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ABSTRACT 
 

 
 
 
 

During the course of the studies this thesis is based upon a design 
iteration control framework for offsite building projects was 
conceptualized. The ultimate goal was to develop a robust tool to assist 
project managers to find the optimal balance between maintaining 
sufficient project-by-project iteration to solve complex design 
problems, and avoiding excessive iteration, which unnecessarily 
complicates design and scheduling. In total three framework 
components were developed. The thesis describes the problem 
addressed, presents background information, describes the development 
of the framework components, and discusses their potential utility in 
construction contexts. 

Offsite building has been advocated as an effective means to 
increase product quality while reducing project duration and cost, 
provided the design process is efficient. A main challenge in managing 
the design process is iteration. It must be possible to alter details in 
order to react to changes in conditions and meet project-specific 
requirements, but unplanned design iteration should be avoided 
because it can lead to departures from planned activity sequences, 
thereby increasing both scheduling and design complexity. In project 
management literature, two groups of approaches (system dynamic and 
model-based) for managing design have been established. The first 
group is used to identify factors that affect design iteration and thus 
actions that could improve the process, while model-based approaches 
are used to investigate and predict possible effects of specific design 
iterations on project outcome. A problem is that current methods do 
not support attempts to quantify effects of specific improvement 
actions on project outcome, which could greatly facilitate effective 
management of resource-constrained projects.  

Due to the notion that all building projects are unique (which is 
prevalent in construction management literature) and the complex 
structure of design processes, it is generally difficult to identify and map 
iteration phases, cycles or loops in terms of specific actions. 

However, in offsite building projects it is reasonable to assume that 
the same design activities have to be carried out in all projects 
(regardless of the variation in their conditions), albeit to varying extents 
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and, furthermore, that the precedence relations between activities is 
invariant. Thus, in this thesis (and the underlying studies) offsite 
building design projects are considered as realizations of a process that 
is characterized by varying activity extent but invariant precedence 
relations. 

The suggested framework is a model-based continuous 
improvement approach (plan-do-check-act cycle). Essentially it consists 
of cycles of observing effects of applied actions over the course of 
several projects, drawing inferences about the effectiveness of the 
actions from the observations, identifying improvements, applying 
improved actions and observing their effects. The framework 
incorporates techniques such as design structure matrix (DSM)-based 
simulation and Monte-Carlo inverse analysis. It comprises a method to 
calibrate DSM-based simulation models, a relative measure of design 
iteration, and a method to identify the most critical process phases (in 
terms of design iteration). The framework is mainly based on data 
related to the design process of a two-storey offsite timber frame 
building, supported by probability density functions for 35 other offsite 
timber frame multi-storey building projects. The practical applicability 
of the framework components has been tested in simulation 
experiments where they were applied to assess design processes related 
to this type of project, with variations in key conditions. To a lesser 
degree the framework was also applied to a planning and building 
approval process. The results of the simulations indicate that the 
components have high potential practical applicability, provided 
accurate records of activity execution sequences and corresponding 
work amounts are available. 
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SAMMANFATTNING 
 

 
 
 
 

En grundläggande förståelse för och ökad kontroll av iterationer 
inom projekteringsprocessen i industriellt byggandet är viktig för att 
kontrollera arbetsflödet i projektering. I denna avhandling har ett 
koncept till ett iterationskontrollsystem utvecklats. Arbetet kan, på sikt, 
leda fram till ett verktyg (t ex software), tänkt som planeringsstöd för 
balansering av iterationen som behövs för att uppnå givna krav på 
kvaliteten på en byggnad mot iterationen som stör arbetsflödet. 

Industriellt byggande förknippas med standardiserade planerings- 
och produktionsprocesser, ökad produktkvalitet och ökad 
prefabricering. Förutsättning för att dra nytta av standardiserade 
processer är dock en effektiv planering, vilket innebär en välfungerande 
hantering av iterationer. Å ena sidan måstes iteration i 
projekteringsfasen tillåtas för att kunna reagera på förändrade 
förutsättningar och önskemål från arkitekt och beställare och för att 
hantera projektspecifika krav. Å andra sidan kan iterationer resultera i 
avvikelser från det planerade schemat, vilket komplicerar samarbetet 
inom projekteringsteamet som kan vara sammansatt av flera 
underkonsulter. Oplanerade iterationer binder och förbrukar onödiga 
resurser. 

Optimeringen av arbetsflödet är ett centralt problem inom projekt 
och projekterings ledning. Iterationer inom planeringsfasen har 
behandlats bl a inom design-change-management litteraturen och 
operational research (sequencing) och har studerats med hjälp av såväl 
kvalitativa som kvantitativer metoder. Ett problem med befintliga 
optimeringsmetoder är dock att de har utvecklats och optimerats för 
traditionella byggprojekt, de inte stöder systematisk uppföljning av 
effektiviteten av applicerade åtgärder över flera projekt. Ett 
grundantagande i avhandlingen är att systematisk uppföljning kan leda 
till en förbättrad användning av projektresurser. 

I denna avhandling har följande bidrag uppnåtts. En modellering av 
hur värdeskapande och icke värde skapande iteration kan balanseras har 
framtagits. Ett grafbaserat mått har utvecklats där den relativa andelen 
av iteration som inte ökar produktkvaliteten inom et projekt kan 
bestämmas. 

 



IV Sammanfattning 

 

En Monte-Carlo-optimerings-baserad algoritm för att kalibrera 
arbetsflödessimulering har utvecklats (för att t ex estimera effektiviteten 
av planerade processförbättringsgärningar). Och en simuleringsbaserad 
rankningsalgoritm vilken kan användas för att identifiera processfaser 
med hög optimeringspotential, sett från ett iterationsperspektiv, har 
tagits fram. 

De två algoritmerna och måttet har verifierats mot ett verkligt 
projekteringsprojekt. Dessutom har simuleringsexperiment genomförts 
för att studera deras effektivitet. Slutligen har en planeringsprocess 
studerats i detalj för att öka kunskap om tillämpligheten, d vs identifiera 
arbetssteg som behövs för att öka tillämpligheten av de utvecklade 
metoderna. 
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The main theme of this thesis is control of iteration in the design process of 
offsite building projects. The study was prompted by industry, more specifically 
the desire of a timber component manufacturing company for a management tool 
capable of assisting general technical consultants (designers, architects, etc.) in the 
planning, design and execution of projects using a recently developed offsite 
building system. The theme of the thesis evolved from preceding licentiate 
studies on the efficiency of an offsite building project (section 1.6.c). This thesis 
is a compilation thesis. The introduction provides background information, 
describes the need for design iteration control, formulates the concept of a 
continual improvement-based iteration control framework, outlines the thesis’ 
disposition and presents an overview of the appended papers. 

1.1 Offsite building 
As degrees of prefabrication and standardization increase, management 
of quality and time in the design process of building projects becomes 
increasingly important (Goulding et al., 2014, Arif et al., 2012). Most 
buildings constructed using these systems are composed of standardized 
wall, roof and ceiling elements with several functional layers. The 
elements are commonly manufactured in a factory then transported to 
the building site. Constant production conditions enable high 
production precision, which in turn facilitates fast assembly and ensures 
functionality of the building (Johnsson et al., 2013). Clearly, however, 
late changes resulting from late design changes or design errors can 
significantly reduce project efficiency during production and on-site 
construction (Hwang et al., 2009). Thus, offsite building projects 
require precise design (Arid et al., 2012). Due to the technical 
complexity of offsite timber buildings, the design process usually 
involves experts from different disciplines and companies (ranging from 
architects to specialized technical consultants). In order to enable 
efficient project progression (by effectively integrating the time 
schedules and interests of involved firms), offsite building projects also 
require effective scheduling. 
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1.2  Design iteration 
A major challenge in managing the design process (in terms of quality 
and time) is to determine the optimal degree of iteration of sub-
processes (Pektas and Pultar, 2006; Chua and Hossain, 2012). On one 
hand, it must be possible to alter details in order to react to changes in 
conditions or meet requirements within an iterative solution approach 
to meet quality specifications (Austin et al., 2002; Cho and Eppinger, 
2005). On the other hand, building design processes are complex 
(Austin et al. 2002; Demir et al. 2012). Changing even a single detail 
might lead to departures from the planned activity execution sequence 
due to important information updates to executed successor activities, 
thereby increasing both scheduling and design complexity (Zhao et al., 
2011). For example, changing a detail in roof geometry after subjacent 
wall elements have been dimensioned (in order to meet a change in 
requirements as specified by the client) could lead to needs to re-
dimension affected wall elements (potentially with knock-on effects on 
other elements). As a further consequence, the time schedule of 
involved project participants might be disturbed, thus also potentially 
affecting the availability of resources for parallel projects or even raising 
disputes etc. (Motawa et al., 2007). 

The ability to quantify effects of any modifications in the 
management process on project outcome is a crucial success factor in 
resource constrained projects and projects that involve competitive 
tendering (Love et al., 2002; Hwang et al., 2009). However, designing 
buildings has often been previously considered as single-project work, 
i.e., the design of each building involves unique sets of consideration 
and tasks, so current tools support ad hoc solutions rather than 
systematic improvement. 

In project management literature, two groups of approaches for 
managing iteration within the design process are established. The first 
group, collectively called system dynamic approaches, is used to 
identify factors that cause changes to design (and subsequent iterations), 
and hence actions that could improve the process. Factors identified to 
date include (inter alia) variations in tolerances of building systems 
(Milberg and Tommelein, 2003; 2005), process structure and activity 
sequencing (Pektas and Pultar, 2005), and contract form (Meng and 
Gallagher, 2012). System dynamic approaches can provide valuable 
insights into the interrelatedness of factors, but they do not support 
evaluations of whether actions applied actually led to the desired 
results. 

Graph theory-based approaches constitute the second group of 
methods, which are often referred to as design iteration management 
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tools. These approaches are used to model effects of design iteration on 
the project outcome, primarily in terms of time and cost (Yassine, 
2004). The core of these methods is to model in detail the process 
structure, that is the constituent activities and their execution 
precedence relations, and then draw conclusions about the expected 
execution activity sequences and duration (Austin et al., 2002). A 
criticism is that graph-based models often do not adequately reflect 
reality. A major problem is the difficulty in robustly assessing 
correlations among model components and factors (e.g., uncertainties 
that affect multiple activities) in real projects due to the lack of access 
to adequate amounts of relevant data of adequate quality (Cho and 
Eppinger, 2005; Karniel and Reich, 2009). 

In summary, established design iteration management tools per se do 
not provide a means for assessing effects of improvement actions on 
design iteration in offsite building projects and, consequently, for 
systematic improvement of design iteration control. In the studies this 
thesis is based upon attempts were made to develop tools with such 
capabilities by switching the perspective to regarding the design of 
offsite buildings as a process carried out under unique project 
conditions, rather the design of unique projects. This allows effects of 
improvement actions on project outcome to be observed across several 
projects, rather than a single project, and inferences to be drawn about 
possible improvements to the process.  

1.3 The offsite building design process 
As mentioned above, the products of offsite building systems usually 
consist of standardized structural elements and joints. It should be 
noted that the standardized elements are defined structural and 
functional entities with defined interfaces, but do not necessarily have 
uniform sizes or shapes (Isaac, 2014). Design in this context largely 
concerns modification of configurations and parameters (e.g. 
dimensions, materials) of the standardized elements. In well-defined 
building systems, project-specific solutions are mainly related to 
aesthetic requirements, or deviations from the routine range of 
applications (Jansson et al., 2013). In a standardized building system the 
same design activities generally have to be carried out across projects, 
even if the conditions (work amount, duration, cost, resource 
accessibility and elaborateness of tasks) vary significantly (Austin et al., 
2002). In addition, the order in which activities can be executed, i.e., 
the precedence logic, is mainly determined by the physical system 
entities. It is thus reasonable to assume that as long as the building 
system itself is not modified, the precedence logic will mainly be 
constant across projects (ibid.; and Paper 2 appended to this thesis). For 
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example, before one can analyse the load-bearing capacity and 
serviceability of a certain structural element, information about 
expected loads must be available, regardless of the project conditions. 
However, the actual activity sequence does not solely depend on the 
precedence logic as it can be affected by external constraints. For 
example, a contract form might impose a resource schedule that does 
not conform to the underlying precedence logic, thereby increasing 
risks of sub-optimal iteration as extents and sequences of the activities 
will be based on guessed parameters. Consequently, designing a 
building (using offsite systems) is considered here as a complex and 
iterative design process that is characterized by variations in activity 
extent and execution sequences, with an invariant underlying 
precedence logic. 

This switch of perspective, to regarding design as a process that is 
subject to variation, rather than unique for each project, enables the 
problem of balancing iteration to be addressed using process control 
tools.   

1.4 Conceptualized iteration control framework 
The conceptualized framework is rooted in model-based process 
control (figure 1), which is an established method for continual 
improvement of complex processes (Montgomery, 2005; Wheeler, 
2003; Colosimo and Castillo, 2007). 

 
Figure 1.1. Model-based process control procedure (freely 

adapted from Montgomery (2005)). 

Process control provides a means for continuously learning about the 
focal process and gradually improving it, project by project (Wheeler, 
2003). The strength of the method is that the impact and possible 
interactions of factors on the process outcome do not have to be 
known in detail in advance (Montgomery, 2005). 
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The concept of the framework can be described by a Plan-Do-
Check-Analyse cycle (figure 1.1). In the planning phase a set of 
improvement methods (actions) are determined, which are then 
implemented in the Do phase. An important step is to compare the 
results with the desired results, which is done in the Check phase, 
preferably by measuring several output variables simultaneously to 
detect potential interactions that may help or hinder progress towards 
objectives (collectively intended to improve the process). A core 
element of model-based process control is a formal process model, 
which the output measure refers to. It is calibrated after every project 
in order to enhance, or at least maintain, its quality. In the Analyse 
phase, the observed process is analysed to identify possible 
improvements using the calibrated model. 

Model-based process control approaches have been mainly 
developed for and applied to manufacturing processes (Montgomery, 
2005; Rother and Shook, 2004). However, tools for applications in 
other fields have been reported, e.g., Application DEvelopment, based 
on pre-modelled Process Templates (ADEPT), designed for addressing 
administrative processes (Reichert and Dadam, 1998; 2009), and a 
process mining method with demonstrated capacity for addressing 
repetitive, well-structured business processes (van der Aalst, 1999; 
2011). Several tools have also been developed to address short-run 
problems, i.e., processes for which there is limited access to historical 
data and thus are particularly relevant to design iteration control in 
offsite building projects. These include moving range control charts for 
statistical process control (e.g., Wheeler, 2003), and others based on 
Bayesian inference (e.g., Colosimo and Castillo, 2007). However, 
model-based process control has not been previously used to control 
design iteration in offsite building projects.  

1.5 Aim and scope 
In the course of the studies this thesis is based upon (hereafter ‘this 
study’, for convenience) a design iteration control framework for 
offsite building projects based on continuous process improvement 
principles was conceptualized. In total three framework components 
were developed. Having provided background information, the rest of 
the thesis presents the development of these components and evaluates 
their potential practical utility. 

Numerous methods related to the plan- and do-phases (with respect to 
iteration) have been discussed in construction management literature, 
including the following examples. Appropriate adjustment of tolerances 
in the building system can prevent cascade effects (i.e., iteration) that 
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may result from design changes (Milberg and Tommelein, 2005). 
Graph-based algorithms, such as partitioning and tearing algorithms, 
can be used to reduce risks of design changes affecting subsequent 
iterations by restructuring the process (Pektas and Pultar, 2006). 
Computer-aided visualization and building information modelling 
(BIM) can be used to reduce risks associated with client-induced 
design changes (Hwang et al. 2009), facilitate communication among 
experts from different disciplines, and accelerate design rework (Zhao 
et al, 2011). 

In contrast, literature addressing the check and analyse-phases of 
design iteration control is sparse. Thus, these were the focal phases in 
the contributions presented in this thesis. The research involved 
consideration of several problems related to the adaptation of, and 
application to, model-based process control in the context of design 
iteration in offsite building, as summarized below. 

A problem that often confronts construction project managers is 
limited access to recorded process data. The modelling 
technique used in this study is DSM-based simulation, an 
established tool for modelling the information and work flows of 
design processes. Major components of DSM models are rework 
probabilities. These probabilities cannot be measured directly, 
but poor assessment can significantly perturb simulation output. 
Thus, the first problem addressed (in appended Paper 1) 
concerns the parameterization and adjustment of rework 
probabilities in design structure matrix (DSM)-based simulation 
models when the availability of (or access to) data is limited 
during the analyse-phase (figure 1.1). The outcome is an 
algorithm that can be used to inversely model rework 
probabilities. 
The second problem addressed is measuring effects of 
improvement actions on design iteration during the check-phase 
(figure 1.1), which is crucial in any continuous improvement 
approach. The outcome is a method that can be used to generate 
a reference quotient for monitoring effects of iteration-
optimising actions across projects (appended Paper 2). 

The third problem studied is identifying process phases with a 
high potential for reducing design iteration. It relates to the 
analyse-phase (figure 1.1). Too few iterations may compromise 
design quality, while too many complicate design, scheduling 
and thus may also potentially compromise design quality. The 
challenging aspect of this problem, addressed here, lies in the 
complex structure of design processes, which often comprise 
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interwoven activity sequences, complicating assessment of effects 
of changes in specific design phases on the optimal iteration 
level. The outcome is an algorithm that can be used to rank 
design process phases according to their impact on design 
iteration balance (appended Paper 3).  

The potential practical utility of these framework components, i.e., the 
two algorithms and the measure mentioned above, has been tested by 
applying them to data related to a real offsite building design project: a 
1100 m2, two-storey timber frame building. In addition, simulation 
experiments have been carried out to assess the validity and increase 
the generalizability of the results. The effectiveness of the algorithms 
was tested by first generating a set of project sequences (simulating the 
design process) then applying the algorithms to samples drawn from the 
set, attempting to reconstruct associated rework probabilities, and 
identifying the most critical process phases. The effectiveness of the 
proposed model-based design measure was tested by assessing its 
sensitivity to possible input perturbations in simulation experiments 
where inputs related to key project conditions were varied. 

In order to increase understanding of the dynamic behaviour of 
design processes and thus the applicability of the framework 
components, a further real (land use planning) process has been 
investigated (appended Paper 4). 

The problem of design iteration control has been considered here 
from a process optimization perspective. It has been investigated and 
discussed within the field of continual process improvement, 
engineering design, scheduling theory, and the context of offsite 
building. 

The study was triggered by a problem defined by a company 
operating in the offsite building industry. It should be noted that 
assessment of the applicability of the outcome (the two algorithms and 
measure) is restricted to evaluation of their potential effectiveness; their 
financial and organizational feasibility is beyond the scope of the study.  

1.6 Thesis disposition 
The thesis consists of the cover paper and four appended papers. 

Disposition of the cover paper 

Chapter 1: Introduces the reader to the research field, presents the 
motives, aim and scope of the research and guides the 
reader through the disposition of the thesis. 

Chapter 2: Provides an overview of the research approach 
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Chapter 3: Introduces the theories the framework components are 
rooted in, presents the formal approach used to model the 
problem, and describes the framework components 
developed. 

Chapter 4: Describes the compilation of the DSM model used in the 
simulation experiments. 

Chapter 5: Provides a quantitative description of the observed offsite 
building design process and the observed land use 
planning process. 

Chapter 6: Describes and discusses the design of the simulation 
experiments, analytical procedures and findings 
concerning the offsite building design process. It also 
discusses additional findings from the simulation study of 
the land use planning process. 

Chapter 7: Presents the conclusions and suggestions for future 
research.

Appended papers 

Paper 1: Haller, M. and Stehn, L. Increasing the accuracy of a 
prefab building design process simulation using simulated 
annealing. Procedia Engineering (accepted for publication).  
This is an extended conference paper authored by Martin 
Haller under supervision of Lars Stehn. Martin Haller’s 
contributions were to collect the data, and to develop and 
test the presented algorithm. Both authors contributed to 
conceptual ideas for the paper. The paper was written by 
Martin Haller under the supervision of Lars Stehn. 

Paper 2:  Haller M., Lu W. Stehn L. and Jansson G. (2014). An 
Indicator for Superfluous Iteration in Offsite Building 
Design Processes. Architectural Engineering and Design 
Management. DOI: 10.1080/17452007.2014.937793 
(published online). 
Martin Haller’s contributions were generating conceptual 
ideas for the paper together with Lars Stehn, collecting 
most of the data, developing and testing the presented 
measure, and developing the simulation model used in 
the reported study in collaboration with Weizhou Lu. 
Complementary model input data were provided by 
Gustav Jansson. The paper was written by Martin Haller 
under the supervision of Lars Stehn.  



1.6 Thesis disposition 9 

 

Paper 3: Haller M. and Stehn L. A Ranking algorithm for 
reducing iteration in offsite building design projects. 
Automation in Construction (submitted). 
Martin Haller’s contributions were to generate conceptual 
ideas for the paper, together with Lars Stehn, collect the 
data, then to develop and test the presented ranking 
algorithm. The paper was written by Martin Haller under 
supervision of Lars Stehn. 

Paper 4: Lidelöw S., Haller M., and Stehn L. Simulation approach 
to assess the potential for reducing the expected duration 
of a land use planning process. Journal of Construction 
Engineering and Management (ASCE) (manuscript, intended 
for submission). 
Martin Haller contributed to the conceptual design of the 
experiments (together with the other authors), designed 
and ran the simulation experiments, analysed the 
simulation results (together with Sofia Lidelöw) and 
wrote parts of the methods section. Most of the paper was 
written by Sofia Lidelöw under supervision of Lars Stehn.  

Related papers (not appended) 

 Haller, M. and Stehn, L. (2010). Standardizing the pre-
design-phase for improved efficiency in off-site housing 
projects. In: Egbu, C (Ed.), Proceedings of the 26th Annual 
Conference of The Association of Researchers in Construction 
Management ARCOM, September 6-8 2010, Leeds, UK. 
Association of Researchers in Construction Management, 
(2) 1259–1268. 

 Haller, M. and Stehn, L. (2011). Evaluation of efficiency 
in housing construction design. In: Egbu, C and Lou, E 
C W (Eds.), Proceedings 27th Annual ARCOM Conference, 
September 5-7 2011, Bristol, UK. Association of 
Researchers in Construction Management, 797–806. 

 Björnfot, A., Bildsten, L., Erikshammar, J., Haller, M. 
and Simonsson, P. (2011). Lessons learned from successful 
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2 RESEARCH APPROACH 
 

 
 
 
 

This chapter provides an overview of the research approach. 

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 ...”. 

The focus in this study was on testing the potential practical utility 
of the conceptualized components of the design iteration control 
framework, i.e., to test how project conditions affect their 
performance. Therefore an experimental design was chosen. 
Experimenting with the real system, i.e., an offsite building design 
process, was beyond the bounds of possibility because of cost and time 
constraints, as well as difficulties in controlling the experimental 
conditions. Thus, the basic rationale was to generate a process model 
for DSM-based simulation (section 3.3) then to conduct experiments 
by varying model input variables, following the advice of Robinson 
(2007) and Banks (2001). 

As illustrated in figure 2.1, the research approach was as follows. 

Step1: The first step was to acquire understanding of relevant 
current knowledge by reviewing literature on design changes, 
design iteration, continual improvement systems (process 
control), and offsite construction. 

Step 2: The simulation model data stem from a real offsite 
building design project; the so called MIKS project. A real case 
has been used firstly, to study the structure of a design process in 
detail, and secondly, as a reference for the experiments. 
Background information about the observed project is given in 
Paper 2 and the modelled process is described in section 4.1 and 
the Appendix.  

Step 3: The initial literature review was followed (in parallel 
with ongoing data collection) by a literature-based study on 
modelling design iteration, including DSM theory and resource-
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constrained project scheduling issues. This resulted in the 
problem statement (section 3.5). 

 
Figure 2.1. Timeline of the research approach. 

Note that steps 1 and 2, as well as 2 and 3, were carried out in 
parallel as they are connected. In order to construct a robust 
model, the process had to be known and vice versa, i.e., in 
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order to identify relevant data to collect regarding the observed 
process, the process model had to be known. Thus, an iterative 
procedure was required (aptly) to study the focal processes. 

Step 4: Most of the conclusions presented in this thesis are based 
on the outcome of the simulations, thus the quality of the 
underlying process significantly affects the quality of conclusions 
about the impact of project conditions on the framework 
components (Robinson, 2007). The model compilation and 
calibration are presented in detail in the second part of this 
chapter. 

Step 5: The proposed components of the conceptual continual 
design iteration control framework were developed by 
considering results from the foregoing literate reviews (steps 1 
and 3) together with lessons learned about the structure of offsite 
building design processes by project observation (step 2). The 
components are presented in Papers 1, 2, and 3, and in section 
3.6. 

Step 6: Three framework components were developed following 
the above procedure. The first is a simulated annealing-based 
algorithm designed to improve DSM-based simulation models’ 
estimations of first-order rework probabilities. The second 
component is a measure used to monitor the evolution of design 
iteration balance across projects. The third component is a DSM 
simulation-based algorithm to rank rework transitions in order 
of their potential to improve the design iteration balance (see 
section 3.6). The practical utility of the algorithms was tested by 
applying them to the observed design process (see Papers 1 and 
3). In addition, Monte-Carlo simulation was used to assess the 
algorithms’ effectiveness (Appendix and Paper 2). The utility of 
the measure was tested by applying it to simulated processes with 
variations in project conditions. The setup of the experiments is 
presented in Chapter 6. 

Steps 7 and 8: In order to deepen understanding of the structure 
of iterative design processes, a further process was mapped; a 
land use planning process. This process was interesting since it 
had a similar structure to the offsite building design process, but 
strongly differed in the proportion of rework amount, and hence 
behaviour (significance of model variables). The compilation of 
the model of this process is described in section 4.2, while the 
process itself is described in Paper 4 and the Appendix. Findings 
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from the comparison of the two processes are presented in 
section 6.4. 



 

 

3 FRAMEWORK COMPONENTS 
 

 
 
 
 

This chapter is divided into three parts. The first introduces the concept of 
balanced design iteration (the main theme of this thesis). The second part 
concerns modelling design processes, including a brief overview of resource-
constrained project scheduling and design matrix-based simulation. It provides 
definitions required to understand the suggested design iteration control 
framework components. Part three starts with a formulation of the design 
iteration balancing problem, and concludes by describing the suggested framework 
components. 

3.1 Balanced design iteration: concept 
Iteration exacerbates rework and outcome variation, but it is also 
necessary for solving complex problems. Safoutin (2003) identified two 
general strategies for solving design problems: progressive and 
incremental. In the progressive approach, the solution path is divided 
into rough stages that are refined as the process is executed until a 
satisfactory solution is achieved, i.e., iterations are required to reach the 
solution and therefore gradually increase design quality (figure 3.1). 
This approach is used to address complex problems, and when the 
design team is inexperienced in dealing with a certain problem. In an 
offsite building design context, the progressive approach relates to 
project-specific solutions. In contrast, the incremental approach is used 
to solve well-understood problems. As this approach is well-defined, 
rules for dividing the solution path into appropriate steps can be 
derived and the problem can be solved incrementally (i.e., stepwise in 
a sequential process). In an incremental process, iteration would only 
occur in the event of an error (e.g. if the partitioning rules used proved 
inadequate to the task at hand), i.e., the more iteration the higher the 
risk for reduced design quality (figure 3.1). For simplification, here the 
term design quality does not solely refer to the quality of the design 
outcome (accuracy of the plans), but also includes time and cost 
factors.  

In the offsite building design context, the incremental approach 
relates to modification of the configuration and parameters of standard 
elements, i.e., routine work. 
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Building design processes are resource-constrained and have a 
complex structure where sequences of routine activities are entangled 
with activity sequences that correspond to progressive solution 
approaches. Consequently, iteration in progressive and incremental 
approaches has interactive effects on the quality of designs (figure 
3.1).If the level of iteration within a design project is too low, the 
project team does not capitalize on the full potential (of the building 
system) to meet client specifications. In contrast, an excessively high 
level unnecessarily employs resources needed in other process phases, 
complicates design and coordination of a multidisciplinary design team, 
and thus increases risks of reductions in design quality. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.1. Concept of iteration balance in complex resource-
constrained offsite building design processes. 

Balancing design iteration refers to optimising the trade-off between 
maximising the level of iterations in order to solve project-specific 
problems and minimizing iteration to minimize risks of losses of quality 
stemming from iterating routine work and resource constraints.  

3.2 Project scheduling problems 
Scheduling theory is highly relevant to this study as it offers a formal 
approach for mapping the interrelationships among time, cost and (to a 
lesser extent) quality. The foundation of scheduling in this approach is 
a formal model that allows description of the focal project by a set of 
scheduling constraints and an objective function (Bruni et al., 2011). 
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A standard problem considered in scheduling literature is resource-
constrained project scheduling (RCPSP) (ibid.). The objective of 
RCPSP is to generate a schedule that is feasible in terms of time and 
resources. 

A project is usually presented by an activity-on-node network, i.e., 
a directed acyclic graph , with the nodes , 
representing the set of activities constituting the project, and a set of 
directed edges, , representing precedence relations. A directed edge 

 means that activity  is a direct predecessor of , implying 
that  depends on input generated in . Conventionally, a project 
network contains one start activity, i.e., an activity with no 
predecessors, and one end activity, i.e., an activity with no successors.  

Time is considered in RCPSP by assigning each activity 
 a deterministic duration  and start time .The schedule 

 is said to be time feasible if  

  (1) 

Each activity requires certain amounts of resources to enable its 
execution. In basic RCPSP, the resources are assumed to be 
renewable, i.e., their per-period availability is assumed to be constant 
over time. Resource feasibility means that for each time period  and 
each resource type  the sum of the resource requirements  of the 
activities that are in progress during period  cannot exceed the 
available resources , i.e., 

      (2) 

where  is an indicator function, assigned the value 1 if the 
corresponding index is an element of the subscripted set, and 0 
otherwise. 

Most scheduling problems cannot be solved analytically within 
acceptable time (Ashtiani et al., 2011). Thus, RCPSPs are often solved 
heuristically, i.e., by using rule-based approximation procedures. One 
of the most widely investigated objectives in RCPSP literature is the 
minimization of project duration (makespan), i.e., minimizing the 
objective function  subject to the standard constraints (1) 
and (2), where  represents the start time of the end activity  and  
the corresponding activity duration (Hartmann and Briskorn, 2010). A 
further thoroughly investigated objective is the discrete time-cost 
trade-off problem, i.e., balancing the project budget (a non-renewable 
resource) against project duration. When addressing this problem it is 
assumed that the activity duration can be decreased at the expense of 
the budget. In extended analyses of this problem rewards and penalties 
for early and late project completion, respectively, are also 
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considered.The objective is either to minimize project duration, 
subject to additional cost constraints, or minimize cost taking into 
account a given deadline (ibid). A problem including quality as well as 
time-cost trade-offs, the time-cost-quality trade-off, has been presented 
by Salmasnia et al. (2011). The objectives here are to minimize the 
total costs and maximize overall quality while taking into account a 
given deadline. It is assumed that increasing the budgetary resources 
allocated to the activities, while keeping their duration constant, may 
increase the quality of the underlying work. The activity duration may 
also be shortened by increasing the budget for an activity, while 
keeping the quality level constant. The overall quality is the minimum 
quality of the associated activities (ibid). 

It has been argued that, for many problems, deterministic models 
(such as RCPSP models) do not sufficiently reflect reality (Feng et al., 
2000; Li et al., 2012). This is because the baseline schedule (i.e., the 
planned schedule) of projects is often perturbed during their execution 
due to unexpected events, such as equipment failure, weather delays, 
under- or over-estimation of the work content, subcontraction of 
project activities, and/or use of resources that are not exclusively 
reserved for the current project (Lambrechts et al., 2011; Deblaere et 
al., 2011). 

Stochastic and nondeterministic scheduling methodologies are 
extensions of RCPSP that take into account variation in activity 
duration and execution sequences (Barbosa et al., 2009). In the former, 
solutions are usually obtained using simulation, e.g., discrete event 
simulation (Li et al., 2012). In stochastic and nondeterministic activity-
on-node networks, activity durations are usually represented as random 
variables drawn from probability distributions, and the execution 
sequence is defined by transition probabilities in combination with a 
policy (i.e., a set of resource allocation rules) (Li et al., 2012). 

3.3 Modelling iterative and complex design processes 
An established means to model design processes is design structure 
matrix (DSM)-based simulation (Cho and Eppinger, 2005; Wang et al., 
2006; Chua and Hossain, 2012). DSM simulation is an activity-
network based technique in which variation in project duration 
originating from variation both in activity duration and the activity 
execution sequence is simulated. The execution sequence is usually 
modelled to follow the activity dependency logics as defined by an 
activity network. However, the logical sequence is randomly perturbed 
by introducing iteration of sub-processes (Cho and Eppinger, 2005) to 
explore effects of unforeseen changes in information or other inputs 
during the execution of a design project that necessitate rework of 
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successor activities which have already been carried out (Yassine, 2007; 
Srour et al., 2013). 

A key concept in DSM-based simulation is sampling a realization of 
the process, i.e., a project in building design contexts. This concept is 
schematically illustrated in figure 3.2, which shows the activity 
execution sequence of a sampled project and underlying process 
structure. The process structure is represented by a digraph; the 
activities of the process are depicted by the nodes  to , the 
execution precedence constraints by the arrows, and the project 
sequence by the bold arcs. It represents the order in which a simulated 
project was (or may be) carried out. Theoretically, the process in figure 
3.2 requires only five transitions from start to finish. However, due to a 
change in activity 2 after the 5th transition (entailing first order rework) 
eight transitions were required. Since  depends on input from  it 
had to be reworked too (second order rework). 

 
Figure 3.2. Schematic illustration of the concept of sampling a 

project sequence: the activities of the process are 
depicted by the nodes  to , the execution 
precedence constraints by the arrows, and the 
project sequence by the bold arcs. 

The progression of the project sequence is defined by the precedence 
constraints, the probabilities whether a transition to a direct successor 
(i.e., rework) will occur, and resource constraints and accessibility. 

The transition probabilities are usually represented by a square 
matrix . The entry  gives the conditional probability that if 
activity  is the current one, activity  will be carried out next. 
Provided that the process structure can be represented by a directed 
acyclic graph and the activities are ordered such that  (does not 
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succeed), with , then the rework probabilities are 
represented by lower triangular entries of and the probability that the 
project sequence at current state  will transit to a successor is 

. 
A sequence of a process with constituent activities  is 

generated as follows. The simulation is initialized by sampling a vector 
representing the original work amount associated with the activities. 
When an activity is active in the simulation the associated work 
amount decreases with time, and it finishes when that work amount is 
0. The first element of the sequence is the start activity (remember, 
each project network has a specific start and a specific end activity). To 
get from the nth sequence element to the n+1th a random number 

 is used and an update function , which takes as 
input the current activity  and a number between 0 and 1 and 
produces another activity  (or activities) as output:  

       (3) 

If  is a predecessor activity of  then an additional work amount is 
assigned to activity  and all of its successors that have been previously 
executed, simulating time that must be spent on rework (i.e. the 
rework amount). If an activity is started before its predecessors are 
finished, a work amount is added based on the risk of rework due to 
activities overlapping. If resource conflicts arise the execution 
precedence of feasible successors is governed by a policy. The 
simulation is terminated when the work amount of all activities has 
decreased to 0. A typical simulation output in the form of a Gantt 
diagram is depicted in figure 3.3. For a more detailed description of 
DSM-based simulation various publications can be consulted, e.g. Cho 
and Eppinger (2005).  

 
Stochastic resource-constrained problems are often solved by means of 
Monte-Carlo optimization techniques, e.g., by genetic algorithms or 
simulated annealing, because of their complexity (Li et al., 2012). 
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a1
a2
a3
a4
a5
a6

project duration

( 1, 2, 4, 3, 4, 2, 3, 5, 6)

 
Figure 3.3. Gantt diagram of a sampled activity execution 

sequence. 

 

3.4 Simulated annealing 
Simulated annealing is a probabilistic metaheuristic approach that is 
used to find a global minimum (or sometimes maximum) in a search 
space  by iteratively improving a candidate solution 

 with regard to a quality measure , called the energy 
function. That is, a  that minimizes  is sought. The method 
was inspired by the annealing process in metallurgy and first presented 
by Kirkpatrick et al. (1983) (see Häggström, 2003). The basic 
procedure is that  is altered until the global minimum is reached, or 

 is sufficiently small. The alteration of the candidate solution is 
often called ‘picking a neighbour’ and is done systematically. The 
altered candidate solution will be accepted with the probability 

,   where   .                  (4) 

That means the new solution is accepted in any case if 
, and only with a certain probability if . 

The acceptance rate depends on the temperature  which is decreased 
towards 0 with the number of iterations; the lower the temperature the 
lower the acceptance rate (ibid.). 

The procedure described above is generally applied by running a 
Markov chain with state space  whose unique stationary distribution 
places most probability on states  with a small value of . The 
chain will probably contain such a state  if it is run for a sufficiently 
long time. If it is then switched to running another Markov chain 
whose unique stationary distribution concentrates even more 
probability on states  that minimize , then after a while the chain 
will even more likely contain a f –minimizing state. Then it is switched 
again to a Markov chain with an even stronger preference for states 
that minimize f etc. In this way, the probability of the process being in 



22 3 Framework components 

 

an f –minimizing state  at time  will tend to 1 as  (ibid.). 
Deeper theoretical background is given in various publications (e.g. 
Häggström, 2003; Kincaid and Cheney, 2009). 

3.5 Balanced Iteration: problem formulation 
As previously stated, balancing design iteration refers to minimizing the 
iteration of routine work subject to design quality constraints. Some, 
but not all, iterations will entail costly redesign, and the efforts 
engendered by redesign are reflected by the additional work amount 
(i.e., man hours spent executing activities) it entails (Paper 2). 

Thus, balancing iteration is minimizing the expected project rework 
amount (across projects) subject to design quality constraints. 

Offsite Building design processes are iterative and subject to varying 
project conditions (section 1.3). They are modelled here by DSM-
based simulation. 

In the rest of Chapter 3 the following notation is used (figure 3.4). 
 denotes a set of activities that constitute a design process 

structure, and  a set of routine activities.  denotes the set of 
rework probabilities, project sequences are a set of  activity execution 
sequences , with corresponding sequences of work amount , and 
corresponding activity counts c, where . 

 

 
Figure 3.4. Notation used in the following sections. 

3.6 Design iteration control framework components 
Three framework components are proposed in this thesis: two 
algorithms and one measure, as described below. 
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Component 1: This is an algorithm for adjusting rework probabilities 
in design structure matrix (DSM)-based simulation models when access 
to data is limited (section 1.5 and Paper 1). The algorithm is based on 
the idea that if the modelled rework probabilities are appropriate, then 
the average activity frequency  , where , of 

the simulated activity sequences should fit the observed activity 
frequencies. 

The algorithm works as follows (figure 3.5). 

Objective: The objective is to find a configuration of the 
rework probability matrix such that the average activity 
frequency of the simulated activity execution sequences will 
fit the observed activity frequencies. In other words, we 
want to find a configuration of the rework probability matrix 
 such that  is minimized. 

Required input: When starting the algorithm, observed 
activity sequences of projects and their underlying process 
structure (the common, standardized process) must be 
available. 

Initialize: The first steps are to calculate  from the 
observed projects and guess  the rework probability 
matrix.  is derived from the observed activity sequences 
by simply recording the number of transitions from a certain 
activity to the next in an adjacency matrix then dividing each 
matrix row by its own sum (we require the sums of each 
matrix row to be 1, equation 3).  corresponds to the 
lower triangular entries of the adjacency matrix. 

Loop: Now the simulated annealing can start. The first step 
is to choose a new neighbour (section 3.4). This is done by 
changing entries of the current rework probability matrix: 

 In order to restrict the search to the neighbourhood 
we allow only entries greater than 0 to change. The next 
step is to simulate sufficient project activity sequences (in 
terms of Monte-Carlo simulation) then calculate , and 
subsequently , from them. The final step is to decide 
whether  is acceptable as the new current configuration 
(equation 4). These steps are repeated until  is sufficient 
small. 
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Figure 3.5. Diagram of the rework probability estimation 

algorithm. 

Component 2: The second design iteration control framework 
component is a measure for monitoring effects of improving actions on 
design iteration, i.e., measuring design iteration (section 1.5 and paper 
2). 

The measure, called the sequence deviation quotient (SDQ), is 
regarded as a reference, to monitor the development of the design 
process with respect to iteration across design projects (figure 1.1). 
Thus, it should be computed for every observed project sequence. It 
has been defined as a relative measure to facilitate comparison of 
projects with different durations. SDQ is defined as the total work 
amount of routine activities of a project divided by the total original 
work amount of the project, i.e. 

.  (5) 

SDQ is a number greater than or equal to 1. Reductions in SDQ 
(over the course of projects) indicates that the relative rework amount 
associated with routine activities is decreasing (figure 3.1). 

In terms of SDQ, balancing design iteration can be expressed as 
minimizing the SDQ subject to design quality constraints. 

Component 3: The third proposed framework component is an 
algorithm for identifying process phases with high potential for 
reducing the SDQ. The basis of this approach is to use Monte-Carlo 
simulation to test the sensitivity of the expected rework amount to 
changes in certain rework probabilities. A critical process phase can 
then be simply identified by comparing the significance of the rework 
probability of two activities. The stronger the effect of reducing a 
certain rework probability on the rework amount (of routine 
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activities), the greater the potential of the corresponding process region 
for improving the iteration balance (section 1.5 and Paper 3). 

The algorithm works as follows (figure 3.6): 

Objective: The objective is to estimate the significance of 
observed transitions (from recorded activity execution 
sequences) on the average rework amount of the building 
design process and subsequently rank the rework 
probabilities by significance. That is, to rank the rework 
probabilities by their impact on the long-run average of the 
rework amount of routine activities  

Required input: The estimations of the significance of 
observed transitions are derived from recorded activity 
execution sequences and corresponding records of work 
amount per sequence element (figure 3.4). Furthermore, the 
precedence relations of the underlying design process must 
be known and modelled in a directed acyclic graph (activity 
on node diagram) in the form of a DSM. The DSM must 
also incorporate classification of the nature (routine or non-
routine) of each activity. 

Initialization: The simulation data required are estimates of 
the rework probabilities, statistical distributions of the work 
amount, and average execution fractions of the activities. 
These are acquired as follows. 

o Estimation of rework probabilities: First a transition 
probability matrix  is derived from the observed 
activity sequences by recording the number of 
transitions from a certain activity to the next in an 
adjacency matrix and then dividing each matrix row 
by its own sum (we require the sums of each matrix 
row to be 1, equation 3). The rework probability 
matrix corresponds to the lower triangular entries of 
the adjacency matrix. Note that the resulting 
estimations are biased because activities may be 
triggered simultaneously or triggering of activities may 
be prevented by precedence issues (as outlined in the 
DSM simulation section). Thus, it is necessary to 
check if simulated activity execution sequences 
significantly deviate from recorded sequences. The 
estimates of the rework probabilities can be enhanced 
by using (for instance) Monte Carlo optimization 
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aiming at minimizing the difference between activity 
frequencies obtained from the simulated and recorded 
sequences (component 1, and Paper 1). 

o Estimation of work amount: If little is known about 
the underlying distribution (i.e. limited data are 
available), the use of triangular distributions is 
convenient for modelling time (work amounts) spent 
on activities (Robinson, 2007). Optimistic and 
pessimistic estimates of work amounts associated with 
an activity  can be derived from the recorded 
activity execution sequences by using the minimum 

 and maximum 
 times, respectively. Furthermore, the 

most probable value (the mode ) can be estimated 
using the relation 

 between the mode and 
the mean  (Robinson , 2007) 

o Estimation of rework amount: Assuming a 
dependency between original work amount and 
rework amount, the rework amount entailed in 
executing an activity again can be expressed as the 
proportion of the original work amount it accounts 
for. 

Loop: Finally, the rework probabilities are ranked by setting 
each of them to a low level (while keeping the others at 
observed levels) and computing corresponding estimates for 
the long-run average rework amount of the routine 
activities, using DSM simulation. This step is repeated for all 
rework probabilities  derived by the approach 
described above. The lower the estimated long-run average 
of the rework amount of routine activities, the more 
sensitive it is to a change in the corresponding rework 
probability. 
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Figure 3.6. Proposed ranking algorithm. 

 





 

 

4 MODEL VALIDATION 
 

 
 
 
 

The potential utility of the components has been tested by applying them to a 
real offsite design building project and in Monte Carlo simulation experiments. 
The application of the components is described in Papers 1 to 3. This chapter 
describes the process mapping approach and the calibration of the simulation 
model used. Since the quality of analysis in model-based approaches 
significantly depends on the model quality, the description of the model 
compilation and calibration focuses on model validation. The modelled process is 
described in the Appendix, and the results and design of the simulation 
experiments are presented in Chapter 6. 

4.1 Modelling the offsite building design process 
The process was modelled by DSM-based simulation, which as 

already discussed provides a means to sample durations and work 
amounts of stochastic and nondeterministic activities of a focal process 
in a node network (section 3.3 and Paper 1). The simulation model, 
which was programmed in MatlabTM, consists of functions that are 
called from a script. In order to ensure that the code works as intended, 
each function was first tested on the small-scale activity network 
depicted in figure 3.2. Then, the script as a whole was checked by 
analysing sampled activity sequences and time durations. 

The data for the underlying process model originate from a design-
build construction project; the construction of a two-storey apartment 
building covering an area of 1100 m2. The structural frame of the 
building consists of prefabricated timber frame system elements of 
Masonite’s Flexible Building system, MFB®. The design was drawn up 
by a project team of technical consultants representing small and 
medium sized enterprises (SMEs). Data were collected and the process 
model was compiled iteratively between September 2009 and 
September 2010. In line with recommendations outlined by van der 
Aalst (2004; 2011) the project was mapped at the work-step level, i.e., 
all activities in which information (in the form of documents and 
agreements or material) was transferred between at least two of the 
main actors were logged. The log file of the project activities provided 
descriptions of each activity, their execution dates, the number of 
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hours worked, and the required inputs. In order to triangulate these 
data, the contents of the log file were discussed with the project leader 
over the course of 10 meetings. To further ensure that the logged 
activities were correct, further information on the proceedings was 
gathered from 14 project meetings. Finally, based on the information 
about required inputs a topological sort was generated by means of a 
DSM partitioning algorithm. Note that the process structure model 
was compiled iteratively. It was presented (in parts) to the main actors 
during three project meetings to confirm its correctness. The resulting 
network model consists of 98 activities with 376 dependency relations. 
The model spans the process from compilation of the client’s 
specifications through the pre-tendering phase to completion of the 
building plans. The design process is described in section 5.1 and the 
Appendix. 

Once the required input was compiled, the rework probabilities 
were estimated using the approach described in section 3.6. 
Preliminary runs of the simulation model with the resulting rework 
probabilities revealed that it was insufficiently accurate, as the activity 
frequencies of the generated activity sequences did not adequately fit 
the frequencies of the observed sequences (possibly due to data 
limitations, because only one process log was recorded). In order to 
improve the model, simulated annealing was employed (section 3.6 
and Paper 1). Figure 4.1 shows the best fit achieved between the 
observed and simulated activity frequencies. 

The mean length (in terms of number of activities) of 10,000 
simulated sequences was 207.5, very close to the length of the 
sequences of the observed project (202 activities). A run of 10,000 
simulations was chosen to keep the 95% confidence interval of the 
mean sequence length within  1. The closer the residuals are to 0 the 
better is the estimation, and a positive residual means that the simulated 
frequency was higher than the observed frequency. Considering the 
residuals in relation to the mean project length and the purpose of the 
simulation model (we use the model as a demonstrator, thus we only 
required it to generate plausible project sequences), the estimates were 
considered acceptable. 
The distributions of the original work amount were derived using time 
records for 32 similar projects, recorded between 2006 and 2011 by a 
colleague, Jansson (2010). Similar refers here to project size and the 
bearing structure, i.e., a timber frame system. The buildings in these 
projects were residential buildings, ranging from 1000 m2 to 5000 m2 
in size, and constructed using a timber frame-based offsite system. 
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Figure 4.1. Differences in activity frequencies between observed 

and simulated sequences. 

Finally, the rework amount was estimated as described above, i.e. as 
a fraction of the original work amount. If no information about a 
certain activity and iteration was available, average values of the 
neighbouring activities were used instead, following recommendations 
by Banks (2001). 

As shown in figure 4.2, the mean original work amount obtained 
from 20,000 simulated sequences was 2196 man-hours, very close to 
the man-hours used to execute the design phase of the recorded 
project (2192 man hours). The vertical line in the figure indicates the 
mean. The resulting distribution is right-skewed, as found by Banks 
(2001) and Robinson (2007) in similar analyses, and conforming to the 
time records from the 32 similar projects. Thus, the input data were 
deemed acceptable, following the same reasoning as for the rework 
probabilities. 

 
Figure 4.2. Histogram of simulated work amount. 

 

4.2 Modelling the land use planning process 
The data for the underlying process model for this case stem from a 
land use planning process of a municipality with about 40,000 
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inhabitants in northern Sweden. Background information about the 
project is given in Paper 4. As mentioned above, the project was 
studied to deepen understanding of the significance of variance and 
changes in design projects, i.e., to gain a better understanding of the 
applicability of the proposed design iteration control framework. The 
project was relevant because its underlying process has a similar 
structure of precedence constraints to the offsite building process 
previously analysed, but differs in some details. It has been modelled by 
DSM based simulation too. The main differences are in the response 
variable (project duration instead of work amount), the number of 
constituent activities, the level of rework probability, and the 
proportion of rework (section 3.3). 

Data were collected between January and October 2011 (by the 
main author of Paper 4) through participation in project meetings and 
workshops, as routinely organised to facilitate the detailed development 
process. The activity-on-node network was developed using two 
sources. First, activities within the detailed development process and 
their hierarchical structure, as governed by the National Planning and 
Building Act (PBL), were identified. Then activities were established 
through direct observations and interviews with the planning official 
responsible for the studied project. The same procedure was repeated 
for collecting data for the other model components (section 3.3). The 
simulation model was validated in two meetings by reviewing it 
together with the responsible planning official. The validation included 
a sensitivity test to assess effects of inaccuracies in the collected data on 
the response variable (figure 4.3), and a simulated annealing-based 
adjustment of the first order rework probabilities (Paper 1). Eventually, 
the simulation outcomes were presented to the planning official in the 
form of histograms of project duration and Gantt diagrams (for extracts, 
see figure 4.4). 
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Figure 4.3. Results of the sensitivity test (source Minitab 16). 

Two factors constitute the three most significant 
terms (in terms of project duration): processing time 
and access to resources. Activity duration was 
modelled using these factors. The factors E, D, 
and A relate to the rework amount. 

 
Figure 4.4. Examples of Gantt diagrams of generated 

schedules. 
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5 MAPPED PROCESSES 
 

 
 
 
 

The simulation studies (the main foci of analysis in this thesis) are based on the 
observed design processes, thus conclusions drawn from the simulations are 
limited to the coverage of the mapped processes and the process models. This 
chapter provides a reference for comparison with other processes (for both 
practitioners and researchers). It provides depictions of the process structures in 
the form of activity on node networks. A qualitative description of the observed 
offsite building design process is given in the Appendix. The description of the 
land use planning process is limited to a depiction of the activity on node 
network since here the process structure is of main interest. 

5.1 Mapped offsite building design process 
The process has been derived from an observed offsite building design 
project. The derivation of the process map and background 
information to the project are given in section 4.1 and Paper 2. The 
design process was modelled by 98 activities, of which 63 were 
classified as routine. The precedence constraints were modelled by 376 
directed edges (figure 5.1). The length (in number of activities) of the 
observed activity execution sequence is 202 and the observed total 
work amount is 2192 man hours. The observed SDQ (equation 5) is 
1.6, i.e., about 38% of the total working amount of routine activities 
was classified as rework. 

5.2 Mapped land use planning process 
The structure of the observed land use planning process is represented 
in figure 5.2. The process was mapped as two parts. The first part (left) 
depicts the actual planning process, while the second (right) the 
subsequent appeal process (Paper 4). The structure of the first part is 
similar to that of the building design process, but less complex. 
However, the appeal process was modelled using stochastic XOR 
decision nodes, limiting modelling to only one of the (11) possible 
paths per simulation run. A further distinction between the land use 
and building design processes was that the recorded activity frequency 
was significantly smaller in the former. 
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Figure 5.1. Network diagram of the observed offsite building 

process (left) and its transitive reduction (right). 
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Figure 5.2. Network of the observed land use planning process 

structure (left) and the appeal process structure 
(right). 
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6 FEASIBILITY STUDIES 
 

 
 
 
 

This chapter provides an overview of the experiments carried out to test the 
potential utility of the framework components. The chapter is divided into four 
sections. The first three sections each present and discuss results obtained using 
one of the components. The effectiveness of the components was first tested by 
applying them to data related to a real project, and secondly in simulation 
experiments carried out to increase the generalizability of the results. Note that 
the focus in this chapter is on the simulation experiments. Details of the 
components’ application to the observed project are given in Papers 1 to 3 and 
section 4.1. Application of the proposed framework components in their present 
form is complicated and laborious. In the fourth part, lessons learned from their 
application are summarized and discussed with respect to practical applicability. 

6.1 Adjusting first-order rework probabilities 
The experiment described in this section was designed to test the 

simulated annealing based framework, which is used to adjust the first-
order probabilities of a DSM-based simulation model to ensure that the 
activity frequencies of simulated execution sequences fit observed 
activity frequencies (section 3.6 and Paper 1). This is clearly critical 
given the requirement for the modelled first order rework probabilities 
to provide sound estimates of the real probabilities. A prerequisite for 
the practical applicability of the component is that activity frequencies 
must be easier to estimate than rework probabilities, and thus fitting 
the rework probabilities will increase the accuracy of the model. The 
aim of this experiment was to test this assumption. 

The experiment was set up as follows (figure 6.1). 

The basic procedure was to compare known activity frequencies 
with measured frequencies. If activity frequencies measured 
directly in some execution sequences (simulating observed 
projects) fit the known ones better than those generated using 
measured rework probabilities, then adjusting the rework 
probabilities can increase the accuracy of the simulation model. 
Note that this test was carried out with a simplified model 
(figure 3.1) in order to keep experimentation time within an 
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acceptable interval. Thus, the results (numbers) have to be 
interpreted as indications. 

Initialization: The first step was to generate (using the 
mentioned model) a set of 10,000 activity execution sequences, 
simulating projects based on a common underlying design 
process (figure 6.1). The average activity frequencies, i.e., the 
target frequencies , were then computed from the output. 

Loop: Next, pairs of sequences were randomly picked from the 
sequence set, simulating observed projects. Then two approaches 
were applied (figure 6.1). One (shown to the left in the figure) 
estimates the activity frequencies by measuring the rework 
probabilities. To this end, a transition matrix was first compiled 
from the picked sequences, by recording numbers of subsequent 
transitions (from the picked sequences) in an adjacency matrix 
then dividing each matrix row by its sum (section 3.3). In order 
to determine the corresponding activity frequencies, i.e., , 
2000 activity execution sequences were sampled, using the 
acquired transition probabilities. Remember, the first order 
rework probabilities correspond to lower triangular entries of the 
transition matrix. Finally, the energy  was calculated as the 
squared Euclidean norm of the differences between  and 

. The lower the energy, the better the fit of activity 
frequencies (section 3.4 and Paper 1). The other approach 
(shown to the right in figure 6.1) is based on adjustment of the 
rework probabilities using the simulated annealing approach. 
This was done by directly measuring the activity frequencies of 
the picked sequences (since the simulated annealing approach is 
used to fit the activity frequencies). The corresponding energy 

 was also computed. The loop was iterated 1000 times. In 
order to compare the performance of the two approaches, their 
average outputs were compared to identify which resulted in the 
lowest energy (figure 6.1). In order to get an indication of the 
potential effectiveness of the simulated annealing-based 
approach, the percentage of samples with an average deviation 
from the target activity frequencies lower than a given threshold 
was also determined. The experiment was also repeated with 
picking 5 and 10 sequences, to evaluate the impact of the 
number of observed projects on the quality of the estimates. 
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Figure 6.1. Algorithm used to estimate the effectiveness of the 
proposed framework component. 

Figure 6.2 shows plots of  versus  for each of the sets of 2, 5, 
and 10 picked sequences. Hits below the diagonal indicate that the 
accuracy of the model could be increased by adjusting the first rework 
probabilities, i.e., that the simulated annealing-based approach 
outperformed direct estimation of the rework probabilities. The closer 
the hits are to 0 the better the performance. The results corroborate 
the validity of the tested presumption. Furthermore, they indicate that 
the more execution sequences are used to estimate the rework 
probabilities, the better the outcome, and that increasing the number 
observed sequences increases the superiority of the simulated annealing 
based approach relative to direct measurement. Note that here it has 
been assumed that by applying the simulated annealing-based approach 
a perfect fit to the activity frequencies could be gained. Presumably, 
that is not the case for larger networks (see Paper 1). Thus, these results 
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should be considered as providing indications of the upper bound for 
the effectiveness of the methodology. 

 
Figure 6.2. Energy of samples with directly measured activity 

frequencies versus energy of samples with 
reconstructed transition probabilities. 

A final test was designed to evaluate the percentage of the samples that 
remained within a threshold degree of activity frequency deviation. 
When picking 10 sequences, 86.8% of the 1000 generated samples 
showed an activity frequency deviation of less than 10%, i.e., the 
activity frequencies generated (by using the adjusted rework 
probabilities) did not differ more than 10% from the target frequencies. 
When picking 5 and 2 sequences, the corresponding values were 
81.9% and 72.4%, respectively. In contrast, when sampling by direct 
estimation of the transition probabilities, only 1.3% to 36.3% of the 
samples deviated less than 10% from the target frequencies.  

6.2 Sequence deviation quotient 
In this section the experiments carried out regarding the SDQ (section 
1.5 and Paper 2) are overviewed. Details are given in Paper 2. 

The computation of the SDQ requires records of the activity 
execution sequence, the work amount spent on each activity, and the 
activity counts (and consequently the precedence constraints) (equation 
5). Furthermore the process activities have to be classified as routine or 
non-routine. The assessment of these data might be hampered by 
problems such as uncertainties about the process structure or 
organisational issues due to compensation claims or competition etc. 
Thus, one aim of these experiments was to assess the sensitivity of the 
SDQ to different sources of uncertainty in input data. 

Another aim relates to natural process variation. Remember, 
designing a building (using offsite systems) is considered here as a 
complex and iterative design process that is characterized by varying 
activity extent, varying activity execution sequences, and an invariant 
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underlying precedence logic. Thus, the second aim was to assess the 
degree to which a change in the relative rework amount of routine 
activities will be concealed by natural process variation. 

The experiments were executed by DSM-based simulations, in 
which data input uncertainty and natural process variation were 
simulated by varying components of the applied model. The tests were 
designed as two-level factorial experiments, following 
recommendations of Montgomery (2009) and Robinson (2007). The 
setup of the experiments is given in detail in Paper 2. 

The results indicate that the SDQ is much less sensitive to uncertainty 
related to the process structure model (including the classification of 
activities as routine or non-routine) than to uncertainty relating to the 
recorded work amount. Thus, the most critical step when recording 
data is to acquire correct information about time spent on rework. 

The simulation results also show that variation in activity extent 
(man-hours) has little impact on the SDQ. The effects of varying the 
tested time distributions (within the tested limits, see Paper 2) were 
smaller than the SDQ range when all factors were fixed for DSM-
based simulation. However, variation of factors related to the rework 
amount showed much stronger effects. These results indicate that 
when comparing the SDQ of different projects it is not essential to 
classify the projects with respect to size (within the tested ranges). The 
tests of effects of natural process variation also included slight violations 
of the assumption of invariant precedence logic. The results here 
indicate that modest variation of this logic does not significantly impact 
the SDQ. However, no conclusions can be drawn for fundamentally 
different process structures.  

6.3 Ranking algorithm 
The experiment described in this section was designed to test the 
effectiveness of the framework component for ranking the significance 
of process phases. As discussed above, this component exploits Monte-
Carlo simulation in order to test the sensitivity of the expected rework 
amount to changes in certain rework probabilities. The stronger the 
effect of reducing a certain rework probability on the rework amount 
(of routine activities), the higher the potential of the corresponding 
process region to improve the iteration balance (section 3.6 and Paper 
3). 

Building projects usually last several months to several years, hence 
access to data is often limited. The aim of this experiment was to test 
whether the suggested approach has robust potential (as intended) to 
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systematically reduce the expected rework amount of routine activities, 
even if limited data are available. 

The experiment was set up as follows (figure 6.3). 

The basic aim of the test was to compare the reduction of 
rework amount that results from the suggested ranking 
approach with the reduction that results from randomly 
reducing rework probabilities. 

Initialization: To this end, a set of  activity 
execution sequences, and corresponding sequences of work 
amounts and activity counts (figure 3.4), was sampled. Then, 
rankings of the process transitions were derived from all 
generated sequences, using the approach illustrated in figure 
3.6, to simulate cases for which the real significance of each 
phase is known. Next, an effectiveness measure  
was computed for each of the N=110 possible rework 
probability matrix configurations .  corresponds to , 
i.e., the rework work amount that is expected to be reduced 
by configuration , divided by the maximal reducible rework 
amount (section 3.6 and Paper 3). The effectiveness of 
configuration  was computed as 

. 

Loop: After the initializing step, three activity execution 
sequences were picked and rankings (figure 3.6) for their 
transitions were computed. Next, the effectiveness  and 

 associated with the estimated most significant rework 
probability and a randomly chosen rework probability  
(with integer ), respectively, were recorded. In 
order to ensure sufficient confidence in the comparisons of 
the effectiveness measures the steps following the 
initialization were iterated L=100 times. 
Finally, the estimator of the proposed approach’s 
effectiveness F was computed as the proportion of the L 
cases for which it outperformed the random approach, given 
by the Monte Carlo integral . 

The experiment was repeated with picking sets of 5, and 10 sequences 
in order to test the effect of varying the number of sequences on the 
effectiveness of the ranking approach. 

The resulting effectiveness measure ranged between 0.97 and 0.99 
when picking 3, 5, and 10 sequences, i.e., ranking by the proposed 
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approach outperformed random ranking in 98 of 100 cases on average, 
indicating that it has high potential to support systematic design process 
enhancement. Figure 6.4 shows the effectiveness of randomly choosing 
rework probability configurations versus the effectiveness of choosing 
configurations by the proposed approach. Hits below the diagonal 
depict cases in which the proposed ranking approach outperformed 
random ranking. The results shown in the figure indicate that its 
effectiveness increases as the number of sequences increases. However, 
for the test it was presumed that the precedence constraints are known, 
although it has been argued that the mapping of project networks is 
work-intensive and error-prone (e.g., Lu and Olofsson, 2014; Zhao et 
al., 2011). Thus, these results should be considered as indications of 
upper bounds for the potential effectiveness of the ranking algorithm. 

 
Figure 6.3. Flow diagram of the algorithm used to estimate the 

effectiveness of the proposed approach. 
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Figure 6.4. Effectiveness of randomly choosing configurations 

versus choosing configurations by the proposed 
approach. 

In the following section lessons learned from application of the 
framework components to the observed processes are discussed with 
respect to applicability. 

6.4 Lessons learned 
One of the most laborious steps in the experiments was compilation of 
the structure model of the offsite building design process, due to 
problems resulting from uncertainties about input data. All of the 
project participants had knowledge of parts of the process, but none of 
them knew the whole process in the required detail in advance. In 
particular, it was not always clear whether a logged activity was a new 
activity, an activity that had resumed after an interruption (e.g. a break 
due to a re-think or shortage of resources), or was reworked. 
Furthermore, at the start of the project participants did not always 
agree whether there was a dependency between pairs of design 
activities or whether some activities were of routine or non-routine 
nature. Ten meetings with the project manager and additional 
interviews with project participants were required in order to compile 
a structure model that was considered to be correct by all the main 
actors (section 4.1 and Paper 2). 

Modelling the structure of the land use planning process was a 
substantially simpler task, although the planning official responsible for 
the process was not experienced in mapping activity networks. Thus, 
the structure model was considered to be correct after just two 
meetings. One reason that it was simpler than compiling the offsite 
building design process model may be that many of the activities in the 
land use planning process are defined by law. 

Mapping the process structure correctly is critical for the quality of 
process optimization in model-based approaches. Methods to 
automatize mapping have been published in project management 
literature (e.g., Lu and Olofsson, 2014; Zhao et al., 2011), but it can 
still be a difficult and laborious task if the activities are not well 
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defined. However, a major strength of the continual improvement 
concept is that the mapping does not have to be completely correct 
from the very beginning, as the model can be continually calibrated. 
According to the simulation results (section 6.1), the first three to five 
projects should be used to align the model to observations before 
process improvement actions are based on it. 

A further problem, related to recording the work amount and 
activity iteration, arose in compilation of the offsite building design 
project model. The data used stem from two sources, sequences logged 
by the project manager (section 4.1), and information obtained from 
the companies (for triangulation), which did not always match. Hence, 
subsequent interviews with representatives of three companies were 
required to resolve these discrepancies. Thus, since accurate data 
related to rework amounts are critical for correctly balancing iteration 
(section 6.2), it is clearly important to foster organizational and 
contracting forms in offsite building design projects that promote 
openness among the project participants in order to avoid data 
discrepancies due to competition issues. 

A further important observation relates to the significance of effects of 
iteration on output variables in simulations. Both mapped processes are 
iterative design processes, but iteration has much more significant 
effects (according to the simulations) on the building design process 
than on the land use process. Compiling a simulation model that 
incorporates random iteration of activity sequences requires 
significantly more work than models without this feature. Thus, a 
method is required that supports fast assessment of the necessity of 
modelling iteration, as for instance, the low significance of iteration in 
the land use design process was not initially clear. 

A possible problem with respect to applicability is the high 
computation costs of the suggested algorithms, particularly the 
simulated annealing approach. While an adequate solution could be 
found within 5 minutes for a network with six constituent activities 
(using a personal computer), at least 48 hours was needed to obtain a 
solution for the land used planning process model (figure 5.2). To find 
an adequate solution for the offsite building design process (figure 5.1), 
the algorithm had to be run for about 14 days. However, the algorithm 
was programmed—in Matlab (R2012b), using a built-in bounded 
simulated annealing function—with a focus on correct outputs rather 
than processing time. The computational costs could presumably be 
significantly decreased by optimizing the program (i.e., appropriate 
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language and syntax), the cooling schedule and the boundaries of the 
first order rework probabilities (see section 3.6). 



 

 

7 CONCLUSIONS AND FUTURE RESEARCH 
 

 
 
 
 

This chapter concludes the thesis. It summarizes the contributions of the study 
and provides suggestions for future research. The main theoretical contribution is 
the adaption of methods drawn from process and project management theory to a 
new context: offsite building design. The practical contribution is the conception 
of a design iteration control framework (new method) and testing of the practical 
utility of its components. 

7.1 Conclusions
The systematic balancing of iteration needed to meet quality 
requirements against iteration that complicates scheduling and binds 
resources is an important success factor in offsite building design 
projects. 

The problem of balancing iteration has been formulated and three 
framework components have been developed based on the 
formulation. The first is an algorithm that can be used to calibrate a 
DSM-based simulation model, using simulated annealing to adjust the 
first order rework probabilities. The second is a measure that can be 
used to monitor the development of iteration balance across projects, 
which measures the relative rework amount of routine activities in a 
project. The third component is a ranking algorithm, based on DSM-
based simulation, which can be used to identify project phases with 
high potential for reducing relative rework amounts of routine 
activities. It makes use of DSM based simulation. 

The ultimate goal of the thesis is a tool (e.g. software)-to assist 
project managers in enhancing the workflow of building design 
projects-relevant for companies that use offsite building systems and are 
interested in continual process improvement. Increasing control of 
iteration in offsite building design projects will facilitate cooperation 
between the companies involved and reduce risks of design issues. 

The framework components are relevant for researchers because 
they can be used to study in detail effects of management actions on 
activity execution sequences and thus help efforts to assess their effects 
on expected project costs and duration. 
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The potential utility of the components has been tested by 
application to a real offsite building design project and by simulation 
studies. Both tests indicate that they have feasibility for being used to 
monitor and analyse effects of management actions on iteration. From 
a practical perspective, the applicability of the framework is facilitated 
by stringent definition of the process activities. The results also indicate 
that contractual forms that support openness among the project 
participants should be preferred. 

7.2 Future research
In order to enhance the suggested framework components the 
following subjects are recommended for future work: 

The conclusions regarding the potential utility are mainly based on 
observations of a real offsite building design project and Monte-Carlo 
simulation. As building design processes are subject to variation and 
since simulation is, of course, a strong approximation of reality, 
implementation of the components on data of additional offsite 
building design projects is required for a definite validation. 

To generate an understanding of how to use SDQ to detect process 
changes across projects the impact of process changes in offsite building 
design processes on SDQ time-series should be studied. 

The algorithms should be improved in respect of time. Starting 
points are the cooling schedule and the boundaries of the first order 
rework probabilities. A further starting point is the programming. 

In order to develop the iteration control framework (figure 1.1), the 
following subjects are recommended for future work: 

Building design processes are complex. An important control step is 
to compare the outcome of projects with desired results, preferably by 
measuring several output variables simultaneously to detect potential 
interactions that may help or hinder progress towards objectives 
(collectively intended to improve the process) (section 1.4). The 
suggested measure, i.e., the SDQ, was developed to assess iteration. 
Additional measures that consider cost, time, and quality aspects should 
be integrated in order to avoid sub-optimization. 

The suggested framework components relate to the check and 
analyse phases (section 1.4 and 1.5). Components that relate to the plan 
and do phases should be integrated in addition. A starting point is a 
tool that facilitates the mapping of the process structure. 
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Abstract 

Monte-Carlo simulation analysis has been discussed in project management literature as tool for proactive scheduling and to gain 
better insights into projects which are characterized by a high level of complexity and uncertainty, such as the design phase of 
prefab building projects. The application of simulation as proactive scheduling tool in construction projects is hampered by 
limited accessibility of proper input data, though, because of long project duration, the often temporary organization and 
multidisciplinary nature of such projects. In this study we use simulated annealing to adjust parameters of a simulation model for 
which the simulation outcome is sensitive to data perturbation by making use of data from related parameters which is easier to 
estimate. The applicability of the approach was demonstrated on a real life project, the construction of a 1100 m2 residential 
building in Sweden. More precisely, we used Design Structure Matrix simulation, i.e. an activity network based Monte-Carlo 
simulation technique with which stochastic project evolution (deviations from the planned activity sequence due to unexpected 
iteration of sub-processes) can be simulated, to model the workflow of the design process of the observed project. Then, by 
means of the simulated annealing approach, we adjusted the rework probabilities (model parameter) such that the frequencies of 
executed activities in simulated activity sequences fitted the frequencies as observed in the real project. Adjusting input data by 
using prior knowledge of the dependencies of the project activities and cross analysis with related data that is easy to estimate 
would help to increase the accuracy of simulations when access to statistical data of the input variable in question is limited. The 
suggested approach is interesting for practitioners who work with standardized design processes (e.g. as part of standardized 
building systems) and continuous improvement. 
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1. Introduction 

Precise design and accurate scheduling of the design phase are crucial success factors in managing prefab 
building projects because of the high production rate of the standardized building elements (usually manufactured 
off-site) and the interdisciplinary nature of building design processes. A high production rate implies that once the 
production has been started design errors will be multiplied. The interdisciplinary nature implies that inaccurate 
scheduling will further complicate the cooperation between the project members. As one of the major factors that 
adversely affect design and scheduling precision, iteration induced by design changes have been identified in 
numerous studies (e.g. [1 – 3]). The design process of building projects is often complex, which means that already a 
small change during execution can cause significant effects on the project outcome [4,5]. The complexity together 
with uncertainty about project conditions makes it a challenge for project managers to predict the effects on the 
project outcome of any design change during the execution of the project. 

 
An established means in engineering design to get insights into and to develop robust design processes of projects 

characterized by a high level of complexity and uncertainty is Design Structure Matrix (DSM) simulation (e.g. 
[6,7]). DSM simulation is an activity-network based technique with which variation in project duration is simulated 
to origin both from variation in activity duration and variation of the activity execution sequence. Usually, the 
execution sequence is modeled to follow the activity dependency logics as defined by an activity network. But the 
logical sequence is randomly perturbed in that sub-processes have to be iterated [6]. By iterations it is simulated that, 
as consequence of an unforeseen information change during the execution of a design project, successor activities 
that have already been carried out have to be reworked [8,9]. It is obvious that the quality of process optimization 
which is based on a numerical model significantly depends on the quality of the numerical model used, and 
consequently of the accuracy of the model input data. As indicated above, the probability with which iteration of a 
sub-process is triggered (i.e. the rework probability) constitute a core input parameter of a DSM simulation model. 
Usually rework probability is estimated by using historical data or, if not accessible, by expert interviews. Also 
indirect interview techniques have been applied to facilitate the estimating for practitioners (e.g. [8]). However, the 
use of historical data or expert interviews to assess the rework probability for the design phase of building projects is 
often hampered by the temporal organizing and long project durations, i.e. a lack of accessible data. 

 
In this paper we propose a new approach to assess the rework probabilities of a DSM simulation model (figure 1). 

The idea is to reduce estimation uncertainty by making use of related data that is easier to access than the rework 
probabilities, i.e. the mean frequencies of activities of observed project execution sequences. 

 

Fig. 1. Estimation of rework probabilities by making use of related data (inverse analysis) 

The mean frequency of an activity depends on the underlying process structure (which defines the precedence 
constraints) and the rework probabilities. The task is to find a configuration of the rework probabilities such that the 
activity frequencies of the simulated execution sequences fit the observed ones. Because the stochastic nature of 
DSM simulation it is not possible to find an analytical solution for this problem. However, DSM simulation can be 
used itself to generate the frequencies (by generating execution sequences) and then simulated annealing (a Monte 
Carlo optimization technique) can be used to iteratively fit them to the target frequencies. 
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The applicability of the approach was demonstrated on a real life project; the design process of a 1100 m2 
residential building in Sweden. 

2. DSM-based simulation 

Different models using DSM-based simulation have been presented in literature. The following description relates 
to the model created by Cho and Eppinger [6], which is basically a discrete event model that makes use of DSM to 
define the rework probabilities. 

 
The basic concept in DSM-based simulation considers variations in project costs and time largely a function of 

the iteration required in the project’s execution [10]. Figure 2 shows the activity execution sequence of a sampled 
project and the underlying process structure. The process structure is represented by a digraph; the activities of the 
process are depicted by the vertices A1 to A6 and the precedence constraints by the straight arcs. A process structure 
defines the order in which activities should be carried out and whether activities can be carried out concurrently. The 
project sequence is represented by the bold arcs. It represents the order in which a project was carried out. 
Theoretically, the project in figure 2 requires only 5 transitions from start to finish. But because a change in activity 
2 after the 5th transition occurred (first order rework) 8 transitions were required instead. Since A3 depends on input 
from A2 it had to be reworked too (second order rework). 

 

Fig. 2. Schematic of sampling a project sequence 

The progression of the project sequence is defined by the precedence constraints, and the probabilities whether a 
transition will happen to a direct successor activity or to any predecessors in the next execution step. 

 
The transition probabilities are usually represented by a square matrix . The entry gives the conditional 

probability that if activity i is the current one, activity j will be carried out next, where every matrix entry is lager or 
equal 0 and the row sums are equal 1 [11]. If the process structure can be represented by a directed acyclic graph and 
the activities are ordered such that  (does not succeed), where , then the rework probabilities are 
represented by the lower triangular entries of  and the probability that the project sequence at current state  will 
transit to a successor is . 

Generating a project sequence of a process with activities  is done as follows. The simulation is 
initialized by sampling a vector with activity durations. When an activity is simulated to be active its duration 
decreases. An activity is set active as soon as all its predecessors have been finished, i.e. when the duration of its 
predecessors is 0. The first element of the sequence is the start activity (note that a process structure must have each 
a unique start and a unique end activity). To get from the nth sequence element to the n+1th a random number 

 is used and an update function , which takes as input the current activity  and a number 
between 0 and 1 and produces another activity  (or activities) as output: 
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(1)

If  is a predecessor activity of  then extra duration is assigned to activity  and all of its successors which have 
been executed before, simulating time that have to be spent for rework. The simulation is terminated when the end 
activity has been executed. A more detailed description of DSM-based simulation can be found in e.g. [6]. 

3. Simulated annealing 

Simulated annealing is a probabilistic metaheuristic utilized to find a global minimum (or sometimes a maximum) 
over a search space S = { s1 , ... , sn } by iteratively improve a candidate solution si  S with regard to a quality 
measure , called the energy function. That is; to find a si  S which minimizes f (si). The method was 
inspired by the annealing process in metallurgy and first presented by Kirkpatrick et al. [12]. The basic procedure is 
that si is altered until the global minimum is reached, or until f (si) is sufficient small. The alteration of the candidate 
solution is often called ‘picking a neighbour’ and is done systematically. The altered candidate solution will be 
accepted with the probability 

,   where   .    (2) 

That means, the new solution is accepted: in any case if   f (si+1)  f (si), and only with a certain probability if  
f (si+1) > f (si). The acceptance rate depends on the temperature T which is decreased towards 0 with the number of 
iterations; the lower the temperature the lower the acceptance rate [11]. 

 
The idea the procedure described above is based on is to run a Markov chain with state space S whose unique 

stationary distribution places most of its probability on states  with a small value of f (s) (i.e. a Bolzmann 
distribution). The chain will probably contain such a state s if it is run for a sufficiently long time. If it is then 
switched to running another Markov chain whose unique stationary distribution concentrates even more of its 
probability on states s that minimize f (s), then after a while the chain will even more likely contain a f –minimizing 
state. Then it is switched again to a Markov chain with an even stronger preference to for states that minimize f etc. 
In this way, the probability of being in an f –minimizing state s at time n will tend to 1 as  [11]. A deeper 
theoretical background is given in e.g. [11,13]. 

4. Rework probability estimation 

As conclusion from the preceding discussion we propose the following approach to estimate the rework 
probabilities (figure 3): 

Objective: The objective is to find a configuration of the rework probability matrix such that the average 
frequency for each activity of the simulated sequences will fit the frequencies from the observed sequences. In 
other words, we want to find a configuration of the rework probability matrix  such that   
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gets minimal, where  is a vector with the average frequency for each activity of the simulated projects as its 
elements and  the corresponding frequencies of the observed projects. 
Required input: When starting the approach, observed activity sequences of several projects as well as their 
underlying process structure (common, standardized process) must be available. Methods to derive a DSM-model 
of the underlying process structure are described in e.g. [14,10]. 
Initialize: The first steps are to calculate  from the observed projects and to do an initial guess  for the 
rework probability matrix.  is derived from the observed activity sequences by simply recording the number 
of transitions from a certain activity to the next in an adjacency matrix (see section 2 and figure 4.b) and then 
dividing each matrix row by its own sum (we require the sums of each matrix row to be 1).  corresponds then 
to the lower triangular entries of the adjacency matrix. 
Loop: Now the simulated annealing approach can start. The first step is to choose a new neighbour (see section 
3). This is done by changing some of the entries of the current rework probability matrix:  In order to 
restrict the search to the neighbourhood we allow only entries bigger 0 to change. The next step is to simulate 
sufficient many project activity sequences (sufficient many in terms of Monte-Carlo simulation) and calculate 
thereof , and subsequently  (equation 1). Finally, it has to be decided whether  is accepted as the new 
current configuration (equation 2). Repeat these steps until  is sufficient small. 

 

 Fig. 3. Schematic diagram of the rework probability estimation algorithm 

5. Prefab building design process application 

In order to test the applicability of the suggested approach, it was applied on a real life project. The data for the 
underlying process model originate from a design-build construction project i.e. the construction of a two storey 
apartment building with an area of 1100 m2. The structural frame of the apartment building consists of prefab timber 
frame system elements (Masonite’s Flexible Building system MFB®). The design was drawn up by a project team of 
SME technical consultants. 

 
Data collection and the compilation of the process model were conducted iteratively between September 2009 

and September 2010. In line with the recommendations outlined by [15,16] the project was mapped at the work step 
level, i.e. all activities in which information (in the form of documents and agreements or material) was transferred 
between at least two of the main actors were logged. The log file of the project activities provided descriptions of 
each activity undertaken, their dates of execution, the number of hours worked, and the required inputs. In order to 
triangulate these data, the contents of the log file were discussed with the project leader over the course of 10 
meetings. To further ensure the correctness of the logged activities, further information on the proceedings was 
gathered from 14 project- meetings. Finally, based on the information about required inputs a topological sort was 
generated by means of a DSM partitioning algorithm. Note that the process structure model was compiled 
iteratively. It was presented (in parts) to the main actors during three project meetings to confirm its correctness. The 
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resulting network model (figure 4.a) consists of 98 activities with 376 dependency relations. It spans the process 
from the compilation of the client’s specifications through the pre-tendering phase to the completion of the building 
plans. A detailed process description is given in [17]. 

 

 

Fig. 4. (a) The modelled process structure; and (b) the observed transitions 

Once the required input was compiled, the rework probabilities were estimated by means of the approach 
described in section 4. Figure 5 shows the residuals i.e. the differences between the activity frequencies from the 
simulated execution sequences and the observed activity frequencies. 

 

Fig. 5. Differences in activity frequencies between observed and simulated sequences 

A positive residual means that the simulated frequency was higher than the observed one. The closer the residuals 
are to 0 the better is the estimation. Note the residuals between activities 16 and 33 (planning of technical details in 
the pre-tendering phase). A possible explanation for the peaks could be that the main actors did not completely agree 
about how the process structure of this phase should be modeled. There was some uncertainty about the 
dependencies of the activities. Thus, perhaps the model partly does not match the real structure. Another explanation 
could be that it was quite difficult to catch all transitions between the project participants during this phase (figure 
4.b), since many technical details were discussed via telephone. These transitions were not recorded but had to be 
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reconstructed afterwards. That means that there is also some uncertainty about the correctness of the observed 
activity sequence in this phase. 

 
Figure 6 shows the length of the simulated activity sequences (in number of activities). The mean length of 

10,000 simulated sequences is 207.5, which is close to the length of the sequences of the observed project (202 
activities). In contrast, the mean length of 10,000 simulated sequences generated by using direct observations, i.e. 
without fitting, was 148.6. The distribution of the simulated project lengths is right skewed, which is in line with 
[18,19]. Considering the results of this study, we assume that by using the proposed approach we could increase the 
plausibility of the project outcome. 

 

Fig. 6. Frequencies of simulated project lengths 

6. Conclusions 

A core component of DSM simulation models is the rework probabilities. Rework probabilities are usually 
estimated by direct observation or expert interviews. However, the application of these methods in construction 
projects is often hampered by limited accessibility of proper input data, because of long project duration, the often 
temporary organization and their multidisciplinary nature. This study presents a new estimation procedure for 
rework probabilities that can be used in DSM based simulation models. It is an iterative, activity network based 
approach where use of related model data is made i.e. the underlying process structure and the activity frequencies of 
observed project sequences. The suggested approach proceeds in three phases. First, the underlying process structure 
has to be derived by means of DSM sequencing algorithms and a first guess of the rework probabilities by inference 
from the observed project sequences. Then, project execution sequences are sampled by means of DSM based 
simulation and the activity frequencies of the simulated sequences are compared with the activity frequencies 
derived from the observed sequences. Finally, the first guess is improved by a Monte-Carlo optimization technique, 
i.e. simulated annealing, until the simulated activity frequencies are sufficient close to the observed frequencies. 

 
The approach was tested on a real life project, the construction of an 1100 m2 residential building in Sweden. The 

results of the study indicate that by applying the approach it is possible to receive more accurate rework probability 
estimates than by direct observation. Adjusting input data by using prior knowledge of the dependencies of the 
project activities and cross analysis with related data that is easy to estimate would help to increase the accuracy of 
simulations when access to statistical data of the input variable in question is limited. A prerequisite is, though, that 
the observed project sequences are resulting from a common underlying design process and that this process must be 
well defined. The suggested approach is thus interesting for practitioners who work with standardized design 
processes (e.g. as part of standardized building systems) and continuous process improvement. 

 
In this study it was assumed that adjusting the rework probabilities with reference to the observed activity 

frequencies will increase the accuracy of the model. However, preliminary additional tests indicate that adjusting the 
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rework probabilities to the observed activity frequencies does not necessarily increase the model accuracy. In some 
cases direct estimations (frequencies of observed transitions divided by their row sums, section 2) provided superior 
results. Thus, rules have to be developed that will help the practitioner to assess the potential efficiency of the 
estimation procedure for a given problem in advance. 
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Enhancement of iteration management in the design phase is important for successful offsite
building projects. Design iteration has two aspects. Although iteration is necessary to deal
with design requirements when solving complex problems (i.e. increasing quality through
iteration), it has also been identified in numerous studies to be one of the main causes of
design errors and time and cost overruns (i.e. superfluous iteration), as it increases
scheduling and design complexity. Current building project management tools do not
provide a means to control the reduction of superfluous iteration. One problem is that
existing research has difficulty precisely relating the effects of specific management actions
to superfluous iteration. The idea of this study is to develop an indicator, the sequence
deviation quotient (SDQ), which reflects the amount of superfluous design iteration in a
project. It can be thought of as a tool supporting project managers to make systematic and
continuous (from project to project) design process improvement. A premise is that the
impact of varying project conditions on the process structure of design processes, i.e. the
precedence relationships between the design activities, is only small. In this paper, we
provide a definition of superfluous iteration. We tested the feasibility of the SDQ by
subjecting it to project variation and input perturbation by means of a Monte Carlo
simulation. The simulations are based on the data from a real offsite design building
process, the designing of a 1100 m2 residential building in Sweden.

Keywords: design changes; design process simulation; design structure matrix; iteration;
project performance indicator

1. Introduction

The basic concept of offsite building is to move some of the effort that goes into the actual con-
struction process (from the site) into a controlled environment, i.e. a manufacturing or factory
facility (Arif & Egbu, 2010). Typically, offsite building systems comprise prefabricated standard
elements (e.g. wall, ceiling and roof modules) which are configured to meet project specifications
(Jansson, Johnsson, & Engström, 2013). Offsite building systems have been discussed as a
means, in particular, to reduce production time, to improve the quality of the finished product
and to increase assembly speed (Nadim & Goulding, 2011). A direct consequence of moving
most of the construction into a controlled environment is that the design must be largely finished
before production and assembly of the building elements are started. Unlike on-site building pro-
jects, the fast production (fabrication) and assembly of the building elements require accurate
design and scheduling. Obviously, changing design details, once the production and assembly
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have been started, can significantly reduce the benefits of offsite building systems. A major issue
in offsite building projects is thus design process enhancement (Goulding, Rahimian, Arif, &
Sharp, 2014; Whitney, 1990). Designing a house using standardized offsite building systems
usually includes design work which relates to project-specific configuration of the standard build-
ing elements (i.e. routine activities), creative work (such as façades) and the development of tech-
nical solutions for project-specific aesthetics (Jansson et al., 2013). Although the focus on each
type of design work shifts between offsite projects, the main part of the design activities and
the precedence relationships between those design activities is defined by the standardized build-
ing system. As a consequence, there is the potential to standardize the set and execution sequence
of design activities for an offsite building system (Austin, Newton, Steele, & Waskett, 2002)
(Figure 1). However, one main reason for design quality and scheduling issues in building pro-
jects is unexpected iteration of sub-design processes (Hwang, Thomas, Haas, & Caldas, 2009;
Pektas & Pultar, 2006). Design processes are multidisciplinary and complex. Changing even a
single detail may lead to departures from the planned activity execution sequence due to essential
information updates to successor activities already executed, increasing both scheduling and
design complexity (Chua & Hossain, 2012). From this perspective, iteration potentially decreases
design quality (i.e. time, cost and product quality). On the other hand, iteration is necessary to deal
with design requirements when solving complex design problems and undertaking aesthetic
design work (Pektas & Pultar, 2006).

Figure 1 shows the schema of a standardized building design process. The design process
comprises creative and routine activities. Iteration of routine activities (i.e. superfluous iteration)
does not increase design quality. For example, re-analysing the structural properties of a wall
element due to a change in the roof design will not lead to a better wall element. Instead, more
than one set of structural properties for an element increases the risk that outdated information
will be used as input for successor activities. In contrast, a redesign of the roof (creative activity)
may occur to meet a change in client specifications and thus increase design quality. Theoretically,
the design project could be executed following the activities from top to bottom. In practice, the
activity execution sequence and work amount related to those activities must be adapted to meet
project conditions.

A controlled enhancement of offsite building design processes is hampered by the lack of
tools that support project managers ensuring that superfluous iteration is kept to a minimum
while enabling sufficient iteration of creative design activities. In the project management litera-
ture, a wide range of tools intended for reducing superfluous iteration as shown in Table 1 has
been discussed. However, current design management tools do not relate in detail the impacts
of management actions (taken to enhance the design process) to superfluous iteration (Cho &
Eppinger, 2005; Karniel & Reich, 2009).

Design process management is often tackled by investigating which factors cause design
changes and subsequent iterations (system dynamics) and then constructing management

Figure 1. Schema of a standardized building design process.
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actions supporting project managers to enhance the design process. For example, Hwang et al.
(2009) identified (design iteration induced by) changes in design demanded by the client and
those caused by errors and design omissions to be the main drivers of time and cost overruns
in construction projects. They based their conclusions on analysis of quantitative data from
359 construction projects, recommending approaches such as pre-project planning, project
change management, design effectiveness, alignment and constructability be put into practice
to reduce the root causes of unnecessary iteration. An extensive list of 90 management actions
for reducing the risk of time and cost overruns was provided by Olawale and Sun (2010),
where 18 of the suggested management actions are targeted at reducing design change-induced
iteration. Suggested actions include making a clear distinction between design change and
design development at the outset of a project, ensuring the time and cost implication of a
design change is always determined and agreed before going ahead and freezing design at the
appropriate stage of a project. Their results are based on a survey on 250 construction project
organizations in the UK. Although system dynamic approaches provide valuable insights into
the interrelatedness of factors that influence the time, cost and quality of the design process,
they do not support an evaluation of whether actions applied to enhance the design process actu-
ally led to the desired results. Graph theory-based approaches constitute another group of methods
that is often referred to in design processes management. The core concept of these approaches is
to model in detail the process structure (i.e. the precedence logic of the process activities), and
then to investigate how reconfiguration of the process structure or an assumed change in activity
execution order affects activity execution sequences, and subsequently project durations and costs
(Pektas & Pultar, 2006). A well-recognized example is Steward’s (1981) design structure matrix
(DSM) technique, where the structure of complex design processes is represented in matrix form.
The technique provides several algorithms to find, inter alia, the execution sequence with the
minimum number of iterations. Austin, Baldwin, Li, and Waskett (1999, 2000a, 2000b) and
Austin et al. (2002) developed a DSM-based approach, the analytical design planning technique
ADePT, that enables analysis of building design processes in respect of iteration. It has been
developed for capturing, understanding and replicating the work processes of building design pro-
jects. The simulation model presented by Cho and Eppinger (2005) has gained a wide acceptance
within the engineering design literature. They adopted the notion of rework probability and inte-
grated DSM in a discrete event simulation model, with which sequential and parallel iteration can
be modelled, as well as iteration due to task overlapping, something also thematized by Srour,
Abdul-Malak, Yassine, and Ramadan (2013). They developed a DSM-based algorithm with
which the shortest possible project schedule can be determined if overlapping is considered. A
graph-based model for identifying which elements will be affected by design changes (and sub-
sequent iteration) in construction projects was presented by Isaac and Navon (2013). However,
the difficulty when using activity network-based models to investigate iteration in complex
design processes is to model the effect of any change on iteration in its entirety (Cho & Eppinger,
2005; Karniel & Reich, 2009). The inherent complexity implies that any action carried out in

Table 1. Management actions to reduce superfluous iteration.

Superfluous iteration in design processes of offsite building systems can be reduced by
– reducing the risk for sequence deviation, e.g. increasing tolerances in the building system (Milberg &
Tommelein, 2003), visualization (Johnsson, Janols, & Stehn, 2006) enhancing communication (Wikforss,
2006), contracting (Meng & Gallagher, 2012), etc.
– resequencing the design process so that less routine activities will be included in iterated subprocesses,
e.g. DSM algorithms (Austin et al., 2002; Cho & Eppinger, 2005; Steward, 1981), etc.
– accelerate design rework, e.g. design software, building information modelling (Pektas & Pultar, 2006),
etc.

Architectural Engineering and Design Management 3

D
ow

nl
oa

de
d 

by
 [L

ul
ea

 U
ni

ve
rs

ity
 o

f T
ec

hn
ol

og
y]

 a
t 0

1:
53

 1
3 

N
ov

em
be

r 2
01

4 



order to change process properties can change interrelated properties for the worse or cause
unforeseen events in later project phases (Pektas & Pultar, 2006).

One potential way to avoid this problem (the difficulty of relating the effects of specific man-
agement actions to superfluous iteration) is to measure superfluous iteration resulting from the set
of applied management actions used in a specific project. Although this approach does not
provide an assessment of the effects of specific management actions, it could be used to indicate
whether the set of applied management actions actually led to the desired results. The scope of this
paper is to provide an indicator, the sequence deviation quotient (SDQ), which reflects the amount
of superfluous iteration in a project. The SDQ has to be seen as a complement to existing project
performance indicators supporting project managers with systematic and continuous (from
project to project) improvement of standardized design processes.

In the following section, we develop the iteration indicator using both engineering design and
building project management theories. Note that we consider an offsite building design project as
the execution of a standard design process, under unique project conditions. To test the feasibility
of the SDQ, it was subjected to varying project conditions, generated by means of a Monte Carlo
simulation. The data for the simulation study stem from a real live project, the design of a 1100 m2

two-storey residential building in Sweden. SDQ is based on a formalized process model, which
implies that the quality of the gauging procedure is impacted by the quality of the model (Cho &
Eppinger, 2005). Therefore, further Monte Carlo simulations were run to investigate the impact of
model input perturbation on the SDQ.

2. Sequence deviation quotient

The SDQ is conceived as a relative measure, which enables a quantitative comparison of projects
carried out under different conditions. The basic concept of the SDQ is to refer observed activity
execution sequences to the underlying design process. The SDQ is developed using a perform-
ance measure presented by Fricke (1996). He developed a technique to measure the frequencies
of iteration-induced sequence deviations in an engineering design problem. He compared the exe-
cuted activity sequence of an engineering design project with its assumed ‘ideal’ activity
sequence. In detail, he mapped the observed activity sequence onto a transition matrix and also
transformed an assumed ideal sequence onto a transition matrix. By comparing the transition
matrices, he ultimately derived the length and frequency of sequence deviations (jumps), resulting
in a comparison of the efficiency of different design approaches.

Although this method has been proven to work effectively when comparing different
approaches to designing a house using fixed functional and aesthetic requirements in fixed con-
ditions, it needs modifying when comparing the designing of houses with varying functional and
aesthetic requirements in varying project conditions but with a fixed approach, i.e. with a standar-
dized building system and a standardized design process. To enable variation in project size, the
measure must be normalized in order to be comparable. Consequently, we suggest expressing the
sequence deviation measure as a quotient (SDQ), which contrasts the observed activity sequence
of a project with its standardized sequence

SDQ = f (observed activity sequence)
f (standardized activity sequence) . (1)

Some deviations from the planned execution sequence will entail costly rework, others will
not (Cho & Eppinger, 2005). Consider a case of two projects with identical activities and iter-
ations. While the consumption of resources necessary for correction is high in the first project,
it takes only little effort to rework activities in the second one. Therefore, a measure that is
used for the reduction of that part of iteration that will not contribute to quality improvement
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should also take into account the effort required for rework. The main resources in a building
design project are time, personnel and money. These resources are reflected by man-hours,
with the simplification that the cost of a man-hour is equal for all project participants.

As mentioned above, while iteration contributes to rework and outcome variation, it is also
necessary for solving complex problems, as extensively reported in construction and design
engineering management literature, for example, Pektas and Pultar (2006) or Tribelsky and
Sacks (2010). Safoutin (2003) identified two general strategies for solving design problems: pro-
gressive and incremental. In the progressive approach, the solution path is divided into rough
stages that are refined as the process is executed until a satisfactory solution is achieved, i.e. iter-
ation is required to reach the solution. This approach is used for complex problems and when the
design team is inexperienced in dealing with a certain problem. In contrast, the incremental
approach is used to solve well-understood problems. As this approach is well-defined, rules for
dividing the solution path into proper steps can be derived and the problem can be solved incre-
mentally (i.e. stepwise in a sequential process). In an incremental process, iteration would only
occur in the event of an error (e.g. if the partitioning rules used proved inadequate to the task
at hand or in response to changes in the principles of the objective). However, for design pro-
cesses, mixtures of these two approaches are often used. For example, there may be a progressive
loop that contains sequences of routine activities (Safoutin, 2003). Therefore, any measure should
reflect whether iteration results from a progressive or incremental approach.

To take into account the required resource consumption and type of design approach (pro-
gressive/incremental), we compliment Fricke’s sequence deviation indicator by grouping the
design activities into those that are routine (i.e. design activities that relate to project-specific con-
figuration of standard building elements) and those that are non-routine (e.g. aesthetics and adap-
tation to project peculiarities). Equation (1) can then be expressed as

SDQ = Tobserved sequence of routine activities
Tstandardized sequence of routine activities

, (2)

where T is the sum of man-hours used to execute the corresponding sequence of routine activi-
ties. Tobserved sequence of routine activities is simply the sum of man-hours of routine activities of the
observed project.

So, how can the standardized sequence be derived from an observed project? As indicated
above, an execution sequence is considered to be ‘ideal’ when the project is carried out with
as little iteration as possible, but not less. A method that is often used to re-sequence design pro-
cesses for the purpose of minimizing iteration is partitioning (Austin et al., 2000b; Pektas &
Pultar, 2006). It was presented as part of DSM theory by Steward (1981). The interesting
aspect of partitioning is that it can be used as a formalism to bring an observed activity execution
sequence into a standardized form, which is crucial for a comparison of projects. An introduction
to DSM algorithms can be found in, for example, Austin et al. (2000b) and Yassine (2004).

Taking the arguments of standardized sequence into account, Equation (2) can finally be
expressed as

SDQ =
∑

i[R(ti0 +
∑n

j=1 tij)∑
i[R ti0

, (3)

where ti0 is the work amount of the ith activity with minimum iteration according to the lowest
triangular process representation, tij the work amount of the jth additional iteration of the ith
activity and R the set of routine activities. SDQ is a real number greater or equal to 1.
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A reduction of the SDQ (over the course of projects) indicates that the applied set of manage-
ment actions led to a reduction in superfluous iteration. The optimum is reached when a further
reduction in SDQ would lead to a decrease in design quality (Figure 2).

3. Brief introduction to DSM-based simulation

DSM-based simulation has been used in this study to simulate varying project conditions and
SDQ input perturbation. This section provides some definitions important for understanding
this experimental approach.

Different models of DSM-based simulation have been described in the literature. The follow-
ing description relates to the model created by Cho and Eppinger (2005), which is basically a dis-
crete event model that makes use of DSM to define the probabilities for sequence deviation and
subsequent design rework.

The basic concept of DSM-based simulation is that the variations in project costs and time are
largely a function of the iteration required in the project’s execution (Yassine, 2004).

Figure 3 shows a digraph of a design process consisting of nine activities. The activity
execution sequence followed in a single simulation run is indicated by the bold arcs. Theoreti-
cally, the process in question could be completed in eight transition steps, by moving from activity
1 to activity 2, from 2 to 3 and so on. However, in the case shown, an information change occurs
in activity 2 after activity 6 has been completed. So, the executed sequence deviates from the
planned sequence.

Consequently, activity 2 is reworked. Since the information about activity 2 has changed, suc-
cessors that have been carried out previously have to be reworked too. The latter type of rework is
called second-order rework (Yassine, 2007). An activity is started when all its predecessors have
been finished. Whether the sequence progresses to a direct successor or a predecessor is defined
by the rework probabilities of the current activity.

Figure 2. Concept of SDQ-based design process enhancement.

Figure 3. Illustration of a single run of a DSM simulation.
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Time is considered as follows:

. The original amount of work for an activity is the man-hours used for carrying out the
activity before the first information change, modelled using distribution functions.

. Rework impact defines the fraction of an activity to be reworked. It is given as a fraction of
original amount of work and is assumed to be constant across iterations.

. An additional major component is the learning curve factor. It is defined as the fraction of
the original amount of work when an activity is iterated on. It is assumed that the learning
curve improves on each repetition until a minimum fraction of the original duration for the
activity is reached.

. The rework amount of an activity for a specific iteration is then calculated by multiplying
the original amount of work by the corresponding rework impact and learning curve factor.

4. Research approach

To investigate how SDQ is impacted by variations in project size and by input inaccuracies, a sen-
sitivity analysis was carried out. This is an established way of understanding how changes to the
experimental factors affect the responses, and to assess the effect of uncertainties in the data
(Robinson, 2007). A DSM-based simulation was used to build a detailed model of a building
design process. The model input variables of the simulation model were derived from a real build-
ing project. They were then varied to investigate their impact on SDQ, which was the output
variable.

The analysis comprised several steps (Figure 4).
First, the structure of a real building design project was modelled at the process level. Time

distributions derived from 32 similar projects, along with simulated annealing, were used in
addition to the data from the observed project, to derive a DSM-based simulation model. Here,
‘similar’ refers to a similar type of building system and similar project size. DSM-based simu-
lation was adopted in this step since it enables simulation of project sequences that takes into
account the effects of iteration-induced changes in execution order. Next, a screening of the sol-
ution space was carried out by means of a two-level factorial experiment, in which the effects of
each variable of SDQ and the components of the simulation model, as well as their combinations,
were investigated. Factorial experiments have been chosen because they are most efficient for
studying the effects of factors (Banks, 2001; Montgomery, 2009). In line with Robinson
(2007), the simulated data were used to compile a linear model. The model served as a meta-

Figure 4. Research approach.

Architectural Engineering and Design Management 7

D
ow

nl
oa

de
d 

by
 [L

ul
ea

 U
ni

ve
rs

ity
 o

f T
ec

hn
ol

og
y]

 a
t 0

1:
53

 1
3 

N
ov

em
be

r 2
01

4 



model to test different scenarios to reduce the time needed for the experiments as the simulations
were time-consuming to run. Since a meta-model is an approximation of simulations, finally,
additional DSM-based simulations were run to confirm the findings.

5. Derivation of the simulation model

5.1. Compilation of the process structure

The data for the underlying process model originate from a real design–building project which
involved the construction of a two-storey apartment building with an area of 1100 m2. The
used building system (Masonite’s Flexible Building system MFB™) consists of timber frame
wall elements, ceilings and roof elements, with defined element layers and materials. Also, the
ventilation and installation system is predefined. Fast assembly of the prefabricated elements
on-site is possible through the use of a patented click joint system. The building system has
been developed by a forest products company, which produces most of the required materials
and also provides the project management and a standardized design process, which should con-
tinuously improve from project to project. When the observed project was started, the definition
of the process had not been developed. The design was drawn up by a project team of technical
consultants from eight small and medium sized enterprises.

Data collection and compilation of the process model were carried out between September
2009 and September 2010. In line with the recommendations outlined by van der Aalst (1999,
2011), the project was mapped at the work step level, i.e. all activities in which information
(in the form of documents and agreements or material) was transferred between at least two of
the main actors were logged. Here, main actor refers to project participants who were responsible
for the execution of any activities and thus participated in the project meetings. They included the
architect, the main contractor, the wall element manufacturer, the building system supplier, the
project manager and consultants working on technical design, acoustics, plumbing, electricity
and underground engineering. The log file of the project activities provided descriptions of
each activity undertaken, their dates of execution, the number of hours worked and the required
inputs. In order to triangulate these data, the contents of the log file were discussed with the
project leader over the course of 10 meetings. To further ensure the correctness of the logged
activities, further information on progress was gathered from 14 project meetings. Finally,
based on the information about required inputs, a topological sort was generated by means of a
DSM partitioning algorithm. Note that the process structure model was compiled iteratively. It
was presented (in parts) to the main actors during three project meetings to confirm its accuracy.

The resulting precedence network model consists of 98 activities with 376 relationships
(Figure 5, left). It spans the whole process from the compilation of the client’s specifications,
through the pre-tendering phase, to the completion of the building plans. A detailed process
description is given in Haller (2012).

5.2. Estimation of the rework probabilities

As a next step, the rework probabilities were estimated. A first guess of the rework probabilities
was derived from the observed transitions (Figure 5, right). Then, using simulated annealing
(Häggström, 2003; Kirkpatrick, Gelatt, & Vecchi, 1983), the configuration of rework probabilities
was adjusted such that the average activity frequencies of the simulated execution sequences fit
the observed ones.

Figure 6 shows the differences between the observed activity frequencies and the average fre-
quencies resulting with the derived transition probabilities.

8 M. Haller et al.
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A positive residual means that the simulated frequency was higher than the observed one. The
closer the residuals are to 0, the better is the estimation. Figure 7 shows a histogram of the length
of the simulated activity sequences (in number of activities). The mean length of 10,000 simu-
lation runs is 207.54 which is close to the length of the observed project (202 activities). The
length of the simulated projects spans from 98 activities (shortest possible length) to about
550, where 90% of the simulated project lengths are shorter than 320 activities, i.e. about 1.5
times the observed length. The histogram shows a right-skewed shape, which agrees with
Banks (2001) and Robinson (2007). Eventually, considering the differences between the observed
activity frequencies and the mean of the simulated frequencies, and the distribution of the gener-
ated project lengths, we assume the estimated rework probabilities were reasonable.

5.3. Estimating rework impact and learning curve factor

The rework impact RI and the learning curve factor �Lori were derived from investigating the time
spent for rework for each activity and iteration in the observed house building project. These

Figure 5. Process structure (left) and observed transitions (right).

Figure 6. Differences in activity frequencies between observed and simulated sequences.
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estimates were made using the following model:

tij = ti0,rec × RI× �L
j
ori + eij, (4)

where tij is the man-hours for the jth iteration of activity i, ti0,rec is the original working amount
recorded for activity i and εij is a random error component.

5.4. Deriving activity duration distributions

The data from which the distributions of the original work amount for the simulation model were
derived were gathered between 2006 and 2011 from 32 similar projects. The buildings in these
projects were residential structures, ranging from 1000 to 5000 m2 in size, and constructed
using a timber frame-based offsite system. The process is described in detail in Jansson
(2010). In some cases, activities carried out in some of the 32 projects were not carried out in
others. The activities of each project were therefore grouped into five phases. The total number
of working hours required for the completion of each phase in each project was then expressed
as pdf (Table 2). Each activity from the investigated project was assigned to one of the five phases.

Figure 8 shows the distribution of total work amount of the simulated projects (10,000 simu-
lation runs). The simulated mean is 2747 man-hours, which is greater than the man-hours used to
execute the design phase of the observed project (2192 man-hours). The 95% quantile is 4991
man-hours, which is about 2.3 times higher than the observed working time. The resulting distri-
bution is right skewed, agreeing with Banks (2001) and Robinson (2007). The projects from
which the original amount of work was derived did not consider sequence deviations. A
reason for the difference between the simulated mean and the observed value could be that it
was necessary to put more effort into the design phase to reduce iteration in the projects. Further-
more, it can be argued that values significantly greater than those observed are unrealistic because
such projects would be stopped during the tendering procedure. However, this study investigated
how SDQ is affected when subjected to input variation. Consequently, the wider the range of
simulation input to which SDQ is subjected, the more conservative the conclusions about the
effects will be.

Figure 7. Frequencies of simulated project lengths.

10 M. Haller et al.

D
ow

nl
oa

de
d 

by
 [L

ul
ea

 U
ni

ve
rs

ity
 o

f T
ec

hn
ol

og
y]

 a
t 0

1:
53

 1
3 

N
ov

em
be

r 2
01

4 



6. Sensitivity analysis

6.1. Two-level factorial experiments

In total, eight factors were tested (Table 2), resulting in 28 level combinations. In order to study the
effect of input inaccuracies, all parameters of the SDQ were tested. To study variation across pro-
jects, the components of the simulation model also had to be included. Each 1000 simulation runs
were generated for a level combination. The simulations were run using Matlab™ and SIMIO™.

In general, the intention was to test factors at the 50% and 150% levels (relative to the
recorded data). However, it was necessary to make occasional exceptions in order to avoid
having too broad a range of simulation outcomes.

An important step in computing the SDQ (Equation (3)) is to decide whether iteration contrib-
utes to quality enhancement or not. This is done by classifying activities into routine and non-
routine (see Section 2, SDQ). To simulate a case in which the process is characterized by a
large proportion of routine activities, all 98 activities were classified as routine, i.e. 50% more
than observed. To simulate a process that is characterized by a rather progressive approach,
50% of observed routine activities were reclassified as non-routine.

It is possible that certain relationships might be overlooked or that individual activities may be
incorrectly linked during the derivation of the DSM process model. To simulate a case in which
the process structure model was relatively incomplete or inaccurate, 124 (i.e. 47%) relationships
(the greatest possible number) were removed arbitrarily from the recorded project or wrongly
linked. In order to avoid deadlocks, only relationships that were not elements of the transitive
reduction (Aho, Garey, & Ullman, 1972) of the process structure model were permitted to change.

The rework probability, rework impact and learning curve were varied to simulate cases in
which more or less iteration is required to meet specifications, e.g. due to a more or less experi-
enced project team, simple or complicated problems to solve, etc. and to simulate inaccuracies in
the time log.

In order to simulate rather small projects, or an experienced project team, the recorded man-
hours for each activity were reduced by 50% (mode of work amount). To simulate the opposite
case, the recorded man-hours were multiplied by 1.5. The standard deviations of the probability
distribution functions for man-hours were varied in order to simulate the effects of further factors
not accounted for in the simulation model.

Table 2. Factors and levels considered in the experiment.

Level

Factor − + Source

Number of routine activities #R 0.5#Rrec 1.5#Rrec SDQ
Process structure model SDQ and simulation model

Completeness 53% 100% –
Correctness 53% 100% –

Rework probability 0.5 pij
a 1.5 pij Simulation model

Rework impact (RIi) 0.7 RImean,rec
b 1.3 RImean,rec Simulation model

Learning curve (Lori)i 0.7 (Lori)mean,rec 1.3 (Lori)mean,rec Simulation model
Work amount Simulation model

W, Γ mean μp
c 0.7 μp,rec 1.30 μp,rec –

W, Γ standard deviation σp 0.7 σp,rec 1.30 σp,rec –

aLower diagonal transition probability from ith to jth activity.
brec refers to recorded data.
cWhether to use the Weibull or Gamma distribution depended on phase p.
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6.2. Meta-model and tested scenarios

The meta-model, a linear model, was derived from the simulation outcome of the two-level fac-
torial experiments (Minitab™). The resulting model consists of 29 terms: 1 constant, 7 coeffi-
cients for single factors and 11 for two-level interactions. Three or more level interactions did
not show significant effects and were thus discounted.

To investigate to which degree the measure is affected by project variation and by model inac-
curacies, the scenarios described in Table 3 were tested. The varied factors were arbitrarily varied
within the range stated in Table 2, while the remaining factors were kept at the recorded levels.
Ten thousand simulations of the scenarios were run in order to ensure a sufficiently wide range of
factor and level combinations.

Figure 8. Frequencies of simulated work amount.

Table 3. Tested scenarios.

Scenarios Varied factors

Variation across projects
Project size Mode of work amount, standard deviation work amount
Process structure Number of routine activities, rework probabilities, mean work amount
Performance efficiency Number of routine activities, rework probabilities, rework impact, learning

curve, mean work amount
Most significant factors Rework impact, learning curve
Input inaccuracy
Inaccurate structure modela Completeness and correctness of structure model
Inaccurate time logs Rework probabilities, rework impact, learning curve, mean work amount
Inaccurate classification of

activities
Number of routine activities

aEquivalent to impact of tactical decisions.
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7. Results and discussion

The linear model has an R-value greater than 0.9, which means that more than 90% of variation
from the simulation outcome can be explained with the meta-model. The most significant terms of
the model are given in Table 4.

The five most significant terms comprise only three factors (Table 4): the rework impact, the
learning curve and the completeness of the process structure model. The most significant effects
on SDQ by far involve the terms that simulate the time spent for rework, which was expected
because SDQ reflects the number of avoidable man-hours under ideal conditions. A further sig-
nificant factor is the completeness of the structure model. Interestingly, the correctness of the
structure model seems to be of less importance (regression coefficient of about 0.1). The least sig-
nificant of the six most significant terms is the classification of activities (into routine or non-
routine), with a regression coefficient of about a sixth of the most significant one.

When all factors were kept at the recorded levels (DSM-based simulation), the values of SDQ
were within a range of 0.15 (with a mean SDQ of about 1.6), i.e. a difference of SDQ between any
two projects is significant when it is 15% or greater. Lowering the mean SDQ towards 1 (1.15 was
the lowest possible within the given test ranges, see Table 2) resulted in less variation; the values
of SDQ were then within a range of 0.13. Increasing the mean towards 2 led to an increase in the
range to 0.23. When all factors were kept at the combination which results in the highest possible
values of SDQ (2.6), the SDQ varied within a range of 0.37. Note that these estimates are con-
servative because of the wide variation of activity frequencies and man-hours which were
assumed for the simulations (Figure 8). The correlation between SDQ mean and SDQ standard
deviation can be explained by the length of the simulated execution sequences. An SDQ mean
of around 1 means that the measured execution sequences have approximately the same length
as its standardized form since a standardized sequence corresponds to the shortest possible
sequence of the process in question. Consequently, the higher the SDQ, the higher the variation
of the project length can be, and thus the variation of the SDQ.

The results of the scenarios tested are presented in Table 5.
The simulation results show that project size (man-hours) has little impact on SDQ. The

effects of varying the tested time distributions with the linear model were smaller than the
range of SDQ when all factors were fixed for DSM-based simulation. In contrast, the variation
of factors that relate to project complexity shows a significantly greater effect. The most signifi-
cant factors are those that relate to the efficiency of project performance (see Table 3), while factor
combinations relating to the process structure were of less importance. Consequently, when com-
paring the SDQ of different projects, it is not required to classify projects for either size (within the
tested ranges) or for variation in process structures. It should be noted that because relationships
which were not members of the transitive reduction were not allowed to change during the simu-
lations, no conclusions can be drawn for fundamentally different process structures, i.e. for

Table 4. Estimated regression coefficients for the impact on SDQ of selected terms.

Term Regression coefficient

Rework impact * learning curve 1.204
Completeness of structure model 0.723
Completeness of structure model * learning curve 0.414
Rework impact 0.377
Learning curve 0.201
Routine 0.193

Notes: N = 257,000, 1− α = 95%. R2 = 90.96%, R2 (pred.) = 90.90%, R2(adj.) = 90.93% (source MinitabTM).
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projects which are based on processes with different transitive reductions. However, in several
studies, it has been observed that, despite variation in project sizes and types, the design
process of building projects largely consists of the same activities (Austin et al., 2002; Kagioglou,
Cooper, Aouad, & Sexton, 2000).

Measuring the SDQ requires the compilation of a process structure model (in order to identify
the sequence with the least possible iteration) and the analysis of a project log (to identify rework
amount). Although these procedures can be largely automated, the compilation of the structure
model was not unproblematic. Actually, none of the project participants knew the whole
process in the required detail in advance; only parts were known. As a consequence, it was not
always clear whether a logged activity was a new activity, whether it continued after an interrup-
tion (e.g. a break for a re-think or a shortage of resources), or whether the activity was reworked.
Also, the project participants did not always agree on whether a dependency existed between two
design activities, how strong dependencies were and whether an activity is characterized by
routine. However, the results show that SDQ is much less sensitive to input arguments that
relate to the structure model than to arguments relating to the time log. Therefore, the most critical
step when gathering data is to acquire correct information about time spent for rework, e.g. by
suitable organization and contracting forms.

8. Conclusions and future work

A major issue in offsite building projects is systematic enhancement and management of the
design process (Goulding et al., 2014; Whitney, 1990). In this study, we suggest an activity
network-based indicator, the SDQ. It can be used to reduce successively (from project to
project) the iterations of design activities that will not contribute to quality improvement in stan-
dardized design processes (i.e. superfluous iteration) and, thereby, reduce the risk of time overruns
and the risk of quality issues within the design phase of offsite projects. A reduction of the SDQ
(over the course of projects) indicates that the applied set of management actions led to a
reduction of superfluous iteration. The optimum is reached when a further reduction in SDQ
would lead to a decrease in design quality. In order to avoid sub-optimization at the expense
of other management aspects and project phases (e.g. by increasing rework in production due
to an increased number of design errors), SDQ must be used in combination with other perform-
ance indicators (cost, time and quality).

The SDQ was derived from Fricke’s (1996) sequence deviation measure which has been used
in investigating engineering design processes. To adapt Fricke’s measure to the context of design
processes for offsite building projects, we complemented it with theory about iteration in complex

Table 5. Results of scenarios (linear model).

Scenarios SDQ min/mode/max Range of SDQ

Variation across projects
Project size 1.59/1.61/1.64 0.05
Process structure 1.58/1.61/1.64 0.06
Performance efficiency 1.16/1.61/2.30 1.14
Most significant 1.18/1.61/2.26 1.09
Input inaccuracy
Inaccurate structure model 1.61/1.63/1.64 0.04
Inaccurate time logs 1.16/1.61/2.29 1.12
Inaccurate classification of activities 1.61/1.61/1.62 0.01

Source: Matlab™.
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design processes, as presented by Safoutin (2003). The results of this study show that the SDQ
can be used to compare projects that differ in size (work amount) while being robust against per-
turbations in input data. However, a critical success factor for the measurement approach is to
ensure a correct time log of the executed design activities. Enhancing a standardized design
process using the SDQ implies deducing which management actions should be altered in order
to create the intended process properties in the subsequent projects. When the SDQs of two pro-
jects differ by more than 15% (conservative assessment) for values around 1.6 (observed value), it
can be concluded that the effects on superfluous iteration of the compared sets of management
actions differ significantly. Rules have to be developed which support educated guesswork.
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Abstract:

Balancing the high levels of design iteration required for solving complex problems and the 
low levels in routine activities needed to avoid complicating cooperation and design is an 
important success factor in resource-constrained offsite building projects. In project 
management literature, projects are usually considered to pose unique problems, hence 
approaches for design iteration control mainly aim to increase control within each project, 
supporting ad hoc solutions rather than systematic improvement. However, it seems 
reasonable to regard offsite building design projects as runs of an underlying process 
characterized by variable work flow and activity extents but invariant activity execution 
precedence logic. Accordingly, we present a design structure matrix simulation-based 
approach that can be used to identify critical process phases for balancing design iteration. It 
is regarded as a tool to help project managers (process owners) to continually improve the 
balance of design iteration in a resource-constrained environment, project by project. To test 
its feasibility it was applied to data related to a real offsite design project: the planning phase 
of a two-storey 1100 m2 residential home in Sweden. In addition, Monte-Carlo simulation was 
used to investigate its effectiveness. 

Key words: construction design process, continuous improvement, design iteration, design
process control, design structure matrix simulation.

1. Introduction: 

Offside building has been advocated as a means to accelerate production and assembly in 
building projects, and increase product quality. However, in order to fully benefit from offsite 
building, design and design management must be more systematic [1,2]. 

A major issue complicating adoption of a systematic approach in building design is 
iteration. High levels are often required to solve complex problems, and when problems have 
high degrees of novelty [3,4]. However, building design processes are complex and executed 
by multi-disciplinary teams, usually from different companies [5]. Consequently, unexpected 
iteration and (possible) subsequent deviation from the schedule complicates cooperation and 
contractual arrangements [6], and increases risks of disputes [7]. Design iteration also often 
entails update requirements for successor activities (i.e. activities with lower precedence 
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ranking than those directly affected by the iteration), which complicates communication and 
increases risks of design errors due to omission [8]. 

Being able to quantify the effects of any modifications in the management process on 
project outcome is a crucial success factor in resource constrained projects and projects that 
include competitive tendering [9, 8]. In construction management literature building projects 
are usually considered as something unique. A problem is that established approaches for 
design iteration control do not provide a means per se to predict (quantitative) effects of any 
actions aimed at increasing control on design iteration. As a consequence, design iteration in 
offsite projects is controlled by ad hoc solutions rather than in a systematic way. 

Two groups of iteration control approaches can be found in construction management 
literature. The aim of the first group (collectively called system dynamic approaches) is to 
identify factors that affect design iteration and corresponding improvement actions. Factors 
identified include (inter alia) tolerances of building systems [10], process structure and 
activity sequencing [4], and contract form [6]. These approaches provide valuable insights 
into the interrelatedness of factors, but they do not support evaluations of whether the actions 
applied yield the desired results. The second (graph theory-based) group of approaches are 
often referred to as design iteration management tools. They are used to model effects of 
design iteration on project outcome, primarily in terms of time and cost [11]. The key steps in 
these methods are to model, in detail, the process structure, i.e., the constituent activities and 
their execution precedence relations, then draw conclusions about the expected activity 
sequences and durations [12,13]. However, current graph-based approaches do not support 
mapping of effects of specific improvement actions on design iteration. 

In summary, factors affecting design iteration have been identified in numerous studies, 
and a broad range of suggested improvement actions can be found, but methods established in 
(on-site) building project management do not support assessments of effects of specific 
improvement actions on design iteration. 

A presumption in this study is that continual improvement of design control, project by 
project (in addition to ad hoc solutions), can assist project managers to optimise the allocation 
of project resources more systematically. The study departs from previous approaches by 
modelling design in the offsite building industry as a process carried out under varying project 
conditions rather than a process dedicated to unique projects. Here, we briefly describe the 
concept of balancing design iteration then present a graph-based approach and algorithm that 
can be used to identify critical process phases for balancing design iteration and (hence) 
systematically reduce rework risks. Next we apply the suggested approach to data related to a 
real-life project and provide an example illustrating how the approach can be used to 
systematically improve the design iteration balance. Finally, we assess its effectiveness by 
contrasting the suggested approach for systematically reducing rework risks with random 
reduction of the risks, using Monte-Carlo simulation. 

2. The offsite building design process: 

The products of offsite building systems usually consist of standardized structural 
elements and joints. It should be noted that the standardized elements are defined structural 
and functional entities with defined interfaces, but do not necessarily have uniform sizes or 
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shapes [14]. Design in this context largely concerns modification of configurations and 
parameters (e.g. dimensions, materials) of the standardized elements. Design in this context 
largely concerns modification of configurations and parameters (e.g. dimensions, materials) of 
the standardized elements. In well-defined building systems, project-specific solutions are 
mainly related to aesthetic requirements, or deviations from the routine range of applications 
[15]. In a standardized building system the same design activities generally have to be carried 
out across projects, even if the conditions (work amount, duration, cost, resource accessibility 
and elaborateness of tasks) vary significantly [13].In addition, the activity execution 
precedence relations are mainly determined by the physical system entities. Thus, it seems 
reasonable to assume that as long as the building system itself is not modified, the precedence 
logic will mainly remain constant across projects [16]. For example, before one can analyse 
the load-bearing capacity and serviceability of a certain structural element, information about 
expected loads must be available, regardless of the project conditions. However, the actual 
activity sequence does not solely depend on the precedence logic, as it can be affected by 
external constraints. For example, a contract form might impose a resource schedule that does 
not conform to the underlying precedence logic, thereby increasing risks of sub-optimal 
iteration as extents and sequences of the activities will be based on guessed parameters. 
Consequently, designing a building (using offsite systems) is considered here as a complex 
and iterative design process that is characterized by variations in activity extent and execution 
sequences, with an invariant underlying precedence logic. 

3. Balanced design iteration: 

As mentioned above, while iteration exacerbates rework and outcome variation, it is also 
necessary for solving complex problems. Two general strategies for solving design problems 
have been identified: the progressive and the incremental [17]. In the progressive approach, 
the solution path is divided into rough stages that are refined as the process is executed until a 
satisfactory solution is achieved, i.e. iteration is required to reach the solution. This approach 
is used to address complex problems, and when the design team is inexperienced in dealing 
with a certain problem. In the offsite building design context, the progressive approach is 
generally applied to project-specific problems. In contrast, the incremental approach is used to 
solve well-understood problems. As this approach is well-defined, rules for dividing the 
solution path into appropriate steps can be derived and the problem can be solved 
incrementally (i.e. stepwise in a sequential process). In an incremental process iteration will 
generally only occur in the event of an error (e.g. if the partitioning rules used prove to be 
inadequate for solving the problem at hand), because increasing iteration increases risks of 
reductions in design quality. In the offsite building design context, the incremental approach 
relates to modification of the configuration and parameters of standard elements, i.e., routine 
work. Building design processes are resource-constrained and have a complex structure where 
sequences of routine activities are entangled with activity sequences that correspond to 
progressive solution approaches. Consequently, iteration in progressive and incremental 
approaches has interactive effects on the quality of designs (figure 1). 

If the level of iteration within a design project is too low, the project team will not 
capitalize on the full potential of the building system to meet client specifications. In contrast, 
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an excessively high level unnecessarily employs resources needed in other process phases, 
complicates design and coordination of a multidisciplinary design team, and thus increases 
risks of reductions in design quality. Hence, design iteration must be balanced, i.e. the trade-
off between the high level of iterations required to solve project-specific problems and low 
level required to minimize risks of quality losses stemming from iterating routine work and 
resource constraints must be optimised [16].  

4. Modelling iterative and complex design processes: 

An established means to model iterative and complex design processes is design structure 
matrix (DSM)-based simulation [18-20]. DSM simulation is an activity-network based 
technique in which variation in project duration originating from variation in both the work 
amounts (durations) associated with the activities and the activity execution sequence is 
simulated. The execution sequence is usually modelled to follow the activity dependency 
logics as defined by an activity network. However, the logical sequence is randomly perturbed 
by introducing iteration of sub-processes [18] to explore effects of unforeseen changes in 
information or other inputs during the execution of a design project that necessitate rework of 
successor activities that have already been carried out [21,22]. 

A key concept in DSM-based simulation is sampling a realization of the process, i.e., a 
project in building design contexts. This concept is schematically illustrated in figure 2, which 
shows the activity execution sequence of a sampled project and underlying process structure. 
The process structure is represented by a digraph; the activities of the process are depicted by 
the vertices  to , the execution precedence constraints by the directed edges (arrows), and 
the project sequence by the bold arcs. It represents the order in which a simulated project was 
(or may be) carried out. Theoretically, the process illustrated in figure 2 requires only six 
transitions from start to finish. However, due to a change in activity 2 after the 5th transition 
(entailing first order rework) eight transitions were required. Since a3 depends on input from 
a2 it also had to be reworked (second order rework). 

The progression of the project sequence is defined by the precedence constraints, the 
probabilities of a transition to a direct successor occurring (i.e. transition probabilities), 
resource constraints and resource accessibility. The transition probabilities are usually 
represented by a square matrix . The entry  gives the conditional probability that 
if activity ai is the current one, activity aj will be carried out next. Provided that the process 

Q
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Design Iteration

Design iteration within a purely progressive solution 
approach potentially increases the quality of design 
output 

Design iteration within a pure incremental solution 
approach indicates the event of an error 

Interactive effects of iteration on design quality within 
offsite building design processes 

Fig. 1: Concept of iteration balance in complex resource-constrained offsite building design 
processes.
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structure can be represented by a directed acyclic graph and the activities are ordered such 
that  (does not succeed), with , the rework probabilities are represented by 
lower triangular entries of , and the probability that the project sequence at current state 
will transit to a successor is 

.

Fig. 2: Schematic illustration of the concept of sampling a project sequence: the activities of the process are 
depicted by the nodes  to , the execution precedence constraints by the arrows, and the project sequence by 
the bold arcs.

A sequence of a process with constituent activities  is generated as 
follows. The simulation is initialized by sampling a vector representing the original work 
amount associated with the activities. When an activity is active in the simulation the 
associated work amount decreases with time, and it finishes when that work amount is 0. The 
first element of the sequence is the start activity (note that a process structure must have a 
unique start and a unique end activity). To get from the nth sequence element to the n+1th a 
random number  is used and an update function , which takes as 
input the current activity  and a number between 0 and 1 and produces another activity  (or 
activities) as output: 

(1)

If  is a predecessor activity of  then an additional work amount is assigned to activity 
and all of its successors that have been previously executed, simulating the time that must be 
spent on rework (i.e. the rework amount). If an activity is started before its predecessors are 
finished, a work amount is added based on the risk of rework due to activities overlapping. If 
resource conflicts arise, the execution precedence of feasible successor activities is governed 
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by a policy. The simulation is terminated when the work amount of all activities has 
decreased to 0. A more detailed description of DSM-based simulation can be found in various 
publications, e.g. [18]. 

5. Proposed algorithm 

Synthesizing the discussion about offsite building design processes, balanced design 
iteration, and DSM simulation, we suggest the following approach to identify critical process 
phases. 

5.1 Rationale 

The complex structure of a building design process, with its interwoven stochastic 
iteration cycles and the possibility of simultaneous execution of parallel paths [19], hinders 
use of deterministic methods to identify critical (in terms of design iteration) process phases. 
Thus, the basis of the proposed approach is to use Monte-Carlo simulation to test the 
sensitivity of the expected rework amount to changes in certain rework probabilities. A 
critical process phase can then be simply revealed by the significance of the rework 
probability of the associated activities. According to [16], design iteration is reflected by work 
amount. Consequently, the stronger the effect of reducing a certain rework probability on the 
amount of rework (of routine activities), the greater the potential of the corresponding process 
region for improving the iteration balance. 

5.2 Objective 

The objective is to estimate the significance of observed transitions (from recorded 
activity execution sequences) on the average rework amount of the building design process 
and subsequently rank the rework probabilities by significance. That is, to rank the rework 
probabilities in order of their impact on the long-run average of the rework amount of routine 
activities, obtained from:  

 (2) 

where  denotes the number of activity execution sequences, the ith activity execution 
sequence,  the length of the ith sequence (in number of elements), and  the work amount 
of the jth element  of the ith sequence.  is an indicator function, i.e., it is 1 if  is an 
element of the set of routine activities  and if the counts of the corresponding activity 

, 0 otherwise. The count of an activity in a sequence is calculated as  

.
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5.3 Required input 

The estimates of the significance of observed transitions are derived from recorded 
activity execution sequences and corresponding records of work amount per sequence element 
(figure 3). Furthermore, the precedence relations of the underlying design process must be 
known and modelled as a directed acyclic graph in the form of a DSM. The DSM must also 
incorporate classification of the nature (routine or non-routine) of each activity. Methods to 
derive a DSM of the underlying process structure and algorithms to bring the structure into an 
acyclic form can be found in various publications, e.g. [13,23]. 

Fig. 3: Proposed ranking algorithm. 
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5.4 Initialization 

The data required for simulation are estimates of the rework probabilities, statistical 
distributions of the work amount, and estimates of the average execution fractions of the 
activities. 

Estimation of rework probabilities: Rework probabilities are represented by lower 
triangular entries of a transition matrix P, which can be derived by first recording the total 
counts for each transition (from the execution sequences), entering them in an adjacency 
matrix and then dividing each matrix row by its sum. The last of these steps is necessary since 
we require each row to sum to 1 (equation (1)). Note that the resulting estimates are biased 
because activities may be triggered simultaneously or triggering of activities may be 
prevented by precedence issues (as outlined in the DSM simulation section). Thus, it is 
necessary to check if simulated activity execution sequences significantly deviate from 
recorded sequences. Rework probabilities can be calibrated, e.g. by using a simulated 
annealing-based algorithm as presented by [24]. 

Estimation of original work amount: If little is known about the underlying distribution 
(i.e. limited data are available), the use of triangular distributions is convenient for modelling 
time (work amounts) spent on activities [25]. Optimistic and pessimistic estimates of work 
amounts associated with an activity  can be derived from the recorded activity execution 
sequences by using the minimum  and maximum 

 times, respectively. Furthermore, the most probable value (the mode )

can be estimated using the relation  between the mode and 
the mean  [25]. 

Estimation of rework amount: Assuming a dependency between original work amount 
and rework amount, the rework amount entailed in executing an activity again can be 
expressed as the proportion of the original work amount it accounts for. 

5.5 Loop 

Finally, the rework probabilities are ranked by setting each of them to a low level (while 
keeping the others at observed levels) and computing corresponding estimates for the long-
run average rework amount of the routine activities, using DSM simulation. This step is 
repeated for all lower triangular elements of the transition matrix with entries larger than 0. 
The lower the estimated long-run average of the rework amount of routine activities, the more 
sensitive it is to a change in the corresponding rework probability. 

The rest of the paper is divided into two parts. In order to test the feasibility of the 
proposed approach it was applied to a real life project, the design process of a multi-storey 
offsite building project in Sweden. In the first part the compilation of the process model is 
described and the application of the approach is tested (in a partly modified way because of 
the absence of sufficient sequences), then procedures for interpreting the results in a practical 
context are briefly demonstrated. The second part presents an evaluation of the effectiveness 
of the approach. 
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6. Offsite building design process application 

6.1 Model compilation 

The data for the underlying process model originate from a design-build construction 
project: the construction of a two-storey, 1100 m2 apartment building. The structural frame of 
the apartment building consists of prefabricated timber frame system elements of Masonite’s 
Flexible Building system MFB®. The design was drawn up by a project team of technical 
consultants representing small and medium sized enterprises (SMEs). Data were collected and 
the process model was compiled iteratively between September 2009 and September 2010. In 
line with published recommendations [26,27], the project was mapped at the work-step level, 
i.e. all activities in which information (in the form of documents and agreements or material) 
was transferred between at least two of the main actors were logged. The log file of the 
project activities provided descriptions of each activity undertaken, their dates of execution, 
the number of hours worked, and the required inputs. In order to triangulate these data, 
contents of the log file were discussed with the project leader during the course of 10 
meetings. To further ensure the correctness of the logged activities, further information on the 
proceedings was gathered from 14 project-meetings. Finally, based on the information about 
required inputs a topological sort was generated by means of a DSM partitioning algorithm. 
Note that the process structure model was compiled iteratively. It was presented (in parts) to 
the main actors during three project meetings to confirm its correctness. The resulting 
network model consists of 98 activities and 376 precedence relations. The model spans the 
process from compilation of the client’s specifications through the pre-tendering phase to 
completion of the building plans. 

Once the required input had been compiled, the rework probabilities were estimated using 
the approach described in section 5. Preliminary runs of the simulation model with the 
resulting rework probabilities revealed that it was insufficiently accurate, as the activity 
frequencies of the generated activity sequences did not adequately fit the frequencies of the 
observed sequences (possibly due to data limitations, because we only had access to one 
process log). In order to improve the model, we calibrated the rework probabilities by the 
simulated annealing-based approach described by [24]. Figure 4 shows the best results 
obtained.

Fig. 4: Differences in activity frequencies between observed and simulated sequences.

The mean length (in number of activities) of 10,000 simulated sequences was 207.5, very 
close to the length of the sequences of the observed project (202 activities). The closer the 
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residuals are to 0 the better is the estimation, and a positive residual means that the simulated 
frequency was higher than the observed frequency. Considering the residuals in relation to the 
mean project length and the purpose of the simulation model (we use the model as a 
demonstrator, thus we only require it to generate plausible project sequences), we considered 
the estimates acceptable. 

The distributions of the original work amount were derived using data—time records for 
32 similar projects recorded between 2006 and 2011—from literature [28]. Similar refers here 
to project size and the bearing structure. The buildings in all of these projects were residential 
buildings, ranging from 1000 m2 to 5000 m2 in size, and constructed using a timber frame-
based offsite system. 

Finally, the rework amount was estimated as described above, i.e. as a fraction of the 
original work amount. As shown in figure 5, the mean original work amount obtained from 
20,000 simulated sequences was 2196 man-hours, very close to the man-hours (2192) used to 
execute the design phase of the recorded project. The vertical line in the figure indicates the 
mean. The resulting distribution is right-skewed, as found in similar reported analyses 
[25,29], and conforming to the time records for the 32 similar projects. Thus, the input data 
were deemed acceptable, following the same reasoning as for the rework probabilities. 

Fig. 5: Histogram of simulated work amount.

6.2 Ranking and interpretation of results 

Rankings of the process transitions were derived using results from the simulation model 
compiled as described in section 6.1, following the approach described in section 5, which 
generated 110 configurations of transitions and associated rework probabilities. Table 1 lists 
the transitions with the most significant effect on the (estimated) long-run rework amount 
(equation (2)). The configuration effectiveness (fn) values in the table reflect the rework 
amount that could be reduced by decreasing the rework probability associated with the 
indicated transitions by 15%, as a proportion of the amount that could be reduced by 
decreasing the most significant rework probability by 15%. The 15% level is a trade-off 
between the required runtime of the ranking algorithm and the number of rework probabilities 
that are smaller than the decrease (note that the rework probabilities must not be negative, see 
equation 1). When this decrease is small the differences between the simulated total rework 
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amounts are small, thus long runtimes are needed to acquire sufficient confidence in the 
simulated means, and the larger the reduction, the more rework probabilities are smaller than 
the decrease. In Figure 6 the effectiveness of all 110 configurations is depicted in ascending 
order, the bars to the right of the vertical line correspond to the values given in table 1. Only 
about 10% of the configurations have an effectiveness value exceeding 0.5, thus most of them 
have low impact on the rework amount. The activities involved in the 10 most significant 
rework probabilities are listed in table 2 and depicted in figure 7. They are all parts of the pre-
tendering phase and involve the configuration of building system elements (e.g. wall, ceiling, 
and roof elements) and subsequent first draft of technical solutions. 

Tab. 1: Transitions associated with the most significant rework probabilities.

Transition Configuration Effectiveness fn

(37,21)* 1.00 

(32,23) 0.91 

(35,21) 0.79 

(32,25) 0.73 

(32,21) 0.73 

(32,28) 0.66 

(32,24) 0.66 

(32,27) 0.66 

(32,29) 0.55 

(30,23) 0.54 
*   transition from activity 37 to 21 

Fig. 6: Ordered effectiveness of configurations for reducing rework 

According to the logic constrained by the design structure matrix the balance of design 
iteration can be improved by either reducing the rework probability or making the process less 
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sensitive to design changes, i.e., more robust [4,18]. Consequently, the next process 
improvement step in this respect could be to provide pre-dimensioning tables (showing 
dimensions of the elements as functions of loads, span width, functional requirements etc.) to 
help engineers configure the elements efficiently. Another possibility might be to amend the 
tolerances, by increasing the space available for installation for example. 

Tab. 2: Critical process phases

Activity i Label 

21 configuration of building system elements 

23 pre-design of water and heating system 

24 pre-design of electric installation 

25 pre-design of elevator 

27 planning of emergency exits 

28 planning of the scaffolding 

29 planning of the earthworks 

30 pre-design of the façade and the windows 

32 ask for offer without obligation windows 

35 recruitment of sub-entrepreneurs 

37 order first batch of joint elements 

Fig. 7: Network of the recorded design process indicating critical phases

It should be noted that the proposed approach is model-based. Thus, the quality of the 
conclusions mainly depends on the quality of the model. The model used here assumes that 
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the work amount of each activity is independent of those of other activities because of the 
difficulties in modelling correlations among work amounts. Thus, the proposed approach 
provides a means to identify currently critical process activities, but not to predict effects of 
any improvement actions on design iteration. It is therefore important not only to focus 
improvement actions on the currently most critical design process phase, but also to monitor 
consequences of the actions (e.g. on cost, time, and design quality). Furthermore, in order to 
detect possible shifts in critical phases, the approach should be repeated continually, project 
by project. 

7. Effectiveness of the approach 

A remaining task is to test whether the proposed ranking approach has the intended 
potential to systematically reduce the expected rework amount of routine activities. This is 
done by comparing the reduction of rework amount resulting from the approach with the 
reduction resulting from randomly reducing rework probabilities. For this purpose a set of 
20,000 activity execution sequences and corresponding sequences of work amount and 
activity counts was generated, using the model and data described in section 6. Three 
sequences were randomly picked and rankings (figure 8) of their transition configurations 
were computed. The reduction of total rework amount resulting from decreasing the rework 
probability associated with the most critical transition (estimated from the selected sequences) 
was then compared to the reduction resulting from decreasing the most critical rework 
probability derived from the generated set of sequences. The resulting effectiveness measure 
was then compared to the effectiveness of reducing a randomly picked rework probability. In 
total 100 samples with three randomly picked sequences were generated. In order to study the 
effect of increasing the number of observed projects, the experiment was repeated with 
picking 5 and 10 sequences. 

Fig. 8: Effectiveness of randomly chosen configurations versus effectiveness of optimal configurations identified 
using the proposed approach, with 3, 5 and 10 activity sequences.

The effectiveness values obtained using the proposed ranking approach ranged between 
0.97 and 0.99 after picking 3, 5, and 10 sequences. Hence, it outperformed random ranking in 
98 of 100 cases on average, indicating that it has high potential to support systematic design 
process enhancement. Figure 8 shows the effectiveness of randomly chosen rework 
probability configurations versus the effectiveness of the configurations suggested by the 
proposed approach. Hits below the diagonal depict cases in which the proposed ranking 
approach outperformed random ranking. The presented results show that the effectiveness 
increases as the number of sequences increases. 
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8. Conclusions 

Balancing the high level of iteration required for solving complex problems with the low 
level required to avoid complicating design processes and scheduling is important for 
controlling design quality, cost and time in offsite building design projects. In this study a 
design structure matrix simulation-based approach that can be used to identify critical process 
phases for balancing design iteration has been proposed. It is regarded as a means to help 
project managers to systematically improve the design process of resource-constrained, 
iterative offsite building design processes. Previous design iteration control approaches have 
provided practical insights into factors that increase requirements for iteration and the effects 
of design iteration on project costs and duration. The distinctive feature of the proposed 
approach is that it systematically exploits historic project data. The proposed approach is also 
relevant for researchers, as it can be used to follow up effects of improvement actions on 
design iteration retrospectively. 

The feasibility of the approach has been tested by means of Monte Carlo simulation, 
using data stemming from a real offsite design project, the planning phase of a two-storey 
1100 m2 residential home in Sweden. The results of the simulations indicate that the proposed 
approach can be used for systematic design process enhancement, and that to fully benefit 
from the approach it should be carried out continually. 

An assumption underlying this study, supported by literature, is that precedence 
constraints do not vary across offsite building projects. However, this assumption must be 
verified by monitoring several projects and assessing the degree to which changes in 
precedence constraints affect the accuracy of the proposed approach. 
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Abstract: The land use planning process is recognized as a factor of uncertainty for the initiation 
of housing developments. One reason for this is the time taken to produce local plans, which is 
considered to be too long and unpredictable. The aim is to examine the suitability of using a 
process simulation approach to assess the duration of the local planning process. A design 
structure matrix-based process model is built by mapping the structure of the process to a real 
planning project for housing developments, and using this as a basis for estimating the project 
duration using Monte Carlo simulation. Findings reveal that reducing the duration of the 
activities of the process is more important than reducing the risk of iterations and appeals to 
shorten the mean project duration. However, for projects with potential for great conflict, 
reducing the risk of appeals is vital to avoid lengthy appeal processes. The simulation process is 
shown useful to assess which conditions that can constrain the success of the project in terms of 
the time taken to complete it.  

Author keywords: Local planning process; Housing; Time factors; Stochastic processes; 
Simulation models; Design structure matrix 

1. Introduction 

In Sweden, as in other countries, the land use planning process has been recognized as a factor of 
uncertainty for the initiation of housing developments in research (Cars et al. 2013; Olander and 
Landin 2008) and by governmental investigations (SOU 2013:34; Statskontoret 2009). A 
questionnaire-based survey conducted with 21 Swedish private and public housing development 
companies by Olander and Landin (2008) showed that they perceive the process as unacceptably 
long, with an uncertain time scale and an unpredictable outcome, and that these perceptions 
influence their decision whether or not to engage in a housing development. There are several 
conditions that affect time aspects of housing developments during the planning process. 
According to Olander and Landin (2008), house builders perceive that intricate and bureaucratic 
aspects and too detailed decisions over land use are one important condition prolonging the 
planning process. Their observation is supported by Josephson and Chao (2014), who studied 
lead times in construction of new multi-dwelling buildings in Sweden and identified the planning 
authorities’ work on preparing plans and issuing building permits as an obstacle that can slow 
down the process in early phases.  
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Several governmental investigations (SOU 2012:86, SOU 2012:91, SOU 2013:34; SOU 
2014:14) have been issued with the overall aim to examine how the state control of planning and 
building can provide conditions to make the planning process more efficient, simpler and more 
transparent. The legislator’s overall intention is to shorten the time needed for processing a plan 
and to increase the predictability for those involved in and influenced by a plan, and, thereby, to 
provide better conditions for meeting current shortage of housing, especially in growth regions, 
which suffers from great housing shortage (SOU 2013:34). One reason for this is discontent 
amongst private real estate financiers and developers as well as politicians regarding the process 
time taken to produce a detailed development plan (Boverket 2008a).  

1.1 The planning process in local practice 

The planning process is guided by national and local planning regulations, rules, policies and 
traditions which provide the authorities the means to control land use. The local level holds the 
most legal authority in the Swedish planning system and land supply for new developments is 
locally regulated. Local government in Sweden is exercised by local authorities (LA; 
kommuner), which cover the entire country. The statutory planning system regulates a number of 
different local plans operating at different levels. The central formal planning instruments are the 
comprehensive plans (CP; översiktsplan), which are intended for strategic planning and should 
provide guidance for the long-term development of land and water, and the detailed development 
plans (DDP; detaljplan), which legally regulates land use and the design of the physical 
environment within a restricted geographical area and should implement the intentions 
formulated in this plan. A DDP shall be made whenever new considerable changes are to be 
undertaken, for example developments of continuous housing or infrastructure, and regulates 
development rights as well as obligations. Since private real estate developers increasingly stand 
for the planning initiatives of local land-use in Sweden and local authorities wish to be attractive 
to housing developments due to increased shortage of housing, local planning authorities (LPA) 
experience an increasing high degree of pressure to rapidly produce implementation-oriented 
DDPs (Fredriksson 2001, Boverket 2008b). 

The process of producing a CP or DDP, is performed through a planning and decision-making 
process regulated by the Swedish Planning and Building Act (PBA), and has two main aims: to 
assess the suitability of proposed land use and to ensure democratic participation in urban 
development and design in order to strike a balance between different interests. The PBA sets the 
rules for the process, including its major activities and sub-activities and the order in which they 
are to be performed. However, as argued by Fredriksson (2011), the CP and DDP processes are 
governed not only by legislation but also by informal agendas and conditions of the local 
authority such as political agendas, professional culture, unwritten rules and power relations that 
planners and other actors and stakeholders of the process must relate to. Studies of current 
planning practice illustrate a complex planning process with many actors and stakeholders 
involved in formal (statutory) as well as informal (non-statutory) processes and decisions that 
influence planning and development assessments (Fredriksson 2011; Healey 2007). As argued by 
Moughtin et al. (2003), which are one of few authors to discuss the urban design method in 
planning in contemporary literature, the process cannot be defined as a simple linear progression, 
but rather as iterative having intermediate loops between different stages in the process. For 
example, after a review of a proposed plan it may be necessary to redefine goals, or perform 
additional impact assessments, or to analyze the impact assessments in a different way.  
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The local planning process has become more participatory with various stakeholders playing an 
active role in housing development (Olander and Landin 2005; Rotmans and Van Asselt 2000), 
which affects the duration of the process. A questionnaire-based survey by The Swedish National 
Board of Housing, Building and Planning (Boverket 2008b) showed that increasingly some 
stages of the process must be repeated due to the increased complexity of planning matters which 
result from increased requests from concerned actors and stakeholders for consultation and 
information. The potential resistance from locally based special interests, for instance, has been 
highlighted as a problem due to the risk of complaints and appeals against a suggested plan, 
which can prolong the process if the authorities take a long time to handle them (Josephson and 
Chao 2014) and increase the degree of uncertainty for housing developers (Olander and Landin 
2008). At the same time, the handling of local special interests can be viewed as an integral part 
of a democratic process where different interests are weighed against the common good. 
Although participatory elements can be time-consuming, obstructive and costly, they must be 
weighed against the democratic aspects of a participatory planning process (Appelstrand 2002). 
Hence, there are reasons for short processing time in the planning process, but time is also 
needed for creative aspects of planning for quality such as the generation of ideas, for negotiation 
and consultation. Therefore, the debate about how the planning process of producing a DDP 
affects the development of new and existing housing and how the process can be made more 
time-efficient is still ongoing. However, due to the complexity of the DDP process and the 
unpredictable occurrence of iterations due to rework and appeals assessing the duration of the 
process carried out under specific project conditions is not an easy task. It is also difficult to 
predict the time it takes to perform the various activities that is set out to achieve the desired 
outcome of the process.  

1.2 Aim 

The aim is to examine the suitability of using a process simulation approach to assess the 
duration of local land use planning. The focus is on the planning process of producing a DDP 
and how much the duration of DDP projects is affected (decreased or increased) by various 
project conditions. Since different planning projects require different activities completion time 
(the activity durations can be regarded as stochastic) and it is impossible to predict when and 
where in the planning process iterations will occur in a specific planning project (the activity 
execution sequences of the process can be regarded as non-deterministic) we endeavor to use a 
simulation-based analysis to estimate the impact of various planning actions and situations on the 
project duration. A design structure matrix (DSM)-based process model is built by mapping the 
structure of the process to a real DDP project for new housing developments, and using this as a 
basis for estimating the project duration using Monte Carlo simulation. A DSM-based 
methodology was selected for its capacity to capture structurally complex and iterative design 
processes (Cho and Eppinger 2005; Yang et al. 2012), such as the planning process (Moughtin et 
al. 2003), and because it allows the modeling of variations in project duration as a function of 
activity durations and iterations (Yassine 2004).  
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2. Design structure matrix-based simulation method 

Design structure matrix (DSM)-based simulation is an established approach to model cost and 
duration of design processes. The basic concept of DSM-based simulation is that iteration, 
required in the project’s execution, is a main driver for variability in project duration and cost 
(Yassine 2004). Numerous applications can be found in engineering and construction literature. 
For example, Hossain and Chua (2010) proposed a generalized model for design processes which 
is able to autogenerate simulation networks of design processes using DSM. They validated their 
method by application on a construction project in the gas and oil industry. Yang et al. (2014) 
used simulation to study how uncertainty related to iteration and ambiguity relates to overlapping 
impact on project schedule in product development processes. An overview about and 
comparison between DSM simulation approaches is given in Karniel and Reich (2009).  

One of the most recognized DSM-based simulation models in engineering design literature is the 
general model of Cho and Eppinger (2005), which is basically a discrete event simulation (DES) 
model that makes use of DSM to define the probabilities for rework and subsequent redesign. 
DES is a means to sample the distribution of the output from a stochastic project network model, 
which is evaluated using Monte Carlo simulation (Li et al. 2011). The project network has a 
unique start activity (no predecessor activities) and a unique end activity (no successor 
activities), which are connected by a finite sequence of project activities (path). Feasible paths 
are defined by precedence constraints. Parallel paths can be modeled using decision nodes that 
determine which path will be executed. Input data for each activity consist of a time distribution 
for the activity duration which represents a likely range of values, including various problems 
that might lengthen the activity duration. The output data represent the distribution of the project 
duration, i.e. the time passed between the initialization of the start activity and the finish of the 
end activity.  

The concept of Cho and Eppingers’ general model is illustrated in Figure 1, which shows an 
Activity on Node (AoN) network representation of an example design process consisting of nine 
activities (depicted by vertices). The precedence constraints are depicted by the directed edges. 
The activity execution sequence followed in a single simulation run (simulating one single 
project) is indicated by the curved arrows. Theoretically, the process in question could be 
completed in eight transition steps, by moving from activity 1 (the start activity) to activity 2, 
from 2 to 3, and so on. However, in the case shown, an information change occurs in activity 2 
after activity 6 has been completed. Consequently, activity 2 is reworked. Since the information 
about activity 2 has changed, successors of 2 that have been carried out previously have to be 
reworked too. 
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Figure 1 An Activity on Node network representation of an example design process with nine 
activities. The vertices represent the activities and the directed edges establish the 
precedence constraints. The curved arrows represent an activity execution sequence 
of a single run of a DSM-based simulation. 

The progression through an execution sequence with Cho and Eppinger’s general model is 
simulated as follows. Initially, each activity is assigned a discrete duration (usually sampled from 
probability distribution functions). The activity duration is consumed during the execution of the 
activity. Once an activity has been finished it is decided (by rework probability) whether rework, 
i.e., a transition to a predecessor activity, will occur. In case of rework the activity duration of 
successor activities that are repeated is increased. This additional amount (the rework amount) is 
the product of three factors, i.e. the assigned activity duration, the rework impact (defines the 
fraction of the activity duration to be reworked), and the learning curve (a real number between 0 
and 1, which makes the new rework amount decrease with each iteration). An activity is 
triggered when all of its predecessors have been finished and if all required resources are 
available. The project duration is the sum of the activity durations, the rework amount, and the 
idle times between all activities which result from precedence constraints and possible resource 
conflicts.

3. Compilation of the DSM-based simulation model 

Mapping of the real DDP project case was accomplished based on a combination of direct and 
indirect observations. The collected data included the main formal and informal activities 
performed in the studied project and their precedence constraints. Further, the duration and the 
rework amount for each activity were estimated together with the idle times between all 
activities. 

Direct observations were accomplished by one of the researchers from January 2010 to 
November 2011 through participation during project meetings and workshops that were held as a 
part of the DDP project case. Through this participation, access was provided to verbal reports 
and unofficial documents which include working documents, e-mail correspondence, and 
minutes and documentation from meetings and workshops held in connection with the plan-
work. Thereby, an understanding of the activities performed and their sequencing in the studied 
case (and in the DDP process in general) was elicited, as was the risk of lengthened processing 



6

times due to the occurrence of iterations and appeals during the process. Insights were also 
gained into how and why different planning actions and situations can affect the activity 
execution sequence in a DDP process.   

To supplement and verify the data collected through direct observations, indirect observations 
were made by document studies and interviews. By examining public documents such as plan 
documents (e.g. the planning program, various plan proposals, the admitted plan, the 
consultation and examination reports) and other documents related to the plan-work (e.g. written 
consultant reports, meeting protocols and announcements) the formal and visible parts of the 
DDP project was checked. The formal activities of the DDP process and their hierarchical 
structure as determined by the National Planning and Building Act (PBA) were also identified.

Based on records from the direct observations and the document studies, a project-specific AoN 
representation of the DDP project case (i.e. a graphical representation of Table 1) was developed 
by two of the researchers to illustrate the process of producing the DDP. The draft AoN 
representation was validated by reviewing it together with the planning official responsible for 
the studied DDP project at the LPA during a retrospective interview performed in February 2014 
to identify confusion and missing activities. The planning official was asked about his perception 
of (1) the activities and their sequencing in the draft AoN representation (2) the possible 
occurrence of iterations and appeals during the DDP process, and (3) the duration of each 
activity in the DDP process and how it may be affected by, for example, resource constraints 
related to staffing and possible repetition due to iterations.  

Having established the AoN of the DDP project case, the quantitative input data necessary for 
simulating the project duration (using the DMS-based simulation model outlined in chapter 2) 
were collected in tabular form by one of the researchers. The data collection was based on the 
observations described above and records of DDP projects carried out by the same LPA as in the 
studied case. The input data included three point estimates (optimistic, most probable and 
pessimistic) of the activity durations of each individual activity of in a DDP process. Triangular 
distributions are useful approximations of time distributions in DSM-based simulations when 
only the likely range of values and the most likely value (mode) are known (Robinson, 2007). 
The data also included (most probable) estimates of the rework probabilities and the rework 
impact for each activity in order to establish the rework amount, and the idle times between 
activities which are forced by regulations in the PBA. 

When the first estimates of the input data were available, a sensitivity analysis was conducted in 
order to evaluate the sensitivity of the simulation output (i.e. DDP project duration) to 
uncertainties in the input data. The test showed that the most critical input data is the activity 
duration, whereas the factors used for computing the rework amount (i.e. rework probabilities, 
rework impact and learning curve) are significant but less critical. Consequently, further 
validation of input data was focused on the activity duration, the rework probability and the 
rework impact of the activities. To validate the activity durations, a second retrospective 
interview with the responsible official was performed in April 2014 during which distributions of 
generated activity durations and project durations from 10 000 simulated execution sequences 
presented in form of histograms were reviewed. The planning official was also asked to check 
the plausibility of activity execution sequences and rework amounts, which were graphically 
represented by Gantt diagrams picked from the 10 000 simulated execution sequences. Four 
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Gantt diagrams were reviewed: two sequences representing projects with mean project duration 
and two sequences representing extreme projects with regard to the large amount of iterations 
occurring and the long project durations of these projects. The planning official could confirm 
the plausibility of the values and sequences displayed on the diagrams, thus validating them or 
not. If the values and sequences were confirmed, they were not changed. If they were not 
accepted, the planning official was asked questions to extract the reasons why the outcome of the 
simulation was not valid and the two researchers attempted to update it by relating the change to 
the outcome judged plausible by the planning official.  

4. The detailed development planning project case 

The data for the underlying process model originates from local land use planning in a local 
authority with about 40 000 inhabitants in a sparsely populated region of northern Sweden. The 
studied detailed development plan (DDP) project represents a case process where the local 
planning authority (LPA) wanted both the process as such and the developed DDP to be seen as 
a showcase for sustainable housing. As such, it was co-financed with demonstration project 
grants and was given a high priority by officials and politics at the LPA.  

The DDP project case is delimited by the spatial borders of the area of the DDP and the temporal 
borders that started with the planning program of the DDP and ended with an adopted DDP. The 
process from the initiation of a DDP to the formal adoption of the plan is punctuated by a 
number of major activities and sub-activities. The PBA regulates how the formal DDP process 
should be pursued and also which stages should be included. The consultation and examination 
stages address the legal requirements for transparency and for opportunities for stakeholders to 
access and reflect upon planning proposals. Every stakeholder is allowed to formally complain at 
three stages if they have grounds against the plan adopted by the Council of the LPA. The first 
appeal stage is handled by the County Administrative Court (CAC), the second by the Land and 
Environmental Court (LEC) and the third by the Land and Environmental Court of Appeal 
(LECA). The mapped formal and informal and the process structure of the DDP project case are 
shown in Table 1. The DDP project was pursued according to the old Swedish Planning and 
Building Act (PBA) of 1987, revised 1996. The making of a DDP according to the 2011 PBA 
currently in force has to go through similar steps to those required by the 1987 PBA (marked in 
bold in Table 1).  

The responsible planning official at the LPA describes the DDP project case as an ideal DDP 
process in terms of its “smoothness” due to a strong political unity and support and stakeholder 
satisfaction, which rendered the process largely void of time delays in the formal activities and 
completely void of iterations (due to the matter being referred back to preceding activities to be 
reworked) and appeals (due to discontent of the decision to adopt the DDP). Hence, the project 
was successful from a process perspective and, in the opinion of the planning official and other 
officials at the local authority, the informal activities (Table 1) contributed largely to the success 
of the project from this point of view. According to the officials, the rationale behind performing 
informal activities at an early stage of the process was to make the DDP process more 
democratic and to increase the quality of the project outcome (i.e. the DDP). 
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Table 1 Activities in the AoN model representation of the DDP project case. Formal 
activities (regulated by the PBA) are in italics. Formal activities that are not 
mandatory in all projects are marked by *. Informal activities are in plain text.  

No. Activity description Direct successors 
Initiation stage 

1 Planning program (a DDP shall be based on a planning program unless the LPA assesses the program to be 
unnecessary) 

2, 3, 4, 5, 6, 8, 9 

2 Initiation and planning for making a DDP as part of a demonstration project for sustainable housing 3, 5, 6, 7, 8, 9 
3 Development of a quality program as a basis for the development of a DDP. The quality program aims to set the 

standard for sustainable housing in the plan area and was developed in a series of workshops with representatives 
of the LPA and invited stakeholders. 

5, 6, 7, 8, 9, 16, 20, 
21, 23, 25 

4* Cultural heritage evaluation 5, 6, 7, 8, 9, 16, 20 
5 Decision to pursue the making of a DDP 6, 7, 8, 9 
6 Consultation meeting with County Administrative Board (CAB) on the planned DDP 7, 8, 9, 16  
7 First informal consultation with building companies on the planned DDP 9, 11, 16, 20 
8 Decision not to make an Environmental Impact Assessment (EIA) of the planned DDP 9, 16, 20 

Consultation stage 
9 Preparation of the plan document for the planned DDP: First version 10, 12 
10 Informal consultation with nearby occupants on the planned DDP 11 
11 Revision of the plan document for the planned DDP: Second revised version 12 
12 Public consultation meeting on the planned DDP 13, 15 
13 Extra consultation with the CAB on the planned DDP 14 
14 Second informal consultation with buildings companies on the planned DDP 15 
15 Preparation of a consultation report on the planned DDP 16 
 Examination stage 
16 Revision of the plan document for the planned DDP: Third version 17 
17 Public exhibition of the planned DDP 18, 19 
18 Third informal consultation with building companies on the planned DDP 19 
19 Exhibition report on the planned DDP 20 
20 Revision of the plan document for the planned DDP: Fourth version  21, 22 

Admittance stage
21 The Local Environment and Building Committee adopts the quality program  22, 23 
22 The Local Environment and Building Committee adopts the DDP 23, 24, 26 
23 The Local Executive Board adopts the quality program 24, 25 
24 The Local Executive Board adopts the DDP 25, 26 
25 The Local Council adopts the quality program 26 
26 The Local Council adopts the DDP  27, 28, 42 
27 Idle time between [26] and [52] according to a requirement in the PBA  52 
 Appeal stage 
28* Appeal of the decision from [26] to the County Administrative Court (CAC) 29, 30 
29* Appeal from [28] quashed 52 
30* Appeal from [28] examined by the CAC 31 
31* Decision of appeal from [28] 32, 52 
32* Appeal of the decision from [31] to the Land and Environmental Court (LEC) 33, 34 
33* Appeal from [32] quashed  52 
34* Appeal from [32] examined by the (LEC) 35 
35* Decision of appeal from [32] 36, 37 
36 Idle time between [35] and [52] according to a requirement in the PBA 52 
37* Appeal of the decision from [35] to the Land and Environmental Court of Appeal (LECA) 38, 39 
38* Appeal from [37] quashed 52 
39* Appeal from [37] examined by the LECA 40 
40* Decision of appeal from [37] 41 
41 Idle time between [40] and [52] according to a requirement in the PBA 52 
42 Decision by CAC of review of the decision from [26] 43, 44  
43 Idle time between [42] and [52] according to a requirement in the PBA 52 
44* Review of the decision from {26] by the CAC according to decision from [42] 45 
45* Decision of review from [44] 46, 47  
46 Idle time between [45] and [52] according to a requirement in the PBA 52 
47* Appeal of the decision from [44] to the Government 48, 50 
48* Appeal from [47] quashed  49 
49 Idle time between [48] and [52] according to a requirement in the PBA 52 
50* The Government examines appeal from [47]  51 
51* Decision of appeal from [47] 52 
52* The DDP gains legal authority 
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5. Simulation experiment 

Due to the inherent process structure of the planning process (Table 1), simulation of the process 
was divided into two parts. The first part (part 1), which includes the initiation, the consultation, 
the examination and the admittance stages of the DDP project, was modeled using DSM-based 
simulation due to the presence of stochastic iterations, which makes the activity execution 
sequence unpredictable.  

The second part (part 2), which represents the appeal stage of the DDP project, was modeled 
using a DES model with stochastic exclusive-or (XOR) decision nodes to enable the execution of 
different paths (Banks, 2001; Robinson, 2007). It was thus modeled that only one of the eleven 
possible paths (i.e. some of the activities may or may not be performed) can be executed during 
one single simulation run. In most cases (73%) the plan gains legal force without being appealed, 
which corresponds to the shortest path in the appeal process (Table 2). In case of appeals the plan 
may go through several court instances before gaining legal force or being rejected, 
corresponding to each one of the remaining ten paths.  

Four scenarios were simulated to estimate the effect of various planning actions and situations on 
the DDP project duration. Scenarios 1 and 2 were set up to estimate how much time could be 
saved under the assumption that the informal activities had the effect experienced by the LPA, 
that is, to reduce the project duration and the risk of iterations and appeals. Scenarios 3 and 4 
were built to examine how a DDP process which comprises similar informal activities compared 
to the DDP project case could be performed more time-efficient.   

Each scenario is represented by a set of simulation runs under specific model configurations, i.e. 
combinations of factor levels. To estimate the effect of each scenario on the project duration the 
simulation experiment was performed according to a factorial design, which allows a systematic 
analysis of factor level combinations (Robinson, 2007). In total four factors were tested at five 
levels (Table 2) to reveal possible nonlinearity in output distributions. The factor levels were 
chosen to illustrate the sensitivity of the estimates to variations in these factors. Extremes were 
avoided in order to cover a range of values of practical interest. Each simulation run (i.e. each 
unique factor level combination) was performed 10 000 times to produce sufficient data for 
statistical measures of output distributions and to allow for the cumulative mean of the output 
data (i.e. the long run mean project duration) to converge to within ±1 day (<1% of the mean 
value). The base scenario, which represents the DDP project case without changes in factor 
levels (i.e. the level of changes for all factors is set to 0% in each scenario; Table 2), was also 
simulated. The mean project duration of a DDP process run according to the studied case was 
estimated to about 3.6 years. 

Table 2 Factorial design matrix of the simulation experiment with factor level combinations 
for each simulation run in scenarios 1-4. 

Factor Level of change (%)
Scenario 1 Scenario 2 Scenario 3 Scenario 4 

 Activity duration 0, -2, -5, -10, -25 0, 10, 25, 50, 100 0, -2, -5, -10, -25 0, -2, -5, -10, -25 
 Rework probability 0, -2, -5, -10, -25 0, 2, 5, 10, 25 0, -2, -5, -10, -25 0, -2, -5, -10, -25 
 Rework impact 0 0, -2, -5, -10, -25 0, -2, -5, -10, -25 
 Appeal risk 0, -2, -5, -10, -25 0, 2, 5, 10, 25 0 0 
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A reduction or increase in activity duration corresponds to the case that less or more time is spent 
in the activities. A reduction or increase in the rework probability and the rework impact 
corresponds to cases where the activities in part 1 of the DDP process result in that less sub-
processes have to be iterated and that the changes that have to be done in case of iteration are of 
less extension. A reduction or increase in the risk for appeals against the DDP adopted by the 
LPA corresponds to increasing or decreasing the probability for short or long paths in the appeal 
stage of the process. 

5.1 Scenario 1 

The aim of scenario 1 is to examine the impact of the informal activities performed in the 
initiation stage of the DDP project case on the mean project duration, with a view to obtaining an 
estimate of the duration of a DDP process subjected to similar conditions as the studied case but 
with only formal activities being performed. The rationale behind this scenario is that the 
simulated project durations during part 1 of the process could be biased by the informal activities 
which were performed to help advance the demonstration project (Table 1). The data of part 2 of 
the process were compiled from records of projects other than the observed one, i.e. the duration 
of the appealing process is assumed to be unaffected by the unique project conditions of the DDP 
project case. The assumption taken here is that the informal activities resulted in a reduction, 
compared to a DDP project with only formal activities, in the activity duration, the rework 
probability (i.e. iterations are less common in the studied DDP) and the rework impact (i.e. 
iterations are less comprehensive in the studied DDP) of the formal activities in part 1 of the 
process and in the appeal risk in part 2 of the process. The tested levels of reductions in these 
factors are given in Table 2.  

A prerun of the simulation showed that changing the rework probability and the rework impact 
individually gave similar output in project duration as changing the factors simultaneously. 
Consequently, rework probability and rework impact were merged into one factor, which was 
changed according to the levels given in Table 2. Thereby, the number of simulation runs in 
scenario 1 were also reduced to a reasonable amount, from 5^4 (625) to 5^3 (125) runs.  

Figure 2 Impact of changes ( ) in activity duration, rework probability and rework impact, 
and appeal risk on the mean DDP project duration according to scenario 1. 
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The results of the simulation show that reductions in the activity duration of the formal activities 
lead to a considerable decrease in the mean project duration, whereas reductions in appeal risk, 
rework probability and rework impact have a marginal effect on the project duration (Figure 2). 
The large variation in mean project duration resulting from changes in AR, RP and RI is due to 
the dominant impact of the activity duration. According to scenario 1, the mean project duration 
can be reduced by up to 18% (from 3.6 years to 2.9 years) provided that the informal activities 
result in a reduction in activity durations in part 1 of the process by up to 25%. It means that 
maximum 0.6 years can be spent on informal activities in order to reach break-even between the 
time needed for a DDP process with only formal activities and a process with additional informal 
activities.   

Hence, in order to reduce the duration of a DDP process which includes informal activities in 
early stages of the project and is performed under conditions similar to the studied DDP project 
case, it is more important to reduce the activity duration than to reduce the rework probability 
and rework impact or to reduce the appeal risk.  

5.2 Scenario 2 

The aim of scenario 2 is to examine a DDP process being performed under “extreme” project 
conditions with potential for great conflict. A common example is the processing of plans for 
housing developments in urban downtown areas, which often concern many stakeholders with 
different and often conflicting interests. Another example is the rededication of a local recreation 
area into an industrial park. Under such conditions, extra efforts in part 1 of the process will be 
necessary to establish a balance between different stakeholders’ interests. More iteration is 
expected to occur during part 1 of the process due to complaints from stakeholders, i.e. the 
rework probability of the formal activities in part 1 of the process is assumed to increase. The 
increased project complexity is also expected to entail longer processing times for preparing the 
planned DDP during part 1 of the process, i.e. the activity duration of the formal activities in part 
1 of the process is assumed to increase (up to two times). Further, the risk of appeal of the 
decision to adopt a DDP is considered to be greater than in the studied DDP project case, i.e. the 
appeal risk in part 2 of the process is assumed to increase. 

Figure 3 Impact of changes ( ) in activity duration, rework probability and appeal risk on the 
mean DDP project duration according to scenario 2. 
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An increase in activity durations during part 1 of the process increases the mean project duration 
considerably, whereas the effects of increased rework probability and appeal risk on the mean 
project duration are negligible (Figure 3). According to scenario 2, the mean project duration can 
increase by up to 42% (from 3.6 years to 5.0 years) during extreme project conditions. 

Yet, it is well known in practice that complex DDP projects with great conflict potential can be 
considerably prolonged by lengthy appeal processes. These practical examples can be thought of 
as “the extremes of extremes”, which in statistical terms are represented by the top percentiles of 
the population. In Figure 4, the effect of decreased and increased appeal risk on the mean project 
duration and the 90-percentile project duration is compared. Both the mean and the 90-percentile 
project durations increase a little by an increase in appeal risk. In contrast, a decrease in the 
appeal risk results in a considerable reduction in the 90-percentile project duration, whereas it 
has a marginal effect on the mean project duration. Hence, the simulation results are, at least 
qualitatively, in accord with the behavior observed in practice. This behavior is due to that a very 
small proportion (<3%) of the DDP projects go through all court instances in the appeal stage, 
and that the difference in duration between the mean and the 90-percentile duration of DDP 
projects is relatively large. The mean duration of the appeal stage (part 2) of DDP projects which 
go through all instances is estimated to about 0.9 years, whereas that of DDP projects which are 
void of appeals is an estimated 0.8 months (which include the idle time required by the PBA).  

Figure 4 a) Frequency distribution of DDP project durations generated from scenario 2.                 
b) Impact of changes ( ) in appeal risk on the mean project duration and the 90-
percentile project duration according to scenario 2. 

a) b)



13 

5.3 Scenario 3  

The aim of scenario 3 is to assess how much the mean duration of a DDP process which includes 
similar informal activities compared to the DDP project case could be reduced if this approach 
became the routine work flow of all DDP projects carried out by the studied LPA. The rationale 
behind this scenario is that the data which form the basis for the simulations of the DDP process 
originates from one single demonstration projects. Repetitive performance of activities in a 
particular activity execution sequence in several projects is well known to entail considerable 
potential for reductions in the activities’ duration as they become part of the “routine work”. 
When asked to identify which activities in the activity execution sequence of the DDP project 
case that would be possible and perhaps necessary to execute more time-efficient if each DDP 
process in the local authority would be performed in accord with the DDP project case, the 
responsible planning official pointed out activities 1-4 in Table 4. Hence, the assumption taken in 
scenario 3 is that all of the observed informal activities are required but that there is potential to 
execute activities 1-4 more efficiently, i.e. to reduce the activities’ duration, compared to the 
DDP project case. Further, it is considered that the repetitive performance of these four informal 
activities also will lead to fewer and less comprehensive iterations less, i.e. reductions in the 
rework probability and the rework impact of the concerned activities 1-4 are expected. As in 
scenario 1, rework probability and rework impact were merged into one factor. The tested levels 
of reductions are given in Table 2.  

Figure 5 Impact of changes ( ) in activity duration, rework probability and rework impact on 
the mean DDP project duration according to scenario 3. 

A decrease in activity durations of activities 1-4 decreases the mean project duration 
considerably, whereas the effect of increased rework probability and rework impact on the mean 
project duration is negligible (Figure 5). According to scenario 3, the mean project duration of a 
DDP process similar to studied case could be reduced by up to 12% (from 3.6 years to 3.1 years) 
provided that the duration of the informal activities 1-4 could be reduced by 25%. 

5.4 Scenario 4 

The rationale behind scenario 4 is identical to that of scenario 3. However, whereas scenario 3 
focused on the time efficiency of a few activities selected by the responsible planning official, 
the aim of scenario 4 is to assess the minimum duration for a DDP process with informal 



14 

activities at the early stage which is performed in accord with the studied DDP project case. 
Consequently, the impact of reductions in the duration of all informal activities for which 
duration was judged possible to be reduced (activities 1-4, 6-7, 10-11, 13-14, 16, 18, 20, 21, 23, 
25) is considered. Some of these activities are routine work for the LPA. For those activities, the 
number and extent of iterations, i.e. the rework probability and the rework impact, are expected 
to remain unchanged. Consequently, the impact of reductions in rework probability and rework 
is investigated only for those informal activities that the LPA does not routinely perform 
(activities 1-4, 7, 10-11, 13-14, 18, 21, 23, 25). The tested levels of reductions are given in Table 
2. 

Figure 6 Impact of changes ( ) in activity duration, rework probability and rework impact on 
the mean DDP project duration according to scenario 4. 

A decrease in activity durations of the selected activities decreases the mean project duration 
considerably, whereas the effect of increased RP and RI on the mean project duration is 
negligible (Figure 6). According to scenario 4, the mean project duration of a DDP process 
similar to studied case could be reduced by up to 17% (from 3.6 years to 3.0 years) provided that 
the duration of the informal activities 1-4, 6-7, 10-11, 13-14, 16, 18, 20, 21, 23, 25 could be 
reduced by up to 25%. 

6. Discussion and conclusions 

6.1 Applicability of the process simulation approach to assess the DDP process duration 

From a process perspective, a local land use planning project can be viewed as a sequence of 
activities which make up a complex process through which a specific decision and outcome 
occurs. By creating a network which establish the dependencies of activities and using a DSM-
based simulation method based on the general model of Cho and Eppinger (2005) to simulate the 
project duration, it is possible to gain an understanding of which conditions that can constrain the 
success of the project in terms of the time taken to complete it. This approach is in line with 
Moughtin et al. (2003), who argued that project management techniques can complement the 
creative aspects of the urban design process in planning by considering implementation-oriented 
matters such as the need to complete a project within constraints of timescales and market 
values. From their study of lead times and obstacles for efficient construction processes, 
Josephson and Chao (2014) also saw reasons for actors to focus more on the use of available 
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time, especially in the early stages, because time wasted burdens housing developments and their 
customers. 

The strength of the suggested approach is its ability to capture the complex and iterative nature 
of the DDP process and to model variations in its duration as a function of activity durations, 
iterations and decision nodes. Thereby, the relative importance of specific project conditions 
such as the activity durations, the number and extent of iterations and the risk of appeals to the 
duration of the DDP process can be assessed (as was shown in the simulation experiment in 
chapter 5). A process based simulation can thus be a viable decision support tool to assess how 
much, for instance, efforts to reduce the risk of iterations due to rework of formal activities in 
part 1 of the process could reduce the mean duration of the DDP process (c.f. scenario 1 in 
chapter 5.1).  

The risk of drawing conclusions about the efficiency of the planning process, with a focus on 
time reduction, based on a process simulation approach is that the connection to reality is lost. 
For example, an alternative to using practice-based scenarios is to conduct a pure sensitivity 
analysis to quantify how the DDP project duration varies as a function of the magnitude of 
changes in the levels of the studied factors, but this renders outcome validation more difficult. In 
our study, factors to include in the simulation experiment was selected based on brainstorming 
discussions among all three researchers on reasons for shorter or longer DDP processes and 
practical considerations (access to input data and number of simulation runs). Our collective 
understanding of the importance of various factors was then validated against practice in 
planning through document studies and interviews before proceeding with the simulation 
experiment (chapter 3).  

6.3 Assessment of critical factors for the DDP process duration  

Despite the possibility of multiple iterations due to complaints and the risk of appeals in several 
court instances during the course of the DDP process, the simulation experiment showed that 
regardless the activity duration is more important than the risk of iterations and appeals for the 
mean duration of the process (chapter 5.1-5.2). Under normal circumstances, reducing the 
rework amount and the risk of appeals will have a marginal effect on the mean DDP project 
duration (chapter 5.1). However, under extreme conditions, reducing the risk of appeals in 
several court instances is vital for reducing the project duration (chapter 5.2).  

In the studied DDP project case, informal activities performed at early stages of the process were 
used as a means to ensure democratic participation the DDP process and improve the quality of 
its outcome. These activities took a long time to complete, but were also judged by the LPA to be 
an important contributor to the process being void of iterations and appeals and to limiting the 
duration of the formal activities performed in part 1 of the process. Hence, by keeping the 
informal activities but executing these using less time a DDP project performed in accord with 
the studied case could be made more time-efficient without sacrificing democratic and quality 
aspects of the process (chapter 5.3-5.4). 

Our results identifying the activity duration as the most important factor is in line with recent 
governmental recommendations on how the processes for developing DDPs could be shortened. 
In SOU 2013:34, two reasons for long durations of the DDP process were pointed out: slow 
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processing of DDP matters within the LPA, for instance due to the principal rule of processing 
DDPs in three local political instances (activities 22, 24 and 26 in Table 1), and the examination 
of appeals in a series of court instances (activities 28-51 in Table 1). As a consequence, 
governmental investigations have suggested increasing the scope for which plans that can be 
delegated to lower political levels (SOU 2013:34) and removing the CAC from the chain of 
courts for appeal of DDPs (SOU 2014:14). There are large local variations in the turnaround 
times of the CACs which can be up to one year.  

6.3 Further development of the process simulation approach 

The duration of each activity in a process can, in practice, often include both effective processing 
times used to carry out the work (the work amount) and idle times when the work rests. In their 
value chain studies of lead times in construction projects, Josephson and Chao (2014) and 
Josephson and Saukkoriipi (2007) found non-value-adding time as an important factor 
contributing to prolonging the project duration. Due to this and the fact that activity duration was 
identified as the most influential factor for the duration of DDP process the occurrence and 
extent of non-value-adding idle times within the activities of the DDP process warrants further 
investigation. 

The accessibility of resources and the learning curve effect can have substantial influence on the 
duration of design processes. Neither of the two factors was included in the simulation because 
the responsible planning official judged them not to affect the duration of a DDP process which 
is subjected to similar conditions as the studied case. The sensitivity test confirmed that 
variability in learning curve has a marginal effect on the mean project duration of the DDP 
process, which was expected due to the relatively low extent and number of iterations in the 
studied project case. However, either or both of these factors might need attention for the 
simulation of other DDP projects. 

Data which form the basis for the simulations of part 1 of the DDP process originates from one 
single successful DDP project, which was viewed as an ideal process by the LPA. Further 
development and validation of the suggested process simulation approach therefore requires 
studying projects with other characteristics than the one in focus here. One example is DDP 
projects performed with only formal activities, which can be expected to involve a larger risk of 
more and greater iterations due to complaints during the course of the process than the DDP 
project studied here. Another example is DDP projects performed in urban centers of densely 
populated LAs which can be expected to entail considerably larger risks of iterations and, 
especially, appeals against the adopted plan. The former would enable verifying findings from 
scenario 1 (chapter 5.1) and the latter would make the verification of scenario 2 (chapter 5.2) 
possible. 
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In the appendix a description of the observed offsite building design process is given. 
The process is depicted in figure 1. A list of the constituent activities is provided in 
table 1. 

2) Project 
organisation

7) Soil and foundation engineering

5) Compilation of tender offers

4) Development of technical details

1) Client aquisition and 
compilation of client specifications

3) Compilation of building 
programme and building 

documents

6) Division of planning and labour

8) Completion of 
construction plans

10) Detailing and 
production scheduling

9) Planning 
permission 
procedure

11) Planning of sceffolding 
and weather shelter

 
Diagram of the observed offsite building design process. Figure 1.

The process is divided into 15 phases, indicated by rectangles. The order from 
top to bottom shows the working sequence. Note that the sizes of the 
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rectangles are not to scale with respect to the timeline. Overlapping phases 
indicate that they contain activities which were carried out simultaneously. 

 

Phase 1: The process starts by presenting MFB (i.e., the applied building 
system, chapter 4, and paper 2) to the client. This is done by the MFB 
provider with the specific aim to inspire the client’s interest and confidence in 
the building 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 is to verify what the client is expecting 
of the building. For this purpose, the architect sends a check list to the client. 
This check list contains important and specific characteristics and critical 
aspects of the MFB system. Based thereon, the client specifications are 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 
table 1. 

Phase 2: The project organisation phase starts with the formation of the 
project team. 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 (i.e., frontloading). Another 
aim of this step is to develop the project schedule and to all agree the 
allocation of responsibilities for the completion of the tendering process. The 
project organisation phase consists of activities 3, 5, 6, 10 and 18.  

Phase 3: The next phase, i.e., the compilation of the building programme 
and building documents, is started when the client specifications are fully 
understood. First, the architect drafts a suggestion for the building programme 
based on the client’s specifications. Then the feasibility of the building 
programme is discussed by the architect, Masonite (material supplier) and the 
wall manufacturer. When the building programme is completed, the architect 
explains 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 subsequent activities. The next step 
is to gather information about the site conditions, i.e., collection of data 
about the actual site, in order to know where the building should be placed. 
When the site conditions are known and the position of the house is agreed, 
the architect starts with the first drafts of the building documents. This phase 
consists of activities 7 - 9 and 12 - 17. 

Phase 4: Many details have 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 
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these technical details varies greatly. Whilst some details might be worked out 
almost independently from each other, others have to be altered carefully 
because of their strong interdependence. When all technical details are 
worked out, the project participants have to consider the compatibility of the 
systems. The outcome of this phase should be to such a level of detail that 
tenders can be based on it. An important task for the project leader is to 
ensure that all project participants work with the same version of the system 
details. The phase that covered the development of technical details consists 
of activities 19 – 33. 

Phase 5: The next phase is the compilation of the tender offers. The aim of 
this phase is to compile the tender documents. First, the costs of the process 
steps are estimated. Before the participating companies can compile their 
offers they have to get the offers from their suppliers first. The offers needed 
for the tendering are, 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. Also, the development and maintenance of the building 
system and the process have to be considered (figure 13, phase 14 and 15). 
When the offers of the project participants are accepted, the architect starts to 
make drawings for the tender and all necessary documents, e.g. the 
implementation program and the fire prevention document. Eventually, the 
tender offers are submitted to the client. The activities this phase consists of 
are 34 – 64. 

Phase 6: When the project team wins the tendering, the responsibilities and 
liabilities for each process activity are allocated between the project 
participants (activities 65 and 66). 

The following phases are, regarding the activity sequence, strongly 
interwoven. Even if each phase is described separately; references to other 
phases are made.  

Phase 7: The next phase is about soil and foundation engineering. Before the 
fine planning of the ground work can be started, the final position of the 
house on the site must be known. The fine planning includes 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 
are assembled 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 has to be considered too when 
planning the foundation. Also the planning of parking places, access roads, 
and exterior lighting is included in this phase. The soil and foundation 
engineering phase corresponds to activities 67, 78, 80, 81, 89, and 91-97. 
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Phase 8: The next phase, completion of the construction plans, is started 
after the final position of the building is defined. In this phase the technical 
details, developed already before the tendering, are worked out more in detail 
by the respective project participants. Finally, the compatibility of the derived 
solutions has to be checked by the actors. This is done during several 
meetings. Activities included in this phases are 68, 70 – 77, 79, and 82 – 87. 

Phase 9: The planning permission procedure (activity 69) can be started as 
soon the architectural drafts are available. 

Phase 10: The detailing and production scheduling can be started by a 
preliminary order of the required material, when all technical details are 
worked out and when the planning permission is given. This order is made 
by the element manufacturer to the material deliverer (i.e., the provider of 
the MFB system). It is critically for a smooth proceeding of the project that 
the delivery time is properly considered. A further important point is the 
synchronisation of the production with the assembling schedule since the 
production of the prefab elements is done in batches. When the foundation is 
planned, containing information about electricity connections from the 
foundation platform to the wall etc., the planning of the single wall elements 
can be done. This phase consists of activities 88, and 90. 

Phase 11: The planning of the scaffolding and weather shelter (activity 98) is 
started after the assembling plans and the foundation plans are available. 

 

Table 1. Activities of the observed offsite building design process 

i Activity 

1 Presentation of the MFB-system for the client 

2 Transmission of list with specific characteristics and critical aspects of the 
MFB system to the client 

3 Formation of the project team 

4 Compilation of the client’s specification 

5 Scheduling project (draft) 

6 Check of financial status of involved project participants 

7 Compilation of the building programme 

8 Transmission of building programme to wall manufacturer and Masonite 

9 Alignment of the building programme 

10 Presentation of the project team and building programme to the client 

11 Compilation of detailed client specifications 

12 Check site topography 

13 Check of existing drain and water supply 
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14 Check of existing electricity supply 

15 Check of groundwater level and radon level 

16 Defining the placement of the house 

17 Generating first draft of building documents 

18 Scheduling tendering phase 

19 Assessment of expected loads 

20 Information update newest system solutions 

21 Configuration of building system elements 

22 Assessment acoustics 

23 Pre-design heating and sanitation 

24 Pre-design electric installation 

25 Pre-design lift system 

26 Pre-design air conditioning system  

27 Compilation of  emergency exits plan 

28 Planning scaffolding and weather shelter 

29 Planning earthworks 

30 Pre-design façade and windows 

31 Assessment and check of expected convection 

32 Invite offers for windows (preliminary) 

33 Check of detail compatibility (meeting) 

34 Alignment of transport with assembling (meeting, check of available 
machinery, access to site etc.) 

35 Invite offers from suppliers 

36 Compilation tender offers: process management (Masonite) 

37 Compilation tender offers: joint elements 

38 Compilation tender offers:  scaffolding and weather shelter 

39 Compilation tender offers: earthworks and foundation 

40 Compilation tender offers: architecture works 

41 Compilation tender offers: construction works 

42 Compilation tender offers: electrics 

43 Compilation tender offers: lift system 

44 Compilation tender offers: heating and sanitation 

45 Compilation tender offers: acoustics 

46 Compilation tender offers: materials (Masonite) 

47 Compilation tender offers: production of building system elements 

48 Compilation tender offers: project management (entrepreneur) 

49 Check of tender offers (total price) (meeting) 

50 Refinement of building documents (for tendering) 

51 Generation of the fire prevention document 

52 Generation of the implementation program 
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53 Generation tendering text: offer earthworks 

54 Generation tendering text: offer architecture works 

55 Generation tendering text: offer construction works 

56 Generation tendering text: offer electrics 

57 Generation tendering text: offer lift system 

58 Generation tendering text: offer heating and plumbing system 

59 Generation tendering text: offer acoustics 

60 Generation tendering text: offer production building system elements 

61 Refinement of project schedule 

62 Compilation tendering texts of entrepreneur 

63 Tender Submission 

64 Notification about acceptance (event) 

65 Affirmation of project team 

66 Kickoff meeting 

67 Check placement of house 

68 Generation drawings architecture 

69 Start planning permission procedure 

70 Generation fire protection documents 

71 Generation acoustics documents 

72 Generation convection documents 

73 Generation construction detail plans 

74 Generation heating and sanitation detail plans 

75 Generation air conditioning detail plans 

76 Generation electric installation detail plans 

77 Generation lift system detail plans 

78 Generation earthworks detail plans 

79 Check detail plans  (meeting) 

80 Layout design exterior electricity  

81 Layout design drain and water supply 

82 Affirmation detail plans architecture 

83 Affirmation detail plans construction 

84 Affirmation detail plans heating and sanitation 

85 Affirmation detail plans air condition 

86 Affirmation detail plans electric installation 

87 Affirmation detail plans lift system 

88 Order of system components to Masonite (preliminary, reservation) 

89 Calculation loads from house into foundation and design foundation 

90 Generation assembling schedule and logistic 

91 Refining detail plans earthworks and foundation 
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92 Design acoustics foundation 

93 Design connection foundation heating and sanitation 

94 Design connection foundation electric installation 

95 Check details earthworks and foundation 

96 Affirmation design earthworks 

97 Affirmation design foundation 

98 Design scaffolding and weather shelter 
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