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"There can be as much value in the blink of an eye 
as in months of rational analysis." 

(Malcolm Gladwell) 





 Preface I 

 

PREFACE 
This research work has been conducted at the Division of Structural 
Engineering – Timber Structures, at Luleå University of Technology, and 
financed by the program of Lean Wood Engineering. I would like to take 
the opportunity to describe the strength of a good work environment, with 
positive team spirit and personal support in this research process.  

My days together with different people during this journey has been 
inspiring, challenging and learning. I have the pleasure to be part of a 
workplace characterised by great leadership providing possibilities for 
individual development and a strong vision of the work. Therefore it is an 
honour for me to work with Lars Stehn and Helena Johnsson. A special 
thank to you Helena for the sharp and professional guiding, your insight in 
research problems and the way you have inspired me in my work. This has 
enabled me to strive and also reach the goal of this thesis. I would also like 
to thank Thomas Olofsson for your interest in my research area, by sharing 
time, ideas, and knowledge of how to apply research into reality. 
Furthermore, the pie seminar became a road sign for improving my thesis 
and the point of departure for my future research. Thank you Fredrik 
Backlund! 

The generosity of time, knowledge and experience, from all respondents 
at the design group at Lindbäcks, has been of great importance. My credit 
goes to Stefan Lindbäck, my industrial supervisor who has provided direct 
response and support for my ideas. 

My colleagues at Timber Structures have been the daily fuel for my 
work. I appreciate your willingness to strive for better knowledge in our 
research area, but most of all, for making our days so fruitful and funny.  

 
Many people have been of great help in my research, but above all I salute 
my three beloved girls Anna, Alice, and Elin.  
Could I have a better team?   
   

      
 
Gustav Jansson 

Luleå, October 2010. 



 

 



 Abstract III 

 

ABSTRACT 
Industrialised housing has increased its Swedish market share the latest ten 
years from 2% to 15%. Prefabrication has developed into actual 
industrialisation, where factories produce not only elements for site 
assembly, but takes wholesale responsibility for the sales, design, factory 
production, and assembly of houses. A higher automation in housing 
production puts demands on the design department to become more 
efficient. Design is identified as a bottleneck to further increase the 
production rate. Information deliveries are not produced in the needed rate. 
With the change from drafting to modelling in building design, 
opportunities are given to work simultaneously for better efficiency. The 
focus on BIM-supported CAD-tools has lead ICT-developers to create 
systems that mainly support product modelling. But, in industrialised 
housing, support for process efficiency is just as important.  

In a case study at a Swedish industrialised housing company, during a 
three year period, interviews, observations and design activities at the 
company were recorded to study what components and functionality in the 
design support create business value. The results show that by defining 
design in stages with gates, by parallel planning of activities, and by using 
process visualisation methods, the efficiency increased about 41 % in 
information deliveries. Furthermore, the use of support systems has to create 
both internal value for efficiency in information deliveries and external 
value to meet and handle client requirements in a standardised way. By 
releasing time from project management activities to improvements and 
product development the focus on the product could increase. Product 
development theories with axiomatic design as the foundation for a support 
system combines product structures with BIM functionality and process 
support for planning, which secures quality between disciplines in a 
concurrent approach. Product life cycle management (PLM) is an umbrella 
that manages product development in a life-cycle perspective trough a 
defined framework that is applicable to industrialised housing design, both 
for software developers and industrialised builders. 
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SAMMANFATTNING 
Industriellt byggande har de senaste tio åren ökat sina marknadsandelar från 
2% till 15% på den svenska bostadsmarknaden för flerfamiljshus. 
Prefabricering har utvecklats till industrialisering, där fabriker inte bara 
producerar komponenter för montering på byggplats, utan tar även 
helhetsansvar för försäljning, konstruktion, i fabrik och för montering av 
bostäder. Utvecklingen av en mer automatiserad produktion ställer högre 
krav på projekteringen. Som en definierad flaskhals måste tid frigöras från 
koordinering till kärnverksamhet för att skapa förbättringar och tillåta 
produktutveckling. Med förändringen från ritningsbaserad till modellbaserad 
byggprojektering, ges möjligheten att arbeta samtidigt för bättre effektivitet. 
Fokuseringen på BIM-stöd med CAD-verktyg har lett till att utvecklare 
skapar system som i huvudsak stödjer produktmodellering. För industriellt 
bostadsbyggande, är stöd för effektivitet i projekteringsprocessen lika viktig. 
Empiri har samlats genom intervjuer, observationer och dokumenterade 
aktiviteter i en fallstudie hos en svensk industriell bostadsbyggare för att 
analysera vilka komponenter och funktioner som ett stödsystem för 
projektering behöver för att skapa värde för företagen. Resultaten visar att 
en definition av projektering i steg med gater, aktiviteter för samplanering 
och användandet av metoder för att visualisera processen har ökat 
effektiviteten med omkring 41 % för informationsleveranser. Dessutom visar 
studien att stödsystem bör kunna skapa både internt värde för effektiva 
informationsleveranser och yttre värde för att möta och hantera kunders 
krav på ett standardiserat sätt. Ett stödsystem, baserat på 
produktutvecklingsteorier med axiomatisk design som grund, kan 
kombinera både produktstruktur med BIM- funktioner och 
processrelaterade funktioner för planering och därmed säkra kvaliteten 
mellan discipliner för samverkande arbete. Product life cycle management 
(PLM) är ett övergripande koncept för hantering av produktutveckling i ett 
livscykelperspektiv, vilket har ett definierat regelverk som är applicerbart på 
industriell byggprojektering, både för utvecklare av IT-system och för 
industriella husbyggare. 
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1 INTRODUCTION 

In this chapter an introduction to the topic and research scope is presented. Firstly, the 
design process in construction is presented from the prefabrication perspective focusing 
on industrialised housing. The motivation for and purpose of the thesis are followed 
by the aim, objectives, research questions and limitations of the research. The chapter 
is closed with a summary of publications by the author. 

1.1 Background 
Industrialised housing has for the last decade an increasing market share with 
currently around 15 % on the Swedish housing market. Prefabrication gives 
the opportunity to speed up production and achieve better control of the 
manufacturing process. The trend of a higher degree of prefabrication in 
construction has led industrialised housing companies to invest in 
automation and new technology for offsite manufacturing. The 
prefabrication in industrialised housing alters the process from project-based 
construction to process-based manufacturing, Lessing (2006). Planning and 
coordination of the design process is a bottleneck to increase the flow in the 
whole manufacturing process for industrialised builders, Söderholm (2010). 

 Construction design in general suffers from inefficiency in deliveries 
where time, cost, and quality are not consistent with contracts, Tilley 
(2005). Summing up contract variations 50-79 % was related to design and 
documentation. Inefficiency can be divided in internal efficiency in 
producing and external effectiveness in value creation by satisfying customer 
requirements. To achieve internal efficiency, control over activities and sub-
process is necessary, which implies a well defined process, Liker (2004). 
Industrialised housing companies do not fully known their own process well 
enough to take advantage of supporting systems for the process and 
therefore there is a great need for defining the process, Söderholm (2010). 
To be in control in the product development phase requires that key-
persons understand the entire process, Ljungberg and Larsson (2001). 

A central aspect for understanding what type of process is at hand is to 
position the manufacturing process by range of prefabrication. Prefabrication 
in construction is described by Winch (2003) as the range of completed 
specifications on four levels, from the highest as Norms and standards give the 
engineer the foundation to perform Engineer to Order down to the lowest 
where Standard products are design by Select variant, Figure 1. 
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Figure 1. Models of manufacturing and the construction process, after Winch 

(2003). 

The degree of completed specifications (to the left in Figure 1.) relates to 
predefined rules about technical specifications and is managed as internal 
activities. The Customer order specification decoupling point divides the internal 
process by meeting customer requirements on the product, Figure 1. Many 
industrialised housing companies find themselves in the segment of Standard 
parts and modules which are configured to order. They have problems to 
coordinate design activities in the same pace as production for information 
deliveries.  

The completed specifications for standard parts and modules are stored 
in companies' building system. The building system is a set of geometrical 
and organisational rules of how to produce a building and are defined in 
order to support repetition of the process over time, Söderholm (2010). 
Geometrical rules for the building system are defined by templates in CAD-
systems, documents describing components and by engineering knowledge. 
When designing in industrialised housing, the building system is managed 
with a more process-oriented approach instead of unique projects solutions. 
The process-orientation on organisational level is made by resource based 
planning and are realised through detailed descriptions of activities both in 
production and design.  

 



 Introduction 3 

INDUSTRIALISED HOUSING DESIGN EFFICIENCY 

The problem for industrialised housing design is to bridge over from 
customer requirements with project specific limitations, to design solutions 
that create value for customer by using the building system. Requirements 
are often defined as functions for spaces and design needs support for 
transformation requirements to physical elements, such as service systems 
and components. 

1.2 Support for the construction design process  
Industrialised housing companies need supporting tools and methods that 
structure information for better control, planning and higher efficiency in 
design. To meet customer requirements with technically defined solutions, 
Ekholm and Molnár (2009) argues that support systems should be developed 
using a structure that follows standards and common terms in housing. The 
IT-barometer by Samuelsson (2008) describing usage of ICT (Information 
and Communication Technologies) supporting systems in Swedish 
construction. The most important needs were systems that make 
administrative and technical work more efficient and also investments in 
ICT systems that meet customer requirements and means of competition. 
Industrialised housing design have a potential to manage new methods and 
tools for supporting the design in a BIM (Building Information Modelling) 
approach because of the possibility for one company to manage large parts 
of the building process. 

In a survey on five industrialised housing companies in Sweden 
information management was analysed, Johnsson (2006). The result of the 
study showed that by describing the process and the product range with its 
variety in a strategy for interoperable IT systems management could reduce 
the costs for information processing. Industrialised housing design is a 
combination of product development and preparation for production, 
Söderholm (2010), where 3D and information models for purchasing, 
quantity take-off, etc. are used, but currently not with a life-cycle 
perspective. The life-cycle perspective has been put aside in favour of 
product information for supporting systems in construction (Amor 2009), 
even if project management has a strong and proven history for 
coordination and construction planning. 
 



4 Introduction 

 
Figure 2. Industrialised housing design with CAD-tools (Lindbäcks, 2010). 

In a historical view, construction has moved from drawings to digital 
CAD drawings from the late 80:s to the middle of the 90:s. 2D drawings to 
3D models through the 90:s and moved on to information modelling in the 
first decade of 21:th century. Research on design systems has for the last 
decade focused on product models for construction using Computed Aided 
Design (CAD)-tools with BIM -functionality (Fischer and Drogemuller 
2009; Björk and Laakso 2010).  

The use of BIM has not yet shown the effect that the construction 
industry hoped for (Kiviniemi 2006; Haymaker et al. 2008; Jørgensen and 
Emmitt 2009). The latest research on BIM misses the support for design 
processes and still focuses on product and manufacturing processes from a 
technology perspective (Mossman et al. 2010). Information systems in the 
telecom, mechanical and automotive industry has gone from product to life-
cycle functionality in management system for product development and 
design, Stark (2005). PDM (Product Data Management) systems are used to 
support requirements, functions, system, but this is not implemented in 
construction, Tarandi (2005). Between requirements, like national standards 
for energy and a physical solution there is a missing description of the 
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process in construction and specifically for industrialised builders this is 
problematic since iterations between demands and solutions have to be 
communicated through the entire manufacturing process. PLM (Product 
Life Cycle Management) with PDM as a component (Sääksvuori 2005) 
could offer support functionality for the industrialised housing design.   

1.3 Thesis aim and scope 
The overall aim of this thesis is to define the design process of 

industrialised housing and analyse structures for supporting design work for 
better efficiency.  

Activities have to be analysed in their specific context to gain deeper 
understanding of the whole process. Therefore these questions must be 
answered to reach the aim: 

 
Question A: What does the industrialised design process comprise of in 

terms of parent activities, activities, actors, and resources? 
 
Question B: How can design be supported to increase efficiency in 

industrialised housing? 
 
Question C: How can the interplay between functional requirements 

and design parameters be implemented in a ICT-system? 
 

1.4 Demarcations
To reach the aim and answer research questions, this thesis considers the 

design phase from signed contract to production start with theories and 
empirical data. By choosing one case study company, the depth of the 
answers increases but the possibility for generalisation becomes limited. The 
aim for this thesis is not reached by comparing design processes for 
traditional construction and industrialised housing. By considering houses to 
be products instead of a project benefits from other industrial fields can be 
used when analysing activities in the context of industrialised housing 
design. Because industrialised housing design is an artefact from traditional 
construction design with integrated product development rather than a 
clean production preparation, Engineering Design theories are central for 
the studied context. Theories in the field of Engineering Design are used as 
models for analysing design. Engineering Design theories represent the 
manufacturing industry like automotive and electronics that have larger 
series than housing which have to be analysed from the viewpoint of unique 
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products in a repetitive process. To avoid sub-optimisation systems for life-
cycle support should be analysed for the whole manufacturing and operation 
process. Lean thinking as a theory was analysed in Paper I, but in this thesis 
lean theories are only chosen as the base for formulating process efficiency 
but without analysing systems and methods for design in an information 
transformation perspective. External effectiveness is study from an internal 
perspective as structure of inputs to design but not for studying effectiveness 
that analyse the customer value per se.   
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Thesis disposition 
The thesis consists of two parts where the first part is the cover paper 
including Chapter 1-7 listed below and a second part comprising three 
appended papers with appendices. 

 
Cover paper 
Chapter 1: Introduction introduces the reader to the research field. This is 

followed by the aim and purpose of the thesis. 

Chapter 2: Case Study Company gives the reader an insight in the case study 
company that is analysed from an industrialised housing design 
in the terms and conditions for efficiency of  the design process. 

Chapter 3: Methodology presents the chosen methodology for the research 
and the different methods for collection and analysis of 
empirical data in the four studies.  

Chapter 4: Theoretical framework presents the lean approach on design 
processes, engineering design, product lifecycle management 
and building information modelling.  

Chapter 5: Results presents the empirical results collected in four case 
studies. The data is described as results of interview questions 
both from studies and gathered in the process model with 
activities and parent activities.  

Chapter 6: Analysis presents analysis results from Papers I-III of the 
mapping of a network process following by analysis of two 
supporting systems with process and product in focus.  The data 
is analysed with support from the theoretical models in chapter 
4 and a cross-analyses. 

Chapter 7: Discussion and Conclusions discusses the findings in the analysis 
and Paper I-III, in relations to the overall aim of the thesis. This 
is followed by conclusions of the findings and with suggested 
future work. 
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Appended papers I-III: 
 

Paper I: Design Process Organisation at Industrial House Builders - A Case Study 
of Two Timber Housing Companies in Sweden 

Written by Gustav Jansson, Erik Söderholm and Helena Johnsson, published 
in the Proceedings of the 24th Annual ARCOM Conference, September 1-
3 2008 Cardiff, UK. Gustav Jansson's contribution was formulating the 
fundamental ideas together with Erik Söderholm and Helena Johnsson. 
Gustav Jansson conducted the process mapping and interviews at one of the 
case study companies. Writing was divided between all authors.    

 

Paper II: Process Support for Industrial Housing Design - Evaluation of product life 
cycle management in industrialised housing design 

Written by Gustav Jansson, and Helena Johnsson, submitted for publication 
in Journal of Computers in Industry in June 2010. Gustav Jansson's 
contribution was formulating the fundamental ideas, co-planning, 
performing the process mapping and the interviews. Writing was divided by 
both authors with Gustav Jansson as the head writer. 

 

Paper III: Requirements transformation in Construction Design: 

Applying energy classification in ICT for process support 

Written by Gustav Jansson, Jutta Schade, Thomas Olofsson, and Väino 
Tarandi, accepted for CIB-W78 27th International Conference on 
Managing IT in Construction in November 2010. Gustav Jansson's 
contribution was together with Jutta Schade and Thomas Olofsson 
formulating fundamental ideas, co-planning, and performing the process 
mapping. Writing was divided by all authors.    
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2 CASE STUDY COMPANY 

This chapter presents the context of the studied phenomena to the reader. The 
working methods, organisation, design process and position on the market for the case 
study company are described.  

2.1 Context for the case study company 
Industrialised timber housing companies has been growing fast in the last 20 
years after the release of restrictions on manufacturing of multi-storey timber 
buildings in 1994. The chosen case study company was one of the first to 
take advantage of the changes in regulation and has built over 5600 
apartments in multi-storey timber houses since. 

 

  
Figure 3. Two examples of projects built by the case study company 

(Lindbäcks).  

The studied company is a family own company with a turnover of about 41 
M€, 120 employees, and a production rate of more than 1500 apartments 
per year.  The building system is based on prefabricated timber framed 
volumetric modules as the load bearing structure. Windows, doors and 
façades are assembled inside a factory together with services like electricity, 
ventilation and pluming. The modules are completed with interior finishing, 
like bathrooms and kitchens. Modules are transported by trucks to the 
building site for assembly and completion. A normal production rate is that 
one building project takes 3-4 weeks to manufacture inside the factory and 
another 4 weeks for transport. Tender negotiations, client contracts and 
design are completed during one year preceding production start, Figure 4.   

The company is organised with 25 white collars for services and 95 blue 
collars in production. In-house services are project management, structural 
design, purchasing, sales, and administration. Design is split-up on 12 
internal employees working as structural engineers, project managers, and 

INDUSTRIALISED HOUSING DESIGN EFFICIENCY 
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design project manager. External consultants are used for HVAC system, 
fire, acoustics, foundation, electricity, and architectural design. In the 
factory, electricity and tiling are made by external resources. 

The case study company does not operate with end users as their clients. 
Professional clients to the case study company are municipality companies, 
private property owners, developers and the own real estate company. 
Different types of housing produced are condominiums, rental apartments, 
student apartments, and retirement homes.  

2.2 Design organisation and working methods 
The entire manufacturing process from contract to assembly and 

completion on site for a medium large project (150 modules) is about 30 
weeks. With a pace in production at 40 modules per week a medium 
project 4 weeks in production and up to 20 weeks for design.  

 
Figure 4. Design phases in the entire manufacturing chain. Based on Meiling 

(2008). 

To maintain the pace with production, design is organised to manage up to 
six projects in parallel.  

2.3 Planning and monitoring the design process
The design phase is planned to match the resources with the projects and is 
followed up by weekly meetings. Planning of the design process is done 
with the aim to match production, client decisions, design resources and 
parallel projects. Resources are the unit when planning for design using MS 
Project.  
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Figure 5. Planning of design phases in parallel.  

Seventeen activities are defined for planning the design process. Most of the 
activities are tasks that have no formal description and are related to 
resources. Planning is often done with a gap of five weeks from last planned 
design activity to Production start as a tolerance for unplanned activities.  

 
 

 
Figure 6. Status board by deliveries in project. (Lindbäcks, 2009). 

The use of Visual Planning at the case study company is a system to control 
the design process. Control with the Visual Planning method is done with 
the seventeen activities as a unit. The lean concept of Visual Planning 

INDUSTRIALISED HOUSING DESIGN EFFICIENCY 
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describes deliveries on the X-axis and projects on the Y-axis, referens till 
Visual Planning. The company specific deliveries are weekly updated with 
their status using five colours; Green = as planned, Yellow = does not 
follow plan, red = affects the plan, white = not included, black = not 
started. 

 

2.4 Internal systems to manage design 
Besides Visual Planning, the company uses ordinary file sharing on a 
common file server. With the purpose of refining systems in management 
and design, a mapping of the ICT structure was made in 2007. The result of 
the mapping showed a Microsoft based environment with products like 
Office, Outlook, MS Project, calculation tools for economy and sales, with 
less coordination between ICT-systems. Document management is handled 
on a traditional file-based server with no version control or relation between 
documents. Digital 2D drawings (.dwg) are the base for managing the 
product defined between actors in the process. Supporting documents 
complement the drawings with space descriptions, option lists, and 
component spreadsheets. CAD systems in use are AutoCAD Architecture 
for 2D plans and sections in the early design phase and DDS CAD using 3D 
models wherefrom CNC-files (Computer Numerical Control) for 
production are exported. 3D models contain structural studs, boards on 
element level (wall, floor, inner roof) and nailing patterns. The last 
preparation before production is done in a combination of 2D and 3D CAD 
ending up in paper drawings for the production line and the on-site 
assembly respectively. 
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3 METHOD 

The purpose of this chapter is to describe the research process by presenting methods 
and applied analytical approaches. A description of the practical process and the overall 
reflection are presented of the considerations and choices made during the research 
process. Firstly, the researcher's background is presented to understand the chosen 
research setting. 

3.1 Research approach 
Methodology is the strategy to be able to formulate research questions by 
systematic investigation and method is the tool to find answers to these 
questions (Yin 2003). In methodology, the strategy for research design is 
linked to the research questions in the research project. The researcher's 
epistemological assumptions describe the researchers vision of knowledge in 
the relation between the researcher and the studied object (Miles and 
Huberman 1994). My opinion is that the researcher has to strive for 
independency between the researcher and the research object and be aware 
that all decisions in choosing methods could affect the research results and 
answers. 

3.2 Researcher's background 
Because of the connection between the researcher and the object, the input 
to this research is not just the case or context of industrialised housing but 
also the researcher's background. As a tool for data collection and an 
instrument for analysis the researcher's background is important in 
qualitative research. My experience from product development is to work as 
an engineer for mechanical functionality of medicine systems, and also as an 
application engineer for software solutions. ICT-tools and software solutions 
for engineers have been a common theme in my previous work. As an 
application engineer and retailer of software solutions, it was natural that my 
research work focus on functionality in systems, knowledge and methods to 
design systems. During my professional work analysing engineering needs, 
both in the mechanical and construction design, the context became central 
addressing the issue of requirement. My educational background as a 
mechanical engineer with a M.Ed. in mathematics and information 
technology, also lead to practical design knowledge through teaching 
engineering students how to plan, practice and develop construction design 
with CAD and CAD-related systems. 
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My research work is done at the research group of Structural 
Engineering - Timber Structures at Luleå University of Technology within 
the research centre Lean Wood Engineering (LWE). Courses managed by 
LWE have given me the opportunity to develop my experience together 
with colleagues in the context of information technology in construction, 
but have also widened my knowledge in lean, building information 
modelling and supply chain management. 

3.3 Case Study 
Industrialised housing presents a good case for studying design processes and 
support systems because the high level of prefabrication provides the base for 
repetitive design processes. Process-based support methods like Visual 
Planning are used by industrialised builders to manage their work in the 
change from traditionally sequenced design into concurrent engineering and 
automation, which put demands on the design process to be more efficient. 
By speeding up preparation and higher precision with tighter tolerances, 
support systems that capture and control the process are needed (Ekholm 
and Molnár 2009). The case study company had started to implement a 
design support system, using visual planning as a lean method for managing 
the design process, which was a good starting point when wanting to 
analyse process efficiency. Case study is a research strategy to understand 
complex phenomena in a real-life context (Yin 2003). To answer the 
research questions about characteristics of activities and actors the choice of 
a case study was considered a good alternative, since the case study can 
combine qualitative and quantitative data for later generalisation of a 
phenomenon (Silverman 2005). The case study was conducted through 
analysing support functionality and design process activities together with 
document management in a construction design situation. The 
phenomenon was defined as the design process and support systems for ditto 
at the industrialised housing company. The case study was performed in an 
exploratory approach to reach the aim with a descriptive case study and to 
describe and understand the phenomenon of the design process. To go 
further and create a structure for supporting engineering work an 
explanatory approach was chosen to describe and strive for interpretation 
using extended theories about the phenomenon. 

Triangulation of collected time data, interviews and observation has 
been performed to secure data and validation of results from the case (Miles 
and Huberman 1994). Each data collection method and analysis is described 
deeper in chapter 3.4 for the different studies presented in this thesis. 
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3.4 Research process 
Philosophy of design describes by Love (2000) as the creative process and the 
information transformation in design. In the latter is methods of design 
captured and analysed for the industrialised housing design. Confusions in 
design are often related to different levels of abstraction when defining 
solutions from different concepts (Love 2000). By structuring research in 
meta-theoretical levels the field could be visualised from philosophies down 
to physical objects and work (see labels to the right in Figure 7). In line with 
Love's (2000) design theories are the research conducted and based on 
Poppers (1979) three abstractions of worlds. 

World 1 - Physical and material objects  

World 2 - The subjective world containing minds and their contents 

World 3 - The objective world of theories, knowledge and problems 

(Love 2000) 
 

World 1 (green in Figure 7) represents the studied context with research 
questions in practical problems to be solved for industrialised housing. In 
World 2 (blue in Figure 7) the design is related to the process, in this case to 
represent the type of research method. World 3 (yellow in Figure 7) 
represent philosophy matters like theories and concepts.  

 



16 Method 

 
Figure 7. Studies from a qualitative and quantitative perspective, context 

methods and theory research areas. 

Four studies have been conducted in the research of industrialised 
housing design efficiency, which are presented in three papers. Paper I and 
Paper II is written in an inductive approach from empirical findings and 
analysed with theories in the field relevant for the phenomenon. Paper III is 
a deductive outcome of Paper II to evolve a system based on axiomatic 
design theories in a practical motivation case. Combining the four studies, 
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questions are inductively formulated from the empirical gap of defining and 
supporting the process for efficiency. 

3.4.1 Study 1. Mapping the design process for industrialised timber housing 
 

Process mapping could be done on many levels at a company because 
processes are divided into several categories of processes. By identifying 
main, auxiliary, and management processes it is possible to create a holistic 
view over critical and necessary processes for the organisation. Process 
mapping is a method of visualisation of a company's different processes. 
Advantages of an early process mapping are: 

 
a common holistic view on activities 
for value creating for customer 
understanding for what a process approach means for the own 
organisation 
development of process-oriented measurement systems 
analysis of processes performance 
improvements of processes 

(Ljungberg and Larsson 2001) 
 

Mapping the industrialised housing design process decomposition was 
made upstream in: 

 
1. information deliveries 
2. activities 
3. requirements definition 
4. value definition 
 
Process mapping for a manufacturing process has the purpose to visualise 

and define activities in the production process (Ljungberg and Larsson 
2001). Gathering data for the mapping of the design process was done in 
line with Miles and Huberman's (1994) theory about general sampling 
methods from outside to the core of the setting to get a clear picture of the 
whole design process.  

The empirical data for the mapping of the design process was collected 
through personal time reports, external consultant invoices and project 
specific time reports for 18 building projects during the period of January 
2005 to June 2007. All time data was gathered and complemented with 
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project specific data concerning; clients, number of modules, degree of 
repetition in modules, quantity of apartments, and type of housing. Time 
data was categorised in trade specific areas (i.e. HVAC, internal structural 
engineering, project management, etc.).  

Process specific activities were collected by performning seven separate 
semi-structured in-depth interviews with four respondents at the design 
division at the case study company. The sample of respondents was in the 
first interview section selected to obtain maximum variation to see if main 
patterns  (Miles and Huberman 1994) according to time data and 
observations about the design process enables construct validity by multiple 
data sources (Yin 2003). The open-ended questions in the second interview 
round, were done with three respondents (project manager, structural 
engineer and factory manager) with core competence about planning, 
management and structural engineering. Sampling was made to reach 
information-rich data for manifesting process phenomena in type of 
intensity by interviews (Patton 1990).  

By visiting design meetings weekly an opportunity for direct 
observations was created (Yin 2003). A picture of the process emerged in its 
real context by studying planning, problems, actors, projects, etc. Design 
meetings were complemented by observing project specific activities by 
following one project manager and one internal structural engineer to gather 
firsthand information about the phenomenon (Silverman 2005). The data 
result of interviews and observation, by notes and interview documentation, 
were formalised into titles in a worksheet with complementary information, 
see Appendix 3. By separating the data for the process in main, auxiliary, 
and management processes and also divide separate activities into business 
activities and production activities the process was analysed and mapped 
(Ljungberg and Larsson 2001). 

Time plans, collected activities, time results, and project specific data was 
then compared for internal validity (Yin 2003) and analysed in a lean theory 
perspective presented in Paper I.      

3.4.2 Study 2. Collecting support functionality for the design process 
The design support system, named LPS at the case study company, was 
studied from a user viewpoint using the empirical result from four  of the 
preceding interviews and six new focus group interviews. Focus group 
interviews gives the opportunity to widen the participants’ viewpoint with 
guidance from a moderator without controlling the discussion from a 
research view (Krueger and Casey 2000). To analyse the functionality in a 
support system, the focus groups consisted of a mixture of competencies 
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from different disciplines that met in a real development process for an ICT-
system. The ten respondents were; project managers, consultant 
coordinator, structural engineers, purchase manager, factory manager, 
software project managers and one moderator (the researcher) for the 
session. In focus group sessions, the researcher has the opportunity to find 
deeper levels of meaning from the respondent’s expression and gestures. The 
first three sessions were categorised in positioning, conceptual and, detailed 
development of the support system that covered the overall aim for the 
company, Appendix 1. A specification of the system was conducted in the 
three later sessions defining functionality for planning, document management, 
and building standards. In line with Krueger and Caseys (2000) ideas about 
primary audience, five persons were pinpointed as the target audience for 
the three later sessions comprising the project manager, factory manager, 
software developer, and structural engineer. The collected data concerning 
functionality in LPS was then evaluated aligned with specifications from the 
software developer. 

A deeper literature study was done in the theory area of engineering 
design, building information modelling and product life-cycle management 
(PLM) to analyse the functionality in a design support system. The result of 
the literature review formed a base for analysing the case study design 
support system LPS. Parent activities for engineering design were analysed 
and represented. The 13 functional groups that constitute the PLM 
requirements software catalogue was mapped against the design support 
system (LPS) in Paper II. 

3.4.3 Study 3. Creating a demonstrator that support the design process 
Besides the development of LPS at the case study company, research 
cooperation was done with the project research group of InPRO. Together 
with an industry participant from Eurostep AB, a demonstrator software for 
product life cycle support (PLCS) for construction was developed. The 
demonstrator was developed in the BIM theoretical field, with a product 
approach for information handling through design. 

The study was an interplay between theories, concepts and context data 
which gave the opportunity to change directions of the study (Silverman 
2005), from a practical study to a theoretical analysis of frameworks for 
efficiency in supporting industrialised housing design. Requirements 
transformation with axiomatic design theory in an engineering design 
approach was the theoretical base from the literature study. The theoretical 
model of requirements transformation was analysed in the context of 
industrialised housing by a motivating case using energy requirements on 
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buildings as an example. Storing and handling functionality was in focus in 
analysing efficiency in design by classification of inputs in Paper III. 

3.4.4 Study 4. Quantitative data for fourteen projects during the period of 
2007 - 2009 

Study 4 was a complementing quantitative data collection for projects from 
June 2007 to December 2009. In the same setup as in Study 1, the 
collection of data was made from personal time reports, external consultant 
invoices and project specific time reports for 14 projects. Project specifics 
were gathered in the same categories as for Study 1 except for modules. 
Analysing of data for Study 4 was made through comparing with data in 
Study 1.  

3.4.5 Analysis
The design process mapping with activities changed directions from 

sequence mapping with IDEF0 method to network mapping by clustering 
parent activities and activities in line with Zur Muehlens (2004) idea about 
structuring systems with entities for process organisations. Support systems 
were analysed from a functionality perspective by theories from the 
engineering design field with requirements management, design processes, 
and PLM. 
All research data from the four studies were analysed in a cross analysis and 
compared to theories about traditional construction contexts. Deeper 
analyses of phenomena in the industrialised housing context representing 
modern methods of construction are presented in all three papers. Specific 
topics that are general in all construction design are presented in Paper III. 
From the four studies, results of the cross analysis are gathered in the 
requirements transformation model based on axiomatic design as a 
framework for supporting the design process of industrialised housing (se 
Figure 26). 

3.5 Questions in studying the Design Process for Industrialised Housing 
A qualitative study in capturing the design process by a single case study puts 
demand on reliability and validity (Miles and Huberman 1994). A researcher 
determine in the choice of case study, context and material the possibilities 
to be able to answer the research questions (Guba and Lincoln 1994). 

Have I studied the right context to describe the design process? 
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Validity is to study the right phenomenon that is the aim for the research 
(Miles and Huberman 1994). The in-depth research in the information flow 
through the process was necessary to understand the efficiency in the 
process, but could be at the expense of a more general picture of design and 
support for industrialised housing. 

Could I describe the design process by a single case study? 

You could argue that a single case does not represent the general context in 
a trade. The studied process is company specific, universal words that 
represent activities in design are used for the construction industry and 
especially from Swedish standards. Because the construction industry 
produces client specific solutions, the nomenclature for activities are not 
always common and especially with a mix of project- and process-based 
works. Even down to project managers at the case company, the same word 
could have different meaning. 

Could someone use my set-up to describe the context of 
industrialised housing? 

By using interview protocols and summarising data in tables and worksheets, 
traceability is assured in the research process and it could be repeated which 
increases the reliability in the study. The open-ended questions in the 
interviews were an enabler to let the respondent give a more descriptive 
picture of the topic (Miles and Huberman 1994), but could limit the 
reliability in generalising interview results. 

Could someone trust my findings of the studied context? 

The combination of different data collection, measurements and analysing 
methods strengthens the reliability of the studied context (Guba and Lincoln 
1994). A persons individual validation always has to be accounted for in the 
analysis (Miles and Huberman 1994) and especially in interviews where 
researcher and respondent opinions come in focus. 
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4 THEORETICAL FRAMEWORK 

This chapter presents the theoretical frame of reference. The framework includes work 
within the design definition, the process concept, product design, Building Information 
Modelling (BIM) and the field of Product Life Cycle Management (PLM) in 
engineering design.  

Relations between four main theory fields, lean, design processes, product 
definition, frameworks for ICT-systems and their relations to the studied 
phenomenon are presented in Figure 8 mapped on the framework defined 
by Winch (2003) in Figure 1. 

 

 
Figure 8. Theory mapping on the industrialised housing design context on 

Winch's Model of manufacturing (2003). 

Lean philosophy, as the implemented concept at the case study 
company, focuses on efficiency for industrialised housing design with 
waste identification, and works also as an umbrella over the whole 
design through creating value for the customer. Lean design 
management and lean construction theories are presented for project 
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planning and production of information deliveries in construction 
design.  
Industrialised housing design is a combination of product defining 
processes and project design process from the construction context 
(Söderholm 2010). The traditional specific project design process in 
construction focus on unique choices of technical solutions with high 
knowledge about planning and iterations, but lacks of continuity in 
collaboration, information technology, and long-term activities  
(Lessing 2006).  
Engineering design with PLM theories is applied on the industrialised 
housing context using theoretical models based on product 
development for design. Both PLM and BIM represent frameworks for 
ICT-systems. 
Technical platform and Product standards belong to internal knowledge 
about the product and how to create efficiency in the information 
transformation process. 
The Last Planner system as a lean construction concept together with 
axiomatic design and requirements management from engineering design 
are three theoretical methods that bridges over from client 
requirements to design solutions in a transformation process. All three 
are positioned to focus the project design process and product definition. 

4.1 Lean efficiency 
Defining the value chain from customer requirements to product delivery is 
crucial for manufacturers and so also for industrialised housing companies. 
The value chain has to be supported through the whole manufacturing 
process to give value for the customer (Womack and Jones 1996). The five 
lean principles are; value, value stream, flow, pull, and perfection, Womack 
and Jones (1996). These are stated to deliver value to the customer. Goals 
are defined to invite producers to offer customers what they want, when 
they want it, and continuously improve efficiency for better products. The 
goal for efficiency is described in lean philosophy both by external 
effectiveness and internal efficiency. The latter is in focus in this study, thus 
increasing efficiency is to support activities inside the design process instead 
of analysing input and output interfaces in the manufacturing chain.   

4.1.1 Efficiency
Efficiency for engineers in design and product development processes 

gains by structure and support for the work (Ullman, 1992). Efficiency can 
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be described with physical parameters e.g. energy efficiency and for 
economics through e.g. market efficiency.  The formal description of 
efficiency used in this thesis is taken from lean process efficiency as: 

 
 The value added activities in process for short lead times and high quality  

(Liker 2004). 
 

To create efficiency in design, value adding and non value adding activities 
(waste) are central in lean philosophy. Liker (2004) identifies eight type of 
waste in business and manufacturing processes: 

1. Overproduction 
2. Waiting 
3. Unnecessary transport and conveyance 
4. Over processing or incorrect processing 
5. Excess inventory 
6. Unnecessary movement 
7. Defects 
8. Unused employee creativity 
 
According to Björnfot (2006), activities with a product focus could be 

accomplished more efficiently in a continuous flow by removing non value 
activities from Liker’s eight types of waste. To understand design problems 
and alternative solutions good conversion by iterations is essential for value 
creation in construction design (Ballard 2000). 

 
Negative iteration is an important source of waste in design, but can be 
reduced by the application of techniques such as team problem solving, design 
structure matrix, batch size reduction, least commitment, and set-based design. 
These techniques seem to fall into categories: restructuring the design process, 
reorganizing the design process, managing the design process differently than 
traditionally, and lastly overdesigning, when there is no better solution.  

(Ballard 2000) 
Managing design iterations in the process in construction is to manage 

value for the customer through the progress of product definition. A balance 
between early fixed parameters (for internal efficiency) and customer 
iterations (external effectiveness) is the design manager’s role in construction 
(Jørgensen and Emmitt 2009).  

Koskela et al. (1997) describe Lean Design Management from a project 
view in which sequenced tasks could support the control of design and 
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change from a chaotic design process with functional requirements to a 
more disciplined one. Lean Design Management is the development and 
production of information towards a greater level of detail, to a stage where 
information deliveries are suitable for budgeting, production planning, and 
estimation for construction (Tilley 2005). Tilley (2005) describes the 
management of people and the information flow between various project 
participants with a strategy to maximise user value from the project. 

4.1.2 Lean Construction perspective 
Koskela (1992) presented a set of lean principles for application in 
construction. The concept of Lean Construction has emerged from lean 
production, outgoing from principles and ideas, but is adapted to fit the 
construction industry. In comparison to lean production, the construction 
industry has a project-based view with an end-to-end design.  

In defining Lean Construction, Howell (1999) defining control as 
monitoring of performance against project planning for specifications of 
budgets, schedules, and other detailed specification of the steps, with 
corrective action as needed to conform performance. The Lookahead 
Process in Ballard's (2000) Last Planner System bases on potential 
production activities in a forecast planning with functions to: 

shape work flow sequence and rate 
matching work flow and capacity 
decompose master schedule activities into work package and 
operations 
develop detailed methods for executing work 
maintain a backlog of ready work 
update and revise higher level schedules as needed 

 
The Last Planner System focus on production processes in construction 

with status methods and workflow control. In an attempt to implement the 
concept on construction design, the look-ahead process planning tool is 
applicable to projects with low definition of the product and a larger need 
for project planning (Olofsson et al. 2004). 

4.2 Processes 
A process could be described in different levels of detail. The easiest way 

to describe a process is with an input on one side and an output on the 
other side with collected linked activities (Ljungberg and Larsson 2001), 
Figure 9. Keen and Knapp (1996) means that the link between activities 
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often is more complex than the sequence of activities. A production process 
is therefore: 

 
 A repetitive used network in ordered of linked activities which using information 

and resources to transform input to output, from identifying to satisfying of customer 
demands. 

(Ljungberg and Larsson 2001) 
 

Activities in a process is defined by Ljungberg and Larsson (2001) as 
receiving an object in from the left, sharing information on top, supplying 
resources from the bottom, and deliveries by object out on the right side, 
Figure 9.  

 

 
Figure 9. Activity definition for processes (Ljungberg and Larsson 2001). 

By identifying bottlenecks and non-value adding activities Womack and 
Jones (1996) states that efficiency and control could be managed by process 
defining. Stages in the process are important to verify for the pace for all 
stakeholders involved in design (Pahl et al. 1996) and to enhance 
concurrency in the design process without increase the complexity (Kusiak 
and Wang 1993). 

4.3 Design
The word design is described in numerous ways (Ullman 1992). The most 
common theoretical description of design is the information processing that 
describes the transformation of information into a product description. The 
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creative process, which is not as common in research, means solving a problem 
for a specific client in a specific place (Glegg 1981) and is often associated in 
public with design as a word. In the context of industrialised housing design 
information transformation is the definition of the word design used in this 
thesis. Transformation of information is in focus, but creative activities in 
design are also captured in the process and analysed from the engineering 
design perspective.  

In the realisation of a product is the design process important to give the 
product best properties by coordinating actors in different disciplines. To 
give actors from different disciplines knowledge about the specific product is 
product structuring important.  

4.4 Product definition from an Engineering Design perspective
Design can be described as product development from an engineering 
design view. Engineering design is defined in a lot of different views 
because design is not dependent on physical mediums to represent results. 
Design processes are built up of deliveries and value adding on information 
compared to material in the manufacturing process in engineering design.  

 
Any job (with its tasks, duties, purposes, needs, requirements) that someone 
wants done (if it can be done, constraints) can be done in various ways 
(processes) using various tools (means, products, systems). 

(Hubka and Eder 1996) 
 

Because design in the context of industrialised housing is a job, a structure 
for the transformation process can be defined to support better control and 
efficiency in the job. The transformation is done from functional 
requirements (FR's) to design parameters (DP's) with management and 
auxiliary processes that supports the working design process, Figure 10.  
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Figure 10.  Design Process  (Hubka and Eder 1982) 

Hubka and Eder (1982) describe design process for product development as a 
sequence of activities supported by management and auxiliary processes with 
the interpretations to:  

 
"Transformation information from a customer's statement of requirements to a full 
description of the proposed technical system". 
 
Iteration is used in design when a direct solution is not possible because of 
lack of information. Approximate solutions that converge to an appropriate 
design solution in a few iterations lead to delivery and concretisation of 
information to the final solution (Hubka and Eder 1982). 

4.5 Requirements management for industrialised housing design 
Requirements management is essential for good product development 

by a innovative driven for new solutions and opens a design teams creativity 
(Almefelt 2005). Individual requirements are not static through a design 
phase in construction (Kiviniemi 2005) and computer based product models 
can support design by documentation, communication and organise 
traceability for information related requirements through design (Almefelt 
2005). 
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Figure 11. Requirements-driven, integrated product and process modelling 

concept (Sutinen et al. 2000). 

With structured functions and requirements is product definition 
Synthesised by geometrical models and non-geometrical data in the 
requirements transformation process (Sutinen, Almefelt et al. 2000). Analysis 
is done in external tools and methods for performance and properties. 
Evaluation is done to secure if the solution fulfil requirements (see Figure 
11.).  

By structuring requirements evaluation of analysis is possible from 
product definitions. Industrialised housing design uses the BBR and BKR as 
Swedish national regulations for construction requirements in housing but 
with no tools and methods to handle through life cycle.  

4.6 Axiomatic design 
Suh (2001) defines design in the axiomatic design theory as the mapping 

from "what we want to achieve" to "how we will achieve it". Axiomatic 
design theory is built up of four main concepts: (i) domains, (ii) hierarchies, 
(iii) zig-zagging, and (iv) design axioms. By detailing the work into those 
four domains, engineers could separate the design process in different steps 
for the best design solution, Figure 12. 
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Figure 12. Figure 1. Design domains from customer needs to process variables 
(Suh 2001). 

Mapping customer requirements (attributes) (CA) to functional 
requirements (FR) can be done in different ways. Suh (2001) applies the 
QFD definition, while Tseng (2004) recommends Kawakita Jiro's (KJ) 
methods with Affinity diagrams or Multi Pickup methods for mass 
customisation to identify FR's in design. 

The central transformation in axiomatic design is the mapping from FR's 
to DP's. Suh (2001) defined two axioms for the transformation process. 

  
1. The independent axiom: "Maintain the independence of the functional 

requirement's (FR's)".  
2. The information axiom: Minimise the information content of the design." 

Reduce information for best design solution without affecting 
independency. 

 
The design architecture is represented as hierarchies, which means 

starting at the highest level of FR's decomposing into lower levels of FR's in 
a zig-zag movement. The decomposition is done when DP's are chosen. In 
the evaluation phase, zig-zagging between FR's and DP's become the third 
concept in decomposition. To evaluate FR's and DP's in the decomposition 
the first axiom pronounces acceptable design when the independent axiom 
is satisfied and an uncoupled matrix shows that the DPs affects no other 
FRs, (Figure 13.). 
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Figure 13. Axiomatic design zigzag decomposition and matrix optimisation by 

the independence axiom (Suh 2001). 

When coupling has the same status, the second axiom on minimising 
information is used to find the best solution. Input and System Constraints 
(Cs) are bounds on solutions and all decisions from higher levels act as 
constraints on lower levels (Suh 2001). The last transformation from Design 
Parameter's (DP's) to Production Variable's (PV's) can be done with the 
same zig-zag method within axiomatic design by changing constraints (Cs) 
to manufacturing properties for production. 

The definition of a large flexible system in axiomatic design is the 
number of functions that the system satisfies. When designing large flexible 
systems - as in construction - the decomposition can be structured by a set 
of DPs that satisfy one FR and is supported by DPs by knowledge that is 
proven and stored in a database. The richness of the database depends on 
how many DPs that are defined. To structure FRs for specific DPs - like 
building parts - the axiomatic design approach can be useful on a system 
level for building parts that have many internal relations and uses knowledge 
based solutions. 
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4.7 Building Information Modelling (BIM) and classification  
Succar (2009) describes building information modelling as a concept for the 
work with information-based product models in construction industry. The 
anomalies of BIM has often been associated with Building Information 
Models which is only the part in product modelling that represents a virtual 
model of the building (Eastman 2008). 

 

 
Figure 14. BIM-stage of the BIM framework asfor industry stakeholders (Succar 

2009). 

Building Information Modelling is a multi-dimensional framework 
consisting of BIM-Fields, BIM-Stages, and BIM-Lenses (Succar 2009). Three 
BIM-Fields with Policy, Process and Technology overlap and interact. The 
combination of fields depends on the BIM status before the implementation 
of the system and the BIM maturity for companies a according to Succar's 
(2009) three maturity stages; modelling, collaboration, and integration, 
Figure 14. The construction industry is separated in contractual 
arrangements and the benefit of using 3D models is often limited to internal 
achievements like visualisation, internal clash-detections, and related 2D 
connections. Therefore 2D digital drawings are often common in deliveries 
both for the time and knowledge perspective, Eastman (2008). The first 
stage according to Succar from 2D drawing (PRE-BIM) to 3D modelling in 
the technology field is to attach information and knowledge in a common 
environment with structure and parametric functionality. The second stage 
is done in the process field where collaboration in a life-cycle perspective is 
managed and supported. The third stage is done in the combination of 
process and policy fields in a network-based integration where design, 
construction and operation activities are integrated to maximise internal 
value functions for constructability, safety, and operability (Succar 2009).   

BIM on a physical level from a user point of view is CAD-tools with 3D 
models as the information carrier. Virtual Design in Construction (VDC) is 
a development from BIM with organisational and methodological processes 
(Fischer and Drogemuller 2009). BIM and also VDC require a common 
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product model with linked drawings, quantity outlets, parametrical 
functionality and multi-dimensional functionality (4D, 5D). The VDC 
concept includes: 

visualisation 
capture existing conditions 
coordination in 3D 
fabrication from 3D 
3D model-based Bill of Material extraction 
coordination construction with 4D simulations/methods  

 
Eastman (2008) pronounces neutral formats to share information 

between disciplines in collaboration with BIM. Industry Foundation Classes 
(IFC) is a neutral format for sharing building information developed by the 
International Alliance for Interoperability (IAI). IFC is under continuous 
development and implemented with functionality in versions 2x3 for the 
most common CAD systems in construction (AutoCAD, Autodesk Revit, 
Archicad, Tekla, Nemetschek, DDS). Classification of products in 
construction is recommended in systems, spaces, and components 
(Kiviniemi et al. 2005). Today's CAD-systems in construction enables 
classification of spaces and components (parts) with the possibility to classify 
to systems in a building. CAD-applications for the Swedish market use the 
BSAB 96 classification for objects and systems. BSAB 96 is the Swedish 
classification of components and systems for construction. Ten types of 
building categories from 0-9 constitute the BSAB 96 standard with a total of 
54 sub-categories for different systems in construction.  

4.8 Product Life Cycle Management (PLM) 
Product life-cycle management, as an enabler for design engineering 
theories, is an umbrella for handling product data through the life-cycle and 
is described as the master system for manufacturing (Stark 2005). 
Sääksvuori's (2005) definition of the concept that relates from computer 
integrated manufacturing and engineering data management reads as: 

PLM is defined as a systematic concept for the integrated management of all 
product related information and processes through the entire lifecycle, from the 
initial idea to end-of-life. 

 
A guideline for implementation of PLM in industry was developed by 

Schuh et. al. (2008) as a process-oriented framework for product 



Theoretical framework 35 

development in a life cycle perspective. The framework is built on seven 
key elements: 

 
1. PLM definition 

2. PLM foundation 

3. Set of reference models 

4. Vendor neutral software requirements 

5. PLM software support 

6. PLM Knowledge base 

7. PLM Benefits 

PLM definition is the first key element in the framework and is built up 
of seven elements in the PLM definition loop, Figure 15. 

 
Figure 15. Seven elements of the PLM definition (Schuh 2008). 

The PLM definition loop starts with integrated management of ideas, project 
and product portfolio that streamlines ideas, manage resources and capacity 
plans for product development for a fast company reaction to market shifts. 
To control requirements evolution over the products life-cycle, dynamic 
requirements management is the second element. Integrated product design and 
process specification is to effectively encompass multi-functional development 
teams and increase supplier participation by reducing development lead-
times. By end-to-end configuration control functional and physical characteristics 
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of products are supported with identification, control, and accounting audit 
by configured items according to the standard for Configuration 
Management (ISO 10007:2003). Costs, environmental impacts, with service 
and maintenance data for product development in a PLM definition is 
deeper described in Schuh's (2008) framework to support PLM 
implementation. 

The second key element is the PLM foundation that represents a robust 
product structure for relationships between modules and components that 
integrate product related information and documents. Linked objects with 
structural connections, such as product requirements, functions, 
components, assemblies, or the product itself is the necessary foundation for 
PLM implementation. 

All functions that are necessary for an implementation of PLM software 
has been captured in the Vendor neutral software catalogue, Figure 16. 

  

 
   

Figure 16. Vendor neutral software catalogue for PLM implementation (Schuh 
2008). 

Core data management, product data generation, process management, and 
system integration represents the four functional areas of the catalogue. 

4.9 Product definition and design processes for industrialised housing 
Industrialised housing could in a design process offer products based on 

functional requirements without compromising on constraints from the 
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production system for high productivity by using industrialised methods like 
modularisation and product platforms from the theory of mass customisation 
(Jensen 2010). Reusability in customer needs depends on specific market 
niches and starts  from understanding requirements to targeting the process 
for each particular customer (Tseng and Jiao 2001).  

A combination of process and product both in theoretical models and in 
practical solutions in the building system is central for industrialised housing 
companies. Components and modules in a building system can be organised 
more or less standardised. Degree of completed specification, in Figure 1, 
describes the range of prefabrication for industrialised housing. The four 
categories in Winch's model of customers entry point in the product specification 
process based on Figure 1 is: 

 
Norms and standards - Engineer to Order 
Generic product structures - Modify to Order 
Standard parts and modules - Configure to Order 
Standards products - Select variant 

 
The Degree of completed specifications relates to production efficiency and 

creates internal value for companies by using rules, standards and building 
systems. By using predefined rules about technical specifications internal 
activities are managed either as configurations, modules, or standard 
solutions from technical platforms, Jensen (2010). Customer order specification 
on the right side of the decoupling point, in Figure 1, divides the internal 
from the external process by meeting customer demands on the product. 
The highest level of customer influence with Norms and Standards - Engineer 
to Order is represented by the traditional construction design with 
contractual processes with the building project in focus. The second group 
of manufacturing strategies are Generic product structures - Modify to Order 
where Anderson et al. (2010) place Skanska's Xchange, NCC's Bostads 
platform, and Peab's PGS system. Standard parts and modules - Configure to 
Order is in focus for this thesis because the case study company (Lindbäcks) 
belong to the third category together with Moelven Byggmodul, 
Finndomo, and Setra Plusshus as examples of multi-storey timber housing 
companies. The last category with Standards products - Select variant is 
represented on the Swedish market by Skanska ModernaHus, Jensen (2010) 
for multi-storey housing and catalogue houses for single-family houses. 

The design for mass customisation strives to maximize reusability both 
on product solutions and process levels for advantages of low costs by 
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efficiency in a life-cycle perspective for products (Tseng and Jiao 2001). By 
using standardised product platforms, that meet client requirements by 
flexibility both on technical solutions and manufacturing efficiency, 
companies have more control of the product and is more agile to changes 
on the market (Pine and Davis 1999). Customers are often prepared to pay 
for their unique requirements being satisfied, which could open for profits 
(Roberts and Meyer 1991) and the cost is therefore central for mass 
customisation.  

4.9.1 Transformation process for industrialised housing 
The traditional construction design is a contract-driven process where 

deliveries and documentation is in focus. Construction design communicates 
product quality to clients through the process by documents as review 
documents, system documents, and detail documents (Ottosson 2009). 
Industrialised housing is positioned between the traditional on-site 
construction and mass production in industry, (Johnsson and Meiling 2009), 
(Winch 2002). Olofsson et al. (2009) describe the design process in 
construction in eight maturity steps with Goals, through Conceptual Design to 
the handover to the client on the Operational level (se Figure 17). 

Early design

Feasibility
design

Building 
design

Business
planning OperationDetailed design 

and realisation RIP

Ph
as

es

1st Level

O
IP

 m
at

ur
ity 3rd Level 4th Level 5th Level

Maturity
levels

Strategic

Building
approval

First contact
with client

 

 
 

Figure 17. InPro stage gated concurrent design process, (Olofsson et al, 2010). 

The model addresses client participation in a concurrent approach, which is 
central also in industrialised housing. Concurrent Engineering (CE) is a 
systematic approach with the aim to minimize time and maximize quality 
through design and development processes by concurrent work (Prasad 
1996). Collaboration and communication are two of the key factors in CE 
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to facilitate the environment between individuals and also in the 
organisation. Goals are defined from customer requirements and the internal 
constraints from the production limitations in the building system both for 
the work process and in the technical platform (Söderholm 2010). Goals, 
Conceptual, Functional, System, and Detail from the model, Figure 17 
represent completeness levels in the design process for industrialised 
housing. To enable client influence in the product definition, without 
compromising on product efficiency, development of industrialised 
architecture (Jørgensen 2007) and industrialised housing (Lessing 2006) is 
necessary. 

4.9.2 Supporting the transformation process for industrialised housing 
Industrialised housing design is defined by Söderholm (2010) based on 
earlier studies on industrialised housing as: 

 
A repetitive process with standardised tasks and interfaces, performed 
with integrated ICT-tools while focusing on the interests of the 
entire value chain, using a defined building system to translate 
customer requirements to production parameters for non-unique 
products in a rigid organisation with long-term improvement focus. 

 
Repetitive processes for design provide a base for capturing the process 

in a system either by ICT-tools or by visualised rules for managing product 
definition. Lessing's (2006) definition of industrialised housing focus on the 
internal production process with efficiency and organisation for highly 
developed components that will give value for the customer by combination  
and continuous improvements of technical and process platforms. By 
creating control of the design process for industrialised housing and higher 
efficiency in the process, higher quality in product development is reached, 
and re-planning of the design work is avoided (Söderholm 2010). 
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5 RESULTS 

This chapter presents empirical results from the case studies. A more detailed 
presentation of the results is found in Jansson (2008).  

The interviews in Study 1 gave an overall picture of the design process with 
separate design activities and collected time data. Activities were identified 
by respondent on different levels of detail in design. Engineers described the 
process from the progress of drawings and models in CAD-systems as 
unique client products in a project manner. Factory and Project Managers 
described the design process for industrialised housing from a planning 
perspective with tasks, activities and deliveries. All respondents gave almost 
similar descriptions of activities in the process but often with a differing and 
project specific order. The overall picture of parent activities, activities, and 
deliveries is presented in Appendix 3.  

Product variation is high when considering storeys, number of 
apartments, different façades and customer requirements. Project managers 
describe the design process in four stages; early design, building design, 
preparation for production, and maintenance documentation. Asking all 
project managers, 17 parent activities were defined just to plan and 
coordinate parallel projects. According to the factory manager, effective 
design time has to be about 5 weeks for a project to follow the production 
pace, forcing the company to manage 4 to 6 projects in parallel to enable 
iterations during 20 weeks for the customer to make design decisions. The 
company had no or little definition of activities for each project and there 
was no common picture of the entire design process, before the design 
process mapping was made.  

Study 2 followed the development phase of the LPS (Lindbäcks 
Production System) support system, where focus interviews and 
observations resulted in six sessions concerning; positioning, conceptual 
definition, detailed definition, functionality for planning, functionality for document 
management, and functionality for building standards. The factory manager 
identified the design phase as being in focus for the LPS-system to support 
but with possibilities for expansion to sales and production later. In the 
session concerning positioning, project managers and the factory manager 
expressed the lack of communication and coordination between external 
and internal actors as an information dilemma. For structural engineers, 
document management and sharing of information were central during the 
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session on conceptual definition. The factory manager and also one of the 
project managers had a specific interest in implementing planning 
functionality. Purchase, sales and the consultant coordinator kept a low 
profile in the first sessions claiming only demands on sharing quantity 
output. The problem of drawing templates to manage external and internal 
distribution of information was an interest for all respondents when going 
deeper into the session on detailed definition.  

The factory manager stated the importance of defining stages through 
design and recommended using the common Swedish phases from 
contracting in construction. The software developer pronounced access to 
the system by rights and filtering by views in line with the respondents’ idea 
about accessibility from the company. Different viewpoints on the parallel 
planning functionality came out of session four, where the software 
developer pronounced separate planning to match projects from activity 
planning inside projects while the project manger had the opinion that 
overall planning should be included in LPS. In the fifth session for specific 
functionality for document management, access specification continued for each 
document type and when in the process actors could reach them. Structure 
for sharing and storing documents in a common vault with rights and 
versions was the consensus but management rights for external actors were 
not clear. The last session with functionality for building standards gave the 
answers for using Swedish standard for house buildings except from AMA-
codes (BSAB 2010) that are more related to on-site production in 
construction.  

5.1 Design process mapping (Study 1 and 4) 
Combining the interview results from all respondents, the design process 
can be described through four main stages containing 85 activities in total, 
Figure 18. The work was planned from internal and external resources for 
design but no planning for management activities was made. In figure 18, 
internal, external and management activities are separated in concentrically 
circles, indicating that the design process is a recurring event with repetitive 
parent activities. 
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Figure 18.  Design activities with parallel parent activities (Jansson, 2010). 
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The three parallel categories in Figure 18 (internal, external, and 
management) are coordinated to follow the pace for production deliveries 
and progress is controlled by gates that occur three times during the design 
process. The gates at the case study company were identified as system design, 
module design, element design, and documentation with two external review 
points from the customer, one after the module design and one before 
deliveries to production. A conceptual stage is conducted by the architect and 
the sales personnel before the contract is signed, based on rules for the 
building system. To be able to plan 4-6 design projects in parallel, the 
activities are grouped into 17 parent activities, which are sequential within 
each category (internal, external, and management), but parallel between 
categories. The activities within the parent activities do not need to be 
performed in any specific order according to the interviews. Since the case 
company works with a building system of the character configure-to-order, 
Figure 1, the design process is not exactly identical each time on activity 
level, but on parent activity level. 

The result of the mapping showed that there is not a clear flow through 
the process and information followed different paths depending on projects 
and resources.  

 
Figure 19. Time distribution of activities, average from 17 projects (Jansson et 

al. 2008).  

A strict process mapping resulting in an activity chart is therefore not an 
appropriate tool to analyse the process. The majority of the time is spent in 
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project management, where 40 % of the total design time is spent, Figure 
19.  Structural design time is 27% and services design 19% of the total design 
time. Value adding activities were not identified in the mapping. The 
interviews made in connection with the mapping showed that project 
management lacks supporting routines and tools. Structural and services 
design are supported by CAD-tools. 

5.2 The design process described by information deliveries 
Activities by deliveries from the design process were defined and sorted in 
different categories: 

Material specifications, on-site assembly specification, etc. 
Assembly drawings, detailed drawings, facility drawings 
CAD-models for clash detection  
Control files for automation on the production line. 
Space, technical, and assembly descriptions 
Bill of materials for strategic purchase of windows, stairs, and doors. 

According to the interviews, the design deliveries translate the architect and 
customer’s vision of the building into the own building system. Interviews 
also confirmed Kiviniemi's (2005) statement that requirements from clients 
are not static through design and are often developed from a crude 
requirement to a more detailed.  By visualising the status on deliveries with 
Visual Planning, Figure 6, the project progress was monitored. No 
connection between forecast planning and visual planning was made and no 
follow-up was made to reuse in future projects. 

5.3 Visual Planning supports parallel activities  
The result of introducing Visual Planning showed that information flow 
through the design process increased by 40 % when defining design as a 
process even if the economy under the later period in 2009 forced the 
company to choose smaller building projects. 
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Figure 20. Information flow through design for thirty projects during the period 
2005 to 2010. 
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Information flow through the design process was measured in modules per 
week using the same metrics as in factory production. The production pace 
changed from 32 to 35 modules per week through the period January 2005 
to June 2007 and from 35 to 40 modules between July 2007 to December 
2009. The eleven actors (from Figure 19) could then hardly manage the 
information deliveries to keep the pace with production.  As a result of 
implementing visual planning design efficiency increased by 41 % from a 
mean value of about 2.9 modules to 4.1 modules per 40 hours, Figure 20. 
Since the design phase is not a sequential process, work was conducted in 
parallel. In a "perfect world" with 11 parallel actors, the design process could 
produce about 45 modules/week assuming in a uniform distribution of 
design resources for the period 2007 to 2010 (32 modules/week 2005 to 
2007).  As a defined bottleneck in the production chain, information sharing 
complexity rises as more parallel activities occur, Prasad (1996). This 
resulted in overtime for engineers and project managers at the case study 
company. Standard deviations over 50% of the design time mean value 
confirms the large variation in design time depending on product 
complexity. 

5.4 Variations in activities due to different customers 
The design process for industrialised housing is a process conducted by 
several actors and gains by a known and defined structure to meet internal 
requirements on deliveries to the downstream activities in the supply chain. 
Over 85 defined activities are needed to represent the design process at the 
studied company, Figure 18. A categorisation can be made in three different 
types of activities: project specific activities, repetitive activities for specific 
projects, and repetitive activities for all projects. 

Project specific activities are for example; combinations like alarm and 
locking systems where the search for products has to match the building 
system as well as the property owner’s monitoring system. Other project 
specific activities are product development tasks as research for new window 
components and balcony detail development. 

Repetitive activities in specific categories were defined for a typical customer 
group and are unique activities for that special group. Examples of activities 
could be defining kitchen and toilette choices, service shaft design, entrance 
design and certain space requirements.   

Repetitive activities are defined common to all studied projects. All 
activities are always conducted through the design process but not always in 
a specific order. 
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5.4.1 The impact of module repetition 
During the first mapping period from January 2005 to June 2007, 13 
building projects were analysed to compare the information flow contra 
module repetition.  
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Figure 21. Comparison of module receptivity and information flow for 13 

projects during 2005 to 2007. 

A clear tendency was that projects with high repetition in modules had a 
high flow through design.  Projects A02 and A03 with high repetition in 
modules had a low flow through design compared to the other projects. 
According to the interviews, these two projects were the first using a CAM 
connection with CNC-files to production which also encompassed a switch 
in CAD systems. No tendency was detected looking at the type of modules 
(wet or dry modules) or type of housing (rental, condominium, retirements, 
students). A clear result of the categorisation was that projects A01, A04, 
A05, A11, A15, B02, B08, B09, and B14 with a high possibility of choices 
for clients resulted in low information flow through design. 
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6 ANALYSIS 

This chapter presents the analysis of the case studies using the theory presented earlier.  

Summarising the interview results from the mapping and the focus 
interviews, the whole design process can be seen as one activity in the 
production supply chain. The input to the process can be represented by an 
order from the customer with requirements and choices for the product and 
the output is represented by deliveries. The information flow in and out 
from the process serves the process and shares information to other actors in 
the supply chain. Resources could be represented both as actors in the 
process and by supporting systems for the engineering work to transform 
input to output in line with Hubka and Eder (1982). Process mapping was 
done to create a foundation for efficiency in design for industrialised 
housing. The initial method, according to Liker's (2004) eight types of 
waste, was to analyse and define non-value adding activities. Process 
mapping with the purpose to create line-based workflows with IDEF0 
diagrams through the whole design process is not appropriate because the 
early information deliveries are more network-related than line-based in 
design, Ljungberg and Larsson (2001). Entities with relations are better 
described by network processes and clustering different entity groups in 
structural system views (Zur Muehlen 2004), Figure 18.  

The result of the mapping, in Figure 18, illustrates numerous iterations 
between external consultants and internal resources. Both project managers 
and structural engineers communicate information by telephone and email 
instead of delivering information to common vaults. For the case study 
company, information communication with consultants' is therefore one 
type of waste and support systems with functionality for sharing and storing 
information could release time for core activities in design.  

The other type of waste that was analysed was communication of 
customer requirements into the design process. The result of the interviews 
showed that the need for more parallel work in design was not just 
production driven but also driven by client maturity. In a change from 
project- to process-based design customers need to choose and define 
requirements according to the pace in production and the projects with 
high possibilities of choices required longer time in design. In line with 
Jörgensen and Emmitt's (2009) theory about balance between iterations and 
fixed parameters, customers have to secure decisions with their own 
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organisation earlier than they are used to. Project managers coordinate 
selections, purchases, requirements, and demands with clients and sometimes 
even with the clients own organisation with the purpose to create value for 
the customer. According to Liker (2004) all types of over processing or incorrect 
processing are waste in the production process and for project management, 
the structure of requirements and selections is of importance for value 
creation. 

6.1 Supporting systems with a life-cycle perspective 
To achieve process efficiency, in a concurrent context like industrialised 
housing design, systems that share and visualise all information are 
important. PLM systems could be a support system that manages 
functionality for product models in a life-cycle perspective for industrialised 
housing design. PLM functionality according to Schuh (2008) is separated in 
product, process, core and system integration to support a product 
development, Figure 16. The guideline and especially Schuh's PLM 
software catalogue follows Hubka and Eders (1982) engineering design 
theories on functionality that should support the design process. Black 
frames in Figure 22 represent functionality in the PLM software 
requirements catalogue. The analysis in paper II showed that management 
processes are not supported for 1.5 Initial Education Continuing Education and 
1.6 Stimulating Motivating Inspiring. The working processes which are core 
functionality for the system are well represented in the PLM s.r.c. by Product 
Planning and Product Structuring with functionality for R&D Control. 

6.2 Support systems with Process focus (Study 2.) 
Building design processes are often presented in a sequence. Design stages 
based on traditional construction are used in industrialised housing and 
represent a more project-based management where deliveries are more 
important from a contractual perspective. For industrialised housing, with 
more control over the process concurrency, production pace and building 
system have a great impact on the design work. Management systems in the 
design process for industrialised housing support the engineering work 
better if they contain process functionality, rather than product 
functionality. 
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Figure 22. Design process functionality in a design engineering approach 

assembled from Hubka, Eder (1982) and Pahl, Beitz (1996) 

The result from Study 2 showed that LPS functionality had a process focus 
with file-based product storage. The LPS system, marked with cross-hatch 
in Figure 22, had low support functionality for management processes in 
comparison to working and auxiliary processes.  All stages in the working 
process except conceptual design were supported with functionality in LPS, 
cross-hatched in Figure 22.  

 Functionalities were analysed from a design engineering perspective 
using a PLM perspective and the result of the analysis is presented in Paper 
II, table 1. The results showed that the company's investment in LPS focus 
on activities in the process and document management and leaves the 
product data related functionality for later implementation. Planning 
functionality was in focus for the company but the solution unfortunately 
gives no possibilities in planning and visualising parallel projects. The 
studied support system (LPS) was not considered to be a full PLM system 
because of the lack of functionality in product structuring, research and 
development and life-cycle management, Schuh (2008), Stark (2005), and 
Sääksvuori (2005).  
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Figure 23. The LPS web user interface with activities (Lindbäcks, 2009). 

With activities as central items in LPS the support is developed from a 
design process manager's view, Figure 23. The LPS with its web interface 
where all participants can share the same information and filter out activities 
by categories enables flexibility in project management.  By categorisation of 
the 17 parent activities in design (Figure 5), planning is convenient for 
project managers and by defining status both on parent activities and 
activities, the progress can be visualised in the same way as on the Visual 
Planning board. 

6.3 Support systems with product focus (Study 3) 
The third study was a development of demonstrator as a software system. 

The demonstrator software transforms requirements in the functional 
domain to design parameters using the PLCS (Product Life Cycle Support) 
standard (PLCS 2010). The basic solution BIM Collaboration Hub, is based 
on Eurostep's Share-A-Space solution and has a product focus with a 
connection between requirements, functions, systems, spaces, and physical 
elements. Analysis results is also managed in the software solution with 
evaluation to requirements, in line with Sutinen and Almefelt's (2000) theory 
of requirements management, Figure 11. 
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Figure 24. The BIM Collaboration Hub with links between requirements, 

spaces, physical elements, and analysis, Eurostep (2010). . 

The system is based on using standards for (1) requirements, (3) systems, (4) 
spaces, and (5) physical elements with (6) analysis for design solutions (DP's) to 
predefined (2) functions against requirements and to the building system.   

1. Requirements belong to the Functional domain and are defined by 
clients, customers and national regulations. For example an energy 
consumption of maximum of 110 kWh/m2 according  to the Swedish 
national code, (Boverket 2008). Requirements from the customer 
could be more severe than national regulations or can be defined as 
customer specific requirements like inner roof height, alarm for 
locking systems or ventilation functionality.    

2. Functions also belong to the Functional domain and describe the 
fulfilment of a defined requirement in comparing or analysing design 
solutions. Functions could be density functions in wall layers, heat 
transmission capacity in insulation or positioning of kitchen decor for 
cooking. 

3. Systems are defined in the Functional Domain and describe 
functionality in a building from a user view such as ventilation system 
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and locking systems. In the Physical Domain systems are represented 
by structural solutions as structural module systems, electrical systems 
and roof systems according to Malmgren's (2010) definition of an 
engineering view. 

4. Spaces can be described as functional spaces from an architectural view 
using public, semi-public and private spaces in the Functional domain. 
Spaces could also represent production phases in a 4D simulation, 
now in the Physical Domain. 

5. Physical Elements represent product models of objects like doors, walls, 
modules, elements and components like fasteners, nails, boards. 

6. Analysis results are the enabler for evaluation of design solutions with 
energy analysis results for glazing properties, indoor climate, air 
circulation, etc. 

Analysis is separated in external analysis, as energy simulations, and internal 
analysis using the software Solibri Model Checker checking the constraints 
(Cs) stated as boundary conditions for the building system (Figure 24). 
Analysis results are stored in the BIM Collaboration Hub and enables 
traceability of customer requirements (FR's) by functions to design parameters 
(DP's). Sub-systems for buildings (DP's) like modules, plumbing systems, 
and electricity systems are categorised by standards in line with BSAB codes 
(chapter 4.7), space (DP's) according to the Swedish standard Fi2 (2010) for 
maintenance, and functional requirements (FR's) from the national building 
code, Boverket (2008).  

The BIM Collaboration Hub system was evaluated on energy 
requirements in Paper III. To be able to analyse energy in early design, 
requirements needs to be given on a higher level when calculating 
insulation, type of ventilation system, and window areas in parallel with the 
architect defining the building envelope. Energy requirements (FR's) 
develop through the design progress into more detailed requirements for 
specific design solutions (DP's). 
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Figure 25. The BIM Collaboration Hub web interface (Eurostep, 2010). 

Items in the BIM Collaboration Hub have the flexibility to be sorted in 
each view from the user interface by connection to file-neutral software like 
Solibri Model Checker, Figure 25. In early design where functional 
requirements often are defined on spaces, the system can manage 
information for all participants for better control. A result of the energy 
evaluation, presented in Paper III, was that defined energy requirements in 
parallel with architectural requirements need common detailed definitions. 
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One other result was the need for defined gates when performing 
collaborating design.  

The gap between customer/architect definition of requirements (related 
to spaces) and engineering definition of buildings (by structural elements and 
systems) is bridged in the system. According to Succar's (2009) second 
maturity stage in BIM, the system can manage and support collaboration in 
a life-cycle perspective. BIM Collaboration Hub with PLCS as a standard 
for product information through the life-cycle links requirements from the 
functional domain by systems, spaces and physical elements to the physical 
domain. The BIM Collaboration Hub has functionality to define status on 
items in the database but the development of process control functionality is 
only developed on workflow level. The workflow system is based on a 
defined order of activities and is better used for tasks in the design work 
rather than controlling the whole design process with all actors.   

6.4 Cross analysis
The result of the cross analysis is captured in the requirements 
transformation framework, Figure 26.  

Study 1, 2, and 4 showed that planning of the design phase could be 
done on different levels. The overall planning for collaboration between 
projects, production, and resources was in line with Tilley's theory about 
lean design management for better information flow and maximising user 
value by defined deliveries. Detailed planning for specific activities resulted 
in better control of tasks for users but minor efficiency on the whole, if 
there was no common place to share detailed information. Both Söderholm 
(2010) and Lessing (2006) noticed that structuring the technical and process 
platforms for industrialised housing need to be developed in separate 
product development projects to avoid sub-optimisation from the daily 
design. A building system that carries both the technical and the process 
platform for industrialised housing design needs functionality that could 
represent the transformation process in design and handle information for 
the building as a product. 

Information sharing in a design process according to Hubka & Eder 
(1982) is best described as a sequence with defined stages through design 
with iterations towards concretisation between actors to reach an end 
solution. According to Suh (2001), the transformation can be supported by 
zig-zagging between hierarchical requirements in a product development 
approach involving the customer for reviews. The review controls the 
design solution (DP's) to lye within limits following the evaluation by 
(Sutinen, Almefelt et al. 2000) in analysis results (AR's) for the proposed 
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design solutions. National and client requirements (FRs) are transformed in 
the context of industrialised housing to design parameters as engineering and 
architectural activities in the process. Relations to functions, spaces, systems, 
versions, status, and analysis are structured as attributes to requirements 
before any design solutions are presented. In the early design for 
construction, when physical elements and components are not yet part of 
the solution, DP's contain mainly spaces representing design alternatives 
stored in a common database, and later also as virtual models of the building 
(Kiviniemi, Fischer et al. 2005). To be able to match and analyse design 
solutions (DP's), constraints (Cs), from the building system to specific 
customer requirements, quality enablers are represented as items for the 
definition of the building as a product. Four of the eight maturity levels in 
Figure 17, proposed by InPro (Olofsson 2009), are represented by 
decomposition of FR´s and DP's in the zig-zag pattern between functional 
and physical domain, Figure 26. The number of iterations is to be adapted 
to the specific position in the range of product specification, from Figure 1, 
and is presented in Figure 26 with; conceptual, functional, system, and 
detailed design. Predefined activities executed at each level and actors meet 
in defining the quality gates (marked in blue) to select the best solution and 
enter the next maturity level. 

To sort input and output for the process by standards creates a common 
nomenclature between actors and disciplines to reach a common goal 
(Tarandi 2005). Strategic choices in the start-up phase are important to 
communicate between disciplines from a cost perspective (Winch 2003). 
Functionality and gates for the transformation support should apply set-ups 
both for types of clients and types of products for industrialised housing 
(Olofsson, Stehn et al. 2004). 
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Figure 26. Requirements Transformation Framework (Jansson 2010). 

Transformation of requirements to design parameters in a large flexible 
building system can be structured with type-solutions in a knowledge 
database (Suh 2001) and stored with the building system as previous 
experience of instantiated solutions (grey field in the middle of Figure 26). 
In line with Ballard's (2000) viewpoint of minimising iterations and the 
information axiom, the selected alternative should have the highest 
probability of success if using the matrix optimisation. However, it is up to 
the company to make the choice of method for highest efficiency in design. 
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7 DISCUSSION AND CONCLUSIONS 

The chapter presents a discussion about the decomposition of the design process into 
activities. Support systems for the transformation process in design are discussed both 
from product and process views. 

Design process at the case study company was mapped by the structural 
view from Zur Muehlen (2004) with activities and parent activities as 
entities. The presented stages in design (conceptual, system, module, 
element, and documentation) are not general for industrialised housing but 
represent the process level needed to coordinate disciplines for managing the 
progress of design by gates. The resulting parent activities from the 
mapping, Figure 19, are entities that represent planning of multiple projects 
in parallel with enough decomposition to be able to match resources to 
activities. The 85 activities are best defined by checklists for each activity to 
secure standardisation in realising the product.  

The case study company use iterations up to four times with their 
consultants to secure 2D and 3D model matching in design both for 
technical systems and components. The use of the specific CAD-system is 
based on production automation, thus the possible house designs could be 
suffering. With the right type of support system, the building system is 
strengthened and the degrees of freedom in house design increases.   

Industrialised housing companies have the opportunity to give customers 
a better product by knowing their own product and process, to release time 
for product development and continuous improvements. To be able to offer 
the customer a variety of products without compromising on internal 
production efficiency, support systems are one enabler for the design 
process. Both Lessing (2006) and Söderholm (2010) have tried to define the 
industrialised housing design and manufacturing process. Their definitions 
are production oriented with methods and suggestions for internal 
efficiency. None of them combine those theories with practical strategies to 
meet customers, even if both raise the importance of creating value for the 
customer. This thesis looks at the design process to meet both customer 
requirements in a structure for external effectiveness and also the internal 
goal for better efficiency. I think that industrialised builders have to manage 
both worlds for delivering better products.  

The information transformation has been in focus when studying the 
design process of industrialised housing. In defining a process the context is 
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important to analyse. Industrialised housing design can be found somewhere 
between the project-based construction with engineer-to-order and the 
standardised product based on variants, Figure 1. Therefore, both the project 
design process and product definition are central for the support of the 
industrialised design process. Since the studied context is positioned with 
standard parts and modules to configure-to-order, the process gains by 
minimising iterations. Because companies do not always categorise their 
clients, requirements transformation could gain from iterations supported by 
the zig-zag method of axiomatic design, Paper III.  

According to Keen and Knapp (1996), the narrow definition of the 
process as a sequence is suitable in industrialised housing design where 
information handling could be organised by sharing instead of deliveries. 
Industrialised housing customers deliver requirements through the design 
process and needs functionality to select and share input for choices and 
requirements. Systems that should support the information flow through the 
process have to be flexible for the user. Project planning and methods like 
the Last Planner System are valuable for the design process for companies 
that keep high flexibility in their product and focus on defining project 
specific activities in collaboration with actors in design. Industrialised 
builders, like the studied one, that strive for a short and defined design 
process with long relations to actors in the supply chain, make better use of 
planning for production with predefined activity gates instead of project-
related activities in sequence. 

By studying two support systems for industrialised housing design 
functionality, the housing design process can be analysed. The LPS solution 
has a clear process focus on project level but misses the complex 
coordination between parallel projects in the design phase. PDM systems 
with the possibility to store product information by metadata are very useful 
for a well-defined building system such as configure-to-order (Ekholm and 
Molnár 2009). The BIM collaboration Hub is a system that has the 
advantage of managing product models like technical platforms and the 
advantage to handle requirements free from connections in the beginning of 
design. In an attempt to handle processes, workflow functionality is 
implemented. Workflow is suitable on task level with clear and static 
activity chains, but in management of design processes with high level of 
coordination, more flexible tools and management are needed (Ljungberg 
and Larsson 2001). A development where process support is developed 
towards product data handling and product support towards process 
handling would be beneficial when trying to support industrialised housing 
companies. 
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Figure 27. The PLM software requirements catalogue in the context of 

industrialised housing with development directions for BIM-systems 
and LPS. 

 
The core data management in the PLM software requirements catalogue 

with Product structuring, Change and configuration management, and Product 
planning, Figure 16, is for industrialised housing design a combined activity 
because of the involvement of the client in the process. The Building System 
better represents how the building - as a product - is structured, configured 
and production planned. Figure 27. Functionality in process-related systems 
with the Requirements Transformation Model (based on activities like LPS) 
together with functionality from a BIM system, as the BIM Collaboration 
Hub, could work as a model for developing PLM systems for industrialised 
housing design.  

Regardless if the system is based on an ICT solution or not, the 
combination of process and product is important when supporting 
industrialised housing design. Because design in industrialised housing often 
involves several actors through the process, communication is central and 
especially when the separation between in-house and outsourced resources 
is a key factor. The information transformation processes for industrialised 
housing are more network-related than line-based. ICT-tools and systems 
must follow this logic. Supporting a process both with functionality for 
information sharing and planning requires high knowledge about the 
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process. Following standards are a key factor to obtain generalisation. In the 
requirements transformation model, national design codes could be used for 
structuring information. On the opposite side of the transformation process 
object standards like FI2 (2010) for spaces and BSAB (1996) for building 
systems and components could be used. 

Before developing support systems, the process and the use of the system 
has to be analysed to see what type of system that fits the own process and 
organisation best. If an industrialised housing company has problem with 
information sharing with external actors in the design phase, a common 
database with product models could help communication. If the 
communication is about deadlines for deliveries from external actors a visual 
planning or a web-based tool for planning is not helpful. Then it is maybe 
an organisational question to solve. 

In this thesis the mapping of Functional Requirements (FRs) to Design 
Parameters with Suhs (2001) zig-zag method is put forward as a good 
method, which is supported also by Tate (2008) and Tseng (2004). One 
objection could be that industrialised housing does not need iterations in 
design. In a defined building system iteration is redundant when hunting for 
efficiency. But with the underlying thought of continuous improvements 
from lean theory, the existing iterative process is valuable. Minimising 
iterations while maintaining value is the end goal. To create value in 
customer interaction, system functionality should handle gates and iterations 
in design instead of using a re-engineering approach. The customer also sees 
the design process partly as a product development process, which justifies 
the choice of axiomatic design use even in ordinary design. 

By detailing the design process with pre-defined gates, disciplines can 
start earlier in design and the possibilities to manage parallel projects 
increases. A system that supports the process by common product models 
and also coordinates disciplines in the process of defining a building could 
give value both for the internal process in time reduction for internal 
efficiency and value by quality for customer by a higher product approval in 
external effectiveness. The balance between production efficiency for 
internal value with few iterations, contra client value with more iterations 
could be supported by modular design processes. Because the case study 
company chooses clients to enter the design process a well defined client 
specification could enable unique set-up's for supporting the design process. 
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7.1 Conclusions
The overall scientific contribution is the definition of process models to 
increase internal efficiency and meet the customer to reach a better product. 
The industrial contribution is the definition of general structures for 
developing ICT-systems based on process platforms and to gain control over 
the own design process for better efficiency in design. The conclusions are 
summarised:  

Industrialised housing design consists of many activities, which can be 
clustered into parent activities suitable for planning of the design 
process. By using gates, customer interaction, consultant deliveries, 
progress is obtained.  

Industrialised housing increases its efficiency by parallel planning of 
design projects to keep the pace with factory production, but also to 
release time for customer choices. Support tools must therefore allow 
concurrent planning of design activities both for internal efficiency 
and external effectiveness.  

Requirements are not always static through design and can 
decompose into sub-requirements for a better product. Iterations 
following the axiomatic design model for industrialised housing 
enable requirements to be fulfilled. Iterations are not always to be 
considered as waste; they are beneficial to ensure quality and mutual 
understanding between customer and builder.  

The demonstrator software in study 3 links requirements by 
functions, systems, spaces over to physical elements and is a solution 
that captures information to visualise the process by standards and the 
connection between them.  

CAD software in BIM-solutions supports space and physical elements 
and is important for managing the product in a PLM-approach. Life-
cycle functionality is managed in a PDM solution by version handling 
but also needs planning, iteration and analysis functionality for 
securing customer values in the product. The PLM-approach with 
both product structuring and life-cycle planning combines both 
anomalies in a way that industrialised housing could use.  



64 Discussion 

 

7.2 Future research 
Research for increased efficiency in design for industrialised housing is the 
overall aim in this thesis. Since models for network processing and 
structuring of ICT-systems for support are presented as proposals in the 
studied context, future research in those specific areas is important to 
perform before implementation in the real context: 

Since the transformation of requirements to design parameters for 
internal efficiency has been in focus of this thesis, mapping of 
customer attributes to increase external effectiveness is necessary to 
study for the increasing value in early design. Requirements 
management together with theories in the quality field with a value 
perspective could be the means to create support systems for sales and 
early design in industrialised housing.  

Another gap in industrialised housing design is information from 
different disciplines in design and further into production for 
constructability. Product models represent the building in design but 
only some benefits of BIM in the industrialised housing supply chain 
are utilised to create value for production and the customer. Both 
product development and ordinary design, with information 
transformation and production preparation, need new methods using 
concurrent engineering to create value for the customer. Theories in 
the field of Virtual Design and Construction (VDC) and specifically 
Integrated Concurrent Engineering (ICE) are of interest as a base for 
developing tools and methods in the context of industrialised housing 
design.  

The suggested model with axiomatic design enables requirements to 
be fulfilled. Matrix optimisation with a knowledge database is one 
method for matching requirements to design solutions. Batch size 
reduction, least commitment, and set-based design are suggested by 
Ballard (2000) as methods for transformation. Specific design work for 
design can be evaluated and developed to match the definition of the 
product according to Winch's model of manufacturing.   

PLM as a framework for developing systems is analysed in this thesis 
on a theoretical level. To manage product information through the 
life-cycle, a case study that follows a real design with implemented 
functionality for industrialised housing is necessary to evaluate 
functionality that gives value for the process. 
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DESIGN PROCESS ORGANISATION AT INDUSTRIAL 
HOUSE BUILDERS: A CASE STUDY OF TWO TIMBER 
HOUSING COMPANIES IN SWEDEN 

Gustav Jansson1, Erik Söderholm and Helena Johnsson 

 Luleå University of Technology, Division of Structural Engineering SE-971 87, Luleå, Sweden 

In industrial construction companies the design process tends to be the bottleneck for 
further streamlining of the entire manufacturing process. The demands posed on this 
particular design process are diverse; should feed the production process with data, 
should satisfy the client with documentation and should document the project for 
experience feedback. Further complications arise from the internal notion of being a 
manufacturing company opposed to the external view of the company being a 
traditional building firm. In this work, the design process at two industrial builders 
was studied in-depth. The two companies have chosen opposing strategies for their 
design departments; one have specialised functions where all projects pass and the 
other have more general designers who work in parallel with similar tasks. With the 
support from lean production theory, the consequences of these two strategies on 
succeeding with design of industrial built houses are analysed. The results show that 
increased specialisation is beneficial in daily work, but can pose a sensitive design 
process if key competences suddenly vanish. 

Keywords: corporate strategy, design process, housing, industrialisation, 
prefabrication. 

INTRODUCTION
Industrialised housing is a growing market segment on the Swedish construction 
market with a market share of approximately 15 % (Höök 2008). The degree of 
prefabrication differs; single wall elements can be prefabricated as well as entire 
volume modules complete with interior claddings and equipment. When larger 
portions of the building process are harnessed by the same company, possibilities for 
streamlining the process arise. Later years have seen an increasing interest in lean 
construction (Koskela 1992). Industrialised housing was described by Lessing (2006) 
as having 8 characteristics; experience feedback, process control, developed technical 
systems, off-site manufacture, long-term relations, integrated logistics, customer focus 
and use of ICT tools. For industrialised house builders, the internal processes are best 
described by lean production, while the external processes belong to the lean 
construction framework (Höök 2008). In this study, two volume element producers 
are focused. They internalise the design, manufacturing and assembly processes 
normally carried out by different companies in an ordinary building process. 
Therefore a customer focus has to be placed on clients, subsequent activities as well as 
end customers. A common problem for the two companies is that the design process is 
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the bottleneck for increasing volume in production. The aim of this paper is to analyse 
the design process at two industrialised house builders in Sweden through a lean 
production perspective. 

METHODOLOGY 
The decisive starting-point for the data collection were our research questions, “How 
is the design process organised?” and “How well do the respective organisations 
correspond to lean production principles? The unit of analysis was defined as the 
design process at two (specific) companies within industrialised housing in Sweden. 
Despite comparable settings on the market for both companies, the choice of strategy 
for organising the design process differs.

When choosing research design, case study research (CSR) was considered a suitable 
alternative, since the questions are “how” questions, we have little control over the 
events and focus a contemporary phenomenon in a real-life context (Yin 2003). In 
studies of how two companies in timber housing execute their daily work there are 
very little control over events for the investigators. The focus of this study is on a 
contemporary phenomenon within a real-life context. This is a multiple case study (of 
two companies) with a single unit of analysis (the design process) (Yin 2003).

Data has been collected using three different methods; interviews, archival analysis 
and participating observations at meetings. The interviews were all semi-structured in-
depth interviews with 15 persons in total, 8 at Company A and 7 at Company B. 
(Functions of the respondents can be found in figs 1 and 2). Focus of the interviews 
was placed on the current way of working in the design process. The archival analysis 
was mainly focused on documentation regarding time scheduling for design projects. 
All in all, we participated in six meetings at Company A and seven meetings at 
Company B. Through the study, additional data has continuously been collected 
through an ongoing interview process. Identification of the need for additional data 
was made in a comparison between the two cases, but also when theoretical 
knowledge increases. At both companies there were designated contact persons for 
correspondence. Data from different sources were triangulated to increase the validity 
in the case. This was a well needed method since the models for organising the design 
process and associated activities were not directly observable at any of the two studied 
companies. 

The material was then analysed through a Lean perspective, based on table 1. During 
this analysis, we realised that all diversities and similarities were consequences of 
choices made by the companies. Therefore it was essential for the study to find a 
theory capable of explaining differences in strategies. Mintzberg and Waters (1985) 
theory about deliberate and emergent strategies appeared to be usable. 

Case study companies 
Company A is a timber volume element builder specialised in products ranging from 
simple small booths, to office buildings, schools and multi-family dwellings. Houses 
built by Company A are mainly of four stories. Main customers are one large 
contractor in most of the multi-dwelling projects. The customisation degree is high 
due to several different factories. Company A has 300 employees allocated at four 
production facilities and an annual turnover of 42 MEuro. 

Company B is also a timber volume element builder with specialisation in student 
lodgings, hotels, multi-family dwellings and senior dwellings. Houses built by 
Company B are mainly of four stories. Main customers are co-operative building 
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societies, real-estate trustees and student associations. The 
customisation/standardisation degree is high within projects. Company B has 135 
employees located at one production site and an annual turnover of 42 MEuro. 

LEAN THINKING 
The aim for perfection is the foundation of lean production. Central to the success of 
the lean production approach is the involvement of personnel, who are encouraged to 
see mistakes as possible points of improvement. The basic idea is simple – reduce 
unnecessary operations (waste) with uncomplicated methods to promote increased 
flow targeted at creating customer value. The notion that work organisation is directly 
coupled to the manufacturing strategy might be most pronounced in lean production 
(Womack and Jones 2003). Lean production is one of the manufacturing principles 
that have been transferred to the construction industry i.e. lean construction (Koskela 
1992).

In Lean production the concept of value is central together with concept of waste. 
Everything not adding value is considered to be waste. Womack and Jones (2003) 
states that the aim is increased value in every process step. Value is defined as the 
price customers are willing to pay for a product (Womack and Jones 2003). Value can 
also be research and development generating value for strategically important choices 
in a long-term perspective (Höök 2008). Organisationally and strategically, value 
stream is central for the management in Lean Thinking. Resources, such as 
information, people, systems and work strategies, are necessary in a holistic 
perspective to achieve a better value stream in the design process (Rother and Shook 
2003). Pull is the mechanism to deliver exactly what the customers need, at the time it 
is required (Womack and Jones 2003). Björnfot (2006) summarises the approach of 
Lean Thinking in eleven principles for flow in construction, which are related to 
increasing the transparency and output flexibility with values from the process. 
Planning and management are important in the process for flow with a reduction of 
non-value activities, variability, cycle times and unnecessary steps. 

Lean Design is summarised by Jørgensen (2006) for publications about design in 
construction through the late nineties until 2006. The design management is focused 
in the publications, where theories about conversion, flow and value from Lean 
Construction are presented and Lean theories are based on the five criteria of Lean 
Thinking i. e. Brookfields characteristics of management for Lean Design (Jørgensen 
2006). See table 1. 

For the prefabrication of timber housing it is important to see how different 
approaches to Lean can be applied. Design for industrial timber housing can not be 
fully described, neither using Lean Production nor Lean Construction (Höök 2008). 
Koskela (1992) emphasises the importance of the “connecting parts” in the 
construction process, where people and information links create transformation, which 
is the major difference compared to Lean production theory (Höök 2008). Both 
customers and actors in the design process must be analysed in view of the 
construction context. Within industrial manufacturing of houses the reuse of 
information in the design process is low and the actual design work is made with site 
construction methods. The project related approach in Lean Construction can be 
necessary for design activities related to value generation. 
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Table 1. Model for evaluation, based on the five lean principles. 
Conceptualisation in construction 
(Björnfot 2006) 

Characteristics for 
lean design 
(Brookfield 2004) 

Evaluation criteria for obtaining a 
lean design process  

1. Value 
Define the customer 
Define what is value for customer 
Define what is value to the delivery 
team 
Define how value is specified by 
products 

Identify value from 
the customer’s point 
of view 

1.1 Are customers defined?  
1.2 Is customer value defined? 
1.3 Is value for the design team 
defined? 
1.4 How is value transparent in 
information and drawings? 

2. Value stream 
Define all recourses for production 
Define all activities required for 
production 
Standardise current practice. 
Define and locate key component 
suppliers. 

Understanding the 
value streams by 
witch value is 
delivered for the 
whole design process. 

2.1 Are all resources for the design 
process defined? 
2.2 Are all activities in the design 
process defined? 
2.3 Are the processes standardised?  
2.4 Are key information suppliers 
defined? 

3. Flow 
Identify non-value adding activities 
(waste). 
Remove or reduce the influence of 
waste as it is observed. 
Identify key performance indicators. 
Measure performance. 

Achieving 
synchronous flow 
within work processes 
as waste is removed. 

3.1 Are non-value adding activities 
(waste) identified? 
3.2 Is the influence of waste removed 
or reduced? 
3.3 Are key performance indicators 
identified? 
3.4 Is performance measured? 

4. Pull 
Keep the production system flexible to 
customer requirements. 
Keep the production system adaptable 
to future customer requirements. 
Exercise a conscious effort at 
shortening lead and cycle times. 
Perform work at the last responsible 
moment. 

Achieving pull so that 
no information is 
delivered until it is 
needed. 

4.1 Are design systems flexible to 
customer requirements? 
4.2 Is the design system adaptable to 
future customer requirements? 
4.3 Are efforts in shortening lead and 
cycle times exercised? 
4.4 Is work performed in the last 
responsible moment? 

5. Perfection 
Keep the production system 
transparent for all involved 
stakeholders. 
Capture and implement experience 
from completed projects. 
Exercise a conscious effort at 
improving value for customers. 
Exercise a conscious effort at 
improving the execution of work. 

Perfection - 
recognising that 
improvement needs 
to be constantly 
pursued. 

5.1 Are design systems and routines 
transparent to all stakeholders? 
5.2 Is experience from completed 
projects captured and implemented? 
5.3 Are efforts made to improve value 
for customers? 
5.4 Are efforts made at improving the 
execution of work? 

Lean Construction theory as well as Lean Design, mainly focuses on traditional onsite 
construction with customer value at a project level (Lessing 2006). Strategical choices 
in the organisation of the design process at two industrial timber housing companies 
are compared against the criterions in Lean Production and Lean Thinking, table 1.  

Björnfot (2006) states, that Lean philosophy can be applied to construction when a 
mixture of the five principles, represented in column 1, table 1, is at hand. In column 
2, the characteristics for Lean Design according to Brookfield (2004) are presented. In 
column 3, the Lean criteria for evaluating design processes are presented, based on the 
theory characteristics in columns 1 and 2. 
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DIVERSITIES IN STRATEGIES 
Strategy has been conceived in terms of what leaders of organisations ‘plan’ to do in 
the future. As long as there has been an interest in strategies within organisations, 
there has also been curiosity about the relationship between what is planned and what 
is actually done. Labelling these two phenomena in terms of strategy, Mintzberg and 
Waters (1985) make a distinction between deliberate strategies – realised as intended, 
and emergent strategies –patterns or consistencies realised despite, or in the absence 
of, intentions. Deliberate and emergent strategies are by Mintzberg and Waters (1985) 
described as poles of a continuum along where all real-world strategies could be 
expected to fall.

Mintzberg and Waters (1985) propose eight types of strategies: 1. Planned strategy:
Leaders formulate their intensions as precisely as possible and then strive for 
implementation i.e. translation into collective action. 2. Entrepreneurial strategy: One 
person in control of an organisation and imposes his or her vision of direction on it. 
Since vision only provides a general sense of direction, there are room for adaptation 
of other visions within the organisation. 3. Ideological strategy: When members of an 
organisation share a vision and pursue it strongly it becomes an ideological strategy. 
4. Umbrella strategy: When leaders only have partial control over actors in an 
organisation, they implement a vision but have to convince others to pursue it. 5. 
Process strategy: Leaders exercise influence on strategy indirectly, for example by 
controlling the staffing of the organisation, and thereby determining who gets to 
influence strategy. 6. Unconnected strategy: If a part of an organisation is loosely 
coupled to the rest, it might be able to realise its own pattern in its stream of action 
and therefore its own strategy. 7. Consensus strategy: No need for central direction or 
control is required since different actors naturally converge on the same theme so it 
becomes pervasive in the organisation. 8. Imposed strategy: The organisation is forced 
into a pattern in its stream of actions of the environment, regardless of the presence of 
central control. 

CASE STUDY 
Company A has a total of eleven employees in the design department, divided into the 
functionalities of Design Process Manager, Purchase, Structural designers (six 
persons), Electrical drafting and HVAC drafting (two persons), see figure 1. A role 
called early planning has been established to enhance the readiness level of the input 
from the sales department to the design team. Sub-contractors are utilised for static 
calculations, foundation drafting and ventilation drafting.

Company B has a total of seven employees in the design department, divided into the 
functionalities of Design Process Manager, Project Manager, Design Manager, 
Purchase, Coordinator for sub-contractors, Building design and Structural design, see 
figure. 2. Sub-contractors are utilised for HVAC, foundation and ventilation drafting. 
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Figure 1. Company A organisation chart.

Figure 2. Company B organisation chart. 
Company A works project-based with normally just one project simultaneously, but 
occasionally two projects have been processed in parallel, see figure 3. At Company 
A, planning of projects is based on time in total for the entire group. The Design 
Process Manager distributes tasks and assignments to the members of the team, which 
they work with throughout the project. 

Company B has a clear process-based approach with a capacity of up to six projects in 
parallel, see figure 3. Due to parallel project, Company B plans every included part of 
the design process in detail. Every team member can be described as a specialist 
within a certain area i.e. 2D CAD-drawing, design managing, volume construction.  

Figure 3. Design process illustrated in project and process based work. 
Planned time for the design process has in both companies a mean value of 20 weeks 
from the start-up meeting to the production start. Both companies strive to reduce the 
design process time by 50 %. Company A is planning to reinvest the reduced time in 
standardisation of the building system, whereas Company B has an intention to focus 
on enhancing quality throughout the entire process. Activities are carried out 
sequentially as in traditional site construction for both companies, with documents 
being the most central information carrier instead of information systems. Company A 
uses one 3D-CAD software in which all design and drafting are performed, while 
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Company B uses several software and is therefore obliged to produce up to four 
different model files. 

For visualisation of the design process, both companies use visual planning. Company 
A uses live documents on a file server with ongoing projects’ status, while Company 
B uses a whiteboard where the current status of thirty-two activities/documents is 
indicated by different colours. 

Company A has recently decided to apply lean principles to the entire company, 
starting with enhancing the design process and plan to work their way throughout the 
production flow. Company B has focused on improving the production capacity by 
investing in automation of the wall production line and has no comprehensive strategy 
for improving the design process. Lean principles are only used in minor sections in 
the design process at Company B.

ANALYSIS
Analysis of the design process at the two companies was done based on the lean 
perspective criteria in column 3, table 1. The analysis gives an indication on how well 
the design processes correspond to lean principles. Numbers in brackets indicate the 
corresponding criterion in table 1.

Value: Company A has their focus on the product in an object-oriented organisation. 
Value for the customer is the possibility of having better quality and controlled 
technical solutions due to an individual owner for each task in the design process. 
Customer value is a pronounced focus at Company B where the strategy is to take 
market shares in a new market area. The process-oriented organisation creates value 
for the customer, through flexibility in handling parallel projects in the design process 
(1.1, 1.2). Weekly meetings and sharing of visual information creates value for the 
design team itself. Waste is identified in the communication with sub-contractors e.g. 
time delays for checking drawings, information about project specific conditions and 
drafting revisions (1.3, 1.4) 

Value stream: The value stream can be defined in resources and activities for 
conversion in Lean Design, where Company A uses fewer interfaces in the process but 
more interfaces in the product e.g. between wall and openings, wall blocks and inner 
roof. Company B has to deal with many interfaces in the process, to promote the value 
stream, such as software file formats, individual task status and individual work 
standards, but remains a comprehensive view on the whole product. Standardisation in 
the design process is done on a deeper level for Company A with standardisation for 
tasks (2.1, 2.2, 2.3). Company B has maintained its process focus and has not put 
effort in the work of standardising sub-tasks. 

Flow: The flow of information and drawings in the design process is low within both 
companies. Company A uses 3D-CAD with central models for projects but with 
limited connections to production compared to Company B. Up to four different CAD 
models can be produced for each project at Company B, which decreases the flow. 
The range of software is the result of the implementation of automated machinery in 
the production. Nail robots use control files created by the CAD-system (DDS), which 
increases the flow. Paper drawings are used at both companies (3.1). The use of sub-
contractors in the design process sometimes causes time delays for information 
sharing. In-house resources can be seen as supporting flow (3.1, 3.2, 3.3, 3.4). 

Pull: Production time is shorter than time for design, which fulfil the pull criteria in-
house at both companies. However, overall rate in design is too slow, 20 weeks in 
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average compared to 4 weeks of production in the factory. Company A has 
streamlined their design work to obtain a production with higher delivery accuracy. 
Company B on the other hand, has started with streamlining their production and is 
now taking measures to convert design to flow better (4.3, 4.4).

Perfection: By the use of visual planning both companies have transparency in their 
design process status. Templates, checklists and quality routines for following up 
projects are present, but not common in the design process (5.1, 5.2). However, the 
common goal for the design team is not perfection of the entire process, since sub-
optimisation is common. Standardisation of certain sub-tasks is not the same as 
optimising the entire design process. 

The analysis of the organisation in the two cases shows that the focus on different key 
factors for the entire manufacturing process affects the appearance of the activities and 
tasks in the design process. Company A’s approach of implementing early design and 
allocating personal component responsibility (e.g. walls and floors), creates an 
apparent project focus which generates value in the product, both for internal 
(production) and external customers. Company B’s strategy is reliant on customer 
requirements where the flexibility in the process-oriented organisation provides value 
for the customers. Having parallel design processes allows clients to influence the 
selection of components like alarm systems, kitchen appliances, etc. further into the 
design process. Decisions have to be structured with several object-specific deadlines 
through the process to use the advantage of flexibility.

Company A is part of a larger corporation where strategically important decisions and 
directives are emanated from central leadership. Therefore the concept of planned 
strategy, according to Mintzberg and Waters (1985), appears to be the best 
comparable alternative. According to Liker (2004) there is an evident need for leaders 
to live the philosophy of Lean and spread it to employee (top-down implementation). 
Company A has recently decided to adopt lean principles on the company. 

Company B is a family business with a strong leader and facilitating Mintzberg and 
Waters (1985) terminology, the concept of entrepreneurial strategy seems to apply the 
best.

Since the leader’s vision is personal, it can also be changed completely. This allows 
the organisation to quickly respond to changes in the environment, thus can be 
considered to enable implementation of new strategies. Company B has not adopted 
lean principles at a company level, but there are actors in the organisation influenced 
of Lean Thinking. Based on the evaluation of strategy types, neither of the companies 
appears to have strategies especially facilitating or obstructing implementation of a 
lean concept. 

Standardisation is a principal strategy to create efficiency in the design process and 
the authors perceive different conditions at the studied cases. Company A have clearly 
defined their organisation with distinct assignments and responsibilities. 
Implementing the function of early design has given Company A the ability to ensure 
that potential projects are compatible with the building system as well as enhancing 
the quality of data entering the design process.

Company B has an organisation with explicit responsibilities, but activities are not 
divided into assignments for specific persons. The process-oriented approach creates 
expertise in performing the work task, but may not contribute to improvement of the 
product since focus is placed merely on one activity. Working with several different 
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ICT tools, results in a non favourable situation regarding managing versions of files 
and documents.  Based on these findings the authors believe that standardisation of the 
building system might be more straightforward to execute at Company A. 

Using lean production principles to improve the design process in industrialised 
housing is considered to be insufficient due to the complex situation of being 
manufacturers in a constructional context. Neither concepts nor theories founded in 
manufacturing settings or traditional site construction are completely valid for these 
particular circumstances. Lean production is by Crowley (1998) described as 
“unsuitable to small-scale production of non-standardise or customised products”. 

Jørgensen (2006) states that defining value for end customer in construction is 
complicated since end customer for a building can be several different individuals 
distributed over extensive periods of time.  Furthermore, it cannot be taken for granted 
that an increased productivity necessarily serve the interests of the end customer 
(Green 1999). Neither can flow be considered to be as essential in everyday work as in 
theory, since the design process is not sequential as production generally is.

In order to differentiate which activities being repetitive (and beneficial for 
standardisation, i.e. cross sections, fire documentation and room description) from 
project-unique activities (“handled individually”, i.e. balcony solutions, elevator and 
stairwell) the design process must be fractionised and analysed. 

Former research in this field has primarily discussed the influence of lean production 
on regular site construction (Green 1999; Naim 2003). Since Koskela (1992) 
introduced Lean Construction, focus has shifted towards investigation of its 
applicability (also on site construction). Therefore it has been of extra interest to 
perform this case study with lean production perspective in the industrialised housing 
context.

This study states that lean production alone, is not a sufficient tool when improving 
the design process in industrialised housing. Future work needs to combine lean 
production and lean construction to support industrialised housing.

CONCLUSIONS
Industrial housing companies have to acquire control over the process to benefit fully 
from owning the entire system and therefore being able to improve it. Using only lean 
production principles for improving the design process is not sufficient. 

It is therefore needed for the industrialised timber housing companies to:  

Thoroughly investigate all included tasks within the design process in order to 
differentiate repetitive and project-unique activities. By doing this, tasks 
suitable for standardisation can be identified. 
Standardise procedures for repetitive work in order to better utilise resources 
as well as ensuring that knowledge of the product and the building system is 
captured within the system itself, not only in persons working in it. 
Make use of well-suited ICT support to automate interfaces. Industrialised 
housebuilders have reoccurring interfaces every time the design process is 
repeated. However, they may not necessarily have a repetitive design in itself. 

ACKNOWLEDGEMENTS
For assistance in data collection the authors would like to thank Sara Holmgren. This 
work was performed within the competence centre Lean Wood Engineering. 



Jansson, Söderholm, Johnsson 

REFERENCES
Björnfot, A (2006) An Exploration of Lean Thinking for Multi-Storey Timber Housing 

Construction: Contemporary Swedish Practices and Future Opportunities.
PhD dissertation 2006:51, Luleå University of Technology, Luleå, Sweden. 

Brookfield, E, Emmitt, S, Hill and R, Scaysbrook, S. (2004) The Architectural 
Technologist's Role in Linking Lean Design with Lean Construction. (IGLC-
12), Elsinore. 

Crowley, A (1998) Construction as a manufacturing process: Lessons from the 
automotive industry. Computers & Structures, 67(5), 389-400. 

Green, S D (1999) The missing arguments of lean construction. Construction
Management and Economics, 17(2), 133. 

Höök, M (2008) Lean Culture in Industrialised Housing.  PhD dissertation 2008:21 
Luleå University of Technology, Luleå, Sweden 

Jørgensen, B (2006) Integrating Lean Design and Lean Construction: Processes and 
Methods. PhD dissertation, Technical University of Denmark, Copenhagen, 
Denmark. 

Koskela, L (1992) Application of the new Production Philosophy to Construction.
Technical report #72, CIFE, Stanford University. 

Lessing, J (2006) Industrialised House Building - Concepts and Processes. Licentiate 
thesis, Div. of Design Methodology, Lund Institute of Technology, Lund. 

Liker, J K (2004) The Toyota way: 14 management principles from the world's 
greatest manufacturer. McGraw-Hill, New York. 

Mintzberg, H and Waters J (1985) Of strategies, deliberate and emergent. Strategic
management journal, 6(3), 257 

Rother, M and Shook, J (2003) Learning to see: value-stream mapping to create value 
and eliminate muda. Lean Enterprise Institute, Brookline, Ma.

Womack, J and Jones, D (2003) Lean Thinking: Banish Waste and Create Wealth in 
your Corporation. Simon & Schuster Ltd, London. 

Yin, R K (2003) Case study research: Design and methods. Sage Public, London. 



PAPER II 

 

Evaluation of product life cycle management in 
industrialised housing design 

 
 

Jansson, G., Johnsson, H., (2010) 
Submitted for publication in Journal of Computers in Industry in May 2010





Evaluation of Product Life Cycle Management in Industrialised Housing Design 

Evaluation of product life cycle management in industrialised 
housing design 

Gustav Janssona, Helena Johnssona

aDivision of Structural Engineering, Luleå University of Technology S-971 87 Luleå,  Sweden, 
gustav.jansson@ltu.se, helena.johnsson@ltu.se. First author is corresponding author, phone +46 920 

491835, fax +46 920 493110 

Abstract
With the development of a more automated production for industrialised housing, the 
sales and design phases need support systems that release time from management 
activities to the core activities in design. Within the paradigm change from drafting to 
modelling in building design, opportunities are given to work simultaneously for better 
efficiency. The focus on BIM-supported CAD-tools has lead ICT-developers to create 
systems that mainly support product modelling. But, in industrialised housing, support 
for the working process is just as important. Through a case study at a Swedish 
industrialised housing company, the PLM-approach is compared to a computerised 
process support system. During a seven-month period, design activities at the company 
were recorded and a focus group at the company was interviewed to study what 
components and functionality in a design support system create business value. The 
results show that 91 sub-activities construct the design phase and 40% of the total time 
is spent managing and coordinating them. Furthermore, the prerequisites for using 
product life cycle management in the design support system were studied. The result 
shows that the design support system does not support product modelling enough to act 
as a product life cycle support, but provides good managerial support to the design 
process.

Keywords: PLM; Design Process; BIM; Industrialised Housing 
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1. Introduction 
There has been an increasing degree of prefabrication in the construction sector as a 
whole in recent years (Egan, 1998). The prefabrication has developed into actual 
industrialisation, where factories produce not only elements for site assembly, but take 
wholesale responsibility for the sales, design, factory production, and assembly of 
houses, Johnsson and Meiling (2009) figure 1.  

Figure 1. Industrialised housing process, after Johnsson and Meiling (2009) 

The production at an industrial housing company is based on the use of a defined 
building system, which is repeatedly sold and produced. A building system is a set of 
geometrical and organisational rules for how to produce a building. The rules are 
defined in order to support repetition of the process over time (Söderholm, 2010). The 
use of ICT support in industrialised housing is not fully explored, since few tools exist 
that automate the design, manufacturing and control of the construction process. 

Coordination and planning of the design process is a critical factor for good results in 
construction projects (Eastman, 2008). To handle several parallel projects in the design 
phase, the sub-processes need support from tools and methods to increase the flow 
through the entire process (Panchal, 2009). With CAM-tools (nailing robots and 
automated cutting), the production line demands data (CNC-files) from design at a 
higher pace, with tighter tolerances, and a higher level of detail in drawings. Being a 
defined bottleneck for industrialised housing, the design process must be made more 
efficient and have a strong process control (Jansson, 2008). Object-oriented tools are 
necessary for the virtual design, on-site planning, geometrical output etc. for the 
technical platform, but the focus on object-oriented systems and methods derived from 
building information modelling (BIM) has left a repetitive building process aside. A 
minor part of the design time for industrialised housing is spent in a CAD-tool where 
coordination and document delivery occupies 60% of the design process (Jansson, 
2008). The first effort in streamlining the design process should therefore be put on 
making coordination more efficient, not enhancing the CAD-tools themselves.  

Following the current trend where sustainability is becoming a strong argument also in 
construction, the life-cycle of products become increasingly important, (Winch, 2003). 
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To keep track of all information concerning a product during its lifetime, Product 
Lifecycle Management (PLM) has been defined and implemented with the development 
of computer tools, (Schuh, 2008). In housing, the life-cycle perspective is poorly 
supported through the fragmentation of the construction process. This issue has been 
addressed with a BIM approach, (Succar, 2009); (Eastman, 2008) but problems 
concerning liability has hindered progress. Industrialised housing might have an 
advantage in this respect, since it harnesses sub-processes normally managed by 
different actors in construction, figure 1. 

The aim of this paper is to analyse an ICT support for industrialised housing design and 
compare it to PLM functionality. To reach the aim of the paper, PLM functionality is 
analysed against design process theories. The following research questions are answered 
en route to the PLM analysis: 

- What sub-processes build up the design process and approximately how much 
effort is put on executing them in every project?  

- How could an ICT support for design be systematised to keep track of sub-
processes and control the progress of building design? 

The aim is reached and the questions are answered using a case study approach where 
one industrial housing company is studied in depth.

2. Theory

2.1. Design Processes 
Suh (1990) defines design as the mapping of functional requirements  (FR) in the 
functional space onto design parameters (DP) in the physical domain. To manage the 
conversion from FR to DP, the design process needs solutions in the form of products, 
processes or systems that support the mapping. The same distinction between 
requirements and solutions is made by (Almefelt, 2005), where the design process starts 
with the development of a design process model (DPM) with requirements, which later 
are transformed to a full description of the technical system using design parameters. 
The design process consists of several sub-processes and also supporting auxiliary and 
management processes, all of which are important for a good final result, figure 2 
(Hubka and Eder, 1982). 
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Figure 2. Design Process Model (DPM) expressed in the design phases for 
industrialised housing, after Hubka and Eder (1982). 

The working process in the middle of figure 2 is the main process that transforms FR:s 
to DP:s  through different design activities. Pahl and Beitz (1996) conceptualised the 
sub-processes of the working process into four main phases. These are expressed in 
terms of the industrialised housing process and amended with a fifth phase 2.5
Preparation for production, according to the industrialised housing process description 
found in Johnsson and Meiling (2009). 

Table 1. Design phases for Industrialised design

Pahl & Beitz phases Industrial housing context 
1. Planning and clarifying the task Specification of information with clients 
2. Conceptual design Specification of principal design with 

architects
3. Embodiment design Specification of production with engineers 

and suppliers 
4. Detailed design Specification of production with engineers 

and suppliers 
5. Preparation for production 

Preparation for production is the sub-process in industrialised housing that controls any 
deviations from the building system before workshop production and produces all 
necessary data for workshop production. For industrialised housing, Lessing (2006) 
identified that the early sub-processes (2.1-2.2) needs extra attention and must be 
executed carefully. Personnel in the early stages of industrialised housing must be well 
educated in both the design phase and the production phase, since the possibility for 
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company profit lies in their ability to keep within the framework of the building system 
in order to maintain repetition gains. 

2.2. BIM as an object-oriented process 
Within the paradigm change from drafting to modelling in construction design, 
possibilities to store information related to product models instead of text in documents 
gives an opportunity to work more simultaneously and in parallel tracks through the 
design process (Eastman, 2008). The term Building Information Modelling is used to 
describe the method for product modelling in the construction industry (Lee, Eastman et 
al., 2007) and is a “methodology to manage the essential building design and project 
data in digital format throughout the building’s life-cycle” (Penttilä, 2006). The BIM 
methodology can be split up in three maturity stages: 1. modelling, 2. collaboration and 
3. integration (Succar, 2009). The modelling stage is supported by CAD-tools (e.g. 
ArchiCAD, Revit, Digital Project, Tekla). The collaboration step is supported by 
systems that support the life-cycle with policies, processes and technologies (Succar, 
2009). The third step, integration, is yet to be seen in construction. To support the 
design process with communication and interpretation to facilitate collaboration is the 
primary role of product modelling (ISO_TC_184/SC_4, 1994a). However, the 
development so far has been focused on developing object-oriented standards, like IFC 
and STEP i.e. supporting the modelling step. Object-oriented standards also support 
collaboration given that the actors are process-oriented in mind. Standards for building 
information modelling activity are, however, incomplete and poorly marketed, 
(Howard, 2007).

2.3. PLM supporting the design process 
Product Lifecycle Management (PLM) and Product Data Management (PDM) as a 
component of PLM (Stark, 2005), are destined to increase both individual productivity 
through CAD-systems and also coordination between activities through concurrent 
engineering. By tradition, the PDM system is based on the CAD system and supports 
individual productivity by object-oriented geometries (Weber, 2003). PDM is defined 
differently depending on industry branch, but in construction PDM-systems are based 
on the product as a defined structure with attached information/attributes (Tarandi, 
2003). The PDM development supports the maintenance and development of a building 
system, but does not support the working processes in the design process directly. A 
PDM system could fill the need for a technical platform in industrialised housing as 
proposed by Ekholm and Molnár (2008). The concurrent engineering approach with 
PLM has a more holistic view of the product development and its realization.  

Schuh (2008) defines PLM as: “A systematic concept for the integrated management of 
all product related information and processes through the entire lifecycle, from the 
initial idea to end-of-life”. PLM is not just items, documents and bill of materials but 
also the creation, preservation and handling of information related to the companies 
activities and products for daily operations (Sääksvuori, 2005). 
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Figure 3. PLM software requirements catalogue (s.r.c.) (Schuh, 2008) 

A vendor neutral software requirements catalogue (s.r.c.) has been developed for PLM 
implementation, (Schuh, 2008). Based on 298 requirements, the catalogue is structured 
in four main functional areas with 13 functional groups (Schuh, 2008). The four main 
areas are: product, process, system integration and core management.  

2.4. Process platform for industrialised housing 
The underlying logic in manufacturing is the notion of process repetition and product 
responsibility. Products are produced in varieties, but always according to a predefined 
schema with repetitive work processes (see figure 4). When designing buildings, 
extensive amounts of information are generated and time is often spent searching, 
sharing and recreating this information. A technical platform together with a process 
platform is described as central parts in the industrialised housing process (Lessing, 
2006). The technical platform is the geometrical part of the building system. The 
process platform should support repetition and information sharing with actors for the 
entire process and standardise work in the design phase. The process platform can be 
developed in modules based on the main process for industrial housing with tools, 
methods and systems for parts in different modules (Lessing, 2006). One module is 
process support systems, where product models together with planned activities is 
stored with templates and functions to handle information through the process. The 
process needs to be organised with well defined working procedures and good 
documentation to reduce risks for late changes and meet product targets (Almefelt, 
2005).

2.5. ICT-support for the design of industrialised housing 
Traditionally, the building system in industrialised housing is captured in documents 
and drawings. Object-oriented CAD systems with predefined building parts could 
capture the definition of the building system, and work as a technical platform for the 
building system (Ekholm, 2008). CAD systems function as support for AEC engineers 
through the process but with no formal interdependencies between design teams 
(Haymaker and Fischer, 2008). The early phase in the design process is often related to 
client requirements with no or less formal information handling. 
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Figure 4. Design process for industrialised housing companies, categorised by internal 
and external engineering (Jansson, 2008). 

The design process in industrialised housing is often executed as parallel activities both 
on design level and also on project level to follow the production pace, figure 4. 
Mapping of activities in the design phase is necessary to analyse and reduce waste for 
the process and could work as a platform for support systems in a PLM approach. The 
management activity is about controlling and supporting the progress of design and also 
coordinating information between actors in the design phase for industrialised housing, 
(Söderholm, 2010). 

3. Method
The empirical results were gathered through mapping the design process at one timber 
housing company in Sweden and also through focus groups interviews with employees 
at the same company.  

Industrialised housing presents a good case for studying process support in construction 
since the process focus is stronger in industrialised housing than in traditional 
construction (Johnsson and Meiling, 2009). Important to follow is the companies 
change from traditionally sequenced design into concurrent engineering, along with 
Prasads (1996) theory. A higher automation in industrialised housing place demands on 
the design process to speed up and prepare higher precision and tighter tolerances, 
which needs support systems and is therefore interesting to study. One company in 
Sweden has started to implement a design support system and this company was chosen 
as the case to study. A case study research was considered as a sufficient alternative, 
since the researcher has little control over the actions and focus on contemporary facts 
in a real-life context (Yin, 2003).

The case study was conducted through analysing software functions and design process 
activities together with document management in a product development situation. The 
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unit of analysis was defined as the support system for the design process at the 
industrialised housing company.

The empirical data for the mapping of the design process was gathered trough a 
quantitative data collection from personal time reports, external consultant invoices and 
project specific time reports for 18 projects. The compiled data was compared and 
complemented with qualitative interviews with internal personnel and external 
consultants at the case study company to ensure validity. 

The design support system, named LPS at the case study company, was studied from a 
user viewpoint by four separate and six focus group interviews. Focus group interviews 
gives the opportunity to widen the participants’ viewpoint with guidance from a 
moderator without controlling the discussion from a research view (Krueger and Casey, 
2000). The mixture of the ten respondents was; project managers, structural engineers, 
factory manager, software project manager and one moderator (the researcher) for the 
session. In the focus group sessions the researcher had the opportunity to find deeper 
levels of meaning from the respondent’s expression and gestures. In line with Krueger 
and Caseys ideas about primary audience, five persons were pinpointed as target 
audience for the three later sessions.  

A literature review was done in the theory area of engineering design and PLM with a 
resulting comparison between them. The result of the literature review formed a base 
for analysing the design support system. Sub-processes for engineering design were 
analysed and represented. The 13 functional groups that constitute the PLM 
requirements software catalogue was then analysed through mapping against the design 
support system (LPS). 

4. Case study 
The case study company is an industrialised housing company that manufactures multi-
storey timber housing for the Swedish market with a turnover of about 40 million euro 
and around 150 employees (2009). The building system is based on prefabricated 
volumetric modules with a timber frame used in 2-6 storey houses. The process of 
producing a house has a long start-up phase, where communication with the client and 
the authorities dominate to eventually reach a product definition for the building, figure 
1. The production rate is on average 35 modules per week i.e. 1,000 m2 per week in 
produced building area. The modules belong to building projects, which are put through 
the design process. No batches are used to plan design or production. The average cycle 
time for one project is 17-20 weeks and a total of 10 projects are completed each year. 

Design activities in the case study company are described in three parallel tracks as 
internal, management and external activities, figure 5. Design activities are executed in 
parallel and careful planning is conducted to be able to handle several building projects 
concurrently within the design process. The design organisation at the case study 
company encompasses three internal structural engineers and five external consultants 
in electrical, HVAC, fire, acoustic and geotechnical engineering. Project management is 
handled by three project managers, two design managers and one workshop manager 
who coordinate up to six concurrent projects through the design phase. 
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Figure 5. Design activities mapped on the design process. 

Over 40 % of the total design time is spent by managers on coordinating projects, 
compared to 12 % for structural engineering and 18 % for HVAC engineering. The 
company has consequently a need for better project management and has started to use 
Visual Planning, (Jansson, 2008), together with the ordinary project planning, to 
coordinate parallel projects through the design phase. Coordination and information 
sharing was formerly done by e-mail, telephone, and meetings also including guidelines 
and checklists for work instructions. There was earlier no system for storing process 
progress, decisions or experience.

4.1. The support system (LPS) 
The  LPS system, developed for the company, is an application based on Microsoft 
SharePoint with activities as the central objects. The logic in using LPS is that the sales 
division generates prospect projects based on default settings from a template. If a 
project is sealed with the client, the project manager sets up the entire design phase in 
LPS with activities based on a 17 week time plan from a template based on 91 
predefined activities (column 1 in figure 6). 
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Figure 6. The LPS user interface in project view with the activity list in the middle. 

4.2. Process planning in LPS 
Each activity receives an actor that is responsible for time plan, resources and supplies 
for the activity. Time management is made by 17 planning categories in the first setup 
to fit other parallel projects. Four to ten attached activities are linked to each planning 
category and are also adjusted to match the entire work schedule. The LPS system is 
organised in three independent areas; activities, drawings and documents. Predefined 
views are configured to filter out selected activity data in different attributes: priority, 
time plan, work amount, work specific deviation, planning category and actors, figure 6. 
Design parameters are not only ejected in the end of the design process, but are 
delivered continuously through the process and shown by percent executed work (point 
6 figure 6). The percentage is estimated through the quantity of finished work and can 
be summarised for all activities in the project. 

Clarifying the tasks in the early stage with customer specifications and requirements is 
supported by a log (point 14 figure 6) for the project manager and predefined key 
activities for purchase. To serve external actors, views and activities can be configured 
by access rights in the system. To each activity, checklists with deliverables and 
instructions for communication are attached. Based on the company’s routines using 
ordinary scheduling tools, the LPS system was constructed to mimic scheduling. The 
aim in planning is to optimise collaboration between actors and the activities between 
parallel projects (Ekholm, 2008). Also Visual Planning concepts are implemented 
together with parent activities as categories in the planning tool to control the progress. 
The connection between activities and building parts is done in a later phase without 
using any product model from a 3D-CAD system.  

4.3. File management through the design process 
The connection between the technical platform and the process platform is made by file 
management in the support system. Version control is supported by the system with a 
traditional “check-in check-out” function. To follow files through project progress, 
version control is complemented with status attributes based on the company’s 
traditional stages through design process. Files that have process status can be drawings, 
part lists, and other CAD-related files. Text documents that represent building parts are 
mixed with process related files (e.g. schedules, component instructions, checklists, 
etc.) and has therefore no categorisation. Bill of materials created from the 3D-CAD 
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system is stored in the process system with version control but with a broken connection 
back to the 3D-CAD model.

5. Analysis
The LPS system at the company has the main purpose of handling information through 
the design and supports the management activities. It is therefore interesting to match 
the design process model onto the functionality for PLM solutions, to investigate any 
discrepancies and possibly suggest improvements for the process support, but also 
amendments to PLM when applied to industrialised housing.  

Figur 7. PLM approach mapped on the Design Process Model (DPM) and the LPS 
system functionality. 

The functionality in the PLM s.r.c that is not fully represented in the DPM model is the 
management processes 1.5 Initial Education Continuing Education and 1.6 Stimulating 
Motivating Inspiring. The working processes which are core functionality for the 
system is well represented in the PLM s.r.c. by Product Planning and Product 
Structuring with functionality for R&D Control.

The Management Processes are supported by half the DPM categories in the LPS as 
similar to functionality in the PLM s.r.c. The explicit parts for control, planning and 
organisation are present, but the more tacit parts of optimisation, training and 
motivation are not evident. Partly, this is dependent on company size, since training is 
unnecessary as an instantiated activity in a system when the number of new persons 
entering the system is less than one person each year. Optimisation is another activity 
coupled to manage many projects in parallel, but in construction the order of production 
cannot be tampered with too much, since the end customer have definite deadlines for 
on-site construction.
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The working process has a stronger support. The only functionality that is non-present 
in LPS is conceptual design. This reflects the fragmentation in construction and to be 
particular about industrialised housing, it reflects the difference between sales and 
structural design. The conceptual design is delivered from the sales department and 
performed by an external consultant and is currently not part of the design process by 
functionality. The DPM presented by Hubka and Eder (1982) is not directly transferable 
to the situation at the case study company, which would need to internalise conceptual 
design to concur with the DPM. 
The Auxiliary Processes have good support when looking at LPS functionality, but two 
processes are missing, which are coupled to long-term commitment; research and 
standardisation. These two areas are seldom present in construction, but needs to have 
support in industrialised housing, since these companies actually have a product (the 
building system) worthy of standardisation and ongoing research. 

Table 2. Comparison between PLM functionality and the design support system LPS 
from industrialised housing. 
PLM functionality (Schuh, 2008) LPS functionality 
Product planning encompasses the 
evaluation of project ideas, the use 
of resources in a pre-project, which 
ends up in a product development 
process based on functional 
requirements.

Product development is not defined as a separate process in LPS, but is rather 
done as recurring activities in the mainstream design of new buildings. Product 
development is mainly done as improvements, fundamentally new products 
and new platforms are seldom developed,(Ulrich, 2004). 

Product structuring assigns materials 
to a predefined structure (PDM) 
organised for reuse and instantiated 
in a CAD-system. The bill of 
materials can be seen from different 
views (product development, 
assembly etc.).

Product structuring is made for every new building project in a CAD-system. A 
bill of materials is automatically created. No PDM system is used for managing 
the product structure and reusing it. The building system (the product) is stored 
in 2D and 3D templates in the LPS system. The 3D-CAD tool is not 
automatically linked to these templates. 

Change and configuration 
management is the central core of a 
PLM system where control of the 
complete life-cycle of a product is 
managed.

In the building industry, the product ownership changes during the lifecycle. 
Ownership implies full responsibility for changes, repairs and upgrading of the 
product. No support for change management exists in LPS, since ownership is 
transferred to the client who owns the process of upgrading. 

Production planning is a logistical 
activity where resources are 
assigned to activities. The production 
sequence for each product is 
assigned

Actual production planning for the factory is not made in the LPS system; 
however, production data is stored in the system for later retrieval by the 
production personnel. The LPS system supports planning of the activities 
undertaken onsite (montage order, material spec.) for assembly of the 
buildings.

Sourcing or supply chain 
management is an activity where 
suppliers standard items are 
managed, purchased and delivered.

The LPS system supports purchasing linked to the building projects and their 
progress, which gives a dynamic relationship to suppliers. Purchasing is a core 
operation in construction, representing 50-80% of the total cost in a project, 
Nordstrand (2000). 

Quality management comprises the 
application of quality methods, 
generation of control plans and 
quality inspections.

Gateways in the design process have a standardised review process 
instantiated in the LPS system, which warrants quality inspection of design 
activities. Functionality for experience feedback is present, but currently not 
used. Quality methods to control production are currently not used. 

Service and maintenance plans with 
functionality to both handle and store 
results from executed services and 
maintenance

Maintenance documents are stored in the system for later delivery to the client 
but no scripts and generation of service and maintenance plans is connected to 
building parts in the system. This is linked to the fact that ownership is 
transferred from the manufacturer to the client, also in terms of product liability. 

Environmental management,
handling of scrap and hazardous 
materials in a life cycle perspective

The LPS system does not support environmental management, but an 
extensive database for building material selection based on environmental 
impact exists nationally in Sweden. 

Project management manage 
multiple projects in parallel through 
the lifecycle by planning and 
executing projects.

Functionality to support project management focus on projects in a holistic 
view. Planning parallel activities and matching different building projects to the 
manufacturing process is supported in the LPS system. Resource planning on 
activity level is made by project managers. Pre-project management supports 
plan of design with visual planning and is split up on resource levels.

Document management with 
functionality to store metadata and 
documents in a data vault is to 
archive and visualise technical 
documents with internal connections.

LPS is a web-based Microsoft Share Point solution with a SQL-database 
structure on a common server. Both drawings and documents stores in a vault 
with metadata and version control. The Swedish regulation for construction 
requires documentation on building parts, work and maintenance for the 
manufacturer. 

R &D Control gives functionality for 
product cost calculation and 

Industrialised housing mix product development and production preparation in 
a project manner not defined as R&D activities. The LPS system is flexible for 
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generates key performance 
indicators over the whole lifecycle.

the product as a process oriented system but the missing connection to the 3D 
CAD system limits the control for developing on component level. 

Collaboration as cooperation 
between team members in the 
process is solutions like 
telecommunications, application 
sharing and knowledge databases.

The LPS system has web-based functionality for access to the common file 
vault and collective software. Logbook with e-mail functionality to support and 
store parallel client investigation on component choices in the design phase. 

System integration is the enabler for 
data exchange based on standards 
and interfaces between sub systems.

The LPS system suffers for system integration to MRP, sales and 3D-CAD 
systems and is developed for coordination by managing metadata from 
documents and activities.  

When turning to PLM and comparing its ingredients with LPS as design support system 
from industrialised housing, it becomes evident that differences are large, table 2. 
The main differences between the LPS system and the PLM description emanates from 
the lack of a product view in construction. Product development is not a separate 
activity in construction, thus change and configuration management is also non-present. 
Service and maintenance have another role in construction; the liability for maintenance 
lies solely with the owner of the building, therefore the construction companies do not 
have service and maintenance responsibility. 

6. Discussion
The PLM s.r.c. by Shuh (2008), as a framework for support system for products, could 
therefore be used in the industrialised housing context that uses more product-oriented 
tools in design compared to ordinary construction. However, the product orientation is 
not followed through completely in industrialised housing and thus the central parts of a 
PLM system must be different, figure 8. 

Figure 8. The PLM s.r.c. in the context of industrialised housing with development 
directions for BIM-systems and LPS. 

In construction it is not enough to have only geometrical and technical data about the 
product in the centre. Process and product are integrated into a building system; the 
methods used are intimately connected to the material combinations chosen. The central 
core in a PLM model could tentatively be the building system and the subparts could 
consist of Working Methods and Product Structure. Experience Feedback ought to be a 
core activity in R&D control to support Working Methods. 
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Lessing (2006) and Schuh (2008) separate process and product in the same manner, but 
they also leave undefined interfaces for the developers to solve for concrete ICT-
solutions. By choosing two platforms Lessing (2006) models industrialised housing 
with one main interface between product and process. Hubka and Eder (1982) divide 
the transformation system in; human system, technical system and active environment.  
Special supporting construction processes should be defined also with a third platform 
for communication with the three main interfaces.  

According to Succars (2009) three BIM-stages, the first modelling stage is well 
represented in the upper product centered functionality in the PLM s.r.c. The second 
stage with collaboration is related to management and process functionality in the lower 
half and to the third maturity stage is present in the PLM s.r.c by functionality for 
system integration. Many companies in the construction sector already invest in 
functionality that supports product structuring and need support for the process. The 
development is made from the BIM approach from the technical platform towards 
supporting the process platform, figure 9. The analysis describes LPS as a support 
system with process focus, which needs to meet the 3D CAD-system that holds the 
Product structure as a technical platform in the opposite direction in figure 9. 

A system that combines support both for sequential and parallel processes in the design 
phase offers opportunities to plan work for the production pace. Industrialised housing 
can clearly define the sub-processes and thus create more value by supporting activities 
for better control and higher efficiency. The time reduction is set for quality work like 
experience feedback or product development (Haymaker and Fischer, 2008). 

Eastman (2008) states that the earlier a virtual model is used and shared, the more 
useful is the entities that represent the building. The virtual model has the drawback of 
not defined early enough in the process to harness client and governmental requirements 
set on the building, not on the building part. The definition of a virtual model in parallel 
with a design support system that carry the information in a PLM- approach is 
recommended to resolve and manage the continuous solution of functional 
requirements. 

7. Conclusions
This paper has identified some important findings for the support of industrialised 
housing design. The study shows that construction engineers need a system that 
supports the design process and the PLM approach concurrently. Depending on how 
well the building system is defined, the design support system can be made more 
detailed and targeted.

In defining sub-processes for the industrialised housing design, 91 activities were 
described. Over 40% of the total design time is management activities to coordinate 
and share information through the design progress. 
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For a manageable structure, activities are organised in parent-child relations in the 
LPS system and has the opportunity to be presented and configured in different 
views for easier planning, project progress and deliveries.

The technical platform is not supported well in the LPS and only 5 of 13 
functionality groups is entirely applied in a PLM approach.

To be successful in industrialised housing, both product support and process support 
is needed. A development where BIM meets a process support should therefore 
provide good ground for a development towards PLM.
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Transformation of performance requirements to technical solutions and 
production parameters is central for architects and engineers in the design 
process. Construction industry suffers from low efficiency in design, and 
the information flow creating bottlenecks for the production process. 
Tracing and managing information through design process needs standards 
both for requirements and Building Information Models in a life cycle 
perspective. Structuring functional requirements is of great interest for the 
construction industry and especially for companies developing 
industrialised housing system that often have control over the whole 
manufacturing process. The delivery of a new low-carbon economy in 
Europe puts pressure on the construction industry to reduce the energy 
consumption for buildings. Therefore is one national standard for energy 
requirements tested on a building system and evaluated in an ICT –
environment that supports the design process for industrialised 
construction. The result of the research shows that the transformation of 
requirements to technical solutions needs functionality that support the 
design process by using standards for requirements. A rigid building system 
based on well defined design tasks together with a technical platform, both 
for spaces and physical elements, work as a backbone for development of 
ICT support systems. PLCS, as a standard for a PLM-solution, enables 
flexibility in categorisation of information through the construction design.  
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1. INTRODUCTION
The AEC industry suffers from the lack of supporting tools managing governmental 
regulations and client requirements in the design of buildings. Clients requirements are 
often not traceable through the design process and are often misinterpreted or lost in 
translation, (Haymaker and Fischer 2008, Kiviniemi 2005). Also, the current practice of 
requirement management creates bottlenecks in the design process of industrialized 
construction, (Jansson 2008).  
 From a life cycle perspective, late performed energy analyses in the design phase 
limits the possibilities of energy optimisation and fulfilment of the energy requirements 
(Bazjanac 2009). Research on product models (more popular known as BIM) the last 
decade has according to Amor (2009), strange enough led to less focus on life cycle 
management issues in the design process. ICT-system that supports the transformation 
of requirements into design solutions can also create a better and more holistic support 
of the life cycle perspective, (Tarandi 2002). Here, the client as an active actor in the 
design team (Winch 2002, INPRO-D14A 2009), has an important role in the 
transformation of client values to design requirements in the early stages of the project. 
In order to increase the efficiency of the design from a life cycle perspective, a 
requirement structure is needed to support the design work (Almefelt 2005). Therefore, 
the use of Engineering Design theories can assist the transformation of functional 
requirements into design solution of large flexible systems in construction. Design 
methods for transformation of customer needs into products and solutions adds value 
for the customer (Womack and Jones 1996). Axiomatic Design is such a theory from 
which matrix methods can be used to compare different design solution based on 
product models and checking of functional requirements (Suh 2001). 

 

 
Figure 1. Combination of IFC and PLCS for Building Life Cycle Support (Eurostep, 

2009) 
 
International standards supports the exchange of information between different 
stakeholders over a product life-cycle (Tarandi 2003). The construction industry needs 
for sharing of building related information has resulted in the Industrial Foundation 
Classes for construction semantics, (IFC ISO/PAS 16739 2009). For the Product Life 
Cycle Support, the PLCS standard, (ISO 10303-239 2009), is an information model 
based on ISO STEP that enables the creation and management through time and can 
therefore complement the IFC standard to provide a proper foundation for systems 
supporting building products over its whole life-cycle. 
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The aim of this paper is therefore to: 

- define a requirements transformation framework for construction design based 
on requirements management and axiomatic design theory; 

- demonstrate the requirements transformation framework to a proposed PLCS 
solution by using a  energy requirements motivating case; 

2. THEORY

2.1 Axiomatic Design Theory 
Suh (2001) defines the Axiomatic Design Theory (ADT) as the mapping from "what we 
want to achieve" to "how we will achieve it". ADT is based on two axioms that governs 
the design process.  The Independence Axiom states that always "maintain the 
independence of the Functional Requirements (FRs)". FRs are defined as the minimum 
number of independent functional requirements that characterize the design goals. The 
Information Axiom states that the best solution of the all solutions that fulfill the first 
axiom is the one that have highest probability of success.   Suh (2001) defines the 
design as four domains transforming customers attributes to functional requirements to 
design parameters and production variables in a sequence, figure 2. The transformation 
from one domain to the next is done by the use of design matrices, e.g. FRs = [A] DPs
where [A] is the design matrix containing constants or functions connecting the 
functional requirements with the design parameters.
 

Figure 2. Design domains from customer needs to production variables, from Suh 
(2001). 

 
 The focus of this paper is the mapping of Functional Requirements (FRs) to Design 
Parameters by decomposing of requirements using the "zigzag" method defined by Suhs 
(2001). The same methodology can be used to evaluate PVs from DPs. Input and 
System Constraints (Cs) are bounds on solutions and all decisions from upstream (high 
level) design levels act as constraints at downstream levels (Suh 2001). 

2.2 Requirement management 
It is necessary for all stakeholders to define a requirement specification document in the 
product definition phase to enable traceability through the design process (Gumus 
2005). System requirements is described by Stevens (1998) "what the system will do, 
but not how it will be done" and user requirements is the non technical definition of the 
whole product. With structured functions and requirements is product definition 
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Synthesised by geometrical models and non-geometrical data in the requirements 
transformation process (Sutinen, Almefelt et al. 2000). Analysis is done in external tools 
and methods for performance and properties. Evaluation is done to secure if the solution 
fulfil requirements.  Separating user requirements from system requirements is 
necessary for checking completeness of the design through the product development 
phase (Stevens 1998). Also, to minimise the information flow it is recommended that 
each component has to fulfil the overall requirements to avoid translation through 
product hierarchies (Hull, Jackson et al. 2005). 

2.3 Product design and building system  
Building systems for industrialised construction are defined as the collected experience 
and knowledge in how to realise a construction project (Söderholm 2010). Thus, a 
building system can be standardised both in technical solutions and in work methods. A 
Requirements Transformation Model is suitable for process oriented organisation such 
as industrialised construction companies, (Jansson 2010). However, the RTM need to be 
implemented in a defined environment where the product specification gradually 
evolves from high level definition of FRs and DPs to low level FRs and DPs, (Suh 
2001). Such a progress is proposed by Olofsson et al (2010), where the lifecycle of a 
building is describe in 7 maturity levels, of which the first four belong to the design 
phase; 0:Goals, 1:Conceptual, 2: Functional, 3:System, 4:Detailed, 5:As built, 
6:Operation, 7:Demolition. For each maturity level, the higher level FRs and DPs from 
the previous maturity are decomposed in lower level FRs and DPs. The first step from 
maturity 0 to 1 include the transformation of CAs to high level FRs. Interfaces between 
work (planning, progress, conduct) and the product (spaces, systems, functions) are 
improved by the use of defined structures such as standards and classifications based on 
national or international standards (Ekholm, 2005). In cases where building systems 
contain modularised technical solutions, the detailed design can be automated to a large 
extent using parameterized modules, Jensen (2010).   
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Figure 3. InPro stage gated concurrent design process, Olofsson et al (2010) 

The concurrent design process is composed of parallel and sequential 
activities that could reuse more or less standardized workflows. Client's 
decisions at maturity gates also need to be based on more than one design 
alternative matching both user and system requirements, (Kam and Fischer 
2004).  
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International standards for building components using the IFC-classification is 
based on ISO 12006-3. The national standards for parts in design for construction is 
BSAB, the Swedish standard for classification of spaces, building elements, and 
production results The building system can be visualised in different views from 
predefined categories. Kiviniemi, Fischer et al. (2005) defines levels of detail for a 
building system both in Spatial categories (Project, Site, Building Stories, Spaces) and 
in Product Systems (Circulation System, Structural System, Technical System, etc.) on 
physical-level. The IFC-classification enables items to be have status both for spaces 
and in systems.  
 Functional requirements on national level is standardised in BBR (Construction 
rules) and BKR (Structural rules). BBR regulations is formulated in recommendation 
and obligatory rules by Boverket, who is the central government authority for building 
and housing. Energy requirements is described in BBR 9:1 to 9:7 (Boverket 2008) and 
formulated as minimum requirements for buildings in Sweden. 

3. METHOD
A literature review in the theories field of engineering design, requirements 
managements and product development was conducted for the transformation phase in 
design for construction. The axiomatic design theory was selected as a base for the 
development of a requirements transformation framework for construction which imply 
separation of FRs and DPs, Suh (2001). 
The requirements transformation framework was secured by functionality in the 
proposed system BIM Collaboration Hub. The framework was demonstrated based on 
energy requirements taken from a real design project as a motivating case. 
 A simple student flat building with approximately 300m2 and eight units situated in 
Malmö, Sweden was selected in the motivating case. This type of student hall of 
residence is manufactured at an industrialised housing company in need of support 
systems to speed up the design process, (Jansson 2008). The delivery of a new low-
carbon economy in Europe also puts pressure on the construction industry to reduce the 
energy consumption and therefore limited energy consumption were our choice of 
requirements in the example. 

4. REQUIREMENTS TRANSFORMATION FRAMEWORK  
The functional domain is represented by national and client requirements (FRs). 
Attributes are connected to requirements as relations to functions, spaces, systems, 
versions, levels, etc. Constraints imposed by the building system are represented as 
boundary conditions and rules for manufacturing (Cs). Design parameters in the 
physical domain is represented in the early design and represented by parameters in a 
database and by hand also as virtual models of the building. 
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 Figure 4. Requirements Transformation Framework. 

Four of the eight maturity steps proposed by InPro (Olofsson et al 2010) are represented 
by decomposition of FR´s and DP's in the zigzag pattern between functional and 
physical domain in Figure 4. In the early maturity stages when physical elements and 
components is yet not part of the solution, DP's contain mainly spaces representing 
design alternatives stored in the hub in line with Kiviniemi's (2005) meaning about links 
between objects. Transformation of requirements to design parameters in a large 
flexible building system can be structured with type solutions in the knowledge 
database based on previous experience of instantiated solutions. In each of the 
transformation stages the decomposed requirements are checked against analysis and 
simulation results (ARs) of proposed design solutions. At each level actors meet in 
project defined quality gates (marked in blue) to select the best solution and enter the 
next maturity level. According to the information axiom the selected alternative should 
have the highest probability of success. However, it is up to the decision maker to make 
that judgment.  

4.1 BIM Collaboration Hub 
The Share-A-Space BIM Collaboration Hub is using PLCS as a backbone for the life 
cycle management of model objects. It is supporting open BIM objects represented by 
IFC semantics where the IFC objects are mapped to the PLCS data model and stored in 
the Hub as PLCS objects.  
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Figure 5. BIM Collaboration Hub services 

Data exchange is typically based on check-out/check-in operations using partial models 
or even the full dataset. Access control and versioning on object level is part of the 
services provided by the Hub. Viewing and checking of requirements and rules linked 
to objects is enabled with the Solibri Viewer and Model Checker services built into the 
Hub, see Figure 5.The following step defines a typical stage-gated design process using 
the BIM collaboration Hub: 

- Define/decompose high level functional requirements (FRs) for the current level 
of maturity in the Hub. 

- From the defined FRs, determine a design strategy and create design 
alternatives.  

- Upload design alternatives to the Hub (partial model exchange) using IFC 
exchange mechanism and link the FRs to the appropriate design objects (DPs) 

- Depending on the maturity level, the different model objects (DPs) will be 
stored in three views, system, space and physical element view. 

- Boundary conditions (Cs) are defined as rules or rule sets in the built-in the BIM 
Collaboration Hub and controlled in Solibri model checker. 

- Download the different design alternatives in an IFC compliant energy analysis 
tool and perform energy analyses for each alternative. 

- Upload the analysis result (ARs) to the Hub and link result to design objects 
(DPs) 

- The model checker can now report deviations from requirements and the project 
manager has now the option to repeat the design loop or proceed to the decision 
gate leading to the next maturity level. 



Jansson, Schade, Olofsson, Tarandi 

4.2 Workflow using maturity levels 

A workflow can be defined in the BIM Collaboration Hub where the project manager 
can create work request to be sent to the actors in the design process. Figure 6 show the 
workflow for the conceptual design stage in the case study of management of energy 
requirements. Six main activities are managed in the exemplified workflow: 1. Define 
High Level Requirements, 2. Design Draft, 3. Define Energy Requirements, 4. Perform 
Energy Analysis, 5. Compare Design against Requirements, Energy Analysis Results, 
and 6. Freeze Design solution for next level.. 

 
Figure 6. Workflow, PLCS solution BIM Collaboration Hub, from Eurostep (2010). 

Each workflow is set-up for the reason of the specific level to control deliveries through 
process. 
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5. MOTIVATING CASE 
The Requirements transformation framework have been tested in a simple case study of 
a student flat building with approximately 300m2 net gross area and eight units situated 
in Malmö, Sweden. 

5.1 Maturity Level 1 - Conceptual Design 
At the conceptual maturity level, design alternatives concerning placement and building 
envelope can be studied under consideration of the national regulation. The first energy 
estimation calculation can be done regarding the FR (Functional Requirements) given 
by the Swedish regulations BBR16, the given DP (Design Parameters) and certain 
assumption of missing input data. At the Conceptual maturity level, FRs, Cs, DPs, and 
calculated results (ARs) are stored in the BIM Collaboration Hub to communicate and 
trace information for all disciplines. Since only information regarding gross areas, 
location and building type is known; simple estimates based on steady state calculations 
methods are proposed for the purpose of checking of requirements and decision support 
for the selection of energy supply, see Figure 8.  

FR1= Qenergy  110 
kWh/m2a 
FR2 =Utotal  0,5 W/m2K 
FR3 = ventilation rate  
           0,35l/sm2

 
FR4 = air leakage  
            0,8l/sm2 at 50 Pa 

Cs=monthly 
average temp 
Malmö 

DP1 = ca.300 m3  
DP2 10% windows to the net gross area 
DP3 = ceiling high 2,4m 
DP4 = 2 floors 

 Energy calculation Result :  
Based on an steady state calculation with an average indoor temperature from 20°C and 
the required assumed input data the following result is uploaded 
 
Alternative 1 
AR1= 88 kWh/m2a by 0% heat recovery, AR2= 0,43 W/m2K 
Alternative 2 
AR1= 67 kWh/m2a by 50% heat recovery, AR2= 0,43 W/m2K 
Alternative 3 
AR1= 50 kWh/m2a by 0% heat recovery,  AR2= 0,17 W/m2K  
Alternative 4 
AR1= 31 kWh/m2a by 50% heat recovery,  AR2= 0,17 W/m2K  
 

Figure 8. Spaces and Physical elements at the conceptual level 
 
Dependent on the selected alternative (1-4) it can be discussed if the requirement FR2 
shall be changed in the next maturity level. 

5.2 Maturity Level 2. Functional level  
Table 1. Glazing properties 

DPs Area [m2] U-value [W/m2K]
Wall south 77.4 0.18 
Window south 20.5 1.6 
Wall north 84.1 0.18 
Window north 16 1.6 
Wall west 36.3 0.18 
Window west 5.7 1.6 
Wall east 36.3 0.18 
Window east 5.7 1.6 
Roof 155.5 0.1 
Floor slab 155.5 0.09 
  U total 0.25 
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The functional level building shape and structure are defined and also orientation to the 
sun is determined. These become DP's that is represented by space elements with 
traceable requirements in the BIM Collaboration Hub. The functional maturity level 
imply that the defined structure gives the heat transmission coefficient for the different 
modules like window, walls, roof and floor slab. The size and placement of windows 
affects the heating gains via the incoming solar radiation. The glazing U-values, glazing 
solar properties and external shading may be altered and the change in energy 
consumption can be studied. Windows and walls facing in the different orientation 
direction could at this level be located as defined in the table 1. 

FR1= Qenergy  110 kWh/m2a 
FR2 =Utotal  0.5 W/m2K 
FR21=Uwalls 

FR22=Uwindows  
FR23= Uroof 
FR24= Uground 
FR3=Ventilation rate  
          0.35l/sm2

 
FR4 =Air leakage  
          0.8l/sm2  at 50 Pa 
   

Cs=Climate data 
       Malmö 
Cs=Shading of  
       the building  
Cs=mm wall 
       thickness 

DP1 =311 m3  
DP2 =15% windows to the net gross area 
DP21=43% south facing windows 
DP211 = 22.5m2 south facing windows  
DP212-DP21i=m2of windows 
DP3 =ceiling high 2.4m 
DP4 = 2 floors 
DP5 =Building structure 
DP51=wall structure 
DP52=roof structure 
DP53= …….. 
 

Energy simulation Result: 
Based on a dynamic energy simulation, with an average indoor temperature from 21°C, the 
required input data resulting out of the FR, Cs and DP’s see table 1. and min. required 
ventilation system input data. 
 
Alternative 1 
AR11= 110 kWh/m2a by 0% heat recovery, AR21= 0,25 W/m2K 
Alternative 2 
AR11= 83 kWh/m2a by 50% heat recovery, AR21= 0,25 W/m2K 
Alternative 3 
AR11= 70 kWh/m2a by 70% heat recovery,  AR21= 0,25 W/m2K  

Figure 9. Spaces and Physical elements at the functional level 
 
Different alternatives regarding the heat recovering are studied as the simulated case 
with no heat recovering shows a result close to Qmax of 110 kWh/m2a. Former studies 
show that at this maturity level an underestimation of the actual energy consumption 
can be in the order of 30%, (Schade, 2009). 

5.3 Maturity Level 3. System level  
As for the above described levels, a workflow can be defined for the System level to 
control tasks and information sharing through the design process at the system level. In 
this phase the specific space layout is defined and simulations according indoor climate 
for different ventilation systems is suggested, see Figure 10. Dimension of ventilation 
system is compared to energy consumption of different ventilation and cooling systems, 
such as variable air volume and chilled beams. Air quality levels could be improved or 
downgraded with a resultant effect, that is related to parameter changes in energy 
consumption, equipment sizing and thermal comfort. Also, the indoor climate on room 
level can be simulated and design values (DPs) and requirements (FRs) for the detailing 
of structural and installation system can be defined.  
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FR1= Qenergy 110 kWh/m2a 
FR2 =Utotal  0.5 W/m2K 
FR21=Uwalls 
FR22=Uwindows  
FR23= Uroof 

FR24= Uground 
FR3 = ventilation rate  
            0.35l/sm2

 

FR4 = air leakage  
            0.8l/sm2 at 50 Pa 
 

Cs=Climate data 
       Malmö 
Cs=Shading of  
       the building  
Cs=mm wall 
       thickness 

DP1 =311 m3  
DP2 =15% windows to the net gross area 
DP21= 43% south facing windows  
DP3 =ceiling high 2.4m 
DP4 = 2 floors 
DP5 =Building structure 
DP51=wall structure 
DP52=roof structure 
DP53= …….. 
DP6 =mechanical exhaust air ventilation     
          system 
DP7 =Ventilation system capacity  
DP8= space zoning 

Energy simulation Result: 
Based on a dynamic energy simulation with a range of indoor temperature from 20-24°C the 
required input data resulting out of the FR, Cs and DP’s see table 1., and further defined 
ventilation system input data. 
 
Alternative 1 
AR12= 107 kWh/m2a by 0% heat recovery 
Alternative 2 
AR12= 82 kWh/m2a by 50% heat recovery 
Alternative 3 
AR12= 72 kWh/m2a by 70% heat recovery 

Figure 10. Spaces and Physical elements at the System level. 

5.4 Maturity Level 4. Detail level  
In the detailed design and realisation phase the analyses of energy performance and 
indoor climate simulation are made for verification of the final design, see Figure 11:  

- Space detail definition: Design solution specified for heat loads, cooling loads, 
energy use and heat generation. Validate energy consumption for the specified 
layout. 

- Physical element detail definition: Validation by simulation for system 
definition down to component level regarding indoor climate and energy loads.  

   
FR1= Qenergy 110 kWh/m2a 
FR2 =Utotal  0.5 W/m2K 
FR21=Uwalls 

FR22=Uwindows  
FR23= Uroof 
FR24= Uground 
FR3 = ventilation rate  
            0.35l/sm2

 
FR4 = air leakage  
            0.8l/sm2 at 50 Pa 
 

Cs=Climate data 
       Malmö 
Cs=Shading of  
       the building  
Cs=mm wall 
       Thickness 
Cs= max air  
       Velocity/  
        losses in 
        Ventilation  
        duct 
 

DP1 =311 m3  
DP2 =15% windows to the net gross area 
DP21=43% south facing windows  
DP212-DP21i=m2 of windows 
DP3 =ceiling high 2.4m 
DP4 = 2 floors 
DP5 =Building structure 
DP51=wall structure 
DP52=roof structure 
DP53= 
DP6 =mechanical exhaust air ventilation 
          system 
DP61 =Ventilation components 
DP7 =Ventilation system capacity  
DP71= Vent. component capacity  
DP8=space zoning 
DPij =Components 

Energy simulation Result: 
Based on a dynamic energy simulation with a range of indoor temperature from 20-24°C the 
required input data resulting out of the FR, Cs and DP’s see table 1., and further defined 
ventilation system input data. 
 
Alternative 1 
AR13= 109 kWh/m2a by 0% heat recovery 
Alternative 2 
AR13= 80  kWh/m2a by 50% heat recovery 
Alternative 3 
AR13= 73 kWh/m2a by 70% heat recovery 

Figure 11. Spaces and Physical elements at the Detail level. 
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6. CONCLUSIONS 
In this paper a Requirements transformation framework was defined based on the 
axiomatic design and requirements management, where FR's and DP's are separated in 
the design of building system as gate controller. A well defined Building System can 
minimise iterations (zigzagging) in the design if the boundary conditions and clearer 
functional requirements are defined and supported early in the design process, 
(Jørgensen and Emmitt, 2009). Defining different maturity levels in framework based 
design is not evident due to lack of experience and proof of concept in the construction 
industry but is valuable to control design progress.  
 
 Energy requirements and results from energy analyses are examples that are define 
and link to design objects in the BIM Collaboration Hub. The axiomatic definition of 
the functional domain represented by requirements linked to attributes of physical, 
space, function objects of different maturity and versions can be used already in the 
early design phase for a better product solution. 
 
 Building systems and common practice in construction design do not often detail the 
design solution into components at the level of articles. The IFC specifications are 
based on product modelling for collaboration between actors and has the geometrical 
model as part of the information carrier. The PLCS standard is based on neutral entities 
and is more flexible and adaptable to manage all types of information for all participants 
in the design phase and defined workflows could be managed on task level for design in 
the solution of BIM Collaboration Hub.  
 
 Kiviniemi (2005) states that "requirements defined in the system should in fact 
relate to Spaces". In the early design the relation to spaces is important when high level 
requirements are defined. We have seen that these high level requirements often 
decompose into requirements on properties of physical elements and components when 
the deign becomes more detailed. The BIM Collaboration Hub, as a PLM system, 
should be tested in a multi-disciplinary environment to secure the functionality and user 
interface in real projects. 
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Appendix 1. Interview Guide Used in Study 1. 
 

 

Interview questions- Mapping of the design process 
(Study 1.) 

The purpose of the interviews is to collect a general picture of the design 
process at the case study company. The thought is also to visualise specific 
tasks that is of importance for the whole manufacturing process. Interviewed 
respondents for Study 1 is; Factory Manager, Project Manager , Sales 
Manager, Consultant Coordinator, Structural Engineer 1,  Structural 
Engineer 2, HVAC Engineer. According to secretes will all answers be 
managed confidentially. No names or related citations will be published 
without respondents agree.  
 
Respondent name: 

Introductory questions (to all) 
1. What is the core business in the company? 
2. How is the company organised? 
3. Tell me about your role at the company? 
4. How many years have you been working at the company? 

Open-ended questions (to all) 
1. Could you describe the whole process, from sales to delivery and maintenance? 
2. Could you describe the design process? 
3. How long time takes it from signed contract to production start in factory? 
4. How do planning and follow-up works? Describe tools and methods. 
5. What kind of deadlines and meetings does the process involve? 
6. Define critical moments for the design process and describe these? 
7. Do you have some guiding that you follow through design? 
8. What specific stages in housing design need specific planning? 

 Specific questions first round. 
1. Why do your company need a more efficient design process? (to Factory 

Manager) 
2. What is the contribution of external and internal resources? (to Factory 

Manager, Consultant Coordinator) 
3. How is information shared between actors in the design process? (to Factory 

Manager, Project Manager, Structural Engineer 2) 
4. How is ICT-tools and system used in the design process? (to Factory 

Manager, Structural Engineer 1 and 2, HVAC Engineer) 
5. What type of software is used for planning, drawing and management? (to 

Factory Manager, Project Manager, Structural Engineer 2) 
6. What type of deliveries is done in process? (to all)  
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7. In creating deliveries in form of drawings and documents, what type of 

activities is necessary in design and do you have general titles for each activity? 
(to Structural Engineer 1 and 2, HVAC Engineer, Consultant Coordinator)   

8. How do you communicate choices with customers both before and after signed 
contract? (to Sales Manger and Project Manager) 

9. How is choices stored and handled in design after signed contract? (to Sales 
Manger and Project Manager) 

 
 

 

Specific questions second round. 
1. For activities in design, could you estimate how many hours are spent on each 

activity? (Project Manager, Structural Engineer 1) 
2. Who are recipients of information deliveries from design? (to Factory Manager, 

Project Manager, Structural Engineer 1) 
3. What type of format are specific deliveries in; files, paper documents, mail, 

etc.? (to Project Manager, Structural Engineer 1) 
4. How is coordination made between internal and external consultants to control 

project progress? (to Factory Manager, Project Manager, Structural Engineer 
1) 

5. Tell me about the process to prepare deliveries just before production start? 
(Structural Engineer 1)
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Focus group interviews- Collecting support functionality 
for the design process (Study 2.) 
The purpose of the study is to collect functionality and demands that the 
case study company needs to support design work. The thought is to follow 
software developing by observations and focus group interviews.  
Interviewed respondents for Study 1 is; Factory Manager, Project Manager 
1, Project Manager 2, Consultant Coordinator, Structural Engineer 1,  
Structural Engineer 2, Structural Engineer 3,  Purchase Manager, Software 
Developer 1, Software Developer 2. According to secretes will all answers 
be managed confidentially. No names or related citations will be published 
without respondents agree.  
 

Positioning of the ICT-system solution (meeting 1) 
The meeting will focus at the company to primary goals for start developing 
a support system for the company. These focus interview questions has to be 
answered in the focus of the research. 

1. What is the company's purpose by investing in a support system? 
2. Who are involved at the company and limitation in the manufacturing chain? 
3. Time perspective of implementation? 
4. System architectural on high level like database, document management, 

services? 
5. The companies demand on functionality  
6. How could an ICT system be designed to coordinate external and internal 

actors?  

Conceptual defining of the ICT-system solution (meeting 2) 
The meeting will focus at conceptual system functionality for company to 
reach primary goals based on meeting 1. Based on meeting 1 has these focus 
interview questions to be answered in the line with the research. 
 

1. What type of planning functionality does the market offer and what do the 
company ask for to be more efficient? 

2. What type of document/file management does the market offer and what do 
the company ask for to be more efficient? 

3. Which type of other systems should the support system communicate with? 
4. What type of information flow should be support for internal communication? 
5. What type of information flow should be support for external communication, 

to clients, consultants and production? 
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Detailed defining of functionality in the ICT-system solution 
(meeting 3) 
The meeting will focus on detail functionality in the ICT-system (now 
named LPS) for company to reach primary goals based on meeting 1 and 2. 
Based on meeting 2 has these focus interview questions to be answered in 
the line with the research. 
 

1. How should the solution combine, planning with MS Project, Visual 
planning and planning in LPS? 

2. How should specific communications with CAD-system be handled, input 
and output? 

3. What other functionality do the company need that could be implemented 
from the Visual Planning concept into LPS? 

4. On what level should planning categories (project, elements, processes, or in 
time) be divided? 

5. How is access managed in the LPS? 
 

Specific functionality for planning in the ICT-system LPS  
(meeting 4) 
The meeting will focus at planning functionality in the system. Based on 
meeting 3 has these focus interview questions to be answered in the line 
with the research. In this meeting are Project Manager 2, Factory Manager, 
Software Developer 1, Software Developer 2, and Structural Engineer 1 
presented.  
 

1. How could activities (for planning and conducting) manage progress in 
projects? 

2. What type of sub-processes could be manageable for parallel planning in 
design? 

3. Who should manage specific planning overhead planning and detailed 
planning? 

4. How could tasks definition and overhead plan be combined in LPS? 
5. How could product development be supported by the ICT-system LPS? 
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Specific functionality for document management in the ICT-
system LPS (meeting 5) 
The meeting will focus at document functionality in the system, for 
drawings, scanned documents, and files. Based on meeting 3 has these focus 
interview questions to be answered in the line with the research. In this 
meeting are Project Manager 2, Factory Manager, and Software Developer 
1, Software Developer 2, and Structural Engineer 1 present. 
 

1. What type of files should be supported by the ICT-system LPS? 
2. How should 2D and 3D CAD models be managed in the database? 
3. How should sharing of template files be managed? 
4. Who should have access to files and how could access be managed? 
5. How could stages in the process be connected to documents, models and 

drawings? 

Specific functionality according to building standards in the ICT-
system LPS (meeting 6) 
The meeting will focus at functionality according to standards in the system. 
Based on meeting 3 has these focus interview questions to be answered in 
the line with the research. In this meeting are Project Manager 2, Factory 
Manager, and Software Developer 1, Software Developer 2, and Structural 
Engineer 1 present. 
 

1. How could the company's building system stored in the ICT-system LPS? 
2. By which standards are building parts best described? 
3. By which standard are the process best described for both planning and follow 

up? 
4. Who should the system manage production standards for assemblies and on-

site production rules? 
5. How could internal guiding and check lists be used in an ICT-system LPS? 
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Activity/Deliveries Starts Time Actors Delivery format
Tender procedure
Plan &  facade drawings for tender documents Day -300 to -14 Structural engineer

Tender documents Day -300 to -14 Sales word-document
General recomendations Day -14 8 hours Sales pdf-document
Subcontraction settlement Day -17 to Day 5 Consultant coordinator
System documentation Day -16 to Day 5 Project manager word-document
Signing contract Day 0 Sales

Start up
Start meeting Day 1 8 hours Sales
Client breefing bidding document Day 2 6 Days Client
Building permitted by city planning Day -30 to 10 Project manager
Accomodation protocol Day 4,5,6 2 Days Project manager
Main time plan Day 5 1 Day Project manager
Accessability inspection Project manager
Design time plan Day 7 2 hours Project manager
Completed building permit Day -7 to +35 Project manager
Arranged ensurance Day 14 10 minutes Project manager
Cilent inspection Day 14 to Day 28 1 Day Consultant coordinator
General recomendations subcontractions Day 60 1 Day Project manager word-document
Start meeting MEP 2 Days Consultant coordinator

System engineering
System design, plan, section, facade Day 2-22 16 Days Structural engineer plt/dwg/paper drawings
System design, ventilation Day 18-31 HVAC engineer plt/dwg/paper drawings
System design, plumming Day 18-31 HVAC engineer plt/dwg/paper drawings
System design, electricity Day 18-31 10 Days Electricity engineer plt/dwg/paper drawings
Revision stop building permit Day 30 Structural engineer
Fire protection documentation 12 Days Project manager
Optional list framwork Project manager
Compiling review documents structural design Day 20 2 Days Structural engineer
Compiling review documents MEP design HVAC and Electricity

Strategical purchase
Purchase windows Day 8 Purchase
Purchase doors Day 15 Purchase
Purchase kitchens Day 22 Purchase
Purchase stairs Day 29 Purchase

System selection
Selection of locking system Day 35 Client
Selection of alarm system Day 72 Client
Selection of ventilation system Day -12 to Day 20 Client
Selection of mixers and sanitary fittings Day 64 Client
Selection of radiators Day 70 Client
Selection of switchers and sockets Day 65 Client
Selection of interior surfaces Day 42 Client

Module design
Littera (module + apartment) Day 38 Structural engineer
Module design element Day 35 15 Days Structural engineer vec-format
Module design Ventilation Day 42 5 Days HVAC engineer vec-format
Module design Plumming Day 42 5 Days HVAC engineer vec-format
Module deisgn Electricity Day 47 7 Days Electricity engineer vec-format

Production preparation
Element design (structural) Day 60 15 Days Structural engineer plt/dwg/paper drawings
Technical manual Day 62 4 Days Project manager word and paper documents
Export quantity from DDS CAD Day 70 2 Days Structural engineer lst/xls
Material specification Day 70 2 Days Structural engineer word -document
Completion electricity for element Day 70 5 Days Electricity engineer vec-format
Completion Ventilation for element Day 70 3 Days HVAC engineer vec-format
Completion plumming for element Day 70 5 Days HVAC engineer vec-format
Plotting element drawings Day 90 2 Days Structural engineer A1 drawings
Machine files (CAM) CNC Day 93 1 Day Structural engineer CDT-files
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Activity/Deliveries Starts Time Actors Delivery format
External design (no volume related work)
Load stability foundation dimension Day 42 14 Days Geological engineer plt/dwg/paper drawings
Foudation design Day 42 12 Days Geological engineer
Fire protecting design Day 42 12 Days Fire engineer
Acustic design Day 16 5 Days Acoustic engineer
Detail roof and truss design Day 30 to 70 Structural engineer plt/dwg/paper drawings
Design yard house Day 30 to 70 Structural engineer plt/dwg/paper drawings
Balconies Day 30 to 70 Structural engineer plt/dwg/paper drawings
Loft galleries Day 30 to 71 Structural engineer plt/dwg/paper drawings

Preparation assembly on site
Montage order Day 40 1 Day Site manger
Suborder to agreement Project manager
Piecework bases Before on-site 5 days Site manger
Notification to Labor Inspectorate Before on-site 4 hours Site manger
Workplace notification Site manger
Workplace ditribution plan Day 1 to Day 140 1 Day Site manger
Cargo list Before delivery 2 Days Production manager
Review document to Local manager 10 min Project manager
Div. delivery on site Project manager

Relation documentation
Room descriptions Day 40 to Day 90 3 Days Project manager
U-value structural parts Day 40 16 hours Project manager
Completed Technical descriptions Day 42 40 hours Project manager
Drawing protocol distribution Project manager
Operation & Maintenance map structural 14 days bef. site insp. 2 Days Quality manager Paper document in maps
Operation & Maintenance map MEP 14 days bef. site insp. 2 hours Quality manager Paper document in maps

Plans
Payment plan Day 140 2 Days Project manager
Work environment plan Before on-site 3 hours Quality manager Paper document in maps
Environment plan Before on-site 1 hour Quality manager Paper document in maps
Quality plan Before on-site 2 hours Project manager Paper document in maps
Control plan for own control Before on-site 10 min Quality manager Paper document in maps
Prepare work place map Before on-site 3 hours Project manager Paper document in maps
Design meeting protocol Day 1 to Day 140 Project manager
Establising safty Before on-site 30 min Project manager Paper document in maps
Result map 14 days bef. site insp. 1 hour Quality manager
Choice plan Day 7 to Day 15 Project manager

Building deklaration Project manager
Normative inspection by clients 21 days bef. site insp. Project manager
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