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ABSTRACT: 
Dealing with planning accuracy respectively design errors is a big issue 
within construction. It has been argued that design errors are a major 
cause for waste in housing projects, despite all technical development. 
Reasons for design errors are well investigated and often relate to 
human acting. Because of the complex structure of the design process, 
i.e., the strong interrelation of the activities in the design phase, 
several activities have to be iterated if a design error at a certain 
activity occurs and is not detected immediately. Deviations from a 
planned sequence of activities, i.e., flow interruptions in Lean 
terminology, do not only imply rework but means also a higher risk 
for loosing control over the project. It can result in, e.g. poor 
coordination of project participants, necessary changes in schedules, 
possible time pressure to hold the schedule and about all a higher risk 
for making errors again. 

The long term goal of this research is to reduce cost variability of 
building projects by enhancing flow control in the design phase. A 
good flow control means to be able to carry out an activity sequence 
as planned. Existing literature mainly gives general, rather strategically 
advises what to do or not to do in order to enhance flow. But only 
few studies can be found dealing with the complex structure of the 
design process, enabling the development of concrete 
countermeasures at certain activities, e.g. placing checkpoints. The 
idea of this research is that not every faulty activity output will have 
the same effect on the flow in the design phase. The research question 
is how activities with a high impact on the flow in the design phase 
can be identified. 

A housing project was mapped in detail with focus on the 
activities carried out and theirs relations amongst each other in order 
to get a better understanding about the complexity of a building 
design process. The building is a two storey residential home with 
about 1100 m2. It is carried out in a new building system, a prefab 
system that is based on timber frame elements. The project was 
organised in an open building system and the project team consisted 
of around 10 contractors, small and medium sized enterprises from all 
over Sweden. An important postulate for this work is that, even there 
is a high variation of performance across projects, there is an 
underlying process structure, i.e. relations between the activities, 
which do not vary much for a certain building system. By applying 
design structure matrix algorithms a standard sequence of activities 
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(reference process) has been derived. The execution of projects has 
been simulated via arbitrary deviations from the sequence, where a 
deviation had a certain consequence for the further proceeding 
because of the existing relations. The output variable of the simulation 
model is a measure for the occurrence of sequence deviations. 

The simulation result indicates that activities with a high number 
of subsequent activities with long working hours have a bigger 
influence on the flow in the design phase than activities that dominate 
only few activities with low working hours. 
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SAMMANFATTNING: 
Fel med ursprung i planeringsfasen är ett stort problem i 
byggbranschen. Trots den stora tekniska utveckling som har skett, så 
är dessa fel fortfarande en betydande orsak till det slöseri som 
identifieras vid bostadsbyggande. Orsakerna till uppkomna fel är väl 
undersökt och anses ofta vara relaterade till mänskligt beteende. 
Planeringsfasen är en komplex process där aktiviteterna är starkt 
relaterad med varandra. Detta medför att ett felaktigt genomförande 
av en specifik aktivitet påverkar många efterföljande aktiviteter. 
Samtidigt är denna påverkan inte direkt skönjbar. Avvikelser från en 
planerad följd av aktiviteter resulterar allt som oftast i iterationer, 
dåligt koordinering av projektdeltagare, revision av planeringar, 
tidspress för att nå deadline, men kanske framförallt en ökad risk för 
att återigen producera bygghandlingar med fel. 

Målet med detta arbete är att reducera tids- och kostnadsavvikelser 
i byggprojekt genom att förbättra flödet i planeringsfasen och 
därigenom reducera förekomsten av fel i planeringen. I 
bygglitteraturen finns generella, strategiska råd om hur man kan öka 
flödet i planeringen. Endast begränsad information finns om den 
komplexa planeringsfasen vilket gör det svårt att utveckla konkreta 
förbättringsåtgärder, t ex ”checkpoints”, för att kunna verifiera 
riktigheten i bygghandlingar. Den generella designlitteraturen 
indikerar dock att konsekvensen från alla felaktiga aktiviteter i en 
komplex process inte är samma utan att aktivitetens position i 
sekvensen också påverkar felets effekt. Syftet är därför att utveckla en 
metod för att identifiera de aktiviteter som har störst påverkan på 
flödet i komplexa processer. 

Ett grundantagande är att även om det förekommer stor variation i 
utförandet av olika byggprojekt så finns där ett underliggande struktur 
av aktiviteter och deras relationer som inte varierar mycket om 
projekten baseras på ett och samma byggsystem. Ett byggnadsprojekt 
kartlades i detalj med fokus på genomförda aktiviteter i alla faser och 
deras relation till varandra. Byggnaden består av lägenheter i två 
våningar med en boyta på totalt 1100 m2. Byggsystemet är ett 
nyutvecklat system av element i trä. Byggprojektet organiserades som 
en projektgrupp sammansatt av deltagare från flera små och medelstora 
företag över hela Sverige.  

Från det studerade byggprojektet utvecklades en standardiserad 
sekvens av aktiviteter (en referensprocess) med hjälp av ’design 
structure matrix’ (DSM) algoritmer. Utförandet av referensprocessen, 
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d v s, genomförandet av byggprojekt som baseras på denna process, 
har simulerats med slumpmässiga avvikelser i sekvensen vilken i sin tur 
påverkar efterföljande aktiviteter. Simuleringen ger ett mått på i vilken 
grad den simulerade sekvensen avviker från den planerade, d v s från 
referensprocessen. Genom simuleringen fås en indikation på 
aktiviteter med ett högt antal direkt kopplade aktiviteter som kräver 
många mantimmar och som därigenom har störst påverkan på flödet i 
planeringsfasen. 
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1 INTRODUCTION 

This chapter consists of four sections. Before the first section, there is a brief 
introduction to the problem that this thesis addresses. In section one, a detailed 
description of the problem is presented. It ends with the formulation of the first 
aim. In the second section, the problems of complexity in design are 
incorporated, resulting in the formulation of the second aim and the 
formulation of three research questions. Aims 1 and 2 are summarised in the 
research questions. The limitations and the structure of the thesis are described 
in the third and fourth sections. 

Building design processes are complex, where a small change in one 
activity can lead to a big change in others. Complexity implies that 
most of the process activities are related to other process activities. A 
change in the output of one activity, such as rework, can, but does 
not necessarily, affect related activities. Therefore, it is difficult to 
predict the outcome of these changes. A lack of understanding of the 
possible outcomes implies, among other things, a higher risk of 
reduced control over work performance, an increased occurrence of 
design errors, time overruns and finally additional project costs. This 
thesis describes how to characterise and analyse which activities 
impact the design flow i.e. the performance of the design phase from 
a strict process perspective 

1.1 Building design processes 
The design process in building projects is a complex one consisting of 
interdependent activities (Austin et al. 2002; Pektas and Pultar 2006; 
Tate and Farrell 2008) and iterations (Yassine 2004; Pektas and Pultar 
2006, Tribelsky and Sacks 2010). Traditionally, this process is carried 
out by distributed project teams (Tribelsky and Sacks 2010) i.e. the 
project participants comprise several companies who have different 
interests and aims (Wikforss 2008), further complicating the 
procedure. 

In this thesis, complexity refers to the interdependence of project 
activities. This complexity means that even small errors in one phase 
can result in big changes in other phases and that these resulting 
changes are difficult to predict (Pultar and Pektas 2006). 

In building projects, design errors are strongly linked to additional 
project costs. For example, Koskela et al. (1997) stated that design 
errors are the biggest cause of waste in the construction industry. By 
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analysing the costs of defects and their causes in 7 building projects, 
Josephson and Hammarlund (1999) found that 32% of additional 
project costs originated in the early project phases. Pektas and Pultar 
(2006) stated that the costs relating to building design errors are 
between 12% and 15% of the total European construction 
expenditure. According to Love et al. (2008), 70% of the total 
amount of rework carried out in construction and engineering 
projects stems from issues of redesign. 

One of the main reasons for design errors is linked to the lack of 
understanding of the complexity of the interdisciplinary nature of 
architectural/engineering/construction design projects (Freire and 
Alarcón 2002; Austin et al. 2002). Other reasons include poor 
communication between stakeholders, ineffective collaboration 
(Austin et al. 2002), incompatibilities between different 
representations of the same design (Tribelsky and Sacks 2010; 
Engström et al. 2009), design changes initiated by the clients (Love et 
al. 2008) and errors or omissions in the source data (Tribelsky and 
Sacks 2010). 

Existing literature about building project management gives rather 
general, strategic advice on how to decrease the number of design 
errors. 

Even though complexity has been identified as a main source of 
design errors, only a small number of studies have been carried out 
that consider complexity in building design processes (e.g. Hindmarch 
et al. 2010). 

 
The first aim of this thesis is to present a detailed investigation into 

how the design process of a building project is carried out, in order to 
understand better how to characterise the complexity of such a 
process. To achieve this, activities and the nature of their 
interrelations have to be analysed. 

1.2 Complex design processes 
According to Yassine (2004) and Ouyang and Jian (2011), classical 
methods for planning, scheduling and controlling building projects 
include Gantt diagrams, Program Evaluation and Review Techniques 
(PERT) (Malcom et al. 1959) and the Critical Path Method (CPM) 
(Kelley 1961). These methods have been developed so as to assess 
project duration and costs but are not considered suitable for more 
detailed process analysis. They are based on static project networks 
which do not effectively model design activity interdependencies and 
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iterations, inherent in complex design processes (Yassin 2004; Karniel 
and Reich 2009). 

DSM 

A different approach to the modelling and analysis of design processes 
was introduced by Steward (1981) and is called the Design Structure 
Matrix (DSM). DSM methods provide the tools to manage complex 
processes (Yassin 2004) and can be used to model and manipulate 
iterative tasks and multidirectional information flow (ibid; Yassin et al. 
2001). With a DSM, complex processes can be mapped and modified 
with graphical and numerical analyses. They are based on Steward’s 
theory that a complex problem, such as design, can be solved more 
efficiently by representing the relationships between activities in the 
form of a matrix (Austin et al. 2000). A DSM represents how 
activities and information flows affect other group of activities. The 
analysis of a DSM model helps to identify potential issues in the 
process structure and gives insight about how they may be resolved 
(Yassin et al. 2001). 

PROCESS FLOW CONTROL 

The implementation of building projects is affected by various factors 
such as the capacities and capabilities of the participating companies, 
decisions from public authorities, the weather and so on, and thus can 
vary a good deal (Tate and Farrell; Pektas and Pultar 2006). 

One of the basic ideas underpinning this thesis is that there, 
nevertheless, exists an underlying structure for each design process i.e. 
there are certain activities and relationships to other activities which 
are similar across projects. For example, in order to calculate the static 
behaviour of a wall, the geometry of the building has to be known. It 
does not matter if the calculation is done using estimations and then 
iterated, or if the input is already known: the relationship stays the 
same. Defining this underlying structure is related to standardisation. 
The ordering of standard activities can be achieved by applying DSM 
algorithms to derive an effective process (Austin et al. 2002; Yassin 
2004; Hindmarch et al. 2010), where effectiveness is defined as doing 
the right things (Drucker 2007). 

However, even the most effective process does not guarantee a 
successful building design project. That is because success also depends 
on efficiency, which is defined as doing things right (Drucker 2007). 

A project will only be efficient if the planned process can be 
carried out in the given sequence (paper 2). Every deviation from the 
planned sequence of activities carries with it a risk of losing control 
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over the project. These deviations can result in issues such as the poor 
coordination of project participants (from different companies), 
unavoidable changes to schedules (Ballard 2000) and possible time 
pressure to keep to the schedule (Love et al. 2008). Above all, there is 
an increased risk of errors that require rework, causing time and cost 
overruns as well as reduced quality (Tilley 2005). 

 

The second aim of this thesis is to develop a design model, based 
on DSM, that allows analysis of the design phase of building projects 
to enable further process flow control. Assuming that a change in one 
activity has a different effect on the other steps in the process than a 
change in another activity, it should be possible to identify which 
activities, when altered, have the greatest effect on the flow of the 
design process. 

 
To achieve the two aims of this thesis, the following research 
questions are addressed: 

 
Question A: How can complexity in building design projects be 

characterised? 

Question B: How can building design processes be analysed in terms 
of complexity? 

Question C: How can activities with a high impact on design flow 
be identified mathematically? 

 

1.3 Limitations 
Even though the conclusions for this study are drawn from a 
simulation, it is not possible to generalise the findings yet. The 
simulations are based on a process derived from a single project. 
Therefore the results of this thesis have to be considered as 
preliminary. 

An important outcome of this research is an advice how activities 
critical for the design flow can be identified so that countermeasures 
can be planned. It was focused on investigating effects of iteration but 
not on identifying the causes for iteration. Thus, the explicit 
suggestions how to avoid iteration, given in chapter 7, are of a 
speculative nature. 
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A basic idea for this work is to analyse projects by comparing them 
with a reference process. DSM methods were used to derive a 
reference process; but this work is not about reengineering, i.e., to 
increase the effectiveness of existing design processes but to increase 
their efficiency. 

The efficiency of building projects is strongly influenced by 
human acting. However, for this work the human factor was not 
considered. The problem is considered only from a strict process 
perspective. 

 

1.4 Structure of the thesis 
The thesis is divided into two parts. The first part introduces and 
summarises the overall work conducted for this research project. For 
the research design, an experimental design method was chosen. In 
order to obtain data for the experiments, a pre-study was performed 
where the design of a building project was investigated in detail. The 
main focus was on the process structure. In the second part of the 
thesis, two conference papers (paper 1 and paper 2) and a journal 
article (paper 3) are appended describing different work connected to 
this research. 

 

Chapter 1: gives a brief introduction to building design processes 
and complex design processes and presents tools used 
to analyse them. The aims and limitations of this study 
are also stated. 

Chapter 2: is a description of the pre-study. It contains some 
background information about the project and the 
methods used in the collection and analysis of the data. 
In an attempt to answer research question A, a 
qualitative description of the design process using data 
analysed from the pre-study is presented. 

Chapter 3: Since only few studies that treat design processes as 
complex processes can be found within the field of 
industrial building management, the findings of the 
pre-study are used to examine whether tools used in 
several other fields to analyse complex design processes 
are suitable for analysing the design process of building 
projects. These ideas are used as the basis of an answer 
to research question B. 
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Chapter 4: In order to answer research question C, a simulation 
study was carried out; this is described in chapter 4. 
The method of simulation is also briefly explained. 

Chapter 5: contains the statistical analysis of the results of the 
simulation. 

Chapter 6: discusses the research questions and the internal and 
external validation of the simulation results. 

Chapter 7: concludes the thesis, presents possibilities for industrial 
applications and suggests future research. 

 
In paper 1, the method of investigation into the building project that 
was studied is described. The methods chapter and the description of 
the project model contribute to the answer to research question A.  
In paper 2, the effects of deviations in an activity sequence in the 
design phase and a method to measure such effects are discussed. In 
addition, the response variable for the experimental model is derived. 
Paper 3 contains a detailed description of DSM-based simulation 
models that are used to analyse complex design processes and how 
they can be adapted for the analyses of building design processes. The 
simulation model developed in this paper is used to answer research 
question C. 

 
The appended papers are: 

Paper 1: “Standardising the pre-design-phase for improved 
efficiency in off-site housing projects.” It was authored 
by Martin Haller and Lars Stehn, published in the 
Proceedings of the 26th Annual Conference of the 
Association of Researchers in Construction 
Management ARCOM, and presented on September 
6 - 8 2010 in Leeds, UK. Martin Haller’s contribution 
was to carry out and evaluate the case study. Both 
authors contributed to conceptual ideas for the paper. 
The main part was written by Martin Haller under the 
supervision of Lars Stehn; the introduction was 
completed by Lars Stehn. 



Introduction 

7 

Paper 2: “Evaluation of efficiency in housing construction 
design.” It was authored by Martin Haller and Lars 
Stehn, published in the Proceedings of the 27th 
Annual Conference of the Association of Researches 
in Construction Management ARCOM, and 
presented on September 5 - 7 2011 in Bristol, UK. 
Martin Haller’s contribution was the development and 
validation of an efficiency measurement tool. Both 
authors contributed to conceptual ideas for the paper. 
The paper was written by Martin Haller under the 
supervision of Lars Stehn. 

Paper 3: “Simulation based process model for evaluation of 
design process performance of house building 
projects.” It was authored by Martin Haller, Gustav 
Jansson, Weizhou Lu and Lars Stehn and submitted to 
the Journal of Industrial Engineering and 
Management. Martin Haller’s contribution was the 
development and validation of the conceptual 
simulation model. All authors contributed conceptual 
ideas for the paper. The paper was written by Martin 
Haller under the supervision of Lars Stehn. The 
simulation was programmed by Weizhuo Lu and data 
needed to derive time distributions for the simulation 
were provided by Gustav Jansson. 
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2 MIKS PROCESS 

In this chapter, research question A is answered. The chapter also serves as a 
pre-study for the experiment described in chapter 4. First, complexity in design 
processes is defined, thus determining which data to collect. Then background 
information about the studied project is presented. The methods section 
describes how the data were collected. A qualitative description of the building 
design process that was studied is then presented in the third section. 

2.1 Background 
Building design processes in traditional projects are complex processes 
(Austin et al. 2002; Pektas and Pultar 2006; Tate and Farrell 2008). 
Continuous process enhancement requires a proper understanding of 
the process and an understanding of how even small design changes in 
a process activity could affect other activities (Dobre 2007). Only a 
few studies can be found within the building management field that 
deal with complexity; Hindmarch et al. (2010) is one example. To 
gain a deeper insight into complexity, a building project was studied 
and mapped in detail. In this section, background information about 
the project studied is presented after a definition of complexity in 
terms of design processes. Note that a process in this thesis refers to a 
certain order of activities, with a project being the realisation of a 
planned process. 

COMPLEXITY IN DESIGN PROCESSES 

A complex system is any system consisting of a large number of 
interacting components such as agents, processes etc. A characteristic 
of complexity is nonlinearity i.e. the result of all the activities is not 
derivable from the combination of the activity of individual 
components (Rocha 1999). 

Complex design projects are characterised by a large number of 
tasks, or activities, executed by a network of professionals from 
various disciplines. The nonlinearity of such projects implies that with 
increasing complexity it becomes more difficult to manage the 
interactions between tasks and people. If the degree of complexity is 
high it may even be impossible to predict the impact of a single design 
decision throughout the process (Cho and Eppinger 2005). Thus, 
complex design projects are characterised by their activities, the 
network of professionals carrying out those activities, the relationships 
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between the activities and also, because of nonlinearity, the sequence 
of activities. 

MIKS-PROJECT 

MIKS stands for MFB Industriell Konstruktiv Samverkan (in Swedish) 
(MFB industrial constructive collaboration) and is a collaboration 
between SME companies within industrialised construction. The 
MIKS model considers the whole building process, from the first 
architectural drafts to the finished building. The approach is based on 
industrial methods such as prefabrication, close collaboration and 
partnering. The MIKS method was developed by a Swedish forest 
products company, Masonite Beams AB, together with eight other 
SME companies. 

Masonite’s flexible building system, MFB, is a new building 
system based on timber-frame-wall elements and a plug-connection 
system developed and used as part of the MIKS method. Another 
important part of MFB is its standard process which future projects 
can follow in order to benefit from the improved efficiency, quality 
and cost aspects of the process. The building system is described in 
more detail in paper 1. Further information about MIKS and MFB 
can be found at www.mfbmiks.se. 

The project studied was the building of a two storey annex for a 
retirement home in northern Sweden, each storey being about 550 
m2. It was designed using the MIKS framework and was built 
between 2009 and 2010. 

Design, construction, production and erection were carried out by 
different SME contractors following the MIKS method. 

2.2 Methods 

DATA COLLECTION 

The project was logged at a work step level i.e. all activities involving 
the transfer of information in the form of documents and agreements 
or material between at least two of the main actors were recorded. 
The term “main actor” refers here to the project participants who 
were responsible for the execution of each of the project phases and 
thus participated in the project meetings. These were the architect, 
the main contractor, the wall element manufacturer, the building 
system supplier, the project manager, and consultants for the technical 
design, acoustics, plumbing, electricity, and underground engineering. 
For the first phase up to the tendering process i.e. the pre-design 
phase, the log was compiled by the project leader (see paper 1). For 
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the remaining phases, the log was derived from the contents of an 
online communication system, which was used by the main actors to 
distribute their drawings and other important documents. The log of 
the project activities provided descriptions of the respective activities, 
the date of their commencement, thus giving the actual sequence of 
events, working hours (as required for the response variable in the 
simulation model in chapter 4) and the required inputs from 
preceding activities defining the relationships between the activities 
making up the underlying structure. 

ANALYSIS OF DATA 

In order to triangulate the data, the contents of the log file were 
discussed with the project leader at ten meetings. Possible ambiguity 
was clarified and the log entries amended if necessary. To further 
ensure the accuracy of the logged activities, data on progress was 
collected at 14 project meetings, five of them being telephone 
conferences. 

Using the amended log file, a project map was produced using 
process mining techniques and “formal” EPC diagrams as described 
by van der Aalst (1999) and van der Aalst et al. (2007), respectively. 
This procedure is described in detail in paper 1. The EPC diagrams 
were created iteratively and presented at three meetings to the main 
actors and amended accordingly. Once the amended EPC diagrams 
were accepted by the main actors as being correct, the whole process 
structure was entered into an activity based Design Structure Matrix 
(DSM). The DSM model contains information about the activities 
carried out and the precedence constraints i.e. how the activities are 
related to each other. Ultimately, the relationships were checked by 
the main contractor, the consultant for technical design, and the 
project leader. The process structure model is shown in appendix 1 in 
the form of adjacency lists. 

In order to gain a better understanding of the effects of 
information changes, interviews with the architect, the main 
contractor, and the project leader were carried out. In the interviews, 
the respondents were asked to describe what problems they 
experienced in respect of:  

 
schedule deviations 
rework 
additional project costs 
why these problems occurred 
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The interviews were semi-formal and the respondents described 
the problems they experienced with the activities shown in the 
derived process map. 

2.3 The MIKS process 
This section starts with a quantitative description of the mapped 
process, ranging from the first client contact to the completed house. 
Note that the focus of this thesis is on the planning phase, which is 
also reflected in the process description. Next, a short description of 
problems that occurred during the planning phase in the project is 
presented. This section ends with an analysis of relationships that 
developed between the activities. 

MAPPED PROCESS 

The process is shown in figure 1. The process is divided into several 
phases, indicated by rectangles. The order from top to bottom shows 
the working sequence: the sizes of the rectangles are not to scale with 
respect to the timeline. Overlapping phases indicate that they contain 
activities which were carried out simultaneously. A sequence at an 
activity level is shown in appendix 2, as a string of numbers. The 
corresponding descriptions of the activities are given in appendix 1 (in 
Swedish only). 

Process step 1 
The process started by finding a client and drawing up a list of their 
requirements. Client acquisition is the most important of all the 
contact-making processes. The specific aim of the group was to 
inspire the client’s interest and confidence in the MFB system. The 
difference in this respect between MFB and traditional construction 
projects is that the MFB system offers both a technical and a process 
solution. 

The next step was to verify what the client was expecting of the 
building. For this purpose, the architect sent a check list to the client. 
This check list contained important and specific characteristics and 
critical aspects of the MFB system. Essentially, the check list in this 
pilot MFB system was incomplete and contained common but 
generally important questions. The client specification was drawn up 
by the client together with the architect. Client acquisition and the 
creation of the client specification are shown as activities 1, 2, 4 and 
11 in appendix 1. 
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Process step 2 
The project organisation phase started with the formation of the 
project team. Using the MIKS process, the idea is that the team 
should be complete before any development of technical details 
because this allows the abilities of each of the participating companies 
to be taken into account. Another aim of this step was to develop the 
project schedule and to all agree the allocation of responsibilities for 
the completion of the tendering process. The project organisation 
phase consisted of activities 3, 5, 6, 10 and 18 (appendix 1). 

Process step 3 
The next phase, compilation of the building programme and building 
documents, was started when the client specifications were fully 
understood. First, the architect drafted a suggestion for the building 
programme based on the client’s specifications. Then the feasibility of 
the building programme was discussed by the architect, Masonite and 
the wall manufacturer. When the building programme was 
completed, the architect explained the specifications to the client and 
other project participants during a meeting, in order to ensure all the 
specifications were completely correct. The client specifications, the 
building programme and the building documents serve as input for 
most of the actions in the following steps (appendix 1, table 4). The 
next step was to gather information about the site conditions i.e. 
collection of data about the actual site, in order to know exactly 
where the building should be placed. When the site conditions were 
known and the position of the house was agreed, the architect started 
with the first drafts of the building documents. This phase consisted of 
activities 7 - 9 and 12 - 17. 

Process step 4 
Many details had to be agreed such as the standard cross-sections, the 
ventilation system, the acoustics evaluation, façade and window 
alignment and the expected energy consumption. The degree of 
dependence between these technical details varied greatly. Whilst 
some details could be worked out almost independently from each 
other, others had to be altered carefully because of their strong 
interdependence; for instance, when a change of technical details 
affected the appearance of the building (paper 1). When all technical 
details had been worked out, the project participants had to consider 
the compatibility of the systems. The outcome of this phase should 
and was to such a level of detail that tenders could be based on it. As 
the technical system was developed continuously (process step 14) an 
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important task for the project leader was to ensure that all project 
participants worked with the same version of the system details 
(appendix 1, table 1). The phase that covered the development of 
technical details consisted of activities 19 – 33. 

 

 
Figure 1. MIKS process 
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Process step 5 
The next phase was the compilation of the tender offers. The aim of 
this phase was to compile the tender documents. First, the costs of the 
process steps were estimated. Before the participating companies 
could compile their offers they had to get the offers from their 
suppliers first. The offers needed for the tendering were, e.g., the offer 
for the weather shelter, the ground work, architecture, structural 
planning, electricity, elevator system, HVAC, acoustics, construction 
material, element production, construction work, and project 
management. Different to traditional building projects, the 
development and maintenance of the building system and the process 
had to be considered as well (figure 1, process steps 14 and 15). When 
the offers of the project participants were accepted, the architect 
started to make drawings for the tender and all necessary documents, 
e.g. the implementation program and the fire prevention document. 
Eventually, the tender offers were submitted to the client. The 
activities this phase consisted of are 34 – 64. 

Process step 6 
When the project team got the order, the responsibilities and 
liabilities for each process activity were allocated between the project 
participants (activities 65 and 66). 

 
The following steps were, regarding the order of activities, 

strongly interwoven. Even if each phase is described separately; 
references to other phases are made. For a closer analysis of relations 
see appendix 1 and appendix 2. 

Process step 7 
The next phase is about soil and foundation engineering. Before the 
construction plans could be completed, the final position of the house 
on the site must be known. When the architectural drafts were 
adapted to some design changes, made by the client after the 
tendering, the fine planning of the ground work could be started. 
This phase included the planning of the electricity, water and sewer 
connection, internet and telephone cables and so forth, as well as the 
detailed design of the foundation. 

The wall elements were erected under a weather shelter since 
MFB is a timber based building system. The weather shelter can be 
exposed to large wind forces. The transmission of these forces to the 
ground had to be considered when planning the foundation. Also the 
planning of parking places, access roads, exterior lighting etc was 
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included in this phase. The soil and foundation engineering phase 
corresponds to activities 67, 78, 80, 81, 89, and 91-97. 

Process step 8 
The next phase, completion of the construction plans, was started 
after the final position of the building was defined. In this phase the 
technical details, developed already before the tendering, were 
worked out more in detail by the respective project participants. 
Before the documents were accepted as base for further work the 
compatibility of the derived solutions had to be checked by the 
different actors. This was done during several meetings. Activities 
included in this phases were 68, 70 – 77, 79, and 82 – 87. 

Process step 9 
The planning permission procedure (activity 69) was started when the 
architectural drafts were available. 

Process step 10 
The detailing and following production was not started before the 
planning permission was given since the estimated production costs 
were much higher than the planning costs (~17/1). 

When all technical details were worked out the detailing and 
production scheduling was started by a preliminary order of the 
required material. This order was made by the element manufacturer 
to the material deliverer, which was Masonite (and is for further MFB 
projects). It is critically for a smooth proceeding of the project that the 
delivery time is properly considered. The required material had to be 
ordered five weeks in advance. A further important point was the 
synchronisation of the production with the erection schedule since 
the production of the prefab elements was done in batches. This is 
indicated with the circular arrows between these phases in figure 1 
and described more in detail in process step 13. When the foundation 
was planned, containing information about electricity connections 
from the foundation platform to the wall etc, the planning of the 
single wall elements could be done. This phase consisted of activities 
88, 90, 99, 102 and 104. 

Process step 11 
Simultaneously to process step 12 the ground and foundation works 
were started. This work depends strongly on the site condition, access 
to the site, the available machinery and capacity of the erection 
company etc. It consisted of activities 98, 101 and 109, where activity 
101 in appendix 1 is only a dummy activity; it indicates the point of 
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time when the concrete of the foundation is dry enough to start with 
the erection of the timber wall elements. 

Process step 12 
The planning of the scaffolding and weather shelter (activity 100) was 
started after the erection and foundation plans were available. 

Process step 13 
The last phase studied was about the production, delivery and 
erection of the wall elements. It started with the production of the 
first elements. Simultaneously with that the weather shelter was 
installed on site. The building was erected in horizontal sections, 
where the respective sections range from the bottom to the roof. 
When the roof section was placed the weather shelter (which did not 
reach over the whole length of the building) was moved forwards and 
the next section was erected. The delivery respectively the production 
of the wall, ceiling, and roof elements was synchronised daily with the 
actually stage of the erection in order to ensure a frictionless work on 
the building site. The installation of the windows and the interior 
work could be started after a section was completely erected. Since 
the technical system solutions and the know-how to utilise them are 
crucial for the MFB business concept, information about adjustment 
feedbacks, due to difficulties encountered during the project, was 
collected in two experience feedback meetings (activity 110). Before 
the architect finally documented the actually building, the realised 
work was inspected by the whole project team. Finally corrections 
were carried out, e.g., due to acoustic problems. This phase consisted 
of activities 103, 105 – 108, and 110 - 112 (appendix 1). 

Process steps 14 and 15 
The development of the building system and the process (figure 1) 
was done continuously throughout the whole project. These processes 
were triggered when a certain problem occurred. The most of these 
problems were related to fire protection and acoustic properties of the 
wall elements. A further important question related to the hanging 
system of the ceiling element. The solutions developed by the system 
deliverer were discussed then during meetings by the whole project 
group. In total 9 activities (of 198 in total) were logged relating to 
system development. Activities of process steps 14 and 15 are not 
listed in appendix 1 since appendix 1 contains standard activities only. 
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PROJECT OBSERVATIONS 

The following problems relating to the process structure were 
identified by the project participants: 

Order of activities: Some activities occurred after information 
they were to produce was already required. Activities held up 
in this way were partly completed until such time as the 
information was available. Subsequent activities had to then be 
rescheduled. 

Unawareness of existing relationships: Activities that were 
actually dependent on each other were carried out in parallel. 
The project participants were not always aware of the 
relationship between the activities. Sets of details were 
developed without checking if they fit together. Extra resources 
were needed to change them later on. 

Long breaks between the activities: The project participants had 
to spend significant time refreshing their knowledge of project 
details after long breaks. 

Departure from the time schedule: When an activity was 
delayed, the time schedule of all project participants had to be 
reorganised. Furthermore, the summary of the status of the 
project was sometimes lost, leading to time having to be spent 
on re-writing it and resolving any misunderstandings arising as a 
result. 

Faulty input: Work had to be repeated because of errors found 
late on. In other cases, extra time had to be invested because 
the input did not deliver the required data in the right format. 
Additional time then had to be spent on all the related tasks to 
compile the correct information. 

Late specification changes by the client: Changes in the 
specifications when the design process had started caused many 
related details to have to be changed. 

Development status of the building system: In some cases, the 
building system had to be further developed in order to meet 
the technical requirements; this led, in some instances, to delays 
(see Process step 14 and 15). 
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As the project progressed, relationships exhibited different behaviours 
within the process structure. Two types of relationships were 
identified: static and dynamic. 

Static relationships do not change once the two connected 
activities have been completed. This type of relationship relates to the 
building system and the design procedure: for example, the energy 
consumption of a building cannot be calculated if the wall dimensions 
and structures are not known. If the energy consumption has been 
calculated but the wall dimensions are then changed, the energy 
consumption will need to be recalculated. 

Dynamic relations are not any longer considered once the two 
connected activities have been carried out. Such type of relation exists 
e.g. between the production of the wall elements, dummy activity 
101 (dry foundation), and the erection of the wall elements. The 
erection of the first wall element can not be started before the 
foundation is dry enough. In terms of the process structure; the 
element erection depends on 101. During the erection of the first 
element the production of the next element is ongoing. Since the 
concrete is now dry enough, the relation between 101 and the 
erection does not have to be considered for the second element again. 

 
For this research, it was assumed that the more time that had to be 

spent correcting an error, the bigger the problem that caused it. A 
method to enhance the design process continuously is to discover the 
activities that require the highest amount of rework as a starting point 
for identifying the underlying cause, which can exist in a related 
upstream activity (paper 2). In order to identify the most problematic 
activities, they have been categorised into three classes. Following the 
Pareto principle, class A activities produce around 80% of the total 
rework required in the design phase, class B activities produce a 
further 15% and class C activities the remaining 5%. The classification 
is shown in table 1. The numbering of the activities corresponds to 
the list given in appendix 1. 

 
Table 1 Classification according to amount of rework required 

Class Activities 
A 71, 75, 76, 83, 85, 86, 100 

B 12, 51, 60, 70, 72, 73, 84, 89, 93, 94 

C 31, 32, 35, 37, 46 

 



MIKS Process 

20 

The class A activities 71 to 86, along with most class B activities, 
belong to the phase “completion of construction plans” (figure 1), 
which was also described by the project participants (according to a 
company’s internal analysis of the project) as the most problematic 
phase. The problems that occurred related mainly to issues with the 
electrical installation, the air conditioning installation and structural 
details. In case of the air conditioning installation, a different system 
was used from the one specified during the tendering process. The 
new system was physically larger than the original one. 

Another problematic phase was the planning of scaffolding and the 
weatherproofing shelter (activity 100). Communication problems 
between the weatherproofing shelter supplier and the construction 
company resulted in the benefits of the shelter system not being able 
to be realised. There seemed to be a disagreement amongst the project 
participants as to whether a shelter system was necessary or not. 

Class C activities relate to the development of technical details and 
the compilation of the tenders (figure 1). In the first case, the 
problems were caused by a lack of awareness of the relationships 
between some activities. Furthermore, after comparing calculated 
costs for the tenders, it was realised that they were too expensive. 
Some technical details were changed which meant that tenders had to 
be recalculated. The problems encountered in the latter phases are 
further described in paper 1. 
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3 LITERATURE REVIEW 

This chapter starts with a brief literature review relating to concepts that are 
important for this thesis. It states the main assumptions that this work is based 
on. Furthermore, it gives definitions that are needed to understand the methods 
used. In the second section, established methods used for analysing design 
processes are contrasted with the findings from the pre-study. In the third 
section, the resulting model for analysing building design processes gives a 
solution to research question B; this section also describes the concept for a 
simulation model needed for answering question C. 

3.1 Design flow control 
Building design is a complex process (Pektas and Pultar 2006) where a 
deviation from the planned activity sequence i.e. the order in which 
the activities should be carried out, can result in additional work such 
as rescheduling of the project or rework of all dependent activities 
that have already been completed. The latter scenario occurs because 
the change to the activity sequence may have been triggered by 
incorrect activity outputs. 
A change in the activity sequence does not only increase the risk of 
additional project costs and time overruns but also increases the risk of 
quality loss. Considering the number of relationships that exist in the 
design phase of building projects (495 in the case of the MIKS 
process) there is a high risk that, when one activity has to be repeated, 
dependent activities do not all receive updates, leading to design 
errors. 

As mentioned in chapter 1, design errors are a main contributor to 
additional project costs and time overruns (Love et al. 2008). 

The term “design flow” is here freely adopted from “Lean” 
terminology, where flow is one of the five main principles the Lean 
management concept is based on. This principle is concerned with 
making activities flow (Womack and Jones 2003). The underlying 
assumption is that work will be more efficient and accurate when it is 
undertaken continuously (Björnfot 2006). 

In the context of building design, design flow relates to changes in 
the activity sequence during the design phase of a project. A good 
design flow means that only few activity sequence alterations occur, 
resulting in a reduced risk of the occurrence of design errors. 
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3.2 Design process modelling 

DIGRAPHS 

A graphical way to represent complex processes is the use of directed 
graphs (Yassin 2004). A directed graph, or digraph, D=(V,A) consists 
of a non-empty finite set V of elements called vertices and a finite set 
A of ordered pairs of distinct vertices called arcs. In a representation of 
a project, the vertices represent the project activities and the arcs, i.e. 
directed edges, represent the relationships between the activities 
(Bang-Jensen and Gutin 2001). 

For the arc (u,v) with the two adjacent vertices u and v, u is said to 
dominate v i.e. v depends on the output from u. Figure 2 shows a 
representation of a project where the activities are depicted by the 6 
vertices (circles) and the relationships between the activities by the 
arcs. In the given example, activity 1 dominates activities 2 and 3, or 
in other words, activities 2 and 3 depend on the output of activity 1. 

1

32

6

54

 
Figure 2. Digraph 

TRANSITIVE REDUCTION 

A transitive reduction of a graph is defined as the minimal 
representation of that graph (Bang-Jensen and Gutin 2001), i.e. a 
representation containing only the relationships which are necessary 
to reach all activities from a certain activity that were reached from 
that activity in the original graph. 

It can be derived by removing all redundant relationships; a 
relationship is considered redundant when a dominated activity can 
also be reached from at least one other activity. Figure 3 gives an 
example of a directed graph (left) and its transitive reduction (right), 
where the redundant relationships are depicted in grey. The 
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relationship between vertex 1 and 5, for example, is redundant 
because 5 can be reached from 1 via activity 3 etc. 

In process management, transitive reductions can be used to 
indicate in which order activities should be carried out (e.g. critical 
path method) and in particular they indicate which activities can be 
carried out simultaneously. In figure 3, for example, the transitive 
reduction shows that activity 2 can be carried out when 1 is finished 
and it must be ready before 7 is started. It is obvious that this 
information is more difficult to read using the digraph only, especially 
as the degree of complexity increases. 

An algorithm for deriving the transitive reduction is given by, 
among others, Aho et al. (1972). 

 
Figure 3. Directed graph (left) and its transitive reduction (right) 

 

DSM 

Design Structure Matrix DSM methods provide the means to manage 
complex processes (Yassin 2004). They are based on Steward’s theory 
that states that problems related to complex processes, such as design 
processes, can be solved more efficiently by representing the 
relationships between activities in the form of a matrix (Austin et al. 
2000). 

The applicability of DSM methods for the design phase in 
construction projects has been demonstrated: Björnfot and Stehn 
(2007) used DSM as a planning tool for the structural design of timber 
roof structures and Hindmarch et al. (2010) presented a method based 
on DSM theory to assess the costs of late design changes in building 
projects. 
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Using a DSM, complex processes can be mapped and modified 
with graphical and numerical analyses (Austin et al. 2000; Austin et al. 
2002). 

In a DSM model, the design process is characterised as being 
composed of activities that depend on each other for information 
(Yassin 2004) (figure 4). 
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Figure 4. Example of an activity based DSM 

Each row and column represents an activity. The 
interdependencies are shown with an x, indicating that the activity in 
the row with an x depends on information from the activity in the 
related column with the x. 

The focus in this research project is on time-based DSMs, where 
the ordering of the rows and columns in the matrix indicates a flow of 
time. 

A DSM can be seen as a matrix representation of a digraph (Yassin 
et al. 2001; figure 5). 

 
Figure 5. Digraph representation (left) and corresponding DSM 

representation (right) of a process 
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There are three basic building blocks for describing the 
relationships amongst process elements: parallel, sequential and 
coupled (Yassin 2004). 

The parallel configuration is characterised by elements that do not 
interact with each other, that is, no information exchange is required. 
Activities 2 and 3 in figure 5 are parallel as are 3 and 4. 

In a sequential configuration, one element dominates another 
element in a unidirectional fashion i.e. the dominant activity must be 
carried out before the dependent one. An example of sequential 
configuration is the relationship between activities 2 and 4. 

In a coupled configuration, the interdependency is bidirectional 
so, for example, activity 3 influences activity 5 and vice versa. 
Coupled elements are a main source of iterations in design processes 
(Austin et al. 2000, Pektas and Pultar 2006). 

In order to enhance an activity sequence, two methods are often 
used: partitioning and tearing (Yassin 2004). 

The purpose of partitioning a matrix is to minimise the amount of 
iteration by removing feedback loops i.e. resolving coupled elements. 

In real processes, it is not always possible to remove all the 
coupled structures. A method for reducing the size of any feedback 
loops within the process is called tearing. This is done by adding 
priority rules, sometimes derived from management philosophies or 
expert knowledge, to the activities within the feedback loop (Yassin 
2004). 

EFFECTIVENESS AND EFFICIENCY 

In this work, a project is considered as the execution of a process. In 
order to execute a project successfully, the project must be based on 
an effective process and must be carried out efficiently (paper 2), 
where effectiveness is concerned with doing the right things and 
efficiency is concerned with doing things right (Drucker 2007). 

Here, effectiveness relates to the sequence of activities in a process. 
An effective process means a process with a minimum of feedback 
loops. 

Efficiency relates here to the design flow. The design phase of a 
project is carried out efficiently if there are only a few changes to the 
planned sequence of activities. 
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DSM-BASED SIMULATION 

DSM can be used to record processes, reorder activities and develop 
processes from scratch (Karniel and Reich 2009). However, DSM 
algorithms do not take into account issues relating to efficiency and 
are thus inadequate to verify the suitability of a derived process. 

Browning and Eppinger (2002) and Abdelsalam and Bao (2006) 
have shown that the basic assumption in DSM, namely that a process 
without feedback loops will give the best results in terms of project 
duration and variation in activity duration, is not always true. Yassin 
(2004) stated that cost and duration of a project are largely a function 
of the number of iterations required in the process execution coupled 
with the scope or impact of those iterations. Cho and Eppinger (2005) 
and Karniel and Reich (2009) suggested combining DSM with 
simulation in order to verify the suitability of the derived process. 

DSM-based simulations have been used to validate product 
development processes. Abdelsalam and Bao (2006) presented a 
framework, based on simulation, for duration reduction of product 
development projects. Sered and Reich (2006) have developed a 
method for focusing engineering effort when applying standardisation 
or modularisation to product platform components; this method is 
called Standardisation and Modularisation Driven by Process Effort. 
The effort is estimated by comparing the total design cost of different 
simulations. The method has been tested by applying it to a 
development project in the digital prepress printing market. Coates et 
al. (2003) developed an agent-oriented method which provides a 
systematic means of simultaneously coordinating operational 
management tasks and technical design tasks. The usefulness of the so-
called Design Coordination System was demonstrated with an 
industrial case study involving the computational process of turbine 
blade design. Huberman and Wilkinson (2005) investigated 
performance variability and project dynamics with the help of DSM-
based simulation. They suggested applying this method for 
engineering design projects and software development. Browning and 
Eppinger (2002) applied DSM-based simulation to analyse design 
iteration in a generalised project network. This was further developed 
by Cho and Eppinger (2005) in order to model product development 
projects that contained parallel iteration. 

The simulation models mentioned are based on rather static 
process networks. Iterations, or pathway deviations, are allowed in the 
models presented by Browning and Eppinger, and Cho and Eppinger. 
But iteration is restricted to feedback loops. Unexpected iterations 
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that cause a change in the standard project model cannot be 
considered; for example, if a major project failure or redirection 
involves replanning the entire process, instead of simply reworking 
related activities that have been carried out or are in progress (ibid.). 

Thus, these simulation approaches promise relatively good control 
of the design flow, which is not the case with traditionally organised 
building projects since they are influenced by variables that can be 
difficult to control (Dobre 2007; Tate and Farrell 2008). In the MIKS 
project, these variables included decisions from public authorities, 
access roads to the site, weather conditions, client specifications, 
building experience of the client, abilities of the project team etc. 

A DSM-based simulation model that fits the stated requirements is 
developed in paper 3. 

3.3 Building design process model 

BASIC ASSUMPTIONS 

The design process of a building project is an iterative flow of 
interdependent decisions from different design professionals (Pektas 
and Pultar 2006). The number of project participants involved and 
interdependent activities required to accomplish such a task makes the 
design process, even for smaller projects, a complex system. 

The relationships can be static or dynamic in nature. 
Performing the activities in an arbitrary sequence would involve a 
great number of iterations since carrying out a dependent activity 
before its dominant activity has been finished means that the input for 
the dependent activity has to be estimated (Yassin 2004). 

If all the relationships are known, an effective process can be 
derived by applying DSM algorithms, although other mathematical 
methods such as heuristic methods could also be used (McCulley and 
Boebaum 1994; Rogers et al. 1996). 

In the design phase of building projects, it is often quite difficult to 
follow the sequence given by the derived process precisely. Often the 
order in which the activities are actually carried out is characterised by 
changes in the activity sequence caused by uncontrollable variables 
(Tate and Ferrell 2008). 

Deviations from the activity sequence defined by the process do 
not only have a negative impact on the timeline of the project; they 
also increase the risk of design errors and as a consequence, have a 
negative impact on the quality and costs of the whole project (paper 
2). Figure 6 (left) shows a simple design process. If all activities can be 
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carried out in ascending order then seven steps would be necessary 
(figure 6 (middle)). Figure 6 (right) depicts a project where the 
sequence of activities deviates from the planned process. 

 

Figure 6.  Design process (left), efficient project (middle), project with 
sequence deviations (right) 

 

REFERENCE SYSTEM 

The second aim of this study is to investigate the impact of certain 
activities on the design flow since a good flow decreases the risk of 
design errors. 

Deviations in the activity sequence can occur during the whole 
project and can differ markedly across different projects. Thus, it is 
difficult to draw general conclusions about the impact of certain 
activities on the design flow when comparing different projects with 
each other (paper 2). 

As indicated before, a basic idea used in this work is to consider a 
project as an execution of a process. The assumption behind this is 
that although the design of different projects may be unique, the 
design process itself has an underlying structure: the configuration of 
relationships between the activities does not vary greatly between 
projects (Pektas and Pultar 2006; Austin et al. 2002; Kagioglou et al. 
2000). 



Literature Review 

29 

Thus, the efficiency of projects can be evaluated by referring to 
their underlying process. 

 
In the following two sections, three measurements are developed, 

that are needed in chapter 5 for the analysis of the experiment. The 
first measurement, the design flow efficiency, relates to project 
performance. It measures the effects of activity sequence deviations. 
The two remaining measures, being two types of rank positional 
weights, relate to the reference process. In chapter 5, the rank 
positional weight it tested to see if it can be used as an indicator for 
activities which have a high impact on the design flow (research 
question C). Thus it is discussed more in detail. 

DESIGN FLOW EFFICIENCY 

In order to enable comparison between several projects based on a 
certain process, the reference must be a constant related to that 
process. 

As discussed before, sequence deviations increase the risk of design 
errors and thus have to be avoided (Pektas and Pultar 2006; Karniel 
and Reich 2009). Conversely, a certain amount of iteration is needed 
to enable creative activities to reach established quality criteria 
(Browning and Eppinger 2002, Ballard 2000). 

Here, working hours are considered to be defined as the sum of 
original working hours (working hours when an activity was carried 
out for the first time) plus rework amount (see paper 2). The original 
working hours are considered to be a function of several project 
related variables, such as the size of the building, technical complexity 
etc. In turn, the amount of rework is a function of the original 
working hours (Cho and Eppinger 2008). 

Deviations can be measured by the rework amount they cause. To 
derive the efficiency of the design flow for a building project the 
expected amount of the original working hours is given as a fraction 
of the total working hours for these activities (equation 1). However, 
only activities which can be classified as routine are considered i.e. 
activities which are not of a creative nature and are included in the 
reference process (paper 2). 
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The efficiency is calculated as: 
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where 
ivt  is the number of original working hours of the ith activity 

(value-creating time in Lean terminology), 
iwt  its rework amount 

given in working hours (waste in Lean terminology; see paper 2), and 
R is the set of routine activities within the design process. 

The higher the amount of rework required, the lower the 
efficiency (equation 1). 

RANK POSITIONAL WEIGHT 

The progress of a project can be described in terms of movements 
from one activity to another with attributes of direction and length. 
The direction can be upstream or downstream i.e. with or against the 
direction indicated by the arrows. 

In order to describe the attribute length, the term “stage” is used 
here. Stage is the term relating to the sequence of the activities. The 
activities are arranged so that dependent activities are always shown 
beneath their dominants. Horizontal arcs are restricted. Stages are 
distinct by vertical arcs. If activities can be carried out simultaneously 
then a stage can contain several activities (figure 7). The length of the 
move can then be given by the numbers of stages crossed e.g. the 
move from activity 3 to 5 (bold arc) is a downstream move with 
length 2, the move from activity 5 to 4 is an upstream move with 
length 1. 

Finally, “tail activity” is defined as the activity where a move starts 
from and “head activity” the activity where the move ends. 
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Figure 7. Concept of moves 

Figure 8 shows two process models with different process 
structures. The shaded vertices depict activities that have to be 
reworked because of an upstream move. It is clear that the more 
activities that are dominated by the head activity h, the more activities 
have to be reworked. 

 
Figure 8. Impact of process structure on rework amount 
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However, the amount of rework required relates to working hours. 
Thus, the higher the sum of working hours for activities dominated 
by h, the greater the amount of rework required (figure 9). 

 
Figure 9. Impact of activity working hours on amount of rework required 

This connection can be described by the rank positional weight rpwi 
of activity i, which is defined by Cooper (1976) as follows: 

 
j

jii ddrpw  (2) 

where di is the expected duration of activity i, and 
j

jd  the sum of 

expected durations over all activities dominated by i. 
 
The move length must also be taken into account. Figure 10 

shows two processes with the same structure but different move 
lengths. It is quite clear that the longer the move length, the greater 
the number of activities that have to be corrected. 
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Figure 10. Impact of move length on amount of rework required 

 
In the studied case, upstream moves with a short length were 
predominant. 47% of upstream moves had lengths of three or less 
stages, whereas 86% had lengths of seven or less stages. Consequently, 
using the duration of all dominated activities would bias the measure. 

Incorporating equation 1 into equation 2 gives: 

j
vvi ji

ttrpw  (3) 

where 
ivt  is the expected original working hours of the routine 

activity i, 
j

v j
t  is the sum of expected original working hours over all 

routine activities dominated by i within the range of n subsequent 
stages i.e. with range depth n, where .n  

As an example, consider figure 11. The left column in the DSM 
gives the stage numbers. Let the range depth n=1. The rank position 
weight for activity 2, rpw2, is calculated as the sum of the expected 
working hours of activities 2 and 4. Activities 6 and 8, even though 
they depend on activity 2 as well, are not considered since they are 
not within range. 



Literature Review 

34 

In the corresponding digraph (figure 11 left), the shaded vertices 
denote activities dependent on activity 2. 

Now let n=3 for the same example. The rank positional weight 
for activity 2, rpw2, is calculated as the sum of the expected working 
hours of activities 2, 4 and 6. 

 
Figure 11. Concept of rank positional weight considering the length of 

moves 

 
A weight for the whole design process, rpw, can be built by summing 
rpwi : 

 
Uj

j
Ri

i rpwrpwrpw  (4) 

where rpwi is the rank positional weight as given in equation 3, R the 
set of routine activities in the design phase and U the set head 
activities of upstream moves that cause iterations i.e. upstream moves 
whose head activities have been reworked (figure 12). 
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Figure 12. h is not an element of U (left), h is an element of U (right) 

 
The dashed vertices in figure 12 depict activities that have not yet 
been carried out. No output change occurs if the head activity of a 
move corresponds with such an activity (left), whereas there is a 
potential for output change and thus rework if the head activity has 
been carried out before (right). 
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4 EXPERIMENTAL METHODS 
Montgomery (2009) defines an experiment as 
“… a test or series of tests in which purposeful changes are made to the input 
variables of a process or system so that we may observe and identify the reasons 
for changes that may be observed in the output response … In general, 
experiments are used to study the performance of processes and systems.” 

The aim of this work is to gain a better understanding of the 
effects of output changes (after iteration) in certain activities on the 
flow in the design phase of building projects. Therefore an 
experimental design was chosen. 

4.1 Experimental design 
The study was carried out in six steps (figure 13). 

The fist step was to identify and define the problem. This was 
achieved by studying the performance of a building project in detail 
so that empirical knowledge could be used. Next, a process model 
showing the process structure was derived; this served as a basis for the 
analysis. The model contains information about the activities carried 
out and their relationships. These two steps are described in papers 1 
and 2, and in chapter 2 of this thesis. 

At the same time, the response variable had to be derived. The 
derivation of the response variable is partly described in paper 2 and 
further described in chapter 3 in the section entitled Building design 
process model. 

The first three steps were carried out iteratively since they are 
connected. In order to know which information should be collected 
and to what extent and level of detail it was required, the response 
variable had to be known. Also, the process model can be influenced 
by the response variable since it is not always possible to acquire the 
necessary data. At this point, all three steps must be synchronised. 
These steps are some of the most critical of the experiment since the 
actual experiment is based on the outcome of them (Montgomery 
2009; Banks 2001). 
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Figure 13. Research design 
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It is difficult to gain access to adequate data from building projects. 
It takes a good deal of time and effort to map a building project. 
Furthermore, the projects being compared to each other must have a 
similar structure otherwise classical statistical methods cannot be used. 
Thus, following the suggestions of Montgomery (2009), Robinson 
(2007), and Law and Kelton (2000), simulations were used to generate 
sufficient data. When all project data were available, a DSM-based 
simulation model was built. The basic idea was to simulate projects by 
simulating deviations from a certain activity sequence defined by an 
underlying process i.e. a reference process (see chapter 3). Details of 
the simulation model are discussed in paper 3. A brief description of 
the compilation of the components of the simulation model, as well as 
the running of the simulations, is presented in the following two 
sections. The analysis of the simulation outcomes is described in the 
chapter 5 and in appendix 5. 

4.2 Components of the simulation model 
Figure 14 shows the concept of the simulation model. The simulation 
runs were carried out in three steps, which are denoted by the 
rectangles on the left. In order to run the simulation, input in the 
form of a frequency list, a process structure model, an algorithm and 
probability distribution functions were required; these are shown by 
the rectangles with the rounded corners on the right. 

 In order to compile the frequency list, a reference process (see 
chapter 3, section Reference system) had to be derived from both the 
project log and the process structure model. The derivation of the 
project log and process structure model is described in chapter 2 
(MIKS Process) in the methods section. The algorithm is a 
modification of the DSM-based simulation model introduced by 
Browning and Eppinger (2002) and is described in detail in paper 3. 
Modification was necessary to allow for the iterative nature of 
building projects. 
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Figure 14. Concept of the simulation model 

REFERENCE PROCESS 

To derive the reference process, several steps were necessary. First, the 
activities from the process structure model (DSM) were reordered 
with the aim of reducing the number of feedback loops since 
feedback loops are considered as a main source for iteration (Pektas 
and Pultar 2006). This was achieved by applying a partitioning 
algorithm as described by Steward (1981). The remaining feedback 
loop could be resolved without applying a tearing algorithm. From 
the resulting model is still difficult to directly derive a possible 
sequence model because of its numerous relationships. Therefore, all 
redundant relationships were removed from the model. A relationship 
is considered redundant when the dominant activity and the activities 
it dominates can be reached via at least one other activity (Bang-
Jensen and Gutin 2001). For this step, an algorithm was applied as 
described by Aho et al. (1972). The resulting transitive reduction 
subdivides the process into several stages, where all activities relating 
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to a given stage can be carried out simultaneously (parallel activities). 
The derived reference process model is shown in appendix 2. 

FREQUENCY LISTS: MOVE LENGTHS AND DIRECTION 

The progress of a project was simulated by moves from one activity to 
another, where the direction and the length of the moves were 
steered by a probability distribution function (PDF). How the 
simulation was run is described in more detail in the section Simulation 
runs. 

The PDF was derived by relating the activity sequence recorded 
from the MIKS project to the reference process (figure 15). 
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Figure 15. Derivation of the frequency lists 

Every activity in the recorded sequence was assigned to a stage as 
determined by the reference model. Analysis of the sequence of stages 
finally resulted in the creation of frequency models of the moves. A 
bar chart for all the upstream and downstream moves was drawn, 
showing the relative frequency of moves classified into lengths. The 
bar charts are shown in appendix 3. 

For the simulation model, it was assumed that the probability of 
the occurrence of a faulty output was equal for all activities but that 
rework probability related to the process structure. Therefore, when 
deriving the frequency of move length and direction, the actual stage 
of the project was not considered e.g. a move from stage 1 to 3 was 
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considered equally probable to that of a move from 2 to 4: both 
moves were considered as being downstream with a move length of 
2. 

PROBABILITY DISTRIBUTION FUNCTIONS FOR 
WORKING HOURS 

For the computation of the flow efficiency and the rank positional 
weights, working hours had to be allocated to the simulated activity 
sequences (see section Simulation runs). This was achieved with the 
help of PDFs as well. 

The data from which the duration (original working hours) of the 
activities was derived stems from 32 similar projects. The design, 
production and erection were carried out by a different single 
company not participating in the observed MIKS-project for all the 
projects. The data were collected and provided by a scientist in the 
timber structures research group, namely Gustav Jansson, between 
2006 and 2011. In order to derive the working hours, company 
internal time rapports were studied. In addition, seven interviews 
were held with the project manager of the company in order to get a 
clear picture about the process. The data collection was 
complemented with telephone calls and e-mails when necessary. The 
respective building areas could be derived from architectural drawings. 

All 32 projects used the same building system, a timber frame 
volume element system. The buildings were residential buildings 
ranging from around 1000m2 to 5000m2. The projects did not contain 
upstream moves respectively rework in the design phase and are thus 
considered suitable as a means to simulate original working hours. 

The process is described in more detail by Jansson (2010). 
The activities between the 32 projects did not coincide exactly, thus 
they were arranged into 5 phases: (1) construction planning; (2) 
electricity planning; (3) HVAC planning; (4) project management; 
and (5) detailing. It was assumed that the total of activities in a phase 
was similar across different projects and thus the total of working 
hours of a phase can be expressed as a distribution function. In a joint 
analysis with Gustav Jansson, each activity from the MIKS project was 
assigned to one of the five phases. 

As the data corresponded to an elapsed time of five years, we 
determined whether the number of working hours for a specific 
activity varied over that time. Furthermore, we determined whether 
the number of working hours for a specific activity varied dependent 
on the size of the project. For this purpose, graphs showing 
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independence (independency plots), as suggested by Law and Kelton 
(2000), were used. Furthermore, the data were tested for a correlation 
between the working hours across every phase. For this purpose, both 
independency plots and linear regression tests were used. 

Since no dependence could be demonstrated, the number of 
working hours was directly used for the simulation model. Following 
the suggestions of Montgomery (2009) and Law and Kelton (2000), 
histograms were drawn to give a first impression of possible 
distribution functions. Then, the Anderson-Darling test, in 
combination with P-P plots, was used to assess the goodness of fit for 
the derived distribution functions. The derived distributions are 
described in appendix 4. 

4.3 Simulation runs 

DERIVATION OF ACTIVITY SEQUENCES 

First, activity sequences were derived, each representing a simulated 
project (figure 14). From the starting activity, arbitrary moves were 
simulated until the terminating activity was reached. Within a move, 
the sequence had to be completed with further activities. Because of 
the existing relationships between activities, it had to be ensured that 
all information needed to carry out the head activity of the move (see 
chapter 3, section Rank positional weight) already existed and existed, in 
the right format. The completions were derived by following an 
algorithm, which is described in detail in paper 3. 

ALLOCATION OF WORKING HOURS 

When the activity sequences were derived, the number of working 
hours was allocated to each activity. Literature indicates that in the 
field of design process engineering it is common to obtain the number 
of working hours by interviewing experts. The beta-function is 
commonly used for simulation, based on three point estimation. 
Experts give an estimation of what constitutes a good, medium and 
poor case (Cho and Eppinger, 2005; Ouyang and Jian 2011). 
However, Robinson (2007) and Law and Kelton (2000) have argued 
that, whenever possible, probability distribution functions, based on 
measured data, should be the preferred means of simulating project 
runs. 

The working hours were chosen randomly from certain 
probability functions which were derived from 32 similar projects (see 
the previous section Probability distribution functions for working hours). 
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COMPUTATION OF FLOW EFFICIENCY AND RANK 
POSITIONAL WEIGHTS 

Finally, the response variables i.e. the flow efficiency and the rank 
positional weight, were computed for every activity sequence. The 
response variables form the input to the statistical analysis (see arc 
between Derivation of response variable and Analysis of simulation outcomes 
in figure 13). As mentioned in chapter 3, flow efficiency is a measure 
of process flow control. It measures the impact of activity sequence 
deviations on the number of total working hours (paper 2). The rank 
positional weight relates to the activities involved in the activity 
sequence deviations. Details of the analysis are presented in chapter 5 
and appendix 5. 
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5 STATISTICAL ANALYSIS 

5.1 Rank positional weight versus efficiency 
In order to test the modified rank positional weight rpwi as a proper 
indicator for critical activities (research question C), a linear regression 
analysis was carried out, testing for a correlation between the rank 
positional weight rpw and the design flow efficiency, where different 
range depths n (see chapter 3, section Rank positional weight) were 
tested. A strong correlation would indicate that rpwi, which can easily 
be computed from the static process structure model, could be used to 
identify critical activities despite the iterative nature of such projects. 

The range depths n were chosen according to the move 
frequencies that occurred in the project that was studied (table 2; 
appendix 3). 

Table 2 Frequency of upstream moves of U* 

Length move 
upstream Frequency Relative frequency 

Cumulated rel. 
frequency 

1 13 0.30 0.30 

2 3 0.07 0.37 

3 4 0.09 0.47 

4 5 0.12 0.58 

5 1 0.02 0.60 

6 5 0.12 0.72 

7 6 0.14 0.86 

8 2 0.05 0.91 

9 2 0.05 0.95 

12 2 0.05 1.00 

* U is the set of upstream moves that cause iterations, i.e., upstream moves 
whose head activities have been iterated (see chapter 3, section Rank positional 
weight). 

Moves with a length of 1 appeared most frequently. Around 50% of 
the moves had a length equal to, or less than, 3. Eighty-six percent of 
moves had lengths of seven or less. The maximum length observed 
was 12 stages. 

In total, six project sequences were simulated (see chapter 4, 
section Simulation runs) and ten random time series were allocated to 
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each of them. In addition, ten random time series were allocated to 
the log of the project that was studied, resulting in seventy simulated 
projects. 

There was an average correlation coefficient of 0.68 between flow 
efficiency and rpw when there was a range depth of n = 7, i.e. 68% of 
the variation of the flow efficiency in the design phase is explained by 
rpw (table 3). In addition, n = 1 and n = 3 show good correlation. 

By using the number of working hours from the MIKS project 
the correlation coefficient for n = 47 is 91% i.e. 91% of the variation 
of the flow efficiency in the design phase could be explained by rpw if 
there were no variation of the working hours across different projects. 

 
Table 3 Correlation coefficient R2 of flow efficiency vs rpw 

Time Series 
range 
depth 1 2 3 4 5 6 

n=1 0.55 0.73 0.56 0.57 0.61 0.73 

n=3 0.60 0.74 0.57 0.63 0.74 0.66 

n=7 0.60 0.69 0.82 0.67 0.61 0.84 

n=12 0.72 0.40 0.50 0.40 0.39 0.41 

n=47 0.75 0.44 0.51 0.56 0.54 0.43 

 Time Series 
range 
depth 7 8 9 10 R2 mean SD Corr. 

n=1 0.64 0.54 0.60 0.58 0.61 0.07 neg. 

n=3 0.58 0.59 0.57 0.63 0.63 0.06 neg. 

n=7 0.60 0.62 0.62 0.72 0.68 0.09 neg. 

n=12 0.47 0.53 0.41 0.66 0.49 0.11 neg. 

n=47 0.67 0.44 0.43 0.45 0.52 0.11 neg. 

 



Statistical Analysis 

47 

5.2 Comparison of outcomes with different range 
depths

In order to check whether the choice of a certain range depth actually 
influences the correlation coefficient (design flow efficiency versus 
rpw), a one way-analysis of variance (ANOVA) was carried out, in 
which the expected R2 with different range depths n (table 3) were 
tested against each other. 

 
The hypothesis tested is: 

 H0: n=1= n=3= n=7= n=12= n=47 
 H1: n=i  n=j for at least one pair (i,j). 

The ANOVA is given in appendix 5. The ANOVA resulted in the 
rejection of H0 because at least the largest and smallest mean 
correlation coefficients for the range depths are significantly different. 

In order to find out which of the means differ, Tukey’s test was 
applied. The test was carried out with Minitab 16 and the results are 
given in table 4. A simultaneous confidence interval of 95% was 
chosen, implying an individual confidence level of 99.33%. 

 
Table 4 Grouping information using Tuckey's method 

Range depth N Mean Grouping 

n=7 10 0.67852 A 

n=3 10 0.63182 A B 

n=1 10 0.61096 A B 

n=47 10 0.51999 B C 

n=12 10 0.48973 C 

Source: Minitab 16 

Looking at the results in table 4, it can be seen that the R2 derived by 
applying a rpw with range depth of 7 differs significantly from the R2 
derived by applying a rpw with a range depth of 47 and 12. R2 of 
range depth 7 does not significantly differ from R2 of range depth 3 
and 1. But in contrary to R2 of range depth 7, R2 of range depth 3 and 
1 does not differ significantly from R2 of range depth 47. These results 
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suggest that using an rpwi with n = 7 is most appropriate as an 
indicator for critical project activities (see chapter 3, section Rank 
positional weights). 

5.3 Rank positional weight vs rework amount 
A test was conducted to examine, whether there is a correlation 
between rank positional weight rpwi and amount of rework for an 
activity. 

If a high rpwi value actually indicates activities with a high 
potential to cause rework within the design phase then the activities 
with the highest amount of rework should be those which are 
dominated by activities with a high rpwi. A poor correlation would 
mean that rpwi is a poor indicator. 

Note that rpwi relates to the process structure model i.e. to the 
process, where the amount of rework relates to the project. 

Following the Pareto principle, the activities were classified 
according to the amount of rework recorded, where class A activities 
contributes 80% of rework in the design phase, class B activities 15% 
and class C the remaining 5% (chapter 2, section Project observations). 
The set of class A activities contains seven activities, set B ten and set 
C five. 

The ten activities with the highest rpwi with a range depth n=7 are 
35, 50, 67, 68, 76, 78, 82, 89, 90, and 97 (appendix 1 and appendix 
2). 

The analysis shows that all seven class A activities are dominated 
by one of the top ten rpwi activities i.e. by one of the ten activities 
with the highest rpwi values within the design phase. Furthermore, 
eight out of ten class B activities are dominated by one of the top ten 
rpwi activities, whereas no class C activity is dominated by an activity 
with a high rpwi value. 
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6 DISCUSSION 

The following chapter is divided into three parts. First, there is a brief 
discussion that summarises the findings from the process that was investigated, 
focusing on whether this process can be considered as complex and hence 
whether tools and methods used in design process engineering are really able to 
cope with repetitive building design processes. This relates to research question 
A. The second part concerns the internal validation of the simulations. In this 
section, details of the model are discussed. This partly relates to research 
question B and partly to research question C. Note that research question B 
has been mostly answered in the method chapters. In the third section, I 
discuss how well the findings from the project studied fit the predictions made 
when answering research question C. 

6.1 Complexity of investigated design process 
According to Pektas and Pultar (2006), a complex process is 

characterised by a high number of relationships between the activities 
(tasks) and is often iterative. These were characteristics of the project 
that was studied. The activities were linked by 495 relationships (see 
figure 2 in paper 2). The existing relationships meant that although 
about 50% of additional project costs appeared in the construction 
phase, they actually stemmed from the design phase. In other words, 
problems appeared in places other than where they were created, 
which is also typical of complex processes (Tate and Farrell 2008). 
The type of errors found in the MIKS project, such as order of 
activities, unawareness of existing relationships, long breaks between 
the activities, departure from the time schedule, faulty input, late 
specification changes by the client and development status of the 
building system, have been described as characteristic of complex 
processes and systems (e.g. Freire and Alarcón 2002; Love et al. 2008). 
Furthermore, this project was made complex by the participation of 
several companies since they did not always have the same goals (see 
chapter 2, section Project observations). In addition, the postponement 
of one activity sometimes resulted in the time schedule of the other 
participating companies having to be reorganised. 

The project investigated shows characteristics and problems 
associated with a complex design process. 
The utilisation of DSM and DSM algorithms for managing building 
design processes is proposed by the work of, among others, Austin et 
al. (2002), Pektas and Pultar (2006), and Hindmarch et al. (2010). The 
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application and suitability of DSM-based simulation for analysing 
building design processes is discussed in detail in paper 3. 

6.2 Internal validation of simulations 
The results from the analysis show that the rank positional weight rpw 
correlates with the design flow efficiency. The highest correlation 
coefficients were associated with range depths of 7, 3 and 1 (values of 
0.68, 0.63, and 0.61, respectively). These results correspond to the 
ideas regarding the length of upstream moves that were presented in 
chapter 2, section Rank positional weight; the majority of upstream 
moves are less than or equal to seven stages. Assuming that the longer 
the move, the more subsequent activities have to be reworked, flow 
efficiency can be influenced by the length of moves. However, 
upstream moves longer than seven stages are rare, therefore working 
with a range depth bigger than seven would overestimate the effects 
of long moves. 

Comparing a mean correlation coefficient of 0.68, as the best 
result derived by considering variations in time, with a mean 
correlation coefficient of 0.91, derived by applying the working hours 
as recorded in the MIKS project, indicates that the variation of the 
working hours is a major factor affecting the power of the correlation. 
The working hours varied across several phases of the simulations (see 
chapter 4, section Simulation runs) but the activities within a certain 
phase always had a fixed ratio of working hours to each other. If there 
had not been a fixed ratio of working hours and every activity had 
varied its working hours then perhaps the mean correlation coefficient 
would have been lower or the standard deviation higher. However, 
the design process consists of routine and non-routine activities (see 
paper 2). Routine activities are characterised by having fewer 
variations. Therefore they are a factor when estimating the efficiency, 
whereas non-routine activities are not. If this assumption is true then 
the correlation coefficient is really somewhat rather higher than 0.68. 

A high correlation coefficient between rpw and efficiency actually 
does not automatically mean that rpwi is a good identifier of activities 
critical to the design flow. This would require a bijection between rpw 
and rpwi, which is not the case since several configurations of rpwi can 
lead to a given rpw. However, the closure really was from rpwi to rpw. 
Random process sequence deviations were simulated, where a certain 
structure of activities led to a certain rpw. In other words, rpw depends 
on the process sequence whilst rpwi depends on the process structure. 
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If many critical activities need to be reworked then the efficiency will 
be low, however. 

A further interesting point relates to the estimator of tv. For the 
analysis, the weights were derived only from the MIKS project i.e. 
from a single source. As discussed above, time distributions have a 
strong influence on whether rpw shows a good correlation or not. A 
better estimator for the activities would be to calculate the mean of 
several projects. 

It is important to note that the simulations themselves produced 
no new processes but only possible projects based on the reference 
process. The process structure was derived by investigating project 
logs, which were compiled by members of the project team (see 
chapter 2) and by interviews. However, these data are quite subjective 
since the project members were from different companies, thus partly 
pursuing different goals (Wikforss 2008). The recorded process reflects 
a “consensus” of the project team, which was derived by interviewing 
several individuals involved in the same activities and presenting the 
derived process models to the whole team (see chapter 2, section 
Methods). The reference process was derived by applying DSM 
algorithms as defined by work such as Yassin (2004). Even DSM 
algorithms cannot enhance processes on their own (Pektas and Pultar 
2006; Austin et al. 2002); they can merely reorder activities based on 
the relationships defined by the project team. 

A further issue relating to source of data is that it is difficult to 
validate the simulation model with respect to the simulation input (see 
paper 3). It would be tempting to, say, calculate confidence intervals 
around the mean of the total working hours and then to test if they 
cover the total working hours of the studied project. But this is 
problematic since even though the recorded project is a real one, it is 
still a random sample. Working with confidence intervals is correct 
when a reference value is known or if, by pairwise comparison, 
several means are compared to each other (Sachs 2003). Thus, only 
simple methods should be applied in this case such as checking if the 
recorded total working hours are in the same range as the simulated 
total working hours (Law and Kelton 2000; Banks 2001). However, 
the aim of this study, in terms of simulation, was to simulate plausible 
projects. Time was used here as a measure of efficiency and in order 
to compute the rank positional weights. 

A further issue concerns system boundaries. For this research, 
project activities are only considered as critical if they are critical to 
the flow in the design phase. The ordering of system components is, 
for example, classified as not critical. In fact, it does not significantly 
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affect the flow within the design phase if activities are ordered 
wrongly. However, in the production phase, the workflow will be 
interrupted if system components are not delivered on time. This 
study only focused on the design flow with the aim of reducing the 
occurrence of design errors by reducing flow interruptions within the 
design phase. Activities in the production phase are of a different 
nature, where the allocation and control of resources is of more 
importance than in design processes. Problems herein are often 
formulated as queuing problems (e.g. Robinson 2007; Law and 
Kelton 2000) or as Critical Paths problems (e.g. Ouyang and Jian 
2011). 

6.3 External validation of simulation outcomes 
The analysis presented in chapter 5 in the section Rank positional 
weight vs rework amount shows that almost every activity classified as A 
or B i.e. activities accounting for almost 95% of the rework required, 
is dominated by one of the ten activities with the highest rank 
positional weight, rpwi. But this does not prove that there is a 
correlation between rpwi and the amount of rework. First, most 
activities have more than just one input. That means that the rework 
can also be caused by an activity other than that with the highest rpwi. 
Second, the data originate from only one project, thus no 
generalisations can be made. Theoretically, this correlation could be 
random. Another important point is that the most rework occurred 
within a certain phase where ten activities classed as A or B were 
dominated by only two activities. 
However, these findings support the findings from the simulation runs 
that rpwi with a range depth n=7 is a good way to identify activities 
with a high potential to cause rework within the design phase. 
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7 CONCLUSIONS AND FUTURE WORK 
Note that the conclusions drawn here are based on the investigation 
of a single project and so generalisation is not possible. 

One aim of this thesis was to investigate whether building design 
processes are complex processes. For this purpose, a project was 
investigated in detail. The derived process shows characteristics of a 
complex process, where the complexity is the result of numerous 
relationships that exist between the activities. As a consequence, it is 
difficult to estimate the effects of any changes in the process on the 
project outcome. Furthermore, activities in the design phase are 
carried out by different companies, resulting in contradictory 
objectives. Therefore, if changes are made to the plan, it is crucial that 
they are agreed upon beforehand. Saving resources in one activity can 
lead to increased resource consumption in another. 

A further consequence of complexity is iteration, which can lead 
to erroneous conclusions when static tools, like the critical path 
method or program evaluation and review technique, are used to 
analyse such processes. 

Tools used for analysing complex design processes in other fields 
such as product development, can only be applied in part. Design 
structure matrix algorithms can be applied without any problems, 
along with matrix transformations. However, problems can occur 
when DSM-based simulation models are used. They assume processes 
with controlled iteration i.e. with iteration only occurring between 
certain activities. This assumption is not true for building design 
processes. 

This thesis has expanded the use of the DSM-based simulation 
model developed by Browning and Eppinger (2002) by fitting it to 
the building design process. Specifically, Browning and Eppinger’s 
algorithm was extended by the addition of a part that determined 
whether all the information required for carrying out an activity 
existed. 

A second extension of the simulation model was the development 
of a method for deriving a reference process. The idea is that for 
repetitive projects, an underlying process structure can be derived 
which does not change between different projects. In this way, the 
reference process can be used to control the continuous enhancement 
of a building design project without referring to different projects. 
This is important since the complexity of building design processes 
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means that many reference projects would otherwise be required to 
allow meaningful conclusions to be drawn. 

The simulation model is not yet fully developed. First, it has only 
been tested on a single project. Second, the model assumes that the 
occurrence of moves with a certain length and direction is equally 
possible for every activity. We need to investigate whether certain 
activities have a higher potential for causing certain moves. 
Furthermore, by investigating the rework performance during the 
design phase, i.e. which activities were reworked after an iteration, it 
was discovered that many activities that were expected to require 
rework in theory were not reworked in practice. The expectation of 
rework and the reality of it may be affected by how unaware the 
project team is of the existing relationships between activities but also 
by the tolerances built into the building system. There needs to be 
further research to help understand this observation. In addition, the 
model presented works on the basis of a sequential process. For the 
purpose of this thesis, this was adequate. However, in order to use 
simulation as a scheduling tool, parallel processes must be allowed. 

Simulation of building design phases could be a valuable tool for 
process engineering since the iterative nature of building design 
processes is then taken into account. This kind of simulation could be 
useful in areas such as the creation of more robust design processes i.e. 
processes that are less sensitive to uncontrollable factors which are 
common in building projects. 

 
The second aim of this thesis was to develop an indicator for activities 
which have a strong influence on the design flow. The simulation 
results indicate that the rank positional weight rpwi with a range depth 
of 7 is a useful indicator. This is further supported by the findings of 
rework analysis of a real process. 

The rank positional weight rpwi for activity i, is calculated by 
summing all the original working hours dominated by activity i 
within the seven subsequent stages. 

It is not yet clear why a depth range of seven delivers the best 
results. The assumption is that moves with a length over seven rarely 
occurred in the studied project. However, this has to be investigated 
in more detail in order to find a general rule how to find the optimal 
range depth without having to carry out laborious simulations before. 

The indicator could be used to place checkpoints in a process that 
could be used to develop safeguards on certain activities in order to 
prevent iteration. 
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Considering the computed rpwi values, a direct consequence for 
the MIKS process should be, e.g., to prevent late changes in the 
architectural drawings, i.e., late design changes (activity 68 and 82, 
appendix 1). A procedure should be developed to ensure that all of 
the client specifications are understood properly and that these 
specifications are transposed well. Thus, the architect must be trusted 
well with the building system in order to know what is possible and 
what is not. Lists or software with standard solutions considering span 
widths, acoustic properties, necessary tolerances etc could be 
developed, supporting the architect by preliminary dimensioning the 
building. It should be investigated how much extra time it could be 
spend for accomplishing activities 68 and 82 by trading off the costs 
for required extra time needed against possible saving of costs due to 
decreasing rework costs. Furthermore it would be interesting to 
estimate costs of late design changes, e.g., with help of simulation or 
the method suggested by Hindmarch et al. (2010). This would help to 
find a standard how to cope with late design changes; if and until 
when they are allowed, or how much to charge for this service etc. 

Other critical activities identified in the MIKS process are the 
positioning of the building and the designing of the foundation. Thus 
it is important to ensure that the ground conditions are well known 
already in the early phases of the project. 

In case an upstream move becomes necessary, despite all 
preventive measures taken, it would be helpful for the project leader 
to have a tool suggesting what to do next. A possible strategy could be 
to develop a process engine as applied in business process engineering, 
which requires a very detailed process structure model. Another 
possible strategy would be to further standardise the technical system 
of MFB in such a level that the design process could be integrated in a 
building information modelling framework. By a design change, all 
depending activities would be updated automatically then. 

However, since the process structure of the MIKS process was 
developed from only one project it is important to verify it with help 
of further projects. Focus should be on the relations since they are 
crucial for deriving the reference process. The effects of measures 
taken to enhance the flow in the design phase should be controlled by 
observing the development of the design flow efficiency. Also 
frequency lists of sequence deviations should be used to analyse the 
development of the process. The combination of design flow 
efficiency and sequence deviations allows conclusions about the 
intensity of errors occurred. Furthermore the development of the 
share of additional costs due to design errors should be observed. 
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Finally, as a measurement interweaving efficiency and effectiveness, 
traditional measurements such as costs per square metres or cubic 
metres have be observed as well. 
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STANDARDISING THE PRE-DESIGN-PHASE FOR 
IMPROVED EFFICIENCY IN OFF-SITE HOUSING 
PROJECTS

Martin Haller1 and Lars Stehn2

Department of Civil, Mining and Environmental Engineering, Division of Structural Engineering – 
Timber Structures, Luleå University of Technology, Sweden  

Long erection times on-site and project-specific design work, performed by 
consultants, generally accounts for a large part of correction and building costs in 
construction projects. In a typical Swedish housing project, the pre- and design phase 
accounts for about 10-12 % of the total costs. Due to a lack of standardised 
conceptualization procedures, much of the design work is reiterated in each project, 
and thus avoidable costs are incurred. In order to minimize these problems an open 
building system, called MFB, which exploits standardised technical solutions, design 
and construction processes for off-site prefabricated housing is under development. 
The MFB system developer will provide a process manual that describes, in detail, 
standardised design, construction, and erection processes. The open building system 
relies on close cooperation with local, often small to medium-sized, enterprises that 
can efficiently undertake “local” building projects. Here, we present and analyse a 
standard procedure for the pre-design-phase to incorporate in a MFB-process manual. 
The pre-design-phase of a MFB-building project was recorded and analysed in terms 
of efficiency. A detailed process map is presented, showing that 122 process steps 
were logged from the first contact with the client until the generation of the tender. By 
standardising the pre-design-phase, the number of essential activities could be 
reduced by 47%. An improvement in time efficiency of the pre-design-phase with co-
instantaneous generation of effective cost estimates should lead to lower building 
costs in general. Furthermore, by tightly standardising and controlling the process, it 
should be possible to repeat projects (or many aspects of projects), without repeating 
much of the pre-design-phase, even if the actors change. 

Keywords: pre-design-phase, process management, project management, project 
mapping, standardisation. 

INTRODUCTION 
The creation of a new building is organised and realised as a project. Many aspects of 
the project proceedings are strictly regulated by various building laws, directions and 
codes, but provided that these regulations are met many other aspects can be 
extensively varied. Hence, there is great scope for both variation and duplication of 
design (and pre-design) effort between projects. The study presented here considers 
the design phase of a recent building project implemented by a certain open building 
system process. More specifically, we investigate the number of activities involved in 
the pre-design-phase and the potential to improve efficiency, by comparing the 
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actually conducted number of activities with the essential number of activities in the 
process. 

We then present the development of a pre-design-phase model based on business 
process mining and lean thinking, which is used to explore possibilities for improving 
both the efficiency and effectiveness of the procedures. The presented model serves as 
a base for a process model that can be incorporated in an open building process 
manual. 

BACKGROUND
Masonite’s Flexible Building-system (MFB) is an off-site (industrial) I-beam based 
timber building system. Its main intended application is in the construction of 
apartment buildings and it is an open building system, or product platform, that is 
innovative in two respects: it is based on specified technical and detailed interface 
solutions and incorporates tight control of the building process through certification of 
the actors. 

In the following paragraph a brief introduction in open building is given in order to 
get an idea what is meant with it in this paper. 

The open building concept is based on modular principles (Vrijhoef et al. 2002) with 
the purpose of providing variety (with increased adaptability and flexibility of the 
building to enable future changes in utilisation requirements to be met) through 
interface standardisation with careful consideration of tolerances (Milberg and 
Tommelein 2004). The rationale is to divide the building into fixed and changeable 
elements. The building design is standardised and organised into hierarchic ordered 
levels, i.e. the designer makes decisions starting at higher levels and proceeding 
successively to lower levels - the output from each level becomes input for the 
following subordinate level. Thus, the unsystematic process of architectural design 
becomes systematic in open building Wong (2009). By defining an open building or 
product platform functional and customer requirements can be more easily translated 
into traceable technical specifications (Veenstra et al. 2006). In a typical turn-key 
building project the main contractor coordinates the cooperation between the project 
participants (figure 1a) through sub-contracting contractual agreements. A key 
element of the open building MFB-system concept (figure 1b) is to organise the 
cooperation between the sub-contractors by allocating certain process activities to 
certain roles/actors. Companies must be certified for a specified role. The incentives 
are calculated in a similar manner to partnering or target costing in terms of shared 
revenues and losses. The ideal workflow and information flow for each role will be 
incorporated in a MFB-process certified manual. Thus, different participants will be 
able to work together within different projects and deliver a certain, specified level of 
execution quality, even if they have never worked together before. 

In conventional building projects, each sub-contractor is contracted based on price and 
tendering (figure 1a). In a MFB-project the project participants have a common 
agreement (based on MFB-criteria) that: may be valid for one or several projects, 
follows the technical specifications, and specifies procedures based on target price 
acceptance (figure 1b, hotspot B). The MFB-system incorporates technical solutions 
and specifications, which are detailed in a process manual (figure 1b, hotspot A). 



 
Figure 1: organisation structure in a conventional building project (left) and in a MFB-
project (right) 

LEAN THINKING 
The unique characteristics of the construction industry, related to the one-of-a-
kindness of projects, the production setup, the construction site and the temporary 
organization (Vrijhoef and Koskela 2005), are naturally also evident in off-site 
housing. However, it has been argued that housing construction offers the closest 
analogy to lean production (e.g., Winch 2003). Therefore, Lean Thinking principles 
are used as guidelines in this study. Five key Lean Thinking principles can be 
expressed as follows; (1) precisely specify value in terms of a specific product, (2) 
identify the value stream for each product, (3) make value flow without interruptions, 
(4) let the customers pull value from the producers, and (5) pursue perfection. All five 
principles should, ideally, be combined to help producers identify ways to transform 
their production systems so that value can be maximized and waste minimized 
(Womack and Jones 2003). However, the Lean Thinking objective is not to create a 
perfect process at once. Instead, the aim is to progress towards perfection by stepwise 
improvement of a stable process. 

For analysing and creating proposals for a stable pre-design phase a combination of 
principles 3 and 5 is used: 

Flow here implies control of the design stream so that value-adding activities 
can be better managed, based on the assumption that working continuously is 
both more efficient and accurate than working with interruptions (Björnfot 
2006). In the design process, a continuous work flow is interrupted by back 
loops. If a process contains back loops, or non value-adding iterations, certain 
activities have to be repeated several times before reaching the objective. 
Some of this work is naturally creative design, but some is pure flow 
interruption and waste. To increase the process efficiency, the number of 
iterations in a design process has to be reduced. 
Perfection here refers to stable and transparent processes and operations, 
allowing actors to make continuous improvements by experience feedback. 
The perfection principle is applied, in practice, by striving to produce exactly 
what is ordered at the right time while eliminating waste (Björnfot 2006). 

Efficiency/Effectiveness 

Given the pressures on the building sector, it is essential to address effectiveness and 
efficiency issues rigorously. In the context of the system discussed here, there are 
potential cost savings and efficiency increases associated with off-site construction, 
but the direct costs of fabrication facilities must also be considered (Gibb 1999). 
Indeed, for companies that make large investments in production facilities, processes 
and product development, optimising the effectiveness and management of costs to 
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adjust for fluctuations in the trade cycle may be even more critical than for building 
companies in general. 

“... The executive is, first of all, expected to get the right things done. And this is 
simply saying that he is expected to be effective (Drucker, 2007, p.1) …For manual 
work, we need only efficiency; that is, the ability to do things right rather than the 
ability to get the right things done (Drucker, 2007, p.2).” 

In this paper, efficiency refers to the ability to formulate a production process and/or 
generate drawings from a design process in a manner that incorporates continuous 
attempts to reduce costs and waste. The high level in this dimension represents a Lean 
strategy. 

Effectiveness refers to the ability to adapt the design drawings to the needs of the 
customer and to respond rapidly to customised variants. 

Effectiveness can be conveniently regarded as the ratio between the resulting value of 
an effort and the consumption of resources involved. Hence, there are two possible 
ways to increase it: by either increasing the value or reducing the consumption of 
resources by striving for a continuous work flow and perfection, thereby reducing 
waste. This study focuses on the latter strategy, examining ways to increase the 
efficiency of the activities within the pre-design-phase of the MFB-process and thus 
increasing effectiveness. 

BUSINESS PROCESS MINING 
The aim of business process mining is to improve the performance and efficiency of 
business processes in general, and to automatically generate models of business 
processes by extracting information from event logs in particular (van der Aalst et al. 
2006). 

An event log is a record of process activities, which typically contains process-
relevant information such as activity identifiers and execution times (Gaaloul 2004). 

In business process mining three different perspectives can be distinguished: (1) the 
process perspective, (2) the organisational perspective, and (3) the case perspective 
(van der Aalst et al. 2006). This study focuses on process flow control, thus any model 
developed to describe and explore the examined process should incorporate 
information about the ordering of the activities and their interactions (dependences 
and iterations). The organisational data will be integrated in the abovementioned 
MFB-manual, but not analysed in particular. A problem in process mining is that the 
designed process model does not necessarily describe the work procedures correctly. 
It is difficult to detect discrepancies between the actual and modelled process (Rubin 
et al. 2007). As the collected data originate from a single project, just one of many 
possible paths can be described by business process mining. 

DEVELOPMENT OF THE PROCESS MODEL 
The development of the MFB-system is still ongoing. Hence, the case project (an 
annex for a retirement home in Nordmaling, northern Sweden, with two storeys, each 
of about 550 m2) was set up and conducted as a traditional building project. To 
develop an appropriate process model, information about the project participants, their 
roles, activities and interactions needs to be recorded and mapped. 

The mapping here was mainly based on an event log following the pre-design phase of 
the case building project, compiled between November 2008 and the end of December 



2009 by the project leader. In order to ensure uniformity of the collected data the data 
entries followed a directive. The logged attributes were: (1) the date when each of the 
activities finished, (2) the performers of each activity, (3) a brief description of each 
activity, (4) the result or output of the activity, (5) the inputs, and (6) the way 
information was transformed, and (7) a description of any problems encountered. The 
event log was examined at regular time intervals with the building project leader in 
order to detect input data errors as soon as possible. 

In order to develop a process model an event log has to be searched for causal 
dependencies. During such searches, two complicating factors must be considered 
(van der Aalst et al. 2006). First, lack of completeness; a log of large-scale, complex 
processes will not describe all possible routes, i.e. all possible ways of execution. In 
fact, the log will detail just one possible way, because the input originates from a 
single project, and hence describes just one route. Secondly, noise; due to technical or 
human errors some of the logged data may be incorrect. To address these problems, 
the project leader, the architect and the construction consultant (project participants 
who were involved in most of the activities) were regularly interviewed. The causal 
dependences, together with data about the chronology of activities provide 
information about the arrangement of the events in the process. If there is dependency 
among them they have to be arranged sequentially. If there is no dependency they can 
be arranged in parallel. Iteration loops can then be identified by considering both the 
output of events, e.g. if several versions of a document have been produced, and the 
descriptions of the activities, e.g. if several sequences include the same order of 
activities. 

The data were tested for contradictions between the input-output links and the order of 
the activities in terms of time. Missing information about types of splits and joins was 
collected via interviews. After analysing the data the model was depicted by Event-
driven process chain (EPC) diagrams, and the project participants were regularly 
interviewed to ensure the correctness of the model. 

EPC symbols provide a graphical language to model business processes (van der Aalst 
1999). An EPC-diagram consists of the following elements: 

 
DESCRIPTION OF THE PROCESS MODEL 
The pre-design-phase of the case project consists of processes that either can be 
arranged in a distinct order (the main processes 1 to 6 in figure 2) or that are 
independent of time (processes i and ii).. 

Since the technical system solutions and the know-how to utilize them are crucial for 
the MFB business concept, information about adjustment feedbacks, due to difficulties 
encountered during the tendering, was collected in process (i) (figures 1b and 2). This 
process was triggered when a shortcoming of the MFB-system was detected. The 
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project participants concerned collectively worked out a solution. This process was 
performed throughout the pre-design-phase. 

The second process that cannot be allocated to a specific time is the formation of the 
project team (ii), since although it was carried out mainly at the beginning of the 
project, the team was modified whenever a new participant joined the project as it 
proceeded. 

The main processes 1 to 5 were performed in the order shown, with main process 6 
occurring in parallel. The six main processes are: (1) the customer acquisition, (2) 
compilation of the client specifications, (3) compilation of the building programme 
and the building documents, (4) development of the technical details, (5) compilation 
of the tender offers and tender submission, and (6) compilation of the project 
organisation (figure 2). 

 
Figure 2: conceptual flow-chart of a MFB-building project 

The arrows between the main processes show the direction of the work flow. The two-
way arrow (loop) between the fourth and fifth main processes is present because if the 
offers were not satisfactory some technical details had to be revised. The two-way 
arrows between the main processes and process (i) are present for the same reason. 

The customer acquisition process was the crucial contact-making process with the 
client. The aim was to inspire the client’s interest and confidence in the MFB-system. 
The difference in this respect between MFB and traditional construction projects is the 
total offering of the MFB-system according to figure 1b. 

The client’s expectations of the building have to be clarified in main process two. For 
this purpose, the architect sent a check list to the client. This check list contains 
important and specific peculiarities and critical aspects of the MFB-system. In 
essence, in this pilot MFB-system the check list was incomplete and contained 
common but general critical questions. Based on the check list the client compiled the 
specification list. 

The building programme and the building documents were compiled in main process 
3. First, the architect drafted a suggestion for the building programme based on the 
client’s specifications. Then the building programme was discussed in terms of 
feasibility between the architect, Masonite, and the wall manufacturer. When the 
building programme was eventually completed the architect clarified the 
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specifications for the client and other project participants during a meeting in order to 
ensure the correctness of all specifications. The outputs from the second and third 
processes, i.e. the client specifications, the building program, and the building 
documents, serve as input for most of the actions included in the forth main process – 
technical detail development. 

Many details have to be agreed, e.g. the standard cross-sections, the ventilation 
system, the acoustic evaluation, façade and window alignment, and the expected 
energy consumption. The degree of dependence between these technical details varied 
strongly. While some details could be worked out almost independently from each 
other, others had to be adjusted carefully, because they strongly affected other aspects, 
for instance when a change of technical details affected the appearance of the 
building. Such changes included changes to details that influenced the building’s 
acoustic properties, energy consumption and window design. When all technical 
details had been worked out the project participants considered the compatibility of 
the systems. The outcome of this step, i.e. the technical details, was needed in the fifth 
main process. 

In main process 5 the tender offers were worked out and the tender was compiled and 
submitted. When the technical details were clear the project participants worked out 
their offers. Based on their preliminary offers, the project participants, their sub-
contractors and suppliers discussed the technical details and occasionally adjusted 
them, focusing on reducing the offered cost per square meter. When the offers of the 
project participants were accepted the architect started to make drawings for the tender 
and all necessary documents, e.g. the implementation program and the fire prevention 
document. Finally, the tender offer was compiled and submitted. 

The aim of the sixth main process was to develop the project schedule and a 
commonly agreed allocation of responsibility for the completion of the offers. The 
project participants worked out suggestions for the project setup, the partnering, target 
costing and other relevant aspects, resulting in a letter of intent. After a few 
adjustments, the client accepted this and the results were an input for step number 
five. 

ANALYSIS OF THE LOGGED PROJECT 
The analysis in this paper considers mainly processes 4 and 5 (figure 2) because they 
include most activities, and hence have the greatest potential for efficiency 
improvements. 

In the pre-design phase of the case project, 122 activities were logged in total (table 1 
and figure 2). In an efficiency analysis not all of these logged activities need to be 
considered. More specifically, 16 of them are irrelevant since they are either 
decisions, i.e. not activities in terms of time-consuming work steps, or activities that 
were and will be conducted by the client company, or activities that will not be carried 
out in future projects. Furthermore, 18 activities can be linked directly to the system 
development process (i) (table 1). The number of such activities depends mainly on 
the status of the technical development of the MFB-detail-solutions. Similar 
considerations apply to activities in process (ii) (table 1). Having identified activities 
that could be ignored for these reasons, 84 of the 122 activities, included in the six 
main processes, were considered in the efficiency analysis presented here. 



Using the definition of effectiveness, the ratio ef between the number of logged 
activities a and the minimum number of activities amin was calculated. The minimum 
number of activities is the number of activities required to realize the project without 
iteration. 

 
Table 1: Number of activities in the pre-design-phase 

 

The overall ratio ef for the main processes is 1.87, indicating that there is substantial 
potential for improving efficiency in the pre-design-phase. The number of activities 
could be theoretically lowered by 46.4%. The highest value of ef (2.13) is for main 
process 4. Most of the iterations are a result of the mutual dependences between 
variables of the standard cross-sections, including (inter alia) the wall thickness, the 
acoustic properties, the alignment of the windows, façade design, and the energy 
consumption of the building. The sequential design of the case project in this process 
section (figure 3) led to eight different iterations in total. 

Figure 3: EPC-diagram of activities with high mutual dependence in the fourth main process 

The number of iterations could probably be lowered by consistently applying the open 
building approach, i.e. decisions referred to events should be ordered to several levels, 
whereas the events in the higher levels determine the design of the subordinated 
events. As an example, once the wall thickness respectively the wall type is chosen, 
the acoustic and static demands, a defined maximal allowable energy consumption as 
well as the type of the window would determine the maximal window-share of the 
wall which in turn influences the façade design. However, the dependences mentioned 
above between the events were not the only reasons for iteration. The event log shows 
that some of these iterations were caused by excessive costs. The technical details 
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were worked out before the related costs were calculated, leading to the mentioned 
adjustments of the details. 

Further reasons for iterations were changes in the client-specifications during the final 
events of the fifth main process. How much extra work should be invested in main 
process 2 in order to reduce the risk of extra work due to insufficient interpretation of 
client demands warrants further investigation. In addition, the iterations in main 
process 6, the process with the second highest ef-value (2.00), are mainly based on 
client demands. In practice the project organisation had to be compiled several times 
because the client did not accept the presented solutions. 

Some of the main processes include events with subsequent XOR-splits representing a 
decision, e.g. checking the financial status of the client. When a defined case is 
terminated, for instance because the client will not be able to afford the building 
project, the project ends at this point. In order to minimise the risk of failure during an 
advanced project-phase such terminating events have to be scheduled as early as 
possible. 

It should be noted that the building permission procedure is not yet included in the 
pre-design-phase. 

CONCLUSIONS AND FUTURE WORK 
The results of this study indicate that there is substantial potential for improving both 
efficiency and effectiveness during the pre-design-phase of MFB-building-projects. 
Problem areas that need to be investigated in more detail are: (1) the mutual 
dependence of events, (2) the sequential separation of main process 4, i.e. the 
development of technical details, and main process 5, i.e. compilation of tender offers 
and tender submission, (3) effects on process efficiency of insufficient client 
specifications and changes of client specifications during late arranged events, (4) risk 
analysis and the associated arrangement of potentially terminating events.. 

Furthermore the results confirm the importance of the availability of standardised 
technical solutions as well as defined inputs respectively outputs of the particular 
activities in building projects, as suggested in the open building approach. Thereby the 
co-operation between project participants gets simplified which in turn contributes to 
an improvement of the flow. 

In order to create a flexible process a tool that the project participants can use to 
measure the effects of their improvement approaches has to be developed. Rother and 
Shook (2004) suggest a measuring tool based on the assumption that effectiveness and 
the process efficiency increase when the resource consumption is reduced while the 
value is held constant. The cited authors compare value-creating time of a process 
with the lead time in order to obtain a measure of the efficiency. Since the lead time of 
building projects strongly depends on the projects’ extension, the rationale is to 
compare the theoretical work time of the process, ignoring the iterations, with the 
actual work time. In this way each project could be judged regardless of its extension. 
By recording the time also the quality could be considered, e.g. by adding time-
converted material costs, caused by reparation, to the repairing time. 
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EVALUATION OF EFFICIENCY IN HOUSING 
CONSTRUCTION DESIGN 

Martin Haller1 and Lars Stehn2

Department of Civil, Mining and Environmental Engineering, Division of Structural Engineering – 
Timber Structures, Luleå University of Technology, Sweden  

In housing projects a lot of time is spent for rework, entailing the risk of additional 
costs, time and deficient quality. As much as 50% or more of rework is originated in 
faulty output from the design phase. Activities within this phase are strongly 
interrelated and are carried out by several design consultants. Once the sequence of 
work in an ongoing project is interrupted the risk for loosing control is high. This 
results in, e.g., poor coordination of project participants, necessary changes in 
schedules, possible time pressure and about all a higher risk for making errors. The 
goal with this study is to reduce the risk of work sequence interruptions in the design 
phase of housing projects, or in terms of Lean, to make activities in the design phase 
flow. A timber housing multi dwelling building project in Sweden has been mapped 
in detail. In total 212 activities have been observed and recorded, spanning from the 
sales to the erection phase. Iterations (rework) have been identified by using process 
mining techniques in combination with supplemental interviews. A map of the 
complete design process consisting of 112 activities (exclusive of iteration) has been 
derived. A measurement model to detect process regions with a high share of iteration 
has been proposed that, together with the process map, serves as a starting point for 
further process optimisation. The efficiency of an activity is assessed by comparing 
the working hours, ignoring the time used for negative iteration (waste), with the 
working hours actually used to execute this activity. A Pareto-analysis of the 
occurring iteration with negative impact on quality then provides an indication of a 
suitable order for process optimisation. 

Keywords: Design phase, Efficiency, Measurement, Modelling, Standardisation. 

INTRODUCTION 
This study is about measuring and evaluating efficiency in the design phase of open 
building projects and about disclosing problematic process regions, i.e., regions in 
which plan deviations (interruption) emerge. 

According to Josephson and Hammarlund (1999) design errors are one of the biggest 
causes for waste in construction. Analysing defect costs and their causes of 7 building 
projects, they found that 32% of additional costs were originated in early project 
phases, i.e. related to client and design, and furthermore that in 3 projects design 
defects were the largest. 

The long term objective of this study is to increase the output’s quality of activities in 
the design phase in order to lessen time needed for rework in construction work in 
downstream processes. 

1 martin.haller@ltu.se 
2 lars.stehn@ltu.se 



Project optimisation tools cited in literature for project management indicate that 
focus is mainly on effectiveness; e.g. Lean Design (Koskela et al. 1997), Value 
Network Mapping VNM (Khaswala and Irani 2001), Analytical Design Planning 
Techniques ADePT (Austin et al. 1999), et cetera. Effectiveness is about to do the 
right things (Drucker 2007:1). Increasing effectiveness successively, i.e., developing 
and improving working methods, resource consumption and thus project costs will 
decrease. But in order to lower project costs, efficiency should also be considered 
(Figure 1). Efficiency is more about how to do things right (Drucker 2007:2). In this 
paper, efficiency is a measure about how chosen methods are implemented. 

Figure 1: Reduced resource consumption due to increased effectiveness and efficiency 

Within Lean philosophy, efficiency is mainly considered to enhance the production 
line of a company, e.g. in value stream mapping VSM (Rother and Shook 2003) and 
VSM derivates (Braglia et al. 2006; Khaswala and Irani 2001). Such optimisation 
concepts often premise constant processes (Khaswala and Irani 2001; Yu et al. 2009; 
Braglia et al. 2006), i.e., standardised activities, high predictability and so forth. In 
open building projects, these premises are not or just partly fulfilled. Building projects 
are short lived organisations with varying constellations of project participants 
(Wikforss 2006). Furthermore, building projects are often affected by uncontrollable 
factors, e.g. access to the building site, weather conditions (Yu et al. 2009) or building 
standards. However, building projects often include sub-processes which can be 
considered as highly repetitive and are reused in many projects (Söderholm and 
Johnsson 2008). In order to systematically perform an efficiency optimisation it is 
necessary to get an objective, i.e., measurable, picture about the current state of a 
process (Rother and Shook 2003). A common way in Sweden to estimate the 
efficiency of building projects is to compare costs or time per area or volume 
(Söderholm and Johnsson 2008). This measure allows comparing the results with 
similar projects but does not disclose problematic process regions in detail. 

The aim of this study is to derive a method to find and standardise repetitive sub-
processes and thereby facilitate a stepwise optimisation of building project design for 
certain building systems. An approach to gauge the condition of the design flow by 
disclosing inefficient process regions in an objective way is presented. In order to 
demonstrate this approach a case study was performed investigating the design and 
construction of a multi dwelling timber housing project (open building project) in 
Northern Sweden. The data was collected from April 2009 to January 2010. 
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CONCEPT OF OPTIMISATION 
Lean Thinking, the Flow Principle and Kaizen 

The theoretical background of this study is to be found in Lean-thinking. Lean-
thinking is a process-optimising-concept based on the minimum-principle, i.e., a 
certain aim should be reached with a minimum consumption of resources (Rother and 
Shook 2003). In order to identify ways to transform production systems so that waste; 
i.e., avoidable consumption of resources, can be minimised, ideally five principles 
should be combined: (1) precisely specify value in terms of a specific product, (2) 
identify the value stream for each product, (3) make value flow without interruptions, 
(4) let the customers pull value from the producers, and (5) pursue perfection 
(Womack and Jones 2003:16ff). 

Value can only be defined by the ultimate customer, respectively the client, and have 
to be expressed in terms of a specific product in order to meet the client's needs at a 
specific price and a specific time (ibid). Information transformation fulfilling the 
client's needs has to be considered during the whole process. Upstream activities 
should be derived from downstream activities (ibid). In the design phase client's needs 
are reflected in, e.g. drawings and estimations of cost and time. A prerequisite, 
following the minimum principle, for realisation of the client's needs in the design 
phase is the unimpeded transmission of this information between all project 
participants and from activity to activity, i.e., an unimpeded design flow without 
interruptions. The design flow is often interrupted by unforeseen events, e.g. faulty 
output of activities, late changes in client specifications, deviation from the time 
schedule etc. This can result in a chain of unplanned activities and iteration. Of 
course, some of this work is creative design, but some is pure waste (Ballard 2000). 
To increase process efficiency, the number of non-value-creating iteration in a design 
process has to be reduced (Pektas and Pultar 2005). 

Assuming an already stable process, Kaizen (changing for the better) can be applied to 
increase efficiency, where the idea behind is that processes should be enhanced 
continuously and in small steps (Imai 1986). The theory of constraints (Goldratt 1990) 
implies that interactions between different problems exist, i.e., lowering of one 
problem could lead to increasing of another one. By optimising, focus should be laid 
solely on the most problematic process regions. Once these regions are improved 
other will appear as more problematic. By applying Kaizen and focusing on the most 
problematic process regions one at a time flow will emerge (Björnfot et al. 2011). 

Effectiveness and Efficiency 

Effectiveness is about to do the right things (Drucker 2007:1). In this work, 
effectiveness is referred as the resulting value of en effort divided by consumption of 
resources involved. 

Let v be the values of the outputs of a process, m the methods available to transform 
the inputs into output of the process, and rm the amount of resources necessary for the 
transformation by applying method m. The effectiveness of a process can then be 
written as: 

    mr
vesseffectiven

.      (1) 

Consequently, the effectiveness of a process can be increased by either increasing 
value v or by decreasing the amount of necessary resources rm. 



Efficiency, in contrast, is about to do the things right (Drucker 2007:2). In this work 
efficiency is considered as the amount of necessary resources divided by the actually 
consumption of resources involved. 

Let r be the amount of actually consumed resources for producing value v, and 
0<rm<r. The last restriction reflects that rm is the minimum amount of resources 
needed to create value v. The efficiency of a process can then be written as: 

    r
r

efficiency m

.     (2) 

Consequently, the efficiency can be increased by either reducing the actually 
consumed resources r or by increasing rm. Note that the amount of necessary 
resources rm is related to the chosen method. Increasing rm means to choose a more 
resource-intensive method, thus to lower the effectiveness. 

Consider that costs c are proportional to the amount of consumed resources, i.e., the 
higher the amount of consumed resources the higher are the costs and vice versa. 

Because of the relation between costs and consumed resources we can write equation 
2 as: 

    efficiency
r

c m

.     (3) 

This means that the costs for a defined value are increasing either when the amount of 
necessary resources is increasing or when the efficiency is decreasing. 

Considering v as constant and because of equation 1 we can state then that the costs 
get minimal when the effectiveness get maximal and the efficiency strives toward 1. 
In simple words, to minimise process costs, resource-economic methods have to be 
applied and these methods must be realised as efficient as possible. 

The assumption in this paper is that the efficiency of a project is a matter of 
implementing the chosen methods, where a good implementation stands for a low 
consumption of resources. Assuming that the effectiveness gets changed between 
different projects rather than during a project, rm can be held constant during a 
project. Because of equation 3 the efficiency of a project then can be estimated by 
costs. Denoting the project costs c as sum of the minimum costs and additional costs, 
equation 3 can be written then as: 

   )( min additional

m

cc
refficiency

.    (4) 

Increasing additional costs implies a lowering of efficiency. 

Additional Costs-Causing Activities 

According to Josephson and Hammarlund (1999) design errors are one of the biggest 
causes for waste in construction. Romberg and Haas (2005:58) states that 70% of 
errors in a process originates in the design. According to Pfeifer (1996:11) and 
Burghardt (2000:384) the costs of undoing errors is higher the later in a process the 
error is corrected. Furthermore, Björnfot (2006) and Tribelsky and Sacks (2010) states 
that working continuously cause less errors than working with interruptions. Thus, a 
main variable for increasing efficiency in open building projects is a workflow in the 
design phase free of interruptions. 



Causes for interruptions are e.g. insufficient communication (Wikforss 2006), 
insufficient arrangement of the work sequence (Pektas and Pultar 2005), and 
deviations from the time schedule (Ballard 2000). Interruptions of the flow results 
either directly in additional work, e.g. consultant A has to do some additional work 
because the input for a certain activity he got from consultant B was not accurate, or 
indirectly via iterations (Ballard 2000; Pektas and Pultar 2005). Thus, reducing causes 
for design-flow-interruption should result in reduced need for iterations and thereby 
reducing unplanned working time (waste). The problem hereby is that the converse of 
this conclusion is not valid for every case because an increasing amount of working 
hours and iterations does not necessarily indicate lower design-flow efficiency. For 
creative processes, a certain amount of iterations can be assumed necessary in order to 
assure quality or to simply meet client demands (Ballard 2000; Yassine and Braha 
2003).

THE PROPOSED APPROACH 
A considerably share of additional project costs derives from faulty output of the 
design phase. Furthermore, these faulty outputs are mainly results of design flow 
interruption. Figure 2 shows the digraph of the information flow of the case project. 
The vertices (circles) depict the project activities and are numbered consecutively 
from top left to bottom right. The numbering corresponds to the sequence of work. 
The arcs show in which activities the output of a certain activity serves as input. It is 
obvious that once the workflow is interrupted, it can be difficult to keep full control of 
the design process. Errors will emerge because of uncertainty, time pressure when 

attempts are maid to not fall behind 
schedule et cetera. 

The design phase of open building 
projects consists of activities which 
can be considered as routine work 
and activities which, in terms of 
resource consumption, are rather 
unpredictable (Figure 3), e.g. 
activities of creative nature or when 
decisions have to be done. The latter 
named activities are referred here as 
non-routine activities. Errors in the 
planning phase become visible due to 
iterations in routine activities 
(negative iteration) respectively due 
to resulting additional working hours 
(waste).

Referring Goldratt’s theory of 
constraints (Goldratt 1990) and 
Kaizen, control over the design flow 
will increase by disclosing the routine 
activities with the biggest share of 
waste and trying to reduce the causes 
for waste. 

Figure 2: Digraph of information flow of the 
case-project 
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Figure 3: Measuring waste in the design phase 

Procedure of the Approach: 

1. Compile a standard process for a certain building system as referred in Haller 
and Stehn (2010). 

2. Identify activities within the design phase which can be assumed as routine 
work. The Cambridge dictionary defines routine as "a usual or fixed way of 
doing things". Routine activities are the activities which are not or just slightly 
affected by uncontrollable factors, e.g. interference of the client, abutting 
owners, local authorities, etc. Furthermore, iterations in routine work are 
caused only by errors. Creative activities are not routine work. Finally, only 
activities and sub processes that will be repetitively used in coming projects 
can be considered as routine work. 

3. Measure the working time of every routine activity. 
4. Compute the waste time of every routine activity by summing its working 

hours consumed for negative iteration (Figure 3). 
5. Disclose, in terms of process interruption, the most problematic regions in the 

design process by identifying the routine activities with the highest amount of 
waste (Figure 3). 

6. Scrutinise these activities and find the underlying problems, e.g. with help of 
further interviews, as a base for further design flow efficiency optimisation. 

7. Supervise the development of the design flow by comparing the efficiency of 
the design phase of the current with preceded projects. The main resource in 
the design phase is working time. Considering equation 2, the efficiency of the 
design phase can be estimated by replacing rm with the value creating time tv 
(Figure 3) and r with the sum of value creating time and waste w: 
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where R is the set of routine activities within the design phase. The share of 
visible waste will not only decrease by reduction of rework but also if the 
amount of undetected faulty output increases. Thus, the share of additional 
project costs (Equation 4) has to be supervised as well in order to ensure 
process enhancement. 

Waste, i.e., negative iteration 
respectively additional working hours 

Design Phase 

Reducing interruption of the design flow will decrease 

the occurrence of faulty output and thus reducing the risk 

of additional project costs in down-stream processes. 

Additional project costs in down 
stream processes due to faulty 
output from the design phase 

Composition of working hours in a 
routine activity; design flow interruption 
is reflected in iteration and/or in 
additional working hours. 

Faulty output

Activities in the design phase 

Routine activities 

Non-routine activities 

Value creating time 

iterations 



THE CASE STUDY EXAMPLE 
The empirical data originate in a timber housing project, performed as a design-build 
project. The building is a two storey apartment building with an area of 1100 sqm, 
constructed with Masonite’s Flexible Building-system (MFB). The project team 
consisted of SME contractors and consultants. The data collection was an iterative 
process and the map was compiled stepwise between September 2009 and September 
2010. The compiling of the map is further described in Haller and Stehn (2010). 

Data Collection Methods 

The project was mapped in a work step level, i.e., all activities where information in 
form of documents and agreements or material was transferred between at least two of 
the main actors were logged. The term main actors refers here to the project 
participants who were responsible for the execution of each a part of the project 
phases and thus participated in the project meetings, these are the architect, the main 
contractor, the wall element manufacturer, the building system supplier, the project 
manager, and consultants for the technical design, acoustics, plumbing, electricity, and 
underground engineering. The log file of the project activities provided descriptions of 
the respective activities, the date of execution, working hours and the required inputs. 
In order to triangulate the data the contents of the log file were discussed with the 
project leader during 10 meetings. Possibly ambiguity was clarified and the log entries 
adjusted if necessary. To further ensure the correctness of the logged activities, 
knowledge of proceeding details was collected during 14 project-meetings, where 5 of 
them were telephone-meetings. From the adjusted log file a project map was derived 
using so called EPC diagrams as described by van der Aalst (1999). The EPC 
diagrams were created iteratively and presented during three meetings to the main 
actors and successively adjusted. Once the correctness of the adjusted EPC diagrams 
was accepted by the main actors the whole process was entered into a Design 
Structure Matrix DSM (Steward 1981). To validate the DSM process map, concerning 
the linkage of the work steps, the main actors made a final check. 

Finally the activities with the highest share of waste (Figure 3) were detected by 
applying an ABC-analysis (Pareto) (Step 5 in the procedure). 

RESULTS
A map with 112 activities was compiled where 101 activities are allotted to the design 
phase (Figure 4, Table 1). 

Figure 4: Scheduled organisation of the investigated project 

The analysis of the project costs, executed by the main contractor at the end of the 
project, shows that the additional costs in the erection phase (Figure 4) amounted to 
9% of the total project costs. Furthermore, the main actors estimated that about 50% 
of these costs can be related to planning errors. No numbers were available about the 
shares of additional costs of the design phase and prefabrication of elements. But 
assuming that the costs of the design phase mainly derive from working hours, the 
share of additional costs can be estimated to be about 1% of the total costs. The 
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building panels were produced industrially, thus the share of additional costs there 
should be relatively small. 
Table 1: Activities in Sub-Processes 

Sub-Process No. of Activities No. of Routine Activities Waste [h] 

Sale 3 1 0 

Pre Design 30 7 11 

Tendering 31 25 16 

Design 37 28 255 

Production Phase 11 x x 

73% of the activities within the design phase could be classified as routine activities 
(Figure 3, Figure 5a, step 2 in the procedure), which corresponded to 41% of the 
working hours of the design phase. The results of the ABC-analysis (Pareto) show that 
80% of waste in the design phase originates in only 15% of the routine activities 
(Figure 5b, step 5 in the procedure). All of these activities were included in the design 
process (Table 1). The efficiency of the design phase (Equation 5) is estimated to be 
80%.

Figure 5: Relationship between activities and waste in the design phase. 

DISCUSSION 
The main share of additional costs (9%) was in the erection phase. It has to be 
considered that this number was compiled by the main contractor who was responsible 
for both design and production and thus had an interest in reducing consultant costs. 
The importance of an accurate output of the design phase is strengthened by the 
estimation of the project participants that 50% of the additional costs in the erection 
phase results of undiscovered planning errors. A Comparison of 4,5% (50% of the 
additional cost in the erection phase) of the project costs with 1% additional project 
costs from the design phase further backs the assumption that by optimising process 
efficiency of the design phase (in terms of resource consumption) focus must be laid 
on improving the design flow instead of reducing working hours. The results given in 
table 1 indicate that the main share of routine activities is in the tendering and design 
process. Comparing 16 hours waste of the tendering process with 255 of the design 
process shows that the latter process was the most problematic one in terms of rework, 
which corresponds to the findings of Josephson and Hammarlund (1999). 

The results show that 41% of the working hours of the design phase originate in 
routine activities. However, taking into account the theory of constraints (Goldratt 
1990), the results of the ABC-analysis (Pareto) indicate that enhancing the design 
flow in this case should be started by focusing on about 15% of these activities. 
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The efficiency of the design phase is about 80%. That means that if waste can be 
reduced the efficiency should be higher for the next project. But the measured 
efficiency will also increase when fewer errors in the design phase are detected. Fewer 
detected errors lead to fewer rework in the design phase but, according to Pfeifer 
(1996) and Burghardt (2000), to higher costs in downstream processes. Thus, the 
efficiency of the design flow actually can only be considered to be increasing when 
the measured efficiency is increasing plus the share of additional costs for the project 
is not increasing (Equation 4). 

CONCLUSIONS AND FUTURE WORK 
In this paper an approach to estimate the condition of the design flow in open building 
projects is compiled to increase project efficiency. A considerable share of additional 
working hours arises from errors in the planning phase which in turn are closely 
connected to interruptions of the design flow. The idea of the presented approach is to 
disclose problematic process regions by measuring the amount of additional working 
hours of activities within the design phase that fulfil certain qualifications, i.e. they 
must be repetitive between or within projects, controllable and must not be of a 
creative nature. The efficiency then can be increased by focusing on the most 
problematic process regions. 

As a basic problem concerning the quality of the design in open building projects lack 
of time was mentioned. Most of the participating companies were forced to excess 
their capacities due to competition pressure by dealing with to many building projects 
at once. It should be investigated how DSM could be used to gain advises about on 
which activities the most effort should be laid to a certain point of time. 
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Abstract: Progress in structural analysis software, material science, and transport systems 
(amongst others) have supported the development of prefab house building systems in Europe 
during the last few years. Prefab building systems are promising means to reduce project time and 
cost and simultaneously increase quality. Nevertheless, house building projects are still 
characterised by strongly varying performance. A main problem is design errors. They do not only 
cause rework but also increase the risk for loosing project control. Powerful tools for managing the 
design processes are needed. Traditional management methods, e.g., the critical path method or 
the program evaluation and review technique, are no proper means to analyse the design process of 
building projects in detail since they do not capture the complex and iterative nature of such 
projects. A means used in general design literature to analyse complex processes is Design 
Structure Matrix (DSM). DSM algorithms allow deriving effective processes, i.e., activity 
sequences leading to a decreased number of iteration. To test the applicability of a process also 
efficiency must be considered, where efficiency relates to the execution of a process. This ideally is 
done with simulation. DSM based simulation models for such purposes have been developed for 
product development processes. But they assume good control of the process, which is not given in 
traditionally house building projects. In this paper a DSM based simulation model is presented 
conceptualised as analysing tool for the design phase of off-site house building projects. The 
presented model can be used to test planned process models in terms of expected time means and 
variances. The applicability of the model is demonstrated with an industrial approach; the design 
phase of a 2 storey timber house building project was recorded in detail, modelled and finally 
analysed with the presented simulation approach. 

Keywords: design structure matrix, simulation, building project design 



1. Introduction 

During the last few years many off-site building systems for multi storey 
houses have been developed, e.g. timber frame systems, timber pole 
systems, concrete-timber combination systems, steel frame systems, or 
reinforced concrete element systems. Off-site production implies that 
many decisions have to be made already during the planning phase since 
there is, in contrary to on-site construction, only little tolerance for late 
design changes, e.g. late changes in wall dimensions might result in cutting 
a few poles at on-site constructions systems where it might result in 
resembling a whole volume at prefab systems. It is obvious that with a 
growing degree of prefabrication the requirement for planning accuracy is 
increasing as well. Despite widespread availability of technological 
advancements, design errors still continue to plague construction projects 
(Love et al. 2008). 
 Koskela et al. (1997) states that design errors are the biggest cause 
for waste in construction. Analysing defect costs and their causes of 7 
building projects, Josephson and Hammarlund (1999) found that 32% of 
additional project costs were originated in early project phases. Pektas and 
Pultar (2006) states that the costs related to building design errors are 
between 12% and 15% of the total European construction expenditure. 
According to Love et al. (2008) 70% of the total amount of rework 
experienced in construction and engineering projects stem from design-
induced rework Tilley (2005) considers poor design and documentation 
quality as a major factor in reducing the overall performance and efficiency 
of construction projects, entailing running over budget and time, rework, 
variations and disputation. Reducing design-induced errors would reduce 
the amount of necessary rework significantly (Love et al. 2008; Ballard 
2000). 
 The design process traditionally is carried out by distributed project 
teams (Tribelsky and Sacks 2010), i.e. several companies are involved 
entailing different interests and aims amongst the project participants, high 
demand for communication since the client requirements have to be 
communicated between al project participants in order to ensure quality of 
the project outcome (Womack and Jones 2003), the project team is 
pressed by time deadlines, financial pressures and shortcomings in 
previously developed technical documentation etc (Wikforss and Lövgren 
2007). 
 Design processes in building projects are complex processes 
consisting of intertwined activities (Austin et al. 2002; Pektas and Pultar 
2006; Tate and Farrell 2008) and iterations (Ballard 2000; Pektas and 
Pultar 2006, Tribelsky and Sacks 2010). Designing is a challenging and 
creative process, often driven by personal motivation combined with the 
desire to satisfy client requirements (Love et al. 2002). Because of the 



tremendous complexity of such projects, project management techniques 
play a vital role in the success of such projects. 
 According to Yassine (2004) and Ouyang and Jian (2011) classical 
methods for planning, scheduling and controlling projects are, e.g. Gant 
diagrams, Program Evaluation and Review Techniques (PERT) (Malcom 
et al. 1959) and Critical Path Method (CPM) (Kelley 1961). These 
methods have been developed in order to assess project duration and costs. 
A critique is that these methods are not suitable for deeper process analysis. 
They are based on static project networks which do not effectively model 
design activity interdependencies and feedback loops (iterations) (Yassin 
2004; Karniel and Reich 2009). 
 A different approach to model and analyse design process was 
introduced by Steward (1981), the Design Structure Matrix (DSM). DSM 
methods provide means to manage complex processes (Yassin 2004). They 
are based on Steward’s theory that a complex problem such as design 
could be solved more efficiently by representing the relationships between 
activities in the form of a matrix (Austin et al. 2000). DSM methods can 
be applied to model and manipulate iterative tasks and multidirectional 
information flow (ibid; Yassin et al. 2001). With a DSM, complex 
processes can be mapped and modified with graphical and numerical 
analyses. A DSM represents how activities and information flows affect 
other group of activities. The analysis of a DSM model will help to detect 
potential issues in the process structure and gives insight about how they 
may be resolved (Yassin et al. 2001). 
 The focus in this research project is on time-based DSMs, where 
the ordering of the rows and columns in the matrix indicates a flow 
through time. 
 The applicability of DSM methods for the design phase in 
construction projects has been demonstrated e.g. by the work of Austin et 
al. (2000) where DSM is the main component of theirs Analytical Design 
Planning Technique, Björnfot and Stehn (2007) used DSM as planning 
tool for timber roof structures, similarly Pektas and Pultar (2006) applied a 
parameter-based DSM in order to define the process for designing a 
ceiling, and Hindmarch et al. (2010) presented a method based on DSM 
theory to assess the costs for late design changes in building projects. 
The performance of building projects is impacted by various factors and 
thus can vary strongly (Tate and Farrell ; Pektas and Pultar 2006). A basic 
idea of this work is that there, nevertheless, exist an underlying structure 
for the design, i.e., activities and theirs relations between each others, 
which do not vary much across projects. For example, in order to can 
calculate the statics for a wall the geometry of the building has to be 
known. It does not matter if the calculation is done with estimations and 
then iterated or the input is already known, the relation keeps the same. 
To define this structure has to do with standardisation. To apply DSM 



algorithms to derive a standard process will result in an effective process 
(Austin et al. 2002; Yassin 2004; Hindmarch et al. 2010), where 
effectiveness has to do with doing the right things (Drucker 2007). But 
even the most effective standard process does not guarantee successfully 
undertaking of building design. That is because success depends also on 
efficiency, which is about to do things right (Drucker 2007). A project 
will be only efficient if the standard process can be carried out in the given 
sequence, i.e., if the project pathway do not deviate from the standard 
process. Every deviation from the planned sequence of activities implies a 
risk for loosing control over the project. They result in, e.g., poor 
coordination of project participants (which are from different companies), 
necessary changes in schedules, possible time pressure to hold the schedule 
and about all a higher risk for making errors and thus causing rework, 
entailing time and cost overruns as well as quality losses. 
 In order to execute a project successfully, the project must be based 
on an effective process and must be carry out efficiently. DSM can be 
applied both to record processes and reorder the activities and to develop 
processes from the scratch (Karniel and Reich 2009). A problem is that 
DSM algorithms do not consider issues related to efficiency and are thus 
insufficient to verify the fitness of a derived process. Browning and 
Eppinger (2002) and Abdelsalam and Bao (2006), e.g., have shown that 
the basic assumption in DSM, namely that a process without feedback 
loops will give the best results in terms of project duration is not always 
true. Yassin (2004) states, that cost and duration of a project are largely a 
function of the number of iterations required in the process execution and 
the scope or impact of those iterations. Cho and Eppinger (2005) and 
Karniel and Reich (2009) suggest to combine DSM with simulation in 
order to verify the fitness of the derived process. 
 DSM-based simulations have been applied to validate product 
development processes. Abdelsalam and Bao (2006), present a framework, 
based on simulation, for project-duration-reduction of product-develop 
projects. Sered and Reich (2006) have developed a method for focusing 
engineering effort when applying standardisation or modularisation on 
product platform components, called Standardisation and Modularisation 
Driven by Process effort. The effort is estimated by comparing the total 
design cost of different simulation. The method has been tested by 
applying it at a development project in the digital prepress printing market. 
Coates et al. (2003) developed an agent oriented system method which 
provides a systematic means of simultaneously coordinating operational 
management tasks and technical design tasks. The applicability of the so 
called Design Coordination System was demonstrated at an industrial cases 
study involving the computational process of turbine blade design. 
Huberman and Wilkinson (2005) investigated performance variability and 
project dynamics with help of DSM-based simulation. They suggested 



applying this method for engineering design projects and software 
development. Browning and Eppinger (2002) applied DSM-based 
simulation to analyse design iteration in a generalised project network. 
This was further developed by Cho and Eppinger (2005) in order to can 
model product development projects containing parallel iteration. The 
simulation models mentioned above are based on rather static process 
networks. Iterations, i.e., pathway deviations, are allowed in the models of 
Browning and Eppinger and Cho and Eppinger. But these deviations are 
restricted to feedback loops. Unexpected iterations that cause a change in 
the standard project model can not be considered, e.g., if a major project 
failure or redirection would involve replanning the entire process, instead 
of simply reworking related activities that have been carried out or have 
been in progress (ibid.). Thus, these simulation approaches premise a 
relatively good control of the design process, which is not given in 
traditionally organised building projects. The design process of such 
projects is impacted by many variables difficult to control let alone 
uncontrollable. It is influenced by numerous variables (Dobre 2007; Tate 
and Farrell 2008), e.g., building laws, building permission, decisions from 
public authorities, access roads to the site, in later project phases also 
weather conditions etc. Variables relating to the interplay of the client and 
the project team are, e.g., client specifications, building experience of the 
client, capabilities and capacities of the project team etc. 
 In this paper a DSM-based model is presented that do not restrict 
iterating to iterations within feedback loops but allows pathway deviations 
from a planned process to any activity in the design process. The model is 
based on the simulation model described by Browning and Eppinger 
(2002). It can be used to test assumptions about a design process, mapped 
as a DSM-model, in terms of the amount and variability of working hours. 
 
The remainder of this paper is organised as follows: Section 2 gives a brief 
introduction into DSM. In section 3 the simulation model constructs are 
described. In section 4 it is described how a simulation run with this 
model works (algorithm). The applicability of the model is then 
demonstrated in section 5 by means of a studied project. The paper 
concludes with section 6. 

2. Design Structure Matrix 

A descriptive way to represent complex processes, i.e., processes 
characterised by a multitude of relations between its activities, is the use of 
directed graphs. A directed graph or digraph D=(V,A) consists of a non-
empty finite set V of elements called vertices and a finite set A of ordered 
pairs of distinct vertices called arcs. In a project representation, the vertices 
represent the project activities and the arcs, i.e. directed edges, the 
relations between the activities (Bang-Jensen and Gutin 2001). 



 For the arc (u,v) with the two adjacent vertices u and v, u is said 
dominates v, i.e., v depends on u. Figure 1 left shows an example of a 
digraph representation of a project. The 6 vertices (circles) depict the 
process activities, the 7 arcs the relations between them. An arc from 
vertex 1 to vertex 2 means e.g. that the output of activity 1 is needed as 
input for activity 2 etc. 

 

Figure 1: digraph representation (left) and related DSM representation (right) of a 
process 

A DSM can be seen as a matrix representation of a digraph (Yassin et al. 
2001). The activities and relations are arranged in an adjacency matrix, 
where the activities are listed down the side of the matrix as row headings 
and, in the same order, across the top as column headings. The relations 
between the activities are denoted by special marks, e.g. x or 1. 
 In a Numeric DSM the relations can be extended with an attribute, 
e.g. the strength of the relations, denoted by different numbers or letters, 
however. 
 Let mi,j be the matrix element in the ith row and the jth column. 
An x at mi,j means that activity i is dominated by activity j. Considering 
DSM as a matrix representation of a digraph, an arc (u,v) is then 
represented by a mark at the matrix element mv,u. 
 Figure 1 right shows the matrix representation of the mentioned 
digraph. The numbers in the head row and in the left column denotes the 
activities. The x in row 2 and column 1, e.g., means that activity 2 is 
dominated by activity 1. 
 Karniel and Reich (2009) describe two main types of algorithms 
related to DSM, viz., partitioning, tearing, and clustering. With 
partitioning algorithms the DSM activities are reordered, were the process 
is decomposed into clusters of interdependent activities. The aim of 
partitioning is to make the matrix lower triangular, i.e., to minimise the 
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number of feedback loops. A minimum of feedback loops yield to optimal 
processes in terms of total time and robustness to activity-duration 
variations (Steward 1981; Pultar and Pektas 2006; Karniel and Reich 
2009). 
 In most of the cases it won’t be possible to reach a process 
completely free of feedback loops (Yassin 2004). Tearing is a technique to 
remove remaining feedback loops by applying additional process 
knowledge. The marks that are removed are called tears. An optimal 
method for tearing does not exist, it is typically done manually. Yassin 
(2004) recommends keeping the number of tears minimal, because tears 
represent an approximation or an initial guess, increasing the risk of 
unintended iteration and thus contradicting the above formulated aims of 
partitioning. The third class of DSM algorithms, clustering algorithms, 
relate to static DSM. They can cluster highly connected components 
(Karniel and Reich 2009).  

3. Model Constructs 

The design process is here considered with an information based view, i.e., 
an activity is the information-processing unit that receives information 
from other activities and transforms it into new information to be passed 
on to subsequent activities. The output of an activity can be documents 
but also intangible information. Model inputs describe behaviours of 
individual activities and interactions among the activities from a time 
perspective. The working hours of an activity is used to model variability 
and complexity influencing efficiency. The start of an activity is 
determined by both static and dynamic precedence constraints. The 
pattern of the project pathway is depicted by sequence deviations 
downstream and upstream from the planned design process. 

a. Activity working hours 

Consultant companies within the building industry typically deal with 
several independent projects simultaneously. Time shortages are often not 
a consequence of to less capacities of a company but rather a question of 
prioritising between different projects. This simulation model is 
conceptualised as analysing tool for performance efficiency. Activity 
working hours (in hours) are considered as the better means than activity 
duration (in days) for this purpose since working hours are not that 
strongly impacted by prioritising than activity duration. 
Optimally, the working hours for the simulation runs are derived with 
help of distribution functions (Law and Kelton 2000). Praxis shows that 
working hours are better modelled with left-skewed distribution functions 
than the normal distribution function, e.g., Weibull, Gamma, or Log-
Normal distribution (Banks 2001). This is because the normal distribution 



theoretically allows negative values, which is invalid for this purposes 
(Robinson 2007). 

b. Precedence constraints 
The precedence constraints are defined by the relations between the 
activities. The type of relation defines if and when an activity has to be 
carried out. For this model it is differentiated between two types of 
relations, viz, static and dynamic ones. Static relations do not change once 
the two connected activities have been carried out. This type of relations 
relates to the building system and the design procedure, e.g. the energy 
consumption of a building can not be calculated if the wall dimensions and 
structures are not known. When once the energy consumption was 
calculated but the wall dimensions were changed on a later point in time 
the energy consumption must be done again. Whereas dynamic relations 
are not any longer valid once the two connected activities have been 
carried out. Such type of relation exist, e.g. between the planning 
permission and the production start. It is not allowed to start production 
before the planning permission was given. Lets assume that after planning 
permission was given a design error of an activity dominant to the 
planning permission activities are detected. This means an iteration of this 
activity. But the possibility is quite low that the design error was so 
significant that the building permission procedure must be carried out 
again.  
 If changes are done at a certain activity then dominated and in turn 
their dominated activities can be affected as well. On the other hand, the 
changes might be within the tolerance threshold so that dominated 
activities do not have to be iterated. Browning and Eppinger (2002) 
suggest estimating the possibility that a change in the dominant activity 
will also cause a change in a dominated activity, i.e., a second order 
rework possibility. This can be done by interviewing members of the 
project team. Yassine et al. (2001) presents a three stage procedure in form 
of structured interviews how to derive this information. The probability 
for second order rework can then be seen as weights for these relations and 
be modelled in a DSM in the same way then the DSM model containing 
the activities and types of relations (static/dynamic). 

c. Reference process 

DSM algorithms allows to derive processes with a minimum of feedback 
loops from a given process structure (figure 2). 



 

Figure 2: process structure (left) and the derived process (right) 

With some further matrix operation, a transitive reduction (black arcs in 
figure 2 right), a clearly arranged digraph can be derived; showing in 
which sequence the activities best should be carried out. In particular, 
transitive reduction can be used to reveal the process constellations, e.g., 
which activities that can be carried out in parallel. 
 A transitive reduction is sometimes called a minimum representation 
of a digraph Bang-Jensen and Gutin (2001). While the number of activities 
is the same in a transitive reduction as in the process it was derived from, 
the transitive reduction contains arcs that are not redundant only. An 
algorithm for deriving the transitive reduction is given, e.g., by Aho et al. 
(1972). 
 As mentioned above, in this work projects are considered as 
performance of an underlying process. With DSM algorithms described 
above in combination with an algorithm for deriving the transitive 
reduction a process can be derived from a process structure. 
 This process can be used as a reference to measure or simulate 
sequence deviations. The process is segmented into stages, where a stage 
consists of all activities which can be carried out simultaneously according 
to the transitive reduction. In figure 2, e.g., the process can be segmented 
into 5 stages with segment one consists of activity 1, segment 2 of the 
activities 2 to 4, segment 3 of activity 5 etc. A sequence deviation can then 
be expressed by the segments spanned by the start and end activity of a 
sequence deviation. 

d. Activity sequence deviations 
In traditionally organised building projects the activity sequence given by 
the process often can not be followed exactly. The pathway of such 
projects contains deviations form the planned sequence in both directions; 
downstream and upstream. Sequence deviations downstream occur, e.g., if 
the project team is not aware about a certain relation. Another reason 



might be that the deviation is indented and can be done because the 
output of the dominant activity easily can be estimated (Cho and Eppinger 
2005). The occurrence of sequence deviations upstream can be caused, 
e.g., (1) by an information change in an upstream activity, (2) when an 
established quality was not reached, and (3) when as a consequence from 
sequence deviations downstream information from upstream activities has 
to be created in afterwards. The consequence of (1) and (2) is iteration and 
rework. This is not the case for (3). The distinguishing between types of 
deviations is important for process structure analysis. 

4. Simulation Procedure 
A simulation run of a project consist of two steps. In the first step a project 
specific activity sequence is derived. In the second step working hours are 
allocated to the activities in the derived sequence. 
 The first step is carried out according to the algorithm given in 
figure 3. The start is always from activity 1 from the reference project. A 
move downstream defines the first sequence deviation, e.g., a deviation 
downstream over 3 stages; let’s say from activity 1 to 7. Let’s call activity 1 
as the tail activity and 7 the head activity of this move. But the head 
activity might require input from activities which have not been carried 
out yet. Thus, before the head activity can be set all activities that produce 
this input must be carried out first. Note that for this step in the algorithm 
both static and dynamic relations are considered. 
 The following steps of the simulation model are based on the model 
suggested by Browning and Eppinger (2002). If a move downstream is 
made directly after a move upstream was executed then it must be checked 
for which of the activities already carried out the information change in 
the tail activity means rework. These activities have also to be included in 
the sequence. Note that for this step only static relations are considered. 
Whether a certain activity is influenced is defined further by rework 
probability. The next step is to control if the head activity of this move is 
identical with the terminating activity of the process. If so, the sequence is 
complete, otherwise the next move has to be defined. 
 After step one is finished, i.e., an activity chain for a single project is 
derived; the working hours are allocated to the activities. 

5. Industrial Application Example 
In order to demonstrate the simulation approach the mean and variance of 
the total rework amount for an existing design process was estimated. 
 The design process is derived from a building project that was 
carried out in Sweden, where a new off-site timber frame wall element 
system was applied. The building is a two storey apartment block with 
about 1100 m2 living area. The data was collected over the time span of 



one year, from 2009 to 2010. The project team consisted of consultants 
from round 10 small and medium sized enterprises. 
 The process structure model was created iterative. The activity 
based DSM was derived from a project log, which contained the executed 
activities in the sequence they were carried out. The log was provided 
from an online-communication platform. In addition interviews with the 
project leader were done in order to complete lacking information. When 
the log was ready, interviews with the project leader, the construction 
consultant, the main contractor, and the architect were carried out (since 
they were the most involved in the design phase) in order to define the 
relations between the activities. Then the reference process was derived by 
applying a partitioning algorithm as described in Yassin (2004). Tearing 
was not necessary since the process does not contain feedback loops. Both 
the partitioning and the transitive reduction were executed with help of 
MS-Excel macros. The derived design process (reference process) consists 
of 112 activities allocated to 49 stages and 495 relations between the 
activities. 
 In order to derive probability distributions for the moves (simulation 
procedure, step 1) the project log was compared with the reference 
process. More in detail, the number, length and direction of moves was 
computed by laying the project log over the process. Since the investigated 
case was a pilot project, no information about sequence deviation 
probabilities in the process was available. Thus it was assumed that the 
probability of occurrence for certain moves is equal over the whole 
process, i.e., it was not distinguished between a move occurred at activity 
n and a move occurred at activity m. 
 The distributions for the working hours, needed in step two of the 
simulation procedure, were derived from 32 similar projects. 
The projects were carried out by a different single company not 
participating in the observed project described above. The data was 
collected and provided by a scientist, Gustav Jansson, between 2006 and 
2011. In order to derive the working hours, company intern time-rapports 
were studied. In addition 7 interviews were held with the project manager 
of the company in order to get a clear picture about the process. The data 
collection was complemented with phone-calls and e-mails when 
necessary. The respective building areas could be derived from 
architectural drawings. 
 For all 32 projects the same building system was utilised, a timber 
frame volume element system. The buildings were residential buildings 
ranging from around 1000m2 to 5000m2. The projects did not contain 
upstream moves respectively rework in the design phase and are therefore 
considered as a proper mean to obtain original working hours. 



 
Figure 3: algorithm to derive project sequence 



The activities between the 32 projects did not coincide completely thus 
they were arranged into 5 phases, viz., (1) construction planning, (2) 
electricity planning, (3) HVAC planning, (4) project management, and (5) 
detailing. It was assumed that the total of activities in a phase is similar 
across different projects and thus the total of working hours of a phase can 
be expressed as a distribution function. In a joint analysis with Gustav 
Jansson each activity from the invested project was assigned to one of the 
five phases. 
 The data stems from a time interval of 5 years, so it was checked if 
there was a dependence of working hours from the point of time the 
project was carried out. Furthermore it was checked if the working hours 
depended on the size of the building project. For this purpose 
independency plots (Law and Kelton 2000) were used. Furthermore it was 
tested if there was a correlation between the working hours across every 
phase. For this purpose both independency plots and linear regression tests 
were used. 
 Since no dependence could be shown, the working hours were 
directly used for the simulation model. Following the suggestions of 
Montgomery (2009) and Law and Kelton (2000), histograms were made to 
get a first impression of possible distribution functions. Then Anderson-
Darling tests in combination with P-P plots were used to asses the 
goodness of fit for the derived distribution functions. 
 When the investigated project was carried out no experience about 
second order rework probability was available since, as named above, this 
was a pilot project. Therefore the assumptions were tested that (1) all 
activities are considered by rework that were influenced by an information 
change, (2) only directly dominated activities were considered, and (3) 
only directly dominated and activities dominated by the dominated ones 
were considered by rework. The second assumption showed the smallest 
differences in number of iterations to the recorded project (figure 4) and 
thus was used to simulate the rework. 
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Figure 4: differences of number of iterations between logged project and algorithms 



For testing the proposed simulation model in total 70 projects were 
simulated. 
 The simulations resulted in design phases with 1296 total working 
hours in average and a standard deviation of 316 working hours. The 
working hours of the investigated project were 1415. 
 Under the assumption that a repetition of the investigated project 
will lead to different results, the recorded data has to be considered as a 
random sample. In addition, since only one reference process exits, only 
simple methods should be applied to charge the result of this simulation, 
e.g., to check if the recorded total working hours are in the range of the 
simulated total working hours (Law and Kelton 2000; Banks 2001). The 
difference of the simulated total working hours and the measured one are 
round 120 hours, i.e., less than the standard deviation. Thus there is no 
evidence that the results of the simulation should be rejected. In other 
words, the results indicate that the simulation model is applicable for the 
simulation of working hours. However, to can draw conclusions about the 
quality of the results the simulation model has to be tested in further real 
projects. 
 An interesting point is the estimation of the second order rework 
probability. Considering figure 4, the biggest residuals occurred between 
activity 20 and 30 under assumption 1. Activity 20 to 30 relates to the 
development of technical details within the tendering phase. Assumption 1 
means that every activity already carried out and theoretically impacted by 
an information change of a certain activity, e.g., due to rework, will be 
reworked. During this process phase much less iterations occurred than 
calculated according to assumption 1. One reason could be that the most 
of the changes were within the tolerance limits of the technical system. 
Another reason could be that the project participants were not aware all 
existing relations. This could partly explain why in activities higher than 
60, i.e., the phases after tendering, in reality more iterations occurred than 
calculated. Furthermore, this could also be a reason for the high share of 
costs stemming from design errors. The project participants estimated that 
about 50% of additional costs stemmed from design errors in this project. 
Similar results can be found in literature, e.g., Love et al. (2008) and 
Josephson and Hammarlund (1999). Trading off relatively low design costs 
in a traditional building project with relatively high production costs, a 
consequence could be to invest more time in the tendering phase. 
However, the reasons for high residuals in the tendering phase under 
assumption 1 should be further investigated. 



6. Conclusions 
The design process of house building projects is complex and iterative. A 
tool suggested in design literature to analyse the behaviour of complex 
processes is DSM based simulation. Existing simulation models require that 
activity sequence deviation is restricted to feedback loops. 
 Building projects are impacted by numerous variables, making it 
difficult to strictly follow a planned activity sequence. In this paper a DSM 
based simulation model is presented fitted to building processes. It is an 
extension of the model presented by Browning and Eppinger (2002). A 
simulation step is added, enabling that sequence deviations is not longer 
restricted to feedback loops. 
The preliminary results indicate the applicability of the simulation model. 
But more tests are necessary for further validation. 
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Appendix 1 

i 

Table 1 List of activities in the MIKS-Project 
i Activity 

1 Införsäljning MFB-system 

2 Sändning frågelista kravspecifikationer till beställare 

3 Sammanställning av preliminär projektgruppen 

4 Utökning/förtydligande av kravspecifikation 

5 Möte: Planering och upplägg av genomförandet 

6 Framtagande av kreditupplysning beställare 

7 Framtagande av programförslag 

8 Utskick programförslag till preliminära projektdeltagare 

9 Möte: Presentation och genomgång av programförslag inför projektgruppen 

10 Möte: Presentation av projektgruppen och byggprojektupplägg till beställare 

11 Framtagande Förfrågningsunderlag (externt) 

12 Inhämtning höjduppgifter 

13 Kontroll Befintlig utvändig VS 

14 Kontroll Befintlig El 

15 Geo-grundvattennivå och radonundersökning 

16 Husets placering på tomten prel. 

17 Framtagande av prel. bygghandlingar och prel. bygglovshandlingar 

18 Planering tid och ansvar för framtagande av offert 

19 Beräkning laster prel. 

20 Check nyaste systemlösningar 

21 Framtagande av systemhandlingar 

22 Framtagande av akustisk bedömning 

23 Förprojektering VS 

24 Förprojektering el 

25 Förprojektering hiss 

26 Förprojektering luft 

27 Framtagande av utrymningsplan 

28 Förprojektering väderskydd och ställning 

29 Förprojektering mark 

30 Förprojektering av fasad och fönster 

31 Energiberäkning 

32 Utskick förfrågan till fönsterleverantör  

33 Möte: Check kompatibilitet av tekniska lösningar 

34 Avstämning Leverans-Montage 

35 Framtagande och utskick förfrågan offerter av externer företag/underentreprenör 

36 Framtagande av offert systemprojektering 

37 Utskick förfrågan sylomer/sylodyn och bjälkhängare 
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ii 

i Activity

38 Framtagande offert väderskydd 

39 Framtagande offert mark 

40 Framtagande offert arkitektur 

41 Framtagande offert konstruktion 

42 Framtagande offert el 

43 Framtagande offert hiss 

44 Framtagande offert VS 

45 Framtagande offert akustik 

46 Framtagande av offert material (Masonite) 

47 Framtagande offert elementtillverkning 

48 Framtagande offert entreprenad 

49 Möte: Genomgång offerter 

50 Framtagande av anbudshandlingar 

51 Framtagande av brandskyddsbeskrivning (ritning) 

52 Framtagande av genomförandeplan projektering 

53 Framtagande av text till anbud mark 

54 Framtagande av text till anbud arkitektur 

55 Framtagande av text till anbud konstruktion 

56 Framtagande av text till anbud el 

57 Framtagande av text till anbud hiss 

58 Framtagande av text till anbud VS 

59 Framtagande av text till anbud akustik 

60 Framtagande av text till anbud elementtillverkning 

61 Framtagande tidplan projekt 

62 Sammanställande av text till anbud entreprenör 

63 Sammanställande och inlämning av anbud 

64 Tilldelning projekt  

65 Upphandlingsmöte 

66 Möte: Uppstartsmöte 

67 Husets placering på tomten 

68 Framtagande OH-Arkitektur 

69 Bygglovsprocedur enligt lag 

70 Framtagande av prel. Brandskyddsdokumentation 

71 Framtagande av prel. Ljudskyddsdokumentation 

72 Framtagande beräkning energi 

73 Framtagande GH Konstruktion 

74 Framtagande GH VS 

75 Framtagande GH Luft 



Appendix 1 

iii 

i Activity 

76 Framtagande GH El 

77 Framtagande GH Hiss 

78 Framtagande 0-Handlingar Mark 

79 Möte: Genomgång grundhandlingar 

80 Projektering utvändig el 

81 Projektering utvändig VS 

82 Framtagande BH Arkitektur 

83 Framtagande BH Konstruktion 

84 Framtagande BH VS 

85 Framtagande BH Luft 

86 Framtagande BH El 

87 Framtagande BH Hiss 

88 Framtagande förbeställning systemkomponenter till Masonite 

89 Beräkning laster från hus i grundplattan och dimensionering platta 

90 Framtagande Montageplan och Leveransplan 

91 Finplanering mark 

92 Projektering akustik platta 

93 VS i plattan samt anslutning 

94 El i plattan samt anslutning 

95 Möte: Genomgång planering mark och grund och platta 

96 Framtagande bygghandlingar mark 

97 Framtagande bygghandlingar platta 

98 Markarbeten och grundläggning enligt plan 

99 Framtagande handlingar tillverkning 

100 Projektering väderskydd och ställning 

101 Plattan är tillräklig torr 

102 Beställning komponenter 

103 Leverans och montage väderskydd 

104 Framtagande produktionsberedning 

105 Tillverkning element 

106 Leverans och montage element 

107 Koordination Leverans-Montage 

108 Komplettering enligt plan 

109 Avslutande markarbeten enligt plan 

110 Möte: Erfarenhetsåterföringsmöte 

111 Slutgranskning 

112 Framtagande relationshandlingar 
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Table 2. Activities dominating i
i Input for activity i comes from (static and dynamic relations are considered): 

1               

2 1              

3 1              

4 2              

5 3              

6 3              

7 4 6             

8 7              

9 7 8             

10 5 6 9            

11 4 7 9            

12 7 10             

13 7 10             

14 7 10             

15 7 10             

16 12 13 14 15           

17 4 7 9 16           

18 5 9 10 17           

19 17 18             

20 17 18             

21 4 7 11 17 19 20         

22 4 7 11 17 20 21         

23 4 7 11 17 20 21         

24 4 7 11 17 20 21         

25 4 7 11 17 20 21         

26 4 7 11 17 20 21         

27 4 7 11 17 20 21         

28 4 7 11 17 20 21         

29 4 7 11 17 20 21         

30 4 7 11 17 19 20 21 22       

31 4 7 17 20 21 30         

32 30 31             

33 23 24 25 26 27 28 29 32       

34 17 33             

35 4 7 17 21 22 23 24 25 26 27 28 29 30 31 

36 18 21 33            

37 18 21 33            
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i Input for activity i comes from (static and dynamic relations are considered): 

38 18 21 33            

39 18 29 33 35           

40 18 33 35            

41 18 21 33 35           

42 18 24 33 35           

43 18 25 33 35           

44 18 23 33 35           

45 18 21 33 35           

46 18 21 33 37           

47 18 21 30 32 37 46         

48 18 34 36 38 39 40 41 42 43 44 45 47   

49 18 36 38 39 40 41 42 43 44 45 47 48   

50 21 23 24 25 26 27 29 30 31 49     

51 17 21 49            

52 49              

53 11 29 49            

54 11 21 49            

55 11 21 49            

56 11 24 49            

57 11 25 49            

58 11 23 49            

59 11 22 49            

60 11 21 49            

61 49 52             

62 11 49 53 54 55 56 57 58 59 60     

63 11 21 22 27 31 48 50 51 62      

64 63              

65 61 63 64            

66 52 64 65            

67 12 13 14 15 16 64 66        

68 17 50 64 66 67          

69 7 17 64 67 68          

70 27 51 64 68           

71 22 23 24 25 26 64 68        

72 23 24 25 26 64 68         

73 21 64 68            

74 23 64 68            

75 26 64 68            
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i Input for activity i comes from (static and dynamic relations are considered): 

76 24 64 68            

77 25 64 68            

78 12 13 14 15 64 68         

79 64 73 74 75 76 77         

80 64 78             

81 64 78             

82 64 68 73 74 75 76 77 79       

83 64 73 82            

84 64 74 82            

85 64 75 82            

86 64 76 82            

87 64 77 82            

88 64 82 83            

89 15 64 78 82 83          

90 34 61 64 69 82 83 84 85 86 87     

91 13 64 78 89           

92 64 78 89            

93 64 78 89            

94 64 78 89            

95 64 80 81 89 91 92 93 94       

96 64 68 80 81 89 95         

97 64 89 92 93 94 95         

98 61 64 69 96 97          

99 64 69 82 83 84 85 86 87 90 97     

100 28 61 64 69 82 90 96 97       

101 64 69 98            

102 64 69 88 90 99 107         

103 64 69 100 101           

104 64 69 90 99 102          

105 64 69 102 104           

106 64 69 90 101 103 105         

107 64 69 90 106           

108 64 69 90 101 107          

109 64 69 96 101 107          

110 64 69 101 107           

111 64 69 70 71 72 101 108 109       

112 64 69 70 71 72 101 110 111       
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Table 3. Activities dominating i
i Input for activity i comes from (only static relations are considered): 

1               

2               

3               

4               

5               

6               

7 4              

8 7              

9 7              

10 5              

11 4 7             

12 7              

13 7              

14 7              

15 7              

16 12 13 14 15           

17 4 7 16            

18 5 17             

19 17 18             

20 18              

21 4 7 11 17 19          

22 4 7 11 17 21          

23 4 7 11 17 21          

24 4 7 11 17 21          

25 4 7 11 17 21          

26 4 7 11 17 21          

27 4 7 11 17 21          

28 4 7 11 17 21          

29 4 7 11 17 21          

30 4 7 11 17 19 21 22        

31 4 7 17 21           

32 30              

33 23 24 25 26 27 28 29        

34 17              

35 4 7 17 21 22 23 24 25 26 27 28 29 30 31 

36 18 21             

37 18 21             
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i Input for activity i comes from (only static relations are considered): 

38 18 21             

39 18 29 35            

40 18 35             

41 18 21 35            

42 18 24 35            

43 18 25 35            

44 18 23 35            

45 18 21 35            

46 18 21 37            

47 18 21 30 46           

48 18 34 36 38 39 40 41 42 43 44 45 47   

49 18 36 38 39 40 41 42 43 44 45 47 48   

50 21 23 24 25 26 27 29 30 31      

51 17 21             

52               

53 11 29             

54 11 21             

55 11 21             

56 11 24             

57 11 25             

58 11 23             

59 11 22             

60 11 21             

61 52              

62 11 53 54 55 56 57 58 59 60      

63 11 21 22 27 31 48 50 51 62      

64 63              

65 61 63             

66 52              

67 12 13 14 15 16          

68 17 50 67            

69 7 17 67 68           

70 27 51 68            

71 22 23 24 25 26          

72 23 24 25 26 68          

73 21 68             

74 23 68             

75 26 68             
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i Input for activity i comes from (only static relations are considered): 

76 24 68             

77 25 68             

78 12 13 14 15 68          

79 73 74 75 76 77          

80 78              

81 78              

82 68 73 74 75 76 77         

83 73 82             

84 74 82             

85 75 82             

86 76 82             

87 77 82             

88 82 83             

89 15 78 82 83           

90 34 61             

91 13 78 89            

92 78 89             

93 78 89             

94 78 89             

95 80 81 89 91 92 93 94        

96 68 80 81 89           

97 89 92 93 94           

98 61 96 97            

99 82 83 84 85 86 87 90 97       

100 28 61 82 90 96 97         

101 98              

102 88 90 99 107           

103 100              

104 90 99             

105 104              

106 90 105             

107 90 106             

108 90              

109 96              

110 107              

111 70 71 72            

112 70 71 72            
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Figure 1. MIKS-Reference process (transitive reduction) 
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Table 5 Frequency of move lengths in the MIKS-project 

Move Length 
Frequency Move 
Downstream 

Frequency Move 
Upstream1

Frequency Move 
Upstream2

1 66 16 13 

2 17 4 3 

3 6 5 4 

4 3 6 5 

5 3 1 1 

6 4 5 5 

7 3 6 6 

8 - 3 2 

9 3 2 2 

10 1 - - 

11 1 - - 

12 1 2 2 

13 - 1 - 

14 1 - - 

18 - 1 - 

19 1 - - 

20 1 1 - 

26 1 - - 

27 - 1 - 
1 All type of upstream moves are considered 
2 Only moves are considered whose head activities have been carried out before 
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Figure 6. Frequency moves downstream 
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Figure 7. Frequency moves upstream 
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Frequency Move Upstream2
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Figure 8. Frequency moves upstream (considering moves with iterated 
head activities only) 
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Derivation of distribution functions for total working 
hours of process phases 

The tests presented in appendix 4 were executed with Minitab 16. 

For the identification of proper distributions Anderson-Darling 
tests were carried out, testing the goodness of fit for several standard 
distributions. The goodness-of-fit tests identify possible distributions 
(grey marked lines). The grey marked line in the subsiding table 
indicates the parameters for the chosen distribution. Note that for the 
choice not only the P-values and AD values were considered but also 
the possible range of applications of such distributions given in 
simulation literature, e.g., (Robinson 2007; Law and Kelton 2000). 

The process phases investigated consist of several activities. 
Assuming that the working hours of these activities are identical 
distributed and independent random variables (not necessarily normal 
distributed), all with equal expectation and variance, according to 
Sachs (2003) the central limit theorem leads in this case to the 
assumption that the total working hours of a process phase follows 
approximately a normal distribution. On the other side Law and 
Kelton (2000) argue that in praxis working hours rather follows left-
skewed distributions, e.g., gamma, Weibull, and log-normal 
distributions. Furthermore, the application of normal distributions for 
working hours theoretically could lead to negative working hours 
(Robinson 2007). 

Thus left-skewed distributions were preferred when several 
distributions fitted. Within left-skewed distributions, gamma and 
Weibull distributions were preferred to the log-normal distribution 
since the relatively thick tail of the log-normal distributions often 
leads to unrealistic high values by simulating (Law and Kelton 2000). 

 



Appendix 4 

xxviii 

Distribution Identification for construction design  

Descriptive Statistics 

 N   N*    Mean    StDev   Median  Minimum  Maximum  Skewness   Kurtosis 
32   0  213,557  200,687  147,045  7,31818  664,971   1,07667  -0,129409 

Box-Cox transformation: Lambda = 0,5 

Johnson transformation function: 
1,19553 + 0,741356 * Ln( ( X + 4,50727 ) / ( 884,733 - X ) ) 

Goodness of Fit Test 

Distribution                AD       P  LRT P 
Normal                   2,089  <0,005 
Box-Cox Transformation   0,678   0,069 
Lognormal                0,605   0,106 
3-Parameter Lognormal    0,441       *  0,391 
Exponential              0,384   0,661 
2-Parameter Exponential  0,386  >0,250  0,655 
Weibull                  0,412  >0,250 
3-Parameter Weibull      0,412   0,366  1,000 
Smallest Extreme Value   2,724  <0,010 
Largest Extreme Value    1,245  <0,010 
Gamma                    0,405  >0,250 
3-Parameter Gamma        0,405       *  1,000 
Logistic                 1,821  <0,005 
Loglogistic              0,496   0,169 
3-Parameter Loglogistic  0,493       *  0,985 
Johnson Transformation   0,361   0,425 

ML Estimates of Distribution Parameters 

Distribution              Location    Shape      Scale  Threshold 
Normal*                  213,55652           200,68669 
Box-Cox Transformation*   12,99353             6,79466 
Lognormal*                 4,81130             1,22801 
3-Parameter Lognormal      4,98488             1,00446  -12,14288 
Exponential                                  213,55652 
2-Parameter Exponential                      212,89118    0,66533 
Weibull                             1,02846  216,00376 
3-Parameter Weibull                 1,02897  216,08657   -0,04035 
Smallest Extreme Value   320,89549           221,13498 
Largest Extreme Value    127,08969           132,64891 
Gamma                               1,03982  205,37913 
3-Parameter Gamma                   1,04205  205,02850   -0,09293 
Logistic                 181,66427           109,95263 
Loglogistic                4,90581             0,68586 
3-Parameter Loglogistic    4,90869             0,68285   -0,26012 
Johnson Transformation*    0,03808             1,08657 

* Scale: Adjusted ML estimate 
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Distribution Identification for electric installation design  

Descriptive Statistics 

 N  N*     Mean    StDev   Median  Minimum  Maximum  Skewness   Kurtosis 
32   0  191,535  85,1098  195,787    39,68  395,616  0,252854  0,0347625 

Box-Cox transformation: Lambda = 1 

Goodness of Fit Test 

Distribution                AD       P  LRT P 
Normal                   0,188   0,896 
Box-Cox Transformation   0,188   0,896 
Lognormal                0,972   0,013 
3-Parameter Lognormal    0,200       *  0,013 
Exponential              4,473  <0,003 
2-Parameter Exponential  2,838  <0,010  0,000 
Weibull                  0,247  >0,250 
3-Parameter Weibull      0,242  >0,500  0,974 
Smallest Extreme Value   0,737   0,049 
Largest Extreme Value    0,462   0,246 
Gamma                    0,531   0,197 
3-Parameter Gamma        0,205       *  0,183 
Logistic                 0,167  >0,250 
Loglogistic              0,667   0,047 
3-Parameter Loglogistic  0,182       *  0,043 

ML Estimates of Distribution Parameters 

Distribution              Location     Shape      Scale   Threshold 
Normal*                  191,53483             85,10983 
Box-Cox Transformation*  191,53483             85,10983 
Lognormal*                 5,13248              0,55055 
3-Parameter Lognormal      6,74920              0,09760  -665,91621 
Exponential                                   191,53480 
2-Parameter Exponential                       156,75322    34,78146 
Weibull                              2,44381  215,83667 
3-Parameter Weibull                  2,46697  217,54746    -1,53200 
Smallest Extreme Value   234,35195             86,69682 
Largest Extreme Value    150,48128             76,64440 
Gamma                                4,23829   45,19159 
3-Parameter Gamma                   40,26553   13,23021  -341,18699 
Logistic                 190,44523             47,70799 
Loglogistic                5,19730              0,29296 
3-Parameter Loglogistic    7,06298              0,04086  -978,79062 

* Scale: Adjusted ML estimate 
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Distribution Identification for  HVAC design  

Descriptive Statistics 

 N  N*     Mean    StDev   Median  Minimum  Maximum  Skewness  Kurtosis 
32   0  149,128  77,5286  139,719  22,6364  420,315   1,72101   4,63089 

Box-Cox transformation: Lambda = 0,5 

Johnson transformation function: 
-0,465290 + 1,10050 * Asinh( ( X - 116,200 ) / 48,8103 ) 

Goodness of Fit Test 

Distribution                AD       P  LRT P 
Normal                   1,171  <0,005 
Box-Cox Transformation   0,533   0,160 
Lognormal                0,616   0,099 
3-Parameter Lognormal    0,380       *  0,097 
Exponential              4,609  <0,003 
2-Parameter Exponential  3,520  <0,010  0,004 
Weibull                  0,808   0,033 
3-Parameter Weibull      0,728   0,062  0,338 
Smallest Extreme Value   3,170  <0,010 
Largest Extreme Value    0,347  >0,250 
Gamma                    0,474   0,249 
3-Parameter Gamma        0,459       *  0,714 
Logistic                 0,455   0,214 
Loglogistic              0,303  >0,250 
3-Parameter Loglogistic  0,222       *  0,294 
Johnson Transformation   0,212   0,843 

ML Estimates of Distribution Parameters 

Distribution              Location    Shape      Scale  Threshold 
Normal*                  149,12777            77,52857 
Box-Cox Transformation*   11,85019             2,99689 
Lognormal*                 4,87960             0,53396 
3-Parameter Lognormal      5,26523             0,34234  -56,32228 
Exponential                                  149,12777 
2-Parameter Exponential                      130,57165   18,55600 
Weibull                             2,05502  168,59108 
3-Parameter Weibull                 1,83371  150,81334   15,03139 
Smallest Extreme Value   192,50669           104,12000 
Largest Extreme Value    116,63182            56,16124 
Gamma                               4,15298   35,90861 
3-Parameter Gamma                   4,99712   32,17698  -11,66439 
Logistic                 140,95872            37,48809 
Loglogistic                4,90658             0,27309 
3-Parameter Loglogistic    5,23596             0,18979  -51,07066 
Johnson Transformation*   -0,00699             1,02322 

* Scale: Adjusted ML estimate 
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Distribution Identification for project management  

Descriptive Statistics 

 N  N*     Mean    StDev   Median  Minimum  Maximum  Skewness   Kurtosis 
32   0  648,352  279,336  610,773    238,8     1315  0,660726  -0,339580 

Box-Cox transformation: Lambda = 0 

Goodness of Fit Test 

Distribution                AD       P  LRT P 
Normal                   0,558   0,138 
Box-Cox Transformation   0,170   0,925 
Lognormal                0,170   0,925 
3-Parameter Lognormal    0,187       *  0,938 
Exponential              4,972  <0,003 
2-Parameter Exponential  1,374   0,025  0,000 
Weibull                  0,358  >0,250 
3-Parameter Weibull      0,142  >0,500  0,051 
Smallest Extreme Value   1,179  <0,010 
Largest Extreme Value    0,236  >0,250 
Gamma                    0,226  >0,250 
3-Parameter Gamma        0,153       *  0,283 
Logistic                 0,525   0,137 
Loglogistic              0,238  >0,250 
3-Parameter Loglogistic  0,232       *  0,693 

ML Estimates of Distribution Parameters 

Distribution              Location    Shape      Scale  Threshold 
Normal*                  648,35170           279,33600 
Box-Cox Transformation*    6,38351             0,43872 
Lognormal*                 6,38351             0,43872 
3-Parameter Lognormal      6,34891             0,44697   18,27517 
Exponential                                  648,35162 
2-Parameter Exponential                      422,76265  225,58867 
Weibull                             2,54012  732,98967 
3-Parameter Weibull                 1,55691  475,35234  220,17267 
Smallest Extreme Value   793,21881           294,16420 
Largest Extreme Value    520,21482           217,31294 
Gamma                               5,66043  114,54108 
3-Parameter Gamma                   2,39290  189,85184  194,05555 
Logistic                 625,29405           159,88941 
Loglogistic                6,38647             0,25614 
3-Parameter Loglogistic    6,19500             0,31220   97,21722 

* Scale: Adjusted ML estimate 
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Distribution Identification for element design  

Descriptive Statistics 

 N  N*     Mean    StDev  Median  Minimum  Maximum  Skewness  Kurtosis 
32   0  146,313  100,167     116     0,01      433  0,933458  0,682195 

Box-Cox transformation: Lambda = 0,5 

Johnson transformation function: 
1,64157 + 1,17198 * Ln( ( X + 25,4656 ) / ( 723,423 - X ) ) 

Goodness of Fit Test 

Distribution                AD       P  LRT P 
Normal                   0,703   0,060 
Box-Cox Transformation   0,230   0,790 
Lognormal                3,982  <0,005 
3-Parameter Lognormal    0,242       *  0,000 
Exponential              1,571   0,025 
2-Parameter Exponential  1,658   0,012  1,000 
Weibull                  0,673   0,075 
3-Parameter Weibull      0,224  >0,500  0,054 
Smallest Extreme Value   1,554  <0,010 
Largest Extreme Value    0,306  >0,250 
Gamma                    1,118   0,009 
3-Parameter Gamma        0,339       *  0,065 
Logistic                 0,605   0,076 
Loglogistic              1,073  <0,005 
3-Parameter Loglogistic  0,289       *  0,001 
Johnson Transformation   0,202   0,867 

ML Estimates of Distribution Parameters 

Distribution              Location    Shape      Scale   Threshold 
Normal*                  146,31281           100,16651 
Box-Cox Transformation*   11,30591             4,36871 
Lognormal*                 4,50476             1,80025 
3-Parameter Lognormal      5,24194             0,46973   -64,23903 
Exponential                                  146,31281 
2-Parameter Exponential                      151,02211    -4,70944 
Weibull                             1,26201  154,75260 
3-Parameter Weibull                 1,57331  169,62594    -6,10468 
Smallest Extreme Value   199,29381           114,55917 
Largest Extreme Value    101,47346            75,10426 
Gamma                               1,17826  124,17677 
3-Parameter Gamma                   7,12180   35,59937  -107,23920 
Logistic                 136,67556            55,59998 
Loglogistic                4,76348             0,60818 
3-Parameter Loglogistic    5,11062             0,31682   -41,96143 
Johnson Transformation*    0,03381             0,95683 

* Scale: Adjusted ML estimate 
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Comparison of correlation coefficients with different 
range depths 

In order to check whether the choice of a certain range depth actually 
influences the correlation coefficient (design flow efficiency versus 
rpw), a one way-analysis of variance (ANOVA) has been carried out, 
where the expected R2 with different range depths n (chapter 5, table 
4) were tested against each other. 

 
The hypothesis tested is: 

 H0: n=1= n=3= n=7= n=12= n=47 
 H1: n=i  n=j for at least one pair (i,j). 

It is assumed that the errors ij are normally and independently 
distributed with mean zero and variance 2. Furthermore the effects 
are fixed. 

The test statistic can then be given as: 

Errors

Treatments

MS
MSF0  , 

where MS is the mean square (Montgomery 2009). 
H0 will be rejected if  

aNaFF ,1,0  

where  is the significance level, a the number of treatments, i.e., 
range depth, and N the total number of observations. The results of 
the ANOVA are given in table 6. 

Table 6 ANOVA for the R2 means 

Source DF SS MS F P 

Range Depth 4 0.24907 0.06227 7.29 0.000 

Error 45 0.38460 0.00855   

Total 49 0.63367    

Source: Minitab 16 



Appendix 5 

xxxiv 

F0 = 7.29 > F0.05,4,45 = 2.61, thus H0 is rejected, i.e., the treatment 
means differ respectively the range depth significantly affects the mean 
R2. 

The normality assumption was checked by applying a normal 
probability plot (PP-plot). Since the curve showed a deviation an 
Anderson-Darling test was carried out in addition (figure 24). 

The P-value of the Anderson Darling test is smaller than 0.05, 
thus the data do not follow a normal distribution. The curve shows a 
deviation for values under the 10th percentile of the probability plot, 
thus the distribution of the residuals is left skewed. According to 
Montgomery (2009) and Law and Kelton (2000) moderate deviations 
at the tails (under the 25th percentile and over the 75th percentile) are 
of little concern in the fixed effects analysis of variance because the 
analysis of variance is robust to the normality assumption. Departures 
from normality usually cause both the true significance level and the 
power to differ slightly from the advertised values, where the power 
generally will be lower (Montgomery 2009). Data transformations did 
not provide a better fit. Thus, the tests were carried out at the original 
data. 
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Figure 9. PP-plot of residuals 
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In order to check the equality of variance the residuals were plotted 
versus the fitted values (figure 25). 

The variance does neither show homogeneity nor a strong funnel 
shape. Non-constant variance can arise in cases where the data follow 
a skewed distribution because in skewed distributions the variance 
tends to be a function of the mean. However, if the assumption of 
homogeneity of variances is violated in the balanced (equal sample 
sizes in all treatments) fixed effects model, the F test is only slightly 
affected (Montgomery 2009). 
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Figure 10. Plot of residuals versus fitted values 

Table 7 Grouping information using Tuckey's method 

Range depth N Mean Grouping 

n=7 10 0,67852 A 

n=3 10 0,63182 A B 

n=1 10 0,61096 A B 

n=47 10 0,51999 B C 

n=12 10 0,48973 C 

Source: Minitab 16 

Considering the results in table 7, the R2 derived by applying a rpw 
with range depth 7 differs significantly from the R2 derived by 
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applying a rpw with range depth 47 and 12. R2 of range depth 7 does 
not significantly differ from R2 of range depth 3 and 1. But in contrary 
to R2 of range depth 7, R2 of range depth 3 and 1 does not differ 
significantly from R2 of range depth 47. Thus it is recommended to 
chose rpwi with n = 7 as an indicator for critical project activities (see 
chapter 3, section Rank positional weights). 
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