovation specifically in
context of architecture is very significant. Therefore the findings and conclusion

from this research will be helpful in increasing the literature on the subject.

1.8 Structure of the Thesis

The structure of this thesis is organized in six (6) subsequent chapters.
Chapter 1 provides an introduction and background of the research. In this chapter,
special emphasis is given on statement of the problems and scope of the research

which elucidate the reason why this thesis is valuable.

Chapter 2 is an in-depth literature review of digital innovations in
architecture. It discusses innovation theories, tools and methodologies of digital

innovation in architecture and several innovation studies to unearth the definition of
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digital innovation in context of architecture including the impact of digital
innovations in architecture. Barriers and challenges that affects architectural
practices in digital innovation adaptation, and previous innovation studies in allied
fields such as information science, business and organizational management,
manufacturing, product design, engineering and construction were also discussed in

this chapter.

Chapter 3 is a review of related digital innovation projects from architectural
practices. It covers discussions of the digital processes and digital tools from Frank
O. Gehry, Fosters and Partners and eight (8) selected architectural practices
elucidating computationally innovative projects which are selected on the basis of
the type of digital innovation used, digital tools, projects and its significance to this

research.

Chapter 4 focuses on the research methodology and how this study was
carried out. It outlines the research design that was employed in this research, the
literature review, respondents, variables, and how the data were gathered and

statistically treated and validated.

Chapter 5 is basically the results of the interviews conducted in local
architectural practices. It discusses the findings through descriptive statistics and the
researcher’s interpretation from the selected respondents. Through the objectives of
the study, two primary groups of data (digital technologies and barriers) in digital
innovation adaptation were presented and analyzed. The first group was digital
technologies used by architectural practices in digital innovation adaptation. These
include the non-parametric tools, parametric tools, building information modeling
tools, building performance simulation tools and programming languages that were
used for scripting. The second group is the barriers in digital innovation which are
technological barriers, financial barriers, organizational barriers, governmental
barriers, psychological barriers and process barriers. The validation of the findings

from the analysis were also discussed in this chapter. It was conducted through re-
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interviewing the respondents in more details to provide a concrete conclusion and

recommendations of this study.

Chapter 6 finally provides the conclusions based on the research questions
and objectives of this study. A digital innovation guidelines for architectural
practices was recommended in this chapter, and the potential for future research in

context of digital innovation in architecture was also recommended.
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to fixed asset purchases. The more complicated the investment, the more

complicated the formula becomes significant.

Digital innovation is proven to be worthy investment but it is very beneficial
that cost and time vs ROI should be an in-depth research in terms of qualitative
benefits of reduced time overruns and lower drawing revision costs not just on the

cost of the project but on the part of the architectural practice.

Digital innovation specifically in architecture is already proven to improve
productivity, with less construction time and cost, therefore further examining ROI

relevant to financial viability of architectural practice will be very helpful.
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