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all who was so kind to spend time on discussing my research.

Finally, but definitely not least, | would like to thank my family, friends, and colleagues for their
support and patience during the last three and a half years. Most of all, | want to thank Marie, Laura,
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Foreword

Over the latest years, there has been a fast-paced development in the complexity of buildings driven
by the desire for new and exciting architecture with more complicated geometry but also the need
for more intelligent buildings with advanced mechanical and electrical installations. At the same
time, the design process has been compressed and often the construction on site is started before
the design is completed.

This development is increasing the need for good design and change management in order to have
an efficient and errorless design process. Changes and decisions from clients or end users’ often
have large impact on the design and many interdependencies between disciplines makes it difficult
to have the fully overview of the size of the impact.

With the intensive use of BIM in design, we now have better tools for more efficient production of
models and drawings but also a good basis for the many simulations of daylight, energy etc.
However, the building industry is still lacking behind other industries when it comes to efficient
processes regarding information flow, interfaces and standardization of design data. This makes it
very difficult to take fully advantage of automation.

The present PhD project’s attempt to standardize design data and improving processes of design
management is a vital and important step towards a better and more efficient design process that
will provide major benefits to Ramboll and the building industry.

Therefore, the relevance of the project cannot be overestimated. Over the past three years, we have
participated in a very exciting and challenging creation process and we have already seen positive
results in our test projects. We are eager to implement the results and continue the development of
this important area.

Ronni Holm Dam,
Senior Director in Buildings and company advisor

Rambgll Denmark A/S
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Abstract

The architectural, engineering and construction industry is suffering from low productivity and the
integration of project information, design solutions, design processes and project organization is
believed to be a solution to produce high performing buildings more efficiently. Utilization of
contractual frameworks to support such integration is still relatively new to the industry, but when
successfully implemented it can foster collaboration and considerably increase possibilities for
achieving project success related to buildings which are buildable, operable, usable, and sustainable.
Digitalization is a driver in such a framework to support an efficient way of working, but multiple
barriers exist for its expansion. This thesis focuses on solutions to improve digitalization and
integration in the building design process.

The often unique, fragmented and interdependent nature of building design makes it difficult to
adopt methodologies from other industries — such as manufacturing — where digitalization and
integration seems better established. Solutions to integrate the different elements in building design
processes into a coherent methodology are far less explored, and the goal of this research is,
therefore, to increase the understanding of the relation between information needs, standardisation
and efficient design management. The research draws on findings from previous research on
information management, design management and socio-technical science and focuses in particular
on an improved foundation for efficient planning and decision making processes.

The research concludes that high variability exists in current building design processes. This could be
acceptable if the goal is to increase the understanding of the design problems to solve, but there is a
risk that non-value adding design iterations will occur too frequently if the variability is not carefully
managed. Building a strong community within the design team is found to be critical to reduce
variability as it allows project managers to entrust the team to find solutions and coordinate
activities more efficiently. Based on several case studies it is identified that applying an agile project
management method adds a needed structure to the design development process and increase
collaboration and shared understanding. Only when such applicable management practices are in
place, digitalization can add proper value. For digitalization to add value, efficient information
management is also found to be critical, which requires that information can be captured, structured
and exchanges in a standardized way.

To achieve efficient standardization, proposals for modularisation and expansion of current industry
information exchange standards were developed in the current research. An IDM package
framework is proposed to make the current IDM methodology from buildingSMART more modular
and easier to reuse and utilize on projects. A generic LOD framework is proposed to make the
agreement on geometry information exchange more pragmatic. Furthermore, an expanded schema
architecture is proposed for the BCF format from buildingSMART to support an increased use of
process information exchange within task management. The proposals were evaluated in several
different ways and found to match a range of industry needs, making the proposals of interest for
further research and development.

vii



Based on the findings, operational principles of how building design can be produced efficiently are
described with specific considerations to information flow and value generation. The operational
principles are, furthermore, combined with socio-technical and reflective theory to propose a
methodology of how information in building design can be managed to also support a collaborative
and learning building design process. A methodology is proposed and contains information models
for the mission, function, product, and process (MFPP) for building projects to summarize the
findings in this research in a combined contribution to further research and development. The
methodology is a pragmatic approach to more extensive PLM systems used in the manufacturing
industry and incorporates an agile design development process. The modular yet structured
approach in the MFPP methodology allows for automation of information requirements, flow
optimization and automatic identification of relations between information models, which is
believed to lower the barriers for implementation of digitalization and integration in the AEC
industry.

The research makes use of a range of different theories and methods which have previously been
evaluated individually in the AEC industry and found useful. Based on the findings in this thesis it
seems clear that these theories and methods should not be considered as alternatives to each other
but as elements in an integrated approach. A key challenge ahead for the AEC industry is to find
ways to integrate these theories and methods as opposed to executing them in parallel and thereby
not achieving the required level of improvement. The MFPP methodology can serve as contribution
to how several perspectives can be integrated in a common approach for efficient building design
management.

viii



Danish Abstract

Byggesektoren lider af lav produktivitet, og integration af projektinformation, designlgsninger,
projekteringsprocesser og projektorganisation anses for at vaere en lgsning til mere effektivt at
skabe hgjtydende bygninger. Brug af aftalemaessige rammevilkar til at understgtte en sadan
integration er stadig forholdsvis nyt i byggesektoren, men nar sddanne rammevilkar indfgres korrekt,
kan det fremme samarbejde og @ge mulighederne for at opna succes pa projekter ved at skabe
bygninger, der er bygbare, driftsbare, baeredygtige og funktionelle. Digitalisering er en forudsaetning
i en sadan omstilling for at understptte en effektiv made at arbejde pa, men der eksisterer en raekke
barrierer for en sadan implementering. Denne afhandling fokuserer derfor pa Igsninger til forbedring
af digitalisering og integration i projekteringsprocessen af byggeri.

Byggeprojekter er karakteriseret ved ofte at vaere unikke, fragmenterede og med mange indbyrdes
afhaengigheder, hvilket ggr det vanskeligt at anvende metoder fra andre industrier - sasom
produktionsindustrien - hvor digitalisering og integration synes bedre implementeret. Lgsninger til at
integrere de forskellige elementer i en sammenhangende metode inden for projektering af byggeri
er langt mindre udforsket, og malet med denne afhandling er derfor at gge forstaelsen for
sammenhangen mellem informationsbehov, standardisering og effektiv styring af
projekteringsforlgbet. Projektet bygger pa resultater fra tidligere forskning inden for
informationshandtering, projekteringsledelse og socio-teknisk videnskab og fokuserer iseer pad at
skabe et bedre grundlag for effektive planlaegnings- og beslutningsprocesser.

Projektet konkluderer, at der findes hgj variabilitet i den nuveerende projekteringsproces. Dette
kunne vare acceptabelt, hvis malet er at gge forstaelsen af de projekteringsproblemer, der skal
Igses, men der er risiko for, at ikke-vaerdiskabende iterationer vil forekomme for ofte, hvis
variabiliteten ikke handteres omhyggeligt. At opbygge et staerkt feelleskab inden for
projekteringsteamet viste sig at veere afggrende for at reducere variabiliteten, da det tillader
projektlederen at overlade det til teamet at finde Igsninger og koordinere aktiviteter mere effektivt.
Pa baggrund af flere casestudier er det fundet, at anvendelse af en agil projektledelsesmetode
tilfgjer manglende struktur i projekteringsproces samt gger samarbejdet og den felles forstaelse.
F@rst nar sadanne ledelsesmetoder er pa plads, kan digitalisering tilfgje reel vaerdi. | forbindelse med
digitalisering er effektiv informationshandtering ogsa fundet afggrende, hvilket kreever, at
informationer kan registreres, struktureres og udveksles pa en standardiseret made.

For at opna en effektiv standardisering er der i denne afhandling udviklet forslag til modularisering
og udvidelse af nuvaerende informationsudvekslingsstandarder til byggesektoren. En Igsning med
IDM-pakker foreslas for at ggre den nuvaerende IDM-metode fra buildingSMART mere modulaer og
dermed lettere at genanvende og anvende pa projekter. En generel Igsning for informationsniveauer
foreslas for at ggre aftaler om geometrisk informationsudveksling mere pragmatisk. Desuden
foreslas en udvidet arkitektur for BCF-formatet fra buildingSMART for at understgtte en gget
anvendelse af informationsudveksling inden for opgavestyring. Forslagene er blevet evalueret pa
forskellig vis i afhandlingen og det kunne konstateres, at de matcher en raekke af byggesektorens
behov, hvilket ggr forslagene interessante i relation til videre forskning.



Pa baggrund af resultaterne beskrives principper for, hvordan projektering kan udfgres mere
effektivt med specifikt fokus pa flow af information og generering af vaerdi. De operationelle
principper er desuden kombineret med socio-teknisk og reflekterende teori for at foresla en metode
til, hvordan information i projektering kan handteres for at understgtte en effektiv proces. En
metodik indeholdende informationsmodeller for byggeprojekters mission, funktion, produkt og
proces (MFPP) foreslas for at opsummere resultaterne i projektet i et feelles bidrag til videre
forskning og udvikling. Metodikken er en pragmatisk tilgang til mere omfattende PLM-systemer, der
anvendes i produktionsindustrien, og omfatter en fleksibel projekteringsproces. Den modulzere, men
ogsad strukturerede tilgang i MFPP-metodikken giver mulighed for automatisering af krav til
informationer, flowoptimering og automatisk identifikation af relationer mellem
informationsmodeller. Dette vurderes at reducere barriererne for implementering af digitalisering of
integration i byggesektoren.

Projektet g@r brug af en raekke forskellige teorier og metoder, der tidligere er blevet evalueret
individuelt i byggesektoren og fundet anvendelige. Pa baggrund af resultaterne i denne afhandling
synes det klart, at disse teorier og metoder ikke bgr betragtes som alternativer til hinanden, men
som elementer i en integreret tilgang. En vigtig udfordring for byggesektoren er at finde mader at
integrere disse teorier og metoder i modsaetning til at udfgre disse parallelt og derved ikke opna det
ngdvendige forbedringspotentiale. MFPP-metodikken kan tjene som bidrag til, hvordan flere
perspektiver kan integreres i en feelles tilgang til effektiv projekteringsledelse.
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Structure of the Thesis

This thesis is divided into four parts and six scientific papers. The four parts introduce the practical
and theoretical point of departure, describe the research design, summarize the scientific papers,
and finalize by discussions, conclusions and evaluation of the entire dissertation. The research
guestions are answered based on findings described in details in the scientific papers. Together, the
four parts and the scientific papers constitute this PhD thesis. The overall structure is as follows:

Part | — Practical Point of Departure

The first part introduces the topic, describe the problems observed in practice, and the context of
these problems in an industry facing considerable barriers to improve digitalization and integration
within the design processes. This part also describes what needs to be improved to achieve
successful projects, and the perspectives for the industry if barriers are reduced. The research scope
is defined which leads to the selection of literature to explore in the next part.

Part Il — Theoretical Point of Departure

The second part places this thesis in the context of the body of knowledge. Focus on information and
knowledge management, socio-technical implications and design management is selected to frame
the research in its search for an efficient building design management methodology. The review of
literature is balanced between two views on design: related to either efficiency of information
exchanging, or the social and cultural views on developing common understanding and learning. This
section is concluded by summarizing the findings in literature in a combined theoretical information
model for building design.

Part Ill — Research Design and Findings

Based on the practical and theoretical point of departure, research questions are formulated in the
third section, which motivate this research. The selected research methodology is accounted for and
key findings from each of the six scientific papers are described. Along with findings, the research
method in each paper is discussed and an evaluation of the research quality of findings is included.
This evaluation is used to justify the conclusions made in the final section.

Part IV — Discussion and Conclusion

The final part starts by summarizing the findings in the scientific papers in a proposed methodology
for building design. Based on this methodology and additional findings, research questions are
answered. The relation to practice is of great importance to this research, and for this reason the
usefulness of the results is evaluated. The contributions to the knowledge base are listed, and the
predicted barriers and impacts on practice are described. Finally, suggestions for further research
are provided.
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1 Introduction

‘We have a well-functioning common data environment, but it is not a living collaboration platform.
It also does not manage all the flows of information, but how to make the cut between what
information to put where? | think we are in some sort of idle position, waiting for new people and
new technology.’

[Project Manager ‘Ellinor’ interviewed for Paper D]

Ever since the Danish government initiative ‘Det Digitale Byggeri’ [Digital Construction] was initiated
in 2003, digitalization has been a key driver for change in Ramboll in Denmark and in the
architecture, engineering, and construction (AEC) industry in general. The design of a Concert and
Conference Centre in Reykjavik, Iceland, and Ramboll’'s own Head Office in Copenhagen started soon
after and were some of the first buildings being designed in full 3D in Denmark. Ramboll provided all
engineering services in both projects and the degree of innovation happening was very high in the
following years. Similar development has been experienced in the other Scandinavian countries, in
the US and UK along with many other countries, and the key digitalization driver has been the
process of using object-oriented 3D models, most often described as Building Information Modeling
(BIM), along with other information and communication technologies (ICT).

The expectations for what BIM can do to the industry were and are still very high and have often
been described as a paradigm shift for the entire AEC industry (Anumba et al. 2007). The
digitalization of e.g. the car, airplane and banking industry has been a source of inspiration of how
fundamentally also the AEC industry can be changed to the better. This radical change in the AEC
industry is, however, still to come. The productivity in the industry is in general just as low as it was
20 years ago, paper is still a key source for communication in most construction sites, and the
utilization of data in information systems to provide better value to projects is moving slowly. Many
exciting innovative initiatives continue to come forward, but the pace of development and adoption
is much slower than what many, including this author, had hoped for.

The idle position referred to by the project manager in the statement above essentially seems to
have lasted for too long. Five years ago, this author was in a meeting with a leading thermal
simulation tool vendor discussing possible improvements to reuse data from the BIM models in this
simulation tool. The response to our request was:

‘If you can tell us what object attributes (properties) we need to look for in the BIM model — and
promise us that our other clients will ask for the same attributes — we will be happy to include
these in our next BIM interface release.’

[Director, leading thermal simulation tool vendor]

A quick query around the office indicated that no one were able to provide a consistent list and five
years later, still only limited support for import of attributes in the this software is implemented. It
seems as the rest of the industry is similar challenged and points to the observation this author has
made over the years of a ‘chicken or the egg’ challenge for improving digitalization. No one seems
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clearly interested in defining unambiguous information needs if no software can support the
exchange of information anyway, and software vendors seem reluctant in implementing
requirements which are not widely accepted by their users.

At least in Ramboll, it seems quite clear that the right tools are available to support the range of
services requested by clients in relation to advanced simulations, life-cycle assessments,
visualizations etc. The tools are there, but to integrate and utilize them intensively is more costly
than what clients are willing to pay because of too much work in collecting and modifying the
information required for each tool to provide valid results.

Based on these observations, the motivation for this thesis was to identify how utilization of digital
information can be increased to further boost the digital transformation of the AEC industry.
Standardisation seemed as a key solution to this quest. Three years later, this author also learned
that careful consideration to the context in which information is used plays a highly important role if
digitalization is to improve productivity and likelihood of project success.

1.1 Current State of the AEC Industry

The productivity has for decades remained low in the global AEC industry when compared to the
general economy and the manufacturing industry in particular. The productivity in the
manufacturing industry has almost doubled in the last 20 years whereas productivity in the
construction industry has experienced less than a 20 % improvement (Barbosa et al. 2017). The total
economy (data included 96% of the global GDP) has experienced an average annual growth rate of
2,7 % per year compared to 1 % in the AEC industry. The study by Barbosa et al. concludes that if the
AEC industry could catch up with the rest of the economy, a potential of $1.6 trillion a year could be
saved. Barbosa et al. identifies seven areas where the AEC industry needs to improve to catch up
with the development. Reaching parallel conclusions on low productivity, Teicholz (2013) identifies
four similar areas requiring improvements to increase productivity. In table Table 1, the identified
areas are listed and similar areas are aligned. The focus areas of this thesis are highlighted in bold.

Table 1. Areas identified which needs to improve to increase productivity in the AEC industry.

No. (Barbosa etal. 2017) (Teicholz 2013)

1. Reshape regulation and raise transparency

2.  Rewire the contractual framework Better Use of IPD framework

3.  Rethink design and engineering processes An improved Business Model that Supports
Owner Life-Cycle Requirements

4. Improve procurement and supply-chain

management

5. Improve on-site execution Greater Use of Off-Site Fabrication and Modular
Construction

6. Infuse digital technology, new materials, and Better Use of Data with BIM

advanced automation

7. Reskill the workforce

In general, areas for improvements can be grouped into design processes, construction processes,
digitalization, workforce competences and framework conditions such as regulation, contracts and
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supply-chain management. While the remaining areas are acknowledged, this thesis focuses on how
to improve design processes and digitalization.

1.1.1 Fragmented, Unique and Complex

The reasons for the low productivity are multiplex, but in relation to design processes and
digitalization three challenging characteristics of the AEC industry are identified. Firstly, the AEC
industry is highly fragmented. Projects include architects, engineers and contractors most often from
different companies, and in particular in construction the industry is split in multiple companies with
more than 52 % of the total work completed globally being provided by companies providing only a
single specialized trade (Barbosa et al. 2017). Due to competitive procurement strategies where the
lowest offers are often selected in each case, the organisation in each project is likely to be unique,
which significantly limits abilities for knowledge transfer from project to project. The fragmented
industry is believed to be a key reason for slow utilization of ICT where ICT innovation most often
rely on individual stakeholder benefits rather than project or industry-wide benefits (Eastman et al.
2002).

Secondly, the AEC industry is challenged by mostly producing unique ‘one-off’ facilities compared to
mass production in manufacturing (Kamara et al. 2007). The optimization potential from repeatable
operations is for this reason limited. Kamara et al. argue that the differences to manufacturing is
mostly related to the product and that re-engineering of the processes in the AEC industry similar to
what has increased productivity in manufacturing is still achievable.

Thirdly, the AEC industry is considered a complex system in relation to both the product, the
processes and the organization (Bertelsen 2003a; Pikas et al. 2015). The design process are
described as having a ‘wicked nature’ caused by the fact that there is often no optimal solution to
the problems faced and, furthermore, preconditions are defined in parallel with the solutions
(Bertelsen 2003b; Lawson 2005). Irrational behaviour must be expected from such complex systems
and this makes the mapping and management of information flow more challenging than in other
relatively stable and repetitive industries like manufacturing (Emmitt and Ruikar 2013). In such a
fragmented and dynamic environment the integration and exchange of information between
information systems is crucial for efficient management of design process (Soibelman and Kim
2002). The AEC industry is for this reason facing considerable barriers because the abilities for
improvement requires extensive efforts that are to be invested in unique and temporal
organisations which reduce motivation.

1.1.2 Siloed Knowledge and Information in Design

For a 55.000 m2 science park in Copenhagen, the Niels Bohr Building, currently being constructed
with Ramboll as lead designer, the aggregated BIM model contains more than 510.000 objects.
Beside geometry definitions, each object includes an average of around 10 attributes of relevance to
the design, resulting in approximately 5 million design attributes which needs to be managed. The
BIM model is illustrated in Figure 1 and has been widely used for design coordination, visualisations,
drawing production and quantity take-offs for various purposes. The way attributes are organised
does not follow any particular structure and are defined by disciplines individually. Only a high-level
object type classification structure according to Danish standards is used.
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Aggregated BIM Model

e | =g

Electrical Discipline BIM Mode Mechanical Discipline BIM Model
Figure 1. BIM model of the Niels Bohr Building designed by Ramboll, Vilhelm Lauritzen, Christensen & Co,
GHB and Colin Gordon & Associates

The e-mail archive in this project contains more than 41.000 inbound emails and 82.000 outbound
emails. The project has 108 internal design meeting memos and 125 client meeting memos with
typically 10-20 follow-up actions plus at least a similar amount of decisions taken within each
meeting. This adds to 4.500-9.000 project-related tasks and decisions which need to be managed on
top of the numerous amounts of tasks and decisions defined in e-mails. The project folder for the
engineering work of the project contains 2.900 Excel sheets and 4.300 Word documents and a range
of schedules in MS Project. The client brief (Universitets- og Bygningsstyrelsen 2010) was a 96 page
document plus 24 appendixes including a range of requirements for both the project mission and
vision; functional requirements such as energy and space requirements; product specific
requirements such as specific materials for components; requirements for work processes in relation
to e.g. energy calculations; and requirements for the procurement strategy in relation to
construction. Several client consultants were responsible for ensuring that all these requirements
were appropriate and monitored that these were sufficiently met in the design proposals, however,
no structured link between the range of requirements and the design was created. As the design
progressed, several changes were introduced in the project, e.g. from considerable changes in user
needs (Andersen 2017) and the brief documents were for this reason not an accurate description of
the final building. Such a project is always a remarkable accomplishment, but from an information
management point of view there seems to be nothing out of the ordinary in this project. This is the
way information is captured and managed in most current design processes. Sometimes a database
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is used to capture user requirements as opposed to using Excel sheets and a quantity database is
sometimes used to manage quantities for tender, but in general information is what Yalcinkaya and
Singh (2016) describe as ‘siloed’ because information is unstructured and scattered in many
platforms with limited interaction between them. With such amounts of information to manage,
previous studies have indicated that the design teams spend up to 40 % of their time searching for
information (Gallaher et al. 2004). Yalcinkaya and Singh conclude that building design projects are
challenged in managing knowledge — in particular the large range of tacit knowledge which is also
essential for successful project — and information management processes are quite often ad-hoc at
best.

In manufacturing, such amounts of information would often be managed in a Project Life-cycle
Management (PLM) system. The intention with a PLM system is to capture and manage product-
related information within an enterprise also including functionalities for requirement management,
data vaults for file access control, formal workflow support, and processes for executing engineering
changes (Bruun et al. 2014). The unique and fragmented nature of AEC projects seems to be a key
limitation in this regard, as such PLM systems will have to be set up individually for each project
often making the effort far too costly. Yalcinkaya and Singh (2016) suggest to use linked-data
technology to manage and link data to provide an improved insight to the required design
knowledge in a more automated way. It is out of scope of this thesis to identify technologies to link
information. Instead this thesis will focus on identifying what information needs to be captured in
relation to how information can be applied to achieve successful projects in a more pragmatic way.

1.2 Evaluating Project Success

Evaluating whether a project is successful Table 2. Five dimensions of project success (Shenhar and Dvir 2007)

or not have long been acknowledged to

s Success Dimension Evaluation Criteria
have more implications than the “p oiect efficiency Meeting schedule goal
traditional triple constraints of time, cost Meeting budget goal
and quality as judgement from key

Team satisfaction Team morale
stakeholders are as or even more .
Skill development
important (Serrador and Turner 2005). Team member growth
There is also a time-dependency on Team member retention

project success: ‘As time goes by, it _ _
Impact on the customer  Meeting functional performance

matters less whether the project has met Meeting technical specifications

its resource constraints; in most cases, Fulfilling customer’s needs

after about one year it is completely Solving a customer’s problem

irrelevant. In contrast, after project Thedcusttomer is using the
produc

completion, the second dimension, impact Customer satisfaction
on the customer and customer

satisfaction, becomes more relevant.’ Business success Commercial success
(Shenhar et al. 1997 p. 12). Shenhar and Creating a large market share
Dvir (2007) propose five dimensions to Preparing for the future  Creating a new market

base general project success on and define Creating a new product line

evaluation criteria as described in Table 2. Developing a new technology
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Project efficiency is one dimension, linked closely to productivity, whereas the other dimensions
have a broader perspective on value generation.

Focusing on the AEC industry, generating value is ultimately to create high-performing buildings
which achieve their purpose throughout their lifetime (Fischer et al. 2017). To do so, Fischer et al.
define four criteria for success for such buildings: buildable, operable, usable, and sustainable.
Buildable refers to how easy the building is to assemble. Operable means that the structural,
mechanical, electrical, and other systems in the building work together and are easily maintained
and fixed. Usable refers to whether the building supports the purpose of the people who work, live,
or in other ways interrelate to activities within the building. Finally, sustainable refers to whether the
building works in harmony with the natural, social, and economic context. Fischer et al. conclude
that integration within design processes and the use of metric to continuously monitor and evaluate
on stated performance criteria in all the four aspects above are of vital importance to ensure project
success.

1.3 Improving BIM processes

By increasing the use of BIM processes more information could be captured within object-oriented
BIM models and exchanged directly between object-oriented software to increase integration of
knowledge (Eastman et al. 2011). BIM is a process to manage and facilitate the exchange of building
information and can support collaboration and allow for automation of processes (Aram et al. 2010;
Moon et al. 2015; Zhang and El-Gohary 2015). As such, design information structured using BIM
methods constitutes an information system to support design and construction processes (Berard
and Karlshoej 2012). The use of BIM has increased rapidly and the value achieved in areas such as
visualization, reducing errors and improving collaboration is well documented (Malleson 2016;
McGraw-Hill Construction 2014; Pikas et al. 2011). The current unstructured approach of managing
information is, however, limiting abilities for achieving value generation from the use of information
systems (Martinez-Rojas et al. 2015). To improve this, a need for further standardization of
information is required (Malleson 2016).

To capture building related information, buildingSMART has developed the open model framework
schema IFC, which allows for generating semantic rich data models specifically targeting the
exchange of BIM related information (ISO 2013). Although interoperability issues related to software
implementation of IFC import and export functionalities are still a barrier to seamless IFC exchange
(Oh et al. 2015), the use of IFC has increased significantly in the industry along with the
implementation of BIM (Malleson 2016). In order to add further structure to the information
exchange, buildingSMART has also developed Information Delivery Manual (IDM) and Model View
Definitions (MVD). IDM is a solution to capture the process model of selected use cases and
generate information exchange requirements for the product model on this basis (ISO 2016). MVD
allows for defining a data structure and the semantics required to exchange information using a
specific data format in an unambiguous way (ISO 2016). To capture process related information,
buildingSMART has, furthermore, adopted two additional open exchange standards. The first
standard is called BCF and allows for task-related information and task linkage to IFC models to be
captured in a standardized data structure (BuildingSMART 2016). The second standard is called IDM
Part 2 and allows for defining and managing tasks in relation to contractual agreements with support
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for workflow specifications (ISO 2012a). Based on the range of open standards available it would
seem that the basis to improve structuring of information in the AEC industry is in place. The use of
open standards is of interest in this thesis because it allows for a consistent approach to information
management throughout unique and fragmented AEC projects by limiting dependencies for
requirements of particular software. For this reason, the above standards will form a basis for the
research presented here.

1.4 Improving Design Processes

Integration within design processes is required to address many of the areas for improvement in
Table 1 and Fischer et al. (2017) argue that the multi-party contractual arrangement in Integrated
Project Delivery (IPD) is a highly successful approach to achieve this. Fischer et al. define a ‘Magic
Formula’ of what it takes to operate within an IPD framework as shown in Table 3.

Table 3. The Magic Formula for integrated project delivery (Fischer et al. 2017)

Value Definition Framework Environment Interactions Network of Knowledge

e Enterprise Needs & e Relational Contract e Right People e Quantity e Connections Across
Constraints o Delivery to Target Cost o Virtual World e Quality Boundaries

e Stakeholder Values e Integrated Organization e Proximity e Clarity of Customer

e Performance Goals e Information Infrastructure e Transparency Supplier Relationships

e Objectives & Metrics

Increasing integration within design processes requires that values needs to be identified, managed
and monitored; a framework which motivate for collaboration needs to be in place and the right
team needs to be assembled, collaborate and sit closely together; intensive interaction needs to be
promoted; and understanding of the network of knowledge needs to be in place. Only in doing so,
Fisher et al. conclude that high performing buildings can be designed which are buildable, operable,
usable, and sustainable. Other types of multi-party contractual arrangement exist such as partnering
or project alliance, and they all share similar goals of motivating integration and collaboration
(Lahdenpera 2012). In relation to building projects, Lahdenpera concludes that IPD is of interest as
the sharing of risk is very explicit. Explicit sharing of risk is important in building projects as the
value-chain is often complex and utilization of e.g. BIM often provide more value further down in the
value-chain. Lahdenpera concludes, however, that differences between the contractual arrangement
types are not that clear to describe because the development of each approach regularly adopts
what seems successful in the other approaches.

Although it is difficult to separate a framework like IPD from design planning and management
methodologies, it is argued here that within the framework of IPD different planning and
management methodologies can be used. Multiple planning and management methodologies
aiming at increasing intense collaboration has been proposed in recent years — most based on lean
principles. As with the contractual frameworks, there are considerable overlaps in the development
and implementation of planning and management methodologies as they also seem to continuously
adopt what is successful in other methodologies. In Table 4, five selected methodologies are
described which have been promoted to provide value in building design processes.
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Table 4. List of selected planning and management methodologies suggested for building design

Methodology Key Characteristics
Integrated Concurrent Engineering Using intensive and well-planned ICE sessions, design teams meet and
(ICE) rapidly develop incremental steps of the design. There is an emphasis on a

(Fischer et al. 2017; Kunz 2013)

Lean Design Management
(El Reifi et al. 2013; El Reifi and Emmitt
2013; Tilley 2005)

Collaborative Design Management
(cbm)

(Bglviken et al. 2010; Fundli and Drevland
2014)

Integrative Design
(Reed 2009)

Agile Project Management
(APM)
(Cobb 2011; Owen et al. 2006)

well-integrated technical infrastructure, formal objective metrics and
informal processes and culture.

Emphasis on reducing waste based on lean principles by focusing on
briefing and client interaction, value and value stream mapping, lean
culture, team assembling and information flow. Makes use of methods like
the Last Planner System, Set-based Design, Target Value Design etc.

Assumes design to consist of three elements and focus primarily on design
production and decision-making processes, and only secondarily on the
design creation process. Includes a variation of the Last Planner System
focusing more on decision-making and design related constraints analysis.

Promotes an incremental design process where far more analyses are
completed in a collaborative manner in the beginning of design to ensure
that the right solutions are selected. Emphasis on ensuring that no solutions
are developed in silos.

Focus on managing a changing environment by incremental design
development rather than a plan-driven development and by promoting self-
managed teams. By use of methods like Scrum, the approach is

supplemented with tools to prioritize activities and monitor design
development performance in a highly collaborative manner.

From the above table it is clear that the methodologies overlap and share conclusions that the
building design process must be based on clear values definitions, develop incrementally, ensure
efficient flow of information and avoid development in silos. This should be seen in contrast to the
traditional waterfall design process, which is common today, and are aligned to the phase-model in
design describing a step-wise design development approach starting with the brief and conceptual
design and ending with a fully detailed and technical design. In complex and turbulent project
environments, such as building design, such conventional planning principles based on a waterfall
approach seems, however, more and more limited in their ability to achieve project success (Cobb
2011; Riedel et al. 2013). For this reason, the goal of this thesis is to explore how such new
incremental planning and management methodologies can contribute to project success and in
particular how information can be managed to support such methodologies by increased use of BIM
and digitalization in general.

1.5 Perspectives

Although there has been an increase in the number of AEC projects that use multi-party contractual
arrangement, it is still relatively modest compared to the more traditional approaches that rely on
competitive tendering (Emmitt and Ruikar 2013). Based on 60 interviews with teams using IPD
contracts, Cheng et al. (2016) identify a high degree of success in all analysed projects in relation to
both time, cost and client satisfaction. Furthermore the study concludes that IPD contracts along
with lean processes and tools seem to have the ability to foster collaboration as opposed to this
happening more spontaneously in traditional projects. The study also finds that BIM, co-location,
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and lean tools are not the most essential elements to achieve project success. Instead monitoring
and evaluation of metrics, project development, and commitment are essential along with a strong
team oriented project culture.

This study is backed up by a more generic study of manufacturing companies concluding that the
combination of new management procedures along with digitalization is of great interest as this is
seen to increase productivity far beyond what digitalization can achieve alone (Appel et al. 2005).
Based on an analysis of 100 manufacturing companies in Europa and the United States, Apple et al.
concludes that single minded roll-out of new IT only increased productivity by an average of 2 %
whereas a combination of new management practices and IT in general increased productivity with
20 % as shown in Figure 2.

% increase in total factor productivity

+

75th percentile and above

: ¥ +209
25th percentile and below : 0% 2%

Management-practice score

- Intensity of IT Deployment +

..................................................................

25th percentile and below 75th percentile and above

Figure 2. Increase in total factor productivity based on IT deployment and use of new management practices
(Dorgan and Dowdy 2004)

Despite a well-documented potential, the AEC industry often find it difficult to implement ICT tools
and related management methods (Miettinen and Paavola 2014). In addition to new contractual
frameworks, there also seems to be a need to change tools and methods to make implementation
simpler, more flexible and better match abilities to avoid silos in both knowledge management and
design development.

10 Digitalization as Driver for Standardized Specification and Design of Buildings



Part | — Practical Point of Departure

2 Research Scope

The primary goal of this thesis is to explore ways to use digitalization to improve building design
processes. The thesis focuses on improving both design processes and digitalization as they need to
be viewed in relation to each other as described in the previous section.

Being one of the largest industries in the world, the AEC industry spans over a range of project types
and services. The focus for the thesis is the design phase in the life-cycle of buildings. As processes in
this phase are closely related to the previous brief phase and the subsequent construction phase,
implications on these phases are considered as well as the remaining life-cycle. Furthermore, the
thesis focuses primarily on the engineering design of building services although work in other
disciplines are addressed in most scientific papers. The research scope is illustrated in Figure 3.

Phases
: : q Operation and
Inception > Brief H Constructlon> aintenance>

Architecture
«n | Structures
(]
.E Piping
2 hvac /
Q R h <
7] N nesearcn scope
*~ | Electrical
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H Sewer
o Landscape arch.

Road and infrastructure

Figure 3. Research Scope in relation to AEC phases and design disciplines

The way, in particular, architects work can be somewhat different from building services design and
Coates et al. (2010) indicates that architects could have more barriers to use BIM and lean tools
compared to engineering disciplines. When analysing the design process, both views are addressed,
but the research data collected is limited in relation to architectural design as compared to
engineering design.

As described in the previous sections, the potentials of both multi-party contractual arrangement
and BIM is well-established and it is not a goal of this research to assess the value potential of
proposed solutions. Instead this thesis aims to identify barriers for digitalization related specifically
to standardization and design management and propose solutions to remove these barriers. How
individual design tasks are completed and the skills required to do so is of less interest to the
research and instead focus is put on how to ensure that the right information is available when
needed and as needed.
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3 Theoretical Point of Departure

The previous section described the current state of the AEC industry and identified design processes
and digitalization as some of the key areas for improvement. To improve design processes, increased
integration and collaboration are identified as potential solutions. The development process, the
organisation and the mind-set of the design team need to change in order to achieve such
improvements. To increase the level of digitalization, there is a need to improve the structuring of
information and the abilities to easily exchange information. The unique nature of AEC projects
makes standardisation and methods for information management more difficult compared to other
industries, and abilities to incorporate flexible and pragmatic approaches to information
management is required. The need for intense interaction in design teams requires more skills from
the team and increase pressure on their performance. If the improvement initiatives are to generate
value within such integrated design teams, the socio-technical aspects is, therefore, also important
in relation to how design teams interact with each other and the information available.

Pikas et al. (2016) find that two well established, but competing views on design collaboration exist.
The first view is a constructivist approach which acknowledges design as a social process with
dynamic intersection of social and cultural views for developing a common understanding
(Bucciarelli 2003). The second view is related to communication theory originating from information
theory and mathematics, focused on the efficiency of exchanging information and meaning between
two points (Carlile 2004). As illustrated in the following sections, both views are required to achieve
project success and the two views will for this reason need to be balanced when evaluating
solutions.

Compared to project management, limited research exists specifically targeting designh management
in building design (Knotten et al. 2015) and Kroll and Koskela (2015) further argue that there is a
general lack of theory on building design. For this reason, the following sections will identify relevant
theories developed for the AEC industry and supplement these with theories from other domains to
describe the topics addressed above. The theories addressed will focus on:
e Information and knowledge management - to understand what information is and how it
can be structured, stored and exchanged efficiently.
e Socio-technical systems — to understand how social behaviour impacts interaction with
technology and how integration of teams and knowledge can be achieved.
e Design management — to understand how processes and designers are to be managed to
ensure that the right decisions are made at the right time and at the right cost.

This section will end by summarizing how the described theories can be used to sketch a framework
for a potential methodology to support information structuring in design management. The theories
will also be used to further justify the findings in the scientific papers included in this thesis.
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4 Information and Knowledge Management

Achieving successful AEC projects is highly dependent on having access to the right information and
having abilities to share the right information when required (Martinez-Rojas et al. 2015; Tribelsky
and Sacks 2011). Information relevant when managing building design can be divided into product
information and process information (Shafiq et al. 2013; Wang and Leite 2016). A product model and
a process model can be used to capture and structure such information (Lee et al. 2007). A product
model is defined as a standard medium for sharing and exchanging information electronically among
heterogeneous systems and could be the BIM model. A process model describes how activities
within a process are connected, ordered, and structured. Working with both product and process
models requires a level of standardization in both concepts, routines, processes and data formats
(Hooper 2015; Martinez-Rojas et al. 2015).

When considering information, six connected terms are often entangled with each other: data,
information, knowledge, communication, knowledge base and document (Otter and Prins 2011). In
Table 5, the different terms are described.

Table 5. Terms used in relation to information and their characteristics
— based on (Davenport 1997; Hjelseth 2015; Otter and Prins 2011)

Term Key Characteristics

Data Abstract, formal, sometimes symbolic entities like elementary facts, letters and binary numbers.
Often quantified and easy to capture, structure and transfer using ICT.

Information A string of data endowed with relevance and purpose. Human mediation is necessary and needs
consensus on meaning. Requires ontologies to be captured, structured and transferred using ICT.

Knowledge Specific data and information in the human mind related to intelligence, experience skills and
attitude, which can be the subject of manipulation in terms of navigating, combining, reflecting,
synthesizing or even redefining the meaning of data strings. Often tacit and difficult to capture,
structure and transfer using ICT.

Communication A process for exchange of information to equalize the information on both sides. Three steps are
involved: 1) information gathering and transmission, 2) information receiving and interpreting
and 3) information storage and retrieval. The meaning of the information can be distorted or
partly lost during all these steps.

Knowledge base Total collection of information, which exists within a person, organization or system. Can consist
of tacit knowledge (implicit meaning and understanding) and/or explicit knowledge (formal
structured knowledge).

Document A collection of generated information, which is stored physically in some way and is able to be
transferred as part of a communication process. A database can be considered as a special kind
of digital document where data is placed in a formal structure. The structure allows for
meaningfully retrieval and updating of data in a variety of ways.

From the descriptions it is clear that it is not data which is difficult to exchange; it is the meaning of
data which is far more complicated to exchange. Ontologies can add meaning to data and turn this
into information. The IFC and BCF standards from buildingSMART are examples of such ontologies
adding meaning to product and process data respectively. The focus in the AEC industry has been
primarily on standardization of product information and far less on process information which can
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add to make processes tedious and inefficient (Wang and Leite 2016). For this reason an equal
balance on the two should be required.

4.1 Managing Product Information

For quite some time an idea existed in the AEC community that one common shared BIM data model
should be generated in each project and used collaboratively for defining and sharing product
information. This should be seen in contrast to the traditional point-to-point exchange of
documents, which is believed to increase the complexity level for data retrieval, lead to poor
interoperability between different management systems, and make information reuse harder
(Martinez-Rojas et al. 2015). The AEC community has now learned that handling a totally shared
data model is not the ideal solution either, because it becomes too complex if several participants
working in different disciplines are to be involved. The asynchronous processes in design lead to
insurmountable deadlock situations, which are limiting the overall process (Linhard and Steinmann
2014) and abilities to ensure consistent interoperability between software tools using IFC are still
suffering which make round-tripping of IFC data error-prone (Oh et al. 2015). Some believe that
using only one proprietary platform could solve interoperability issues, however, the span of
activities to be supported in the AEC life-cycle does not exist in one platform, making such solutions
less attractive for the industry (Berlo et al. 2012). Instead the idea of reference models are now used
most commonly where each discipline share only an extraction of their individual discipline model,
which can be combined into an aggregated model when needed as previously illustrated in Figure 1
(Section 1.1.2). Using such an approach with IFC has been found to create a stable and usable
collaboration environment for the AEC industry when combined with smart process workflows
(Berlo et al. 2012). Exchanging too much information can lead to lack of high value information,
difficult decision-making, and limited opportunities to reuse design, and for this reason there is also
a need to consider how the flow of information can be reduced to target actual information needs

only (Tang et al. 2008). The three scenarios for information management and exchange are
illustrated in Figure 4.
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Information Exchange Information Exchange using Data Repository
Reference Models

Figure 4. Three scenarios for information management and exchange - based on (Berlo 2015; Berlo et al. 2012)
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Essential to the approach described by Berlo et al. (2012) & Berlo (2015) is a pragmatic and
decentralised approach where data is exchanged via reference models using one or more data
repositories (such as model servers) to tailor the flow of information as required. The approach is
illustrated in Figure 4 (middle). Improved abilities to create links between the data repositories and
the desired design software tools and abilities to easily and unambiguous ensure that the right
information is available when needed are, however, still remaining issues (Berlo 2015; Berlo et al.
2012).

Based on information theory, Lee et al. (2007) develop a range of process semantic and syntactic
rules for information flow modelling to define the required information content for a product model
based on a process model hereby linking product information requirements to design processes.
Using such information flow logics can be used to integrate the development of IDM and MVD
requirements with design processes, improving abilities to define unambiguous information
exchange requirements (Lee et al. 2013).

4.2 Managing Process Information

As noted in the beginning of this chapter, abilities in the AEC industry to properly manage process
information are far less elaborated than abilities to manage product information. Hartmann et al.
(2009) concludes that it is a key barrier to the development of information systems if the duality of
product and process management is not addressed equally. Several open BCF platforms have been
proposed to link the product model with process information primarily focusing on design
coordination issues to improve abilities to monitor coordination performance (Berlo and Krijnen
2014; Linhard and Steinmann 2014). Essentially they consist of an open database with linkage to a
model server and are as such a repository for design tasks. Numerous commercial platforms have
also been introduced with similar purposes, but they all share a relatively narrow focus on design
coordination and limited abilities to relate tasks to design processes in general. The PLM systems
used in manufacturing include far more capabilities to capture and link design process information
to the development of the product. Capturing and structuring process information allow other
industries to support the management of the overall product development processes much more
efficiently (Hartmann et al. 2009) and should be of inspiration to the AEC industry.

The fragmented nature of AEC projects can be a barrier in sharing process information as some
information will be considered commercially sensitive, which individual firms might not want to
share with collaborators. A more decentralized approach to manage process information is for this
reason proposed by Berlo and Krijnen (2014), as it will allow stakeholders to isolate internal
communication and only share what is considered to add value to the collaborative development
process. The idea of decentralised information repositories is similar to the proposal for
management of product information as described in the previous section, and the combined
information system for building design, therefore, seems complex in its structure.

The unique nature of building design projects, furthermore, makes it complicated to create stable
information systems which can support such shifting needs, and for this reason Hartmann et al.
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(2009) propose an ethnographic—action research cycle for the development of information systems
in AEC projects. The essential idea is to tailor information systems to observed challenges in each
project which calls for a modular approach in the development of such information systems. The
need for a framework to base such development upon seems important as the efforts to define and
build such information systems for individual AEC project are otherwise far too comprehensive.

4.3 Collaboration and Knowledge Management

Sharing information is often not sufficient to ensure project success in design projects. Instead
knowledge creation and integration should be the goal in a collaborative design process. If actors are
not able to create and integrate knowledge, they will not achieve a common understanding of the
problems at hand and thereby not be able to achieve desired design results (Kleinsmann and
Valkenburg 2008).

The decomposition of work in AEC projects into distinct disciplines helps reduce product complexity
and exploit opportunities for parallel execution, however, one vital problem of decomposing the
design process is that knowledge is scattered within sub-teams and knowledge management
becomes more complex (Yassine and Braha 2003). Each discipline team operate within their own
object world with different paradigms, languages and activity systems which require design team
members to share knowledge with other sub-teams (Bucciarelli 2003). Various techniques and
technologies for knowledge capturing exist, but the considerable range of tacit knowledge in the AEC
industry along with the temporal nature of each project complicates and reduces the incentives for
structured knowledge capturing. Yalcinkaya and Singh (2016) points to systems based on the theory
of transactive memory system by (Wegner 1987) to capture, support and visualise the knowledge
network. Transactive memory is meta-knowledge of the memory structure in an organization or
group (Wegner 1987). It can also be defined as the group’s shared awareness of who knows what,
which is based on attributions of responsibility, skills, and/or expertise in different domains (Wegner
et al. 1991). Yalcinkaya and Singh (2016) point to the need for linking knowledge matrixes to the
organisation, process and product information to create such systems for the AEC industry. So far
this is still in development.

Despite efforts like Yalcinkaya and Singh, there is a long standing challenge of technology being
difficult for leveraging knowledge in design teams (McDermott 1999). All teams need to build a
relationship — often through face-to-face meetings — before they can effectively collaborate
electronically: ‘If a group of people don't already share knowledge, don't already have plenty of
contact, don't already understand what insights and information will be useful to each other,
information technology is not likely to create it’ (McDermott 1999). McDermott concludes that most
knowledge management efforts treat these cultural issues as secondary implementation issues and
instead focus too much on the information systems and what information to capture. Pemberton-
Billing et al. (2003) also conclude that in projects where knowledge is lacking in the beginning, face-
to-face communication is essential until a strong community is created based on common
understanding.
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Essentially, intense collaboration is needed to share knowledge and reach common ground in design
projects (Koskela et al. 2016) and instead of the fundamental strategy of decomposing a project into
smaller parts, a switch to the fundamental strategy of integration should be made (Fischer et al.
2012). This emphasises findings in previous studies that technology implementation in the AEC
industry should be split, addressing people and process issues over technology (Dave et al. 2008).

To improve information and knowledge integration when implementing new technologies such as
BIM, there has to be a balance between how people skills, processes and technology are aligned as
illustrated in Figure 5. If innovations happen too fast in one area, adoption of technology may not
produce desirable outcomes which can instead be a setback for innovation and limit knowledge

integration and collaboration (Gu et al. 2014).
Established System
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Figure 5. Potential co-evolution stages across technology, processes, and people in a BIM ecosystem (Gu et al. 2014)

Gu et al. develop a BIM ecosystem framework to identify business needs before defining technical
requirements for the implementation of new BIM technology. This again leads to modular
requirements for the ICT tools to be implemented because the information system needs to be
tailored to each project.

Similar conclusions are reached by Miettinen & Paavola (2014) who argue, however, that two
separate views on technology implementation — in particular in relation to BIM — is required:

e A normative framework — as proposed by Gu et al. which relies on guidelines defining the
best or mature state of technology development as well as training and descriptions of BIM
use cases in which savings, efficiency and rewards have been achieved.

e An activity theoretical approach — which regards the technology implementation as an
open-ended process directed by ideals of integration with no well-defined final stage. It is
an expansive learning process which can be adopted and further developed in other
organizations and contexts sharing similar challenges if well-documented.

In the activity theoretical approach, the social context needs to be carefully identified and
understood for successful implementation to be achievable. For this reason, the next section will
describe such social implications.
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5 Socio-technical Implications

An information system where technology interacts with people is referred to as a socio-technical
system. Design information structured using BIM methods constitute an information system (Berard
2012) and for this reason, research on BIM should acknowledge both technology and the social
situation within which the technology is placed.

Design teams can interact using coordination, cooperation or collaboration. The three levels of
interactions are summarised by Pikas et al. (2016) as:

e Cooperation — an activity by which individuals, groups, and organizations come together,
interact and form relationships for the mutual gain and benefit. Mission and goals of the
different organizations are not aligned. Control is centralized, but interaction and
information sharing only happens on an ad-hoc basis and authority and resources rest
within individual organizations.

e Coordination — an activity to more specifically manage dependencies among tasks and/or
resources and a more formal focus than cooperation on the alignment of goals, resources,
and rewards along with sharing of some risks, control, and leadership.

e Collaboration — an activity where common goals and interests are developed and authority,
responsibility, risks, control, leadership, resources, and rewards are shared.

Collaboration is required to increase project success within building design projects and there is a
need to change the social context in which design teams are organised to a more integrated
approach to achieve this (cf. Section 1.4). Team formation and performance can be viewed within
the practice theoretical framework (Nicolini 2012). Within this framework, two distinct concepts for
shaping of groups and human activities and interaction are described as either a communities of
practice (Lave and Wenger 1991; Wenger 1998) or a network of practice (Brown and Duguid 1991).
A community of practice is a group of people who share a common practice or interest whereas a
network of practice is a group of people who have a common goal, but do not share the same
interdependence of a common practice. Comparing to the above descriptions for design team
interaction, it would seem that coordination is the expected form of interaction in a network of
practice whereas collaboration is more likely to be achieved in a communities of practice.

A design team is normally not considered as a community of practice as legitimation is drawn from
the formal hierarchy imposed by some form of management (Pemberton-Billing et al. 2003). In a
community of practice legitimation is more informal as members have to earn their status in the
community which comes from their contributions. Pemberton-Billing et al. finds that it is possible for
a team to evolve into a community of practice, but such a community cannot be simply imposed on
a group. Only through individual trajectories, communities can be shaped to provide a position for
each individual through legitimacy (Wenger 1998). This is likely why many design teams today only
achieve coordinating interaction between design disciplines while essentially desiring a more
collaborative interaction. Each design discipline naturally belongs in individual communities of
practice, but it is far more difficult to create an ‘intermediate’ community of practice consisting of
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different disciplines unless shared goals and values can be embodied in the actions by each team
member.

5.1 Boundaries and Objects

To describe how different communities interact, the idea of boundaries and objects were introduced

which can engage in a boundary infrastructure linking different communities together (Star 2010;

Star and Griesemer 1989; Star and Ruhleder 1996). Carlile (2004) proposed three categories for

sharing and assessing knowledge across boundaries:

e Syntactic — Differences and dependencies between actors are known. A common lexicon (syntax)
is developed that is sufficient to share and assess knowledge at a boundary.

e Semantic — Novelty generates some differences and dependencies that are unclear - different
interpretations exist. Common meanings are developed to create shared understanding and
provide an adequate means of sharing and assessing knowledge at a boundary.

e Pragmatic — Novelty generates different interests between actors that impede their ability to
share and assess knowledge. Common interests are developed to transform knowledge and
provide an adequate means of sharing and assessing knowledge at a boundary.

From the above description, it can be concluded that engagement in a collaborative interaction is an
ability to achieve pragmatic knowledge sharing whereas interaction based on coordination is likely
to only achieve a semantic level of knowledge sharing. Wenger (1998) introduce boundary objects as
artefacts, documents, terms, concepts, and other forms of reification around which communities of
practice can organize their interconnections. Boundary objects are not intended to form consensus,
but in a boundary infrastructure some boundary objects will form more mutually dependent
relationship than others (Star 2010). Knorr Cetina (2001) introduce epistemic objects as another type
of mediating object of knowledge with an open structure as this ensures the necessity of mutual
commitment and shared understanding in an epistemic culture. Objects becomes epistemic when
they embody what one does not yet know and they create social bonds either because their
complexity requires joining forces or because the drive and desire toward the same object
constitutes the basis for mutual recognition and sense of belonging (Nicolini et al. 2012).

Nicolini et al. (2012) describe how objects may serve different objectives in different phases of the
life cycle. Boundary objects can be used to transfer knowledge in a syntactic or semantic way. They
may in this state serve a purpose if interfaces between communities are well-defined and leave
limited need for interpretation. However, as a starting point they will not motivate collaboration.
The open structure of epistemic objects will require a dense and more mutually committed
collaboration in communities, but such object will also allow for transfer of knowledge in a
pragmatic way where shared understanding of a complex problem is required.
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5.2 Implications for the AEC Industry

What should be required in complex AEC projects is for this reason an intermediate community of
practice where knowledge is shared via epistemic objects. Only then it seems possible to achieve
efficient collaboration. In a traditional design team organized in a network of practice, disciplines will
be coordinating via boundary objects limiting abilities to reach a shared understanding. Some
external stakeholders such as clients or authorities might not need to be involved in the
intermediate community and could interact with the design team via boundary objects. However,
difficulties for e.g. clients to formulate well-defined problems require close interaction to achieve
shared understanding (Pemberton-Billing et al. 2003) and in such cases it should be considered if the
client needs to be part of the community as well. The desire for a community of practice as opposed
to a network of practice is illustrated in Figure 6.
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Figure 6. Interaction via mediating objects in networks and communities of practice

The above conclusion is of interest also in relation to the utilization of BIM processes. Kerosuo et al.
(2015) identify in several case studies that design teams find it difficult to make good use of the
integrated or aggregated BIM model. The process of solving design coordination issues
retrospectively after first creating individual discipline models does not seem to match the needs of
the design teams. Such discipline models could be considered as boundary objects and the
aggregated BIM model should then somehow convert to an epistemic object and allow for
collaboration. According to the theories above, this is highly unlikely to happen. Kerosuo et al.
(2015) conclude that the understanding of well-bounded and defined entities between design
disciplines is challenging to describe useful interaction in BIM processes. Instead it would seem that
each discipline model should be developed jointly in an intermediate community as epistemic
objects from the outset. In this case the aggregated BIM model should act purely as a platform for
discussion in an integrated and collaborative environment.
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6 Design Management

Design management is the convergence of two cultures: the culture of design and the culture of
management. Once design is understood, one is better able to manage the design process and the
designers (Emmitt and Ruikar 2013). Parallel to the two competing views of collaboration (cf. Section
3), two different schools of thought exist in understanding what design is. Emmitt and Ruikar (2013)
describe the two schools of design based on original definitions by (Schéon 1983) and his reflective
theory:

e A rational activity — Assuming that work in design can be approached as a rational, systematic,

problem-solving activity and in some cases an information processing activity.

e An interactive inquiry — The second school of thought is that design is a creative, artistic and
interactive inquiry, strongly grounded in social, cultural and psychological thinking — referred to
by Schon as the reflective practitioner.

Emmitt and Ruikar argue that the rational activity view is over simplistic or ‘technocratic’ as it does
not reflect the reality of how designers behave and makes very little attempt to recognise the
‘messiness’ of a highly creative and complex environment. On the other hand Emmitt and Ruikar
acknowledge that viewing design as a purely interactive inquiry can make the design process appear
to be rather chaotic and muddled and hence difficult to comprehend and manage.

To be able to operate in this design environment, Emmitt and Ruikar conclude that most AEC
designers acknowledge the need for some structure — e.g. concur to the phase-model in current
practice — however, such structure is often considered a guideline more than a precise framework to
follow.

Acknowledging the above, design management can be considered as the task of managing
information handling between participants in a design team (Otter and Prins 2011). Bglviken et al.
(2010) furthermore describes that a key difference between manufacturing and design is that where
completion of manufacturing processes requires physical actions, design tasks and processes are
completed by means of decisions. For this reason, the primary concern within design management
should be to ensuring that the right information is available to the design team when needed to
make the best possible decisions.

6.1 Decision Making in Design

To make the best possible decisions requires a proper understanding of the design problem to solve
(Lawson 2005). Rowe (1987) describe three different types of design problems which are elaborated
by (Emmitt and Ruikar 2013):

e  Well-defined problems — where the goals are clearly prescribed, an example could be a repeat
building type, where the building design is already known such as standard retail units (e.g.
supermarkets), speculative office buildings and ‘standard’ house designs as employed by
speculative housing developers.

e lll-defined problems — where the goals are not clear at the outset. The client knows that they
want to commission a building project, but there is little clarity about exactly what is required at
the outset. Here the designer’s role is to establish the nature of the problem and clarify the goals
of the client and the building users
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o Wicked problems — where the goals are extremely difficult to define. In this situation, the
problem defies easy formulation and definition, requiring constant reformulation and definition.
Here it is common to have a very vague brief and to start designing to try and establish the
nature of the problem. In such situations, it would be possible to carry on designing for an
indefinite period, but usually the constraints of time and finance force a decision to be made.

The increasing level of technical complexity, social and business expectations and multifaceted
regulations makes it difficult to describe well-defined problems for even ‘standard’ buildings (Fischer
et al. 2017) and with a constant push for improved energy performance of buildings in most
countries it seems that few AEC projects today can be described by well-defined problems.

Arroyo (2014) describe a range of multiple-criteria decision-making methods to base decisions on a
mathematical decision from assessing alternatives in various ways. Arroyo concludes that Choosing
By Advantages is the best approach for the AEC industry to make decisions as judgement is here
based on differences between alternatives as opposed to more arbitrary scales used in other
selection methods. Arroyo also refers to more simple A3 reports presenting a problem, its
background and possible solutions for fast and transparent decision making. Depending on the
importance of each decision, different yet structured methods can therefore be applied.

Parrish (2009) argues that the entire design development process should be based on assessments
of alternatives in a set-based design approach as opposed to what is described as a traditional point-
based design process — as illustrated in Figure 7.
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Figure 7. Different type of design development approaches

In set-based design, several design alternatives are developed equally for a period of time before
narrowing the number of alternatives based on first ‘must’ criteria and then ‘want’ criteria. The
method is found to identify more optimal solutions to design problems as the best from each design
alternative can be incorporated in the final design (Parrish 2009). In point-based design it is likely
that sub-optimal solutions are selected. How the design development process is completed is for this
reason of considerable importance to the potential value generation and project success.
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6.2 Design Task Dependencies

The organisation of design teams and tasks is also of great importance to the value generation and in
order to understand the difficulties of design management, the dependencies in design must be
understood (Knotten et al. 2015). Three main dependencies exist in design which are described as
parallel/pooled (independent), sequential (dependent), and coupled/reciprocal (interdependent).
Bell and Kozolowski (2002) furthermore introduce a fourth dimension called intensive
interdependence as illustrated in Figure 8.
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Low
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Figure 8. Task dependency and complexity (Bell and Kozolowski 2002; Knotten et al. 2015)

When design can be completed based on well-defined problems, a sequential logic can be in place
and result in pooled and sequential dependencies (Knotten et al. 2014). Similarly Knotten et al.
concludes that if design is based on problems which are wicked or ill-defined, a reflective logic is
needed and results in reciprocal or intensive dependencies. A standard project management
approach (Pinto 2016; PMI 2013) can help manage pooled and sequential processes, but it is not an
effective tool to manage reciprocal or intensive processes (Knotten et al. 2015).

The planning and management methodologies described in Table 4 (Section 1.4) are all responses to
the management of interdependent tasks and wicked or ill-defined problems. Management of
design should for this reason depend clearly on how well design problems can be described, but it
should also be a clear aim in design management to reduce the amount of wicked and ill-defined
problems to reduce complexity.

Pikas et al. (2015) conclude that complexity exists within the product, the processes and the
organisation but also that the interdependencies between the three makes building design complex
to manage. Avoiding complexity seems for this reason unlikely, but Pikas et al. concludes that
methods related to BIM and lean can add considerable value in design management by improving
the understanding of these interdependencies. To elaborate this further, fundamentals for
improving management of design complexity is described in the following sections.
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6.3 Managing Design as Output

Koskela (2000) argues that it is a needed theoretical shift to principles of concurrent engineering
(Anumba et al. 2007) which is required in design management. This step is similar to what the
construction industry has experienced with the implementation of lean philosophies most often
framed as Lean Construction. Viewing design as a production system, Koskela (2007) concludes that
the weakness of standard management approaches is that they view design only from a
transformation viewpoint and therefore do not address the actual complexity in design. Instead he
argues that consideration to management of the information flow and value generation should be of
equal importance. The three concepts for design management are described in Table 6 and
constitute Koskela’s proposal for a TFV-theory of design.

Table 6. Transformation, flow and value generation concepts of design — TFV-theory (Koskela and Huovila 1997)

Transformation Concept Flow Concept Value Generation Concept

Conceptualization of
Design

Main principles

Methods and practices

Practical contribution

Suggested name for
practical application

As a transformation of
requirements and other input
information into product
design

Hierarchical decomposition;
control of decomposed
activities

Work Breakdown Structure,
Critical Path Method,
Organizational Responsibility
Chart

Taking care of what has to be
done

Task management

As a flow of information,
composed of

transformation, inspection,

moving and waiting

Elimination of waste
(unnecessary activities);
time reduction, rapid
reduction of uncertainty

Design structure matrix,
team approach, tool
integration, partnering

Taking care that what is
unnecessary is done as
little as possible

Flow management

As a process where value for the
customer is created through
fulfilment of his requirements

Elimination of value loss,
rigorous requirement analysis,
systematized management of
flow-down of requirements,
optimization

Quality Function Deployment,
requirements management,
value engineering, Taguchi
Methods

Taking care that customer
requirements are met in the

best possible manner

Value management

6.3.1 Task Management in Design

In the transformation concept, design is seen purely as a process of transforming client
requirements to design in the most efficient manner and promotes decomposition of design work
using e.g. a work breakdown structure. The ‘standard’” management methods mentioned in the left
side of the table above fits this need and are also promoted in traditional management literature for
project success (Pinto 2016; PMI 2013). Substantial problems in the current practice and limited
costumer focus are addressed by Koskela as limitations of this view. Furthermore, such single-
minded view on design can lead to sub-optimization as focus is on efficiency of individual tasks as

opposed to the entire design process.

6.3.2 Flow Management in Design
For this reason, transformation should be optimized also in relation to the flow of information in the
design process. Ensuring focus also on the flow concept will decrease uncertainty as more
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information should be available in time. Koskela describes that information can be either in a
transformation, waiting, moving or inspection stage and that only the transformation stages adds
value to the project. The other stages are wasteful and should be limited. The transformation stage
can include either design or rework, and rework is also considered as wasteful. The major general
cause for rework is argued by Koskela to be variability associated with uncertainty (missing or
unstable information) and focusing on including methods mentioned in the middle of Table 6 is for
this reason important.

Pikas et al. (2015) concludes that the current building design practice is still based on the
transformation concept and that applying a tool like the Design Structure Matrix adds clear value in
understanding and optimizing design task dependencies. Pull planning is another method to ensure
efficient flow in design and a key reason why principles from the Last Planner System (LPS) is also
found to be attractive to design. LPS allows for a structured approach to pull planning and is found
to add clear value in improving and adjusting building design task execution (Hamzeh et al. 2009).

6.3.3 Value Management in Design

Additionally to flow management, Koskela argues that meeting customer requirements in the best
possible manner is also a missing concept in current design practice. Requirements needs to be
identified, captured and optimized and a range of methods to support this are listed in Table 6 in the
right side. Most methods originate in manufacturing and Kiviniemi (2005) concludes that most have
shortcomings in relation to the AEC industry as the decision making process is not as well defined
compared to manufacturing. Most solutions will for this reason be too difficult to utilize at the
outset of AEC projects or not be able to reach the level of detail required in AEC projects. Instead
Kiviniemi proposes to define requirements in a structure similar to the product model so that
requirements can be linked more closely to the final solution and alignment can be ensured at all
times. This proposal is shown in Figure 9.
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By creating this relation, Kiviniemi finds that the challenge of requirements being abandoned as
design progresses can be reduced and instead the development of design can be completed
synchronized to related requirements. The scope of the underlying requirement model specification
is currently limited to architectural design requirements, but Kiviniemi believes that the model can
be expanded to include requirements for building systems as well. Kim et al. (2015) finds that
commercial solutions now exist which support the concept of requirement models but concludes
that there is still considerable barriers in keeping the requirements updated as changes are
introduced in design. Kim et al. finds that automated updating of requirements can be achieved by
mapping requirements to user activities, but this will require additional work to build such relations.
The work by Kiviniemi does not address in details how requirements are to be developed and El.
Reifi and Emmitt (2013) find that issues related to the design brief are responsible for almost 30% of
the rework in design.

Systems engineering is an generic approach to address requirement identification, capturing and
optimization by a step-wise systematic decomposition of requirements from overall system level to
lowest element level (INCOSE 2015). Design synthesis and system validation is completed in a similar
step-wise approach from component level and up to ensure consistency between requirements and
design. In an iterative approach to systems engineering, Lightsey (2001) propose a three step
development cycle of: 1) Requirements Analysis where the mission and design problem are
identified and converted to functional requirements, 2) Functional Analysis where functional
requirements are decomposed and where interfaces are identified and 3) Synthesis where design
solutions are developed based on functional requirements and validated. This process is shown in
Figure 10.
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Figure 10. Proposed steps in systems engineering (Lightsey 2001)
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Lightsey (2001) does not propose a structure to organise information within, but the requirement
model proposed by Kiviniemi (2005) could support requirement capturing in the functional analysis
step in the systems engineering approach. This would also act as a useful platform for the synthesis
step where the product model needs to be developed in close relation to the functional
requirements.

Andersen et al. (2009) propose a concept for a mission breakdown structure to capture the
granularity in what contribution the project will make to the development of the client organization
and its environment. Riis (2013) details the structure to consist of a project mission (long term
value), sub-missions (short-term value) and project objectives (deliverables to the organization). The
structure is illustrated in Figure 11.

Long-term value

Project Mission

[ L
Short-term value ‘ [

Sub-mission Sub-mission Sub-mission
’—;‘ [ I
I | 1
Sub-mission Sub-mission Sub-mission Sub-mission Sub-mission

\ [ [ \ \
\ I [ | I
[ [

Delivery

Objectives

Delivery Delivery Delivery Delivery
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Figure 11. Mission Breakdown Structure — based on (Riis 2013)

Using a mission breakdown structure could capture information from the requirement analysis step
in the systems engineering approach from Lightsey (2001) and act as a structured link to the
functional requirement to be developed on this basis. From initial use of systems engineering in
infrastructure projects, Hoeber et al. (2015) find systems engineering to provide clear value in linking
a requirement breakdown to product model content in BIM models and although the model
structure is slightly different in the case study, the concept in general seems applicable also in
building design.

The above approach is a more pragmatic method to value management in building design. It can be
iterative and the close link between requirements and design can allow for both requirements and
design to develop as the design progresses. This addresses the limitation of previous value
management methods identified by Kiviniemi (2005) and therefore seems more applicable to
building design.

6.3.4 Limitations of the Transformation, Flow, Value Theory

Without ambitions and tools to model and manage the flow and value generation processes, design
team collaboration degenerates into interaction for interaction’s sake which does not correlate with
performance (Koskela 2007) and a need for lean based concepts as the TFV-theory presented by
Koskela for this reason seems highly important to design management.
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Currently the implementation of lean based methods in building design is limited (ElI Reifi and
Emmitt 2013). This seems related to both a lack of applicable methods in building design but also a
misalignment between the focus on waste reduction and the required iterative nature of design
(Bglviken et al. 2010).

From the above it seems that lean methods promotes a rational view on design and somewhat
ignores the interactive inquiry which design can also constitute (cf. Section 6). This is argued to be
why especially architects often find themselves limited in their use of lean and BIM (Coates et al.
2010). The learning perspective of design should for this reason not be ignored and will be discussed
in the next section.

6.4 Managing Design as Learning
In response to the often wicked and hence complex challenges in design, the idea of design thinking
has gained increasing attention in order to understand and propose solutions to approach the design
process in a learning perspective (Johansson-Skoldberg et al. 2013). Johansson-Skéldberg et al.
describe five different views on design thinking:

1. Asthe creation of artefacts (Simon 1996)
As a reflective practice (Schon 1983)
As a problem-solving activity (Buchanan 1992)
As a way of reasoning/making sense of things (Cross 2011; Lawson 2005)

vk wnN

As creation of meaning (Krippendorff 2006)

Although the different views share similar ideas of design as a learning process, they serve different
intentions in explaining how design evolves. In relation to decision making, the approach by Cross
(2011) and Lawson (2005) is of interest as it builds on Schon’s reflective theory as a way of reasoning
but based in a practical context. Related directly to the AEC industry, Lawson (2005) argues that the
design process should include three steps repeated in an iterative development process: 1) analysis,
2) synthesis and 3) evaluation. The analysis and synthesis steps are similar to principles from systems
engineering, but where systems engineering focuses primarily on verifying that solutions meet
requirements, Lawson adds an evaluation step to ensure that learning and improvements on this
basis can be incorporated into the design. Combining the different perspectives of design
development can result in a design process map as illustrated in Figure 12.
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A * Loop | A + Loop | + Loop
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Systems Engineering Perspective
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Figure 12. Map of the design process from both a systems and a design thinking perspective
—illustration from Paper E

The concept is in line with the iterative problem-solving approach of Plan-Do-Check-Act described by
Deming (1982). This idea of continuous improvement is what ultimately lead to the development of

30 Digitalization as Driver for Standardized Specification and Design of Buildings



Part Il — Theoretical Point of Departure

lean principles (Liker 2004) and is also the fundamental part of agile principles (Owen and Koskela
2006). As described in Paper E, the map in Figure 12 is also an accurate representation for the Agile
Project Management methodology used in this paper and agile principles should for this reason also
be of interest in building desigh management.

Agile Project Management is discussed in details in Paper E and will for this reason not be elaborated
further in this section, however, the following statement from one of the founders of the Agile
Manifesto (Beck et al. 2001) is of interest:

When we reduce the cost of experimentation enough, the entire economics of how we
develop products changes—it switches from a process based on anticipation (define, design,
and build) to one based on adaptation (envision, explore, and refine).

(Highsmith 2009)

Analysis of multiple design alternatives using set-based design (cf. Section 6.1) is a solution based on
adaptation for building design. Such a design development approach is highly resource intensive to
execute, but the better information can be structured and integrated, the faster it is to develop
design alternatives using BIM processes (Wallaert and Knudsen 2017). According to Highsmith such
possibilities are not only important to support the desired learning process in design, but also likely
to be a competitive advantage in the AEC industry. Building design management methodologies
should for this reason motivate for such abilities.
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7 Managing Building Design

Summarizing the findings in the previous sections it is concluded that design management methods
should address production, socio-technical and learning elements to ensure project success, and a
methodology to support such needs is required. The IPD framework (cf. Section 1.4) addresses all
three elements. The framework can be described as a series of integration steps of information,
organization, process and product as illustrated in Figure 13.
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Figure 13. Integration of product, process, organization and information to support creation of high-performance buildings
(Fischer et al. 2012)

Fischer et al. (2017) concludes that so far no practical examples of integrating all elements in one
project have been achieved, but each step has been applied individually in different projects with
success which is believed to validate the approach. The framework provides only limited guidance on
how the different elements are to be linked together. The quality of the process and the quality of
the resulting building are affected by the way in which organisations and individuals interface
(Emmitt and Ruikar 2013). In relation to the IPD framework, the interfacing between different
elements is for this reason important. In particular there seems to be a need to understand how
information is ordered and connected to achieve integration between the different elements.

For the manufacturing industry, the product life cycle support standard (ISO 2012b) provides a
standard for connecting requirements to product and processes as required above. The Eurostep
PLM system, Share-A-Space, is supporting this standard and implementation of this system in the
AEC industry is being attempted (Tarandi 2011). The challenges of implanting such PLM system has
been discussed previously (cf. Section 1.1.2) and it would seem that the AEC industry is in need of a
more pragmatic system, lowering the entry barrier for unique and fragmented building projects.
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7.1 Information Models in Building Design Management

For this reason, the four information models identified in the previous sections can be combined to
demonstrate how information, organization, process and product can be integrated in a more
pragmatic solution as illustrated in Figure 14. The four models include:

e A Mission model — structured in accordance with the mission breakdown structure described
in Section 6.3.3 to capture client and other stakeholder value in a hierarchical order.

e A Function model — structured in accordance with the requirements model described also in
Section 6.3.3. Requirements model is rephrased to Function Model to emphasise that this
model should be expanded to include both client requirements, performance metrics, and
other functional or logical requirements developed during the design phase which needs to
be matched in the final design product (cf. Figure 12).

e A Product model — structured based on an object breakdown structure following preferably
the IFC specification as described in Section 4.1.

e A Process model — considered as a repository for tasks based preferably on BCF as described
in Section 4.2, but should be structured based on both work breakdown structuring as
described in Section 6.3.1 and based on task sequencing order as described in Section 6.3.2
to support both task and flow management respectively.
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Figure 14. Combined information model for integration of information, organization, process and product

%

The client brief is also included in the combined information model above, because it serves as a
basis for the design development process. A client brief can, however, include input to all four

w
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models (cf. Section 1.1.2) and the iterative nature of design would entitle that the client brief should
be seen as a basis for further development. To support such development, the model above
promotes client requirements to be integrated into the four models as opposed to be developed and
maintained in parallel.

The mission model can capture information regarding the problems (or desires) which a client needs
to be solved in the design process. How the final product (building) should function can be defined
on this basis in the function model and linked to elements in the mission model to understand
relations. Based on functional requirements, the work required can be decomposed into tasks and
organized in the process model to optimize the flow of information. Results of the synthesis of
functional requirements to design solutions can be captured in the product model. The entire
process is iterative and as design develops, functional requirements might need adjustment if the
design result is not desirable. Changing functional requirements should include consideration of
whether the mission can still be accomplished and all information models are for this reason part of
the design iterations.

The combined information model has been developed retrospectively to the research completed in
this thesis to illustrate the connection between the findings in each scientific paper. The goal of the
research has been to validate different elements of this model to understand how these can
contribute to improved digitalization and design management. The above model can act as a basis
for the discussion of the research conducted and based on research findings the combined model is
elaborated further in Section 11.
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8 Research Question

The research in this thesis places itself in the intersection between digitalization and design
management. The research draws on findings from research in information management, socio-
technical science, and design management and focuses in particular on an improved basis for
efficient planning and decision making processes. As described in the point of departure, a
framework such as IPD addresses several identified areas which require improvements in the AEC
industry, including efficient planning and decision making processes. When successful, IPD can foster
collaboration and considerably increase possibilities for achieving project success (cf. Section 1.5).
The utilization of such a framework is still relatively new to the industry, and it seems that solutions
to integrate the different elements into a coherent methodology are still less explored. Digitalization
is a foundation in such a methodology to support an efficient way of working, but multiple barriers
exist for its expansion. Furthermore, such a methodology requires integration of information,
organization, process, and product and compared to the manufacturing industry this seems more
complicated in unique and fragmented AEC projects.

The goal of this thesis is for this reason to increase the understanding of the relation between
information needs, standardisation, and efficient design management. This is expected to contribute
to knowledge of how integration within design processes and digitalization can improve planning
and decision making processes and how implementation barriers can be decreased.

Based on this motivation, the following research question was formulated:
Primary research question: How should information in building design be managed to support
an efficient building design process?

The primary research question was divided into three sub-questions:
Sub-question 1: What is an efficient building design process?
Sub-question 2: How to manage product information within building design to support the
desired design process?
Sub-question 3: How to manage process information within building design to support the
desired design process?

The research question and sub-questions shaped how the research design was composed as
described in the next section. Based on findings from the scientific papers, the questions will be
answered in Section 12.
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9 Research Design

This thesis comprises the results of an Industrial PhD which can be seen as the tension field between
research and business. The results should for this reason be considered in a broader transdisciplinary
social and economy context as opposed to traditional knowledge development based on a
disciplinary, primarily cognitive, context (Gibbons et al. 1994). Gibbons et al. describe research

“«

related to this thesis as “.. characterised by a constant flow back and forth between the

fundamental and the applied, between the theoretical and the practical”.

Such continuous evaluation of both the current knowledge base and the practical problems
identified, is following with what Hevner et al. (2004) describes as design science research (DSR). In
DSR the research artefact (the proposed product or process) is evaluated based on linking the
problems in the surrounding environment to the actual research and grounding the research based
on the existing knowledge base. Hevner et al. describe the research process in two cycles: the rigor
cycle and the relevance cycle as illustrated in Figure 15.

Environment Design Science Research Knowledge Base

Application Domain Foundations
® People Build Design ¢ Scientific Theories
. pl( 5 Artifacts & & Methods
SOrgamzauonal Processes
ystems R )
* Technical Relevance Cycle Rigor Cycle E’;‘;‘;g‘:e
Systems Design . i
o g Grounding
equirements Cycle . "
* Field Testing Additions to KB
* Problems
S Evaluate * Meta-Artifacts
(Design Products &
Design Processes)

Figure 15. Design Science Research Cycles (Hevner et al. 2004)

At its core, DSR is concerned with the systematic creation of new knowledge about a problem and its
solution through building and evaluating innovative artefacts (Chatterjee and Hevner 2010). In the
relevance cycle, problems in the environment are identified, and the developed artefact is evaluated
on this basis. In the rigor cycle, the research artefact is grounded in the current knowledge base, and
findings from evaluation are added back to the knowledge base. The entire process is considered as
a continuous iterative process where the quality of the artefact can be strengthened and the value
add to the knowledge base made stronger.

DSR is research through learning and useful within research of information systems (Vaishnavi and
Kuechler 2015). Findings from the evaluation can contribute to improve the knowledge base in three
levels where the highest level is considered most complete and mature:
Level 3 — Well-developed design theory about embedded phenomena
Level 2 — Nascent design theory — knowledge as operational principles/architecture
Level 1 — Situated implementation of artefact
(Gregor and Hevner 2013)
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This thesis is based on established theories on information management, socio-technical science,
and design management and uses this existing knowledge base to establish elements in a novel
design management methodology. The goal is to contribute with knowledge on new operational
principles referred to in level 2 above.

Evaluation is the most essential part in establishing a contribution to the knowledge base, and
Hevner et al. (2004) defines utility, quality, and efficacy as key elements in such evaluation. Utility is
evaluated based on whether the artefact is unique, fits the environment, and solves a problem.
Quality can be evaluated based on a range of criteria including functionality, completeness,
consistency, accuracy, performance, reliability, usability, and organizational fit. For the research in
this thesis, functionality, completeness, and usability are selected as main criteria. Efficacy relates to
whether the artefact provides a result which is relevant and meaningful.

Several research methods were used in the scientific papers to evaluate the different elements in
the design management methodology proposed. In all papers, substantial literature reviews were
used to define the current knowledge base and in Paper A and F, literature reviews were also used
to identify problems in the environment which were to be solved. In Paper B to E, quantitative and
qualitative methods were used to identify problems in the environment using surveys, semi-
structured interviews and workshops.

The goal of Paper D was primarily to identify and refine the understanding of challenges in design
management and no development activities were involved. The goal of paper A and F was to use
experimental development to propose new concepts for management of product and process
information respectively. The findings in Paper A was evaluated and further developed in Paper B.
The findings in Paper F were evaluated based only on needs identified in literature, but the general
concept of task management was evaluated thoroughly in Paper E. The LOD framework developed in
paper C was based on a constant comparative method (Denscombe 2014) were multiple workshops
with experienced practitioners were used to develop and refine the LOD framework in a constant
interaction between the problems and the solutions. A constant comparative method including
semi-structured interviews and workshops were also used in Paper B to further develop a modular
IDM concept. Based on recently completed design projects, the concept was tested and evaluated
further with the design team. In Paper E, the goal was to evaluate applicability of agile project
management, and several case studies were completed for evaluation. During the case studies the
agile methodology was refined to match AEC industry needs, also based on a constant comparative
method in close interaction with the design teams.

The findings in individual papers are believed to constitute novel knowledge on how design and
information management methods can be improved. On this basis, a framework for a design
management methodology is proposed by the end of this thesis to answer the research questions
and evaluate findings as described by Hevner et al. (2004).
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10 Research Methods and Findings

The research presented in this thesis is intended to target different elements in the combined

information model described in Section 7.1. The focus area of each scientific paper is shown in

Figure 16 to illustrate what elements in the combined information model are in focus in each paper.
Combined Information Model for Building Design
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ngterm valve

_ Clemareft )

Figure 16. Focus area of each scientific paper

The following sections discuss the methods and completed research included in the six scientific
papers along with key findings and how these contribute to the knowledge base. Furthermore the
research quality is assessed in each case.

10.1 Paper A and B - Modularization and Standardization of Work Packages
The research in Paper A and B is motivated by a need to improve abilities to standardize product
information exchange requirements, acknowledging that building design projects are unique,
dynamic, iterative and interdependent in nature. This implies that the static nature of the current
IDM standard for information exchange requirements is changed to a more modular approach to
better match industry needs. The concept is described as an IDM packages methodology. In paper A,
the elements of the proposed methodology are presented. In Paper B the methodology is grounded
further in the theoretical foundation and practical implementation is evaluated by use of a
developed tool, the IDM Manager.

10.1.1 Methods

The basis for the proposed methodology was a literature review of current approaches to AEC
information flow management and a theoretical framework built on existing theories on information
and design management. 21 bachelor and master students at the Technical University of Denmark
took part in developing a total of 24 IDM packages along with work by this author in the Danish
organisation cuneco. This work was used to iteratively refine the methodology. In total 53 discipline
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experts from 25 different AEC companies were interviewed for data collection using semi-structured
interviews (Kvale and Brinkmann 2015). Based on the findings a software tool named the IDM
Manager was developed with support from an external programmer to evaluate practical
implementation. Two case studies of a 15.000 m2 laboratory building and a 2.000 m2 kinder garden
were used for testing. Retrospectively, the tool was used to describe the required information flow
for the design and specification of the ventilation system in the case studies and interviews with
project managers and design team in the first case study were used to assess applicability.

10.1.2 Findings

The methodology is defined to consist of small IDM packages, each describing the process along with
input and output requirements for individual work packages as illustrated in Figure 17. A work
package is the lowest level in a work breakdown structure and can contain one or more tasks for one
discipline only.
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Figure 17. IDM package content based on object-oriented attribute requirements.

Each IDM package is intended to be captured in a library, the IDM Framework. From the library, the
IDM Manager tool can support project managers in selecting the appropriate packages required for
a specific design project and, based on this, optimise the order of IDM packages in an IDM Project
Plan to ensure an efficient flow of information in the project. The outcome of the plan is
automatically calculated exchange requirements for each phase or sub-phase in the project.
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An IDM Package

Figure 18. The IDM Manager with the IDM Framework (left) acting as a library of standardized work packages and the IDM
Project Plan (right) to capture a specific project execution plan.
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Based on the developing of the first 24 IDM packages and case study testing, it was concluded to be
a useful process for defining information exchange requirements. The methodology was useful as it
limited dependencies from organizational and/or contractual agreements by focusing purely on the
exchange requirements for each specific work package. This allowed for work packages to be
included in many different project constellations, increasing standardization abilities across
communities.

The proposed use of relational constraints for specific attributes improved the ability to create
packages which are applicable in a multitude of scenarios and allowed for a 69 % reuse of packages
from the first to the second case study. The methodology furthermore clearly separated the need
for discipline expert involvement in the development of project specific work plans. Instead planning
can rely on predefined packages more easily accessible in the IDM Framework. From a
standardisation view point this is of great interest as each work package can still be optimized based
on standardized input and output. This is essentially where standardisation is most needed as design
tools can then be adjusted to effectively support specific work packages. Based on the testing in the
first case study, the design team found the tool useful to gain common understanding of constraints
between activities. Furthermore, the project manager believed to have been given an improved
overview of potential implications when packages continue to change location in the project plan —
as was the case in that project.

The relation to MVD development to allow for stating data format specific requirements was not
described in the papers. For the methodology to fully add value it would be desirable for a more
modular approach to MVD development as well. Currently MVDs are mostly developed ad-hoc
simil