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ABSTRACT 

 
During product development, most of the customer value, as well as the cost and the 
quality of a product are defined. This key role of development in industry has led to an 
intense search for better ways to develop products, software, services and systems.  

One development methodology that has received positive attention is Set-Based 
Concurrent Engineering (SBCE). Some authors claim that SBCE and related practices 
from Lean Development are four times more productive than traditional development 
models. Unfortunately, SBCE is also described as hard to implement. 

This thesis presents the results of a three year research project aimed at implementing and 
describing the effects of Set-Based Concurrent Engineering in industry. The scope of the 
research is to use the principles of SBCE as a means to improve the productivity of 
industrial product development processes and its resulting products.  

The contribution of this work is a better understanding of Set-Based Concurrent 
Engineering and a support to implement its principles. The results show that SBCE gives 
positive effects on many aspects of product development performance and on the resulting 
products.  The improvements are especially dominant on product performance, product 
cost and the level of innovation 

Moreover, a comparison between a Set-based decision process and a traditional matrix for 
design evaluation is presented, showing that these two approaches generate different 
results. The matrix evaluation promoted the development of new technology and the Set-
based process promoted a thorough understanding of the important design parameters of 
the current designs. 
 
Finally, this work presents a structured design process and computer tool for 
implementing the principles of SBCE. The process was demonstrated by using 
information from an industrial development project, showing how the proposed process 
could implement the three principles of SBCE in a traditional Point-based development 
environment. 
 

Keywords: Engineering Design, New Product Development, Design Decisions, Set-based 
Concurrent Engineering, Set-based design, Lean Product Development, 
Design process, Development method 

 

 



 

 

 



INDUSTRIAL EXPERIENCES OF SET-BASED CONCURRENT ENGINEERING-  
EFFECTS, RESULTS AND APPLICATIONS 

3 

 
ACKNOWLEDGEMENTS 

 
  

The research work towards this thesis has been carried out at the Department of 
Mechanical Engineering at the School of Engineering, Jönköping University, Jönköping, 
Sweden. I would especially like to acknowledge my advisor, Professor Staffan Sunnersjö, 
for all his support and encouragement during this research. 

I would also like to express my gratitude to Chalmers University of Technology, 
Department of Product and Production Development, and Professor Hans L. Johannesson, 
for kindly accepting me as a PhD student. The research school ProViking is also 
acknowledged. 

I would like to thank both past and present colleagues and the members of the Italian 
Sports Car Club for the pleasant discussions and working environment. Special thanks are 
sent to my colleagues Fredrik Elgh and Mikael Cederfeldt for providing insightful 
comments in research-related matters. 

Finally, I would like to extend my sincere thanks to my industrial collaborators and to 
Peter Andersson and Ingvar Rask at the research institute SWEREA IVF AB. Without 
their thoughts and participation this research work would not have been possible. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 
  



INDUSTRIAL EXPERIENCES OF SET-BASED CONCURRENT ENGINEERING-  
EFFECTS, RESULTS AND APPLICATIONS 

5 

 
PUBLISHED PAPERS 

 

The following published and appended papers constitute the basis of this licentiate thesis.  

Paper A – Raudberget, D., (2010), “Practical applications of Set- based Concurrent 
Engineering in industry”, Journal of Mechanical Engineering, vol. 56, no.11, 
pp. 685-695 

Paper B – Raudberget, D., (2010), “The decision process in Set- based Concurrent 
Engineering - an industrial case study”, Proceedings of the 11th International 
Design Conference DESIGN 2010, Dubrovnik, Croatia. 

Paper C – Raudberget, D., (2011), “Enabling Set- based Concurrent Engineering in 
traditional product development”, Proceedings of the International Conference 
on Engineering Design, ICED11, Copenhagen, Denmark. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

  



INDUSTRIAL EXPERIENCES OF SET-BASED CONCURRENT ENGINEERING-  
EFFECTS, RESULTS AND APPLICATIONS 

7 

 
TABLE OF CONTENTS 

 
 

CHAPTER 1: INTRODUCTION .................................................................................................................. 9 
1.1  THE ROLE OF DEVELOPMENT IN MANUFACTURING INDUSTRY .................................................... 9 
1.2  THE CONCEPT OF SET-BASED CONCURRENT ENGINEERING ......................................................... 10 
1.3  MOTIVATION FOR THE RESEARCH ....................................................................................................... 11 
1.4  RESEARCH QUESTIONS ........................................................................................................................... 12 
1.5  DISPOSITION OF THE THESIS .................................................................................................................. 13 

CHAPTER 2: RELATED WORK .............................................................................................................. 15 
2.1  DESIGN METHODOLOGY ......................................................................................................................... 15 
2.2  SET-BASED CONCURRENT ENGINEERING .......................................................................................... 18 
2.3  LEAN PRODUCT DEVELOPMENT ........................................................................................................... 23 
2.4  POPULAR DECISION METHODS IN DESIGN ......................................................................................... 25 
2.5  THE ROLE OF KNOWLEDGE MANAGEMENT ...................................................................................... 27 
2.6  CONCLUDING SUMMARY........................................................................................................................ 28 

CHAPTER 3: RESEARCH APPROACH .................................................................................................. 31 
3.1  DESIGN RESEARCH ................................................................................................................................... 31 
3.2  APPLIED RESESARCH APPROACH ......................................................................................................... 34 
3.3  COLLECTION OF EMPIRICAL MATERIAL ............................................................................................. 35 
3.4  VALIDATION OF THE RESEARCH .......................................................................................................... 36 

CHAPTER 4: RESULTS ............................................................................................................................. 39 
4.1  PAPER A: PRACTICAL APPLICATIONS OF SET BASED CONCURRENT ENGINEERING IN 

INDUSTRY ................................................................................................................................................... 39 
4.2  PAPER B: THE DECISION PROCESS IN SET-BASED CONCURRENT ENGINEERING ..................... 44 
4.3  PAPER C: ENABLING SET-BASED CONCURRENT ENGINEERING IN TRADITIONAL PRODUCT 

DEVELOPMENT .......................................................................................................................................... 48 

CHAPTER 5: DISCUSSION ....................................................................................................................... 53 
5.1  ANSWERS TO THE RESEARCH QUESTIONS ......................................................................................... 53 
5.2  RESEARCH EVALUATION ........................................................................................................................ 55 
5.3  CONCLUSIONS ........................................................................................................................................... 57 
5.4  FUTURE WORK ........................................................................................................................................... 57 

APPENDED PAPERS .................................................................................................................................. 63 

 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 



INDUSTRIAL EXPERIENCES OF SET-BASED CONCURRENT ENGINEERING-  
EFFECTS, RESULTS AND APPLICATIONS 

9 

CHAPTER 1  

: 
INTRODUCTION 

 

CHAPTER INTRODUCTION 

This thesis describes the effects on the products and on the design processes due to the 
introduction of Set-based Concurrent Engineering. The results are based on a three year 
research project aimed at describing the effects of Set-Based Concurrent Engineering in 
industry. The scope of the research is to use the principles of SBCE as a mean to improve 
the productivity of industrial product development processes and its resulting products. 

In this chapter, a brief introduction to Set-Based Concurrent Engineering is presented, 
along with the industrial and scientific need. Finally, the purpose of the research project 
and the research questions are presented.  

 

1.1 THE ROLE OF DEVELOPMENT IN MANUFACTURING INDUSTRY 

During product development, most of the customer value, as well as the cost and the 
quality of a product are defined. A first-class development organisation is therefore crucial 
for maintaining a profitable market position. 

One may argue that the final product properties are created by the manufacturing system, 
and that manufacturing thereby determines the cost and the quality of a product. Studies 
shows, however, that the best performing manufacturing companies could credit part of 
their success to their attention to design [1]. Other authors stresses that the design process 
is the most important factor affecting the outcome of the production system [2, 3].  

This key role of development in industry has led to an intense search for better ways to 
develop products, software, services and systems. One methodology that has received 
positive attention is Set-Based Concurrent Engineering1 [2-10]. Some authors 
optimistically claim that Set-Based Concurrent Engineering (SBCE)  and related practices 
from Lean Development are four times more productive than traditional development 
models [2, 7]. Unfortunately, SBCE is also described as hard to implement [3]. 

                                                 
1 Also known as Set-based Design or Set-based Engineering. 



 

 

1.2 THE CONCEPT OF SET-BASED CONCURRENT ENGINEERING 

Set-Based Concurrent Engineering is interpreted differently by different authors, and this 
thesis follows the definition given by Sobek et. al [8]. 

Briefly, the concept of SBCE is characterized by developing multiple solutions to design 
problems in parallel. It considers sets of design alternatives rather than a specific design. 
As the design evolves, the sets of solutions are gradually narrowed down based on 
relevant information from customers, manufacturing departments, tests, and other sources. 
In the end, only one solution is left.  

The term “Set-Based” is opposed to the term “Point-based” [9], describing the traditional 
development methodology. In this context, a Point-based design is characterized by an 
early selection and approval of one “best” specific design, a single point in the solution 
space. This initial design is then refined, re-worked and sequentially modified until an 
acceptable solution is found. 

A “set” denotes a palette of different solutions to a specific function or problem and can be 
seen as a family of design proposals. In this thesis, a set is seen as a group of design 
alternatives fulfilling the same need or function.  

SBCE is not a prescriptive methodology. Instead, it relies on three principles2 [8]: (1) Map 
the design space, (2) Integrate by intersection, and (3) Establish feasibility before 
commitment.  

The first principle implies to develop sets of design alternatives from the perspective of 
each technical discipline. Specific designs are not considered alone; instead the disciplines 
shares all designs with the other disciplines: “designers explicitly communicate and think 
about sets of design alternatives at both conceptual and parametric levels.”[9] 

The second principle focuses on reducing the number of solutions in the sets. This is 
balanced by the desire to keep the design space unrestricted until sufficient information is 
acquired to enable design commitments. The intersections between the sets are identified 
by two different approaches [11]. The first approach is to find the region where members 
of the individual sets are compatible with each other. In this thesis, a compatible solution 
is capable of interacting and operating in combination with other elements in a system. 
The second approach is to find the border lines where the current constraints are satisfied.  

The third principle implies to narrow the sets gradually while the level of detail of the 
remaining solutions is increased. “...designers ... gradually narrow these sets by 
eliminating inferior alternatives until they come to a final solution.” [9]. This approach 
resembles natures ”Survival-of-the-fittest” progression, where the weak individuals that 
cannot satisfy the constraints are sorted out.  

The Set-based process can be described by Figure 1.1, where the set of possible design 
solutions to the problem are schematically drawn as circles. Each set of possible solutions 
to a function is not fully overlapping the other sets, and the compatible solutions are 
represented by the intersection between all sets. 

                                                 
2 The principles are further explained in chapter 2 



INDUSTRIAL EXPERIENCES OF SET-BASED CONCURRENT ENGINEERING-  
EFFECTS, RESULTS AND APPLICATIONS 

11 

 

 
Figure 1.1: Sets, intersection of sets and narrowing of constraints. 

 

The number of solutions are reduced both by removing those falling outside the 
intersection, and also by tightening and adding more constraints. The process of reducing 
solutions is repeated until only one solution remains. 

1.3 MOTIVATION FOR THE RESEARCH  

The overall purpose of the research is to investigate if the productivity of the design 
process can be improved due to the introduction of Set-based Concurrent Engineering. 
Here, there are two primary knowledge gaps that that motivates the research: The first gap 
is lack of knowledge about the impact and relevance of SBCE for problems and industrial 
settings outside the original study [9]. The second gap is the lack of practical experiences: 
even though the concept of Set-based Concurrent Engineering is well known, there are no 
previous studies that explain how to apply its principles or when SBCE is useful.  

The objective is to evaluate the effects of SBCE in industry and to develop support for its 
introduction. Different aspects are studied, such as the general impact on cost and lead 
time, but also on details inside the development process such as design decisions and 
design convergence. 

1.3.1 Scope of the research 

The scope of the research is to study SBCE both in theory and through industrial cases to 
gain a better understanding of the subject. The approach is to apply the principles of SBCE 
to different product development processes. It includes studies of the introduction of 
SBCE pilot projects, analysis of the results and identification of important key features. 
Existing descriptions and theories concerning SBCE and the related domain of Lean 
product development are used as an initial starting point to develop means for the 
introduction of SBCE.  

The decision process of SBCE is also included in the scope since the methods for 
evaluations of designs are different compared to traditional Point-based development 
processes. Design decisions have a fundamental influence on all aspects of product 



 

 

development, and it is therefore important to study the details of a Set-based decision 
process.  

Finally, a structured process to introduce SBCE is developed. This process should support 
the three principles of Set-based Concurrent Engineering and be consistent with findings 
in this research and with previously reported results. 

1.3.2 Industrial and scientific contribution 

The previously stated superior efficiency of SBCE makes the concept relevant for product 
developing industry. An evaluation of its principles in an industrial setting outside the 
original study [9] is therefore important but has not been documented before. Even though 
there are prior examples of SBCE trials, the principles have not all been consistently 
applied or evaluated in industry. 

From a scientific standpoint, there are also questions that that motivates the research. The 
principles of SBCE were mainly formulated on the grounds of one industrial example [1-
3] and from theoretical simulations of a design compiler [12]. There are no prior studies 
showing that the three principles, extracted out of one firm’s development process, would 
improve the efficiency or effectiveness of another firm’s design process. Therefore, a 
validation of the effects of SBCE is relevant. 

From an industrial point of view, the principles are not giving any advice for how to 
implement them. A structured way to introduce the three principles of Set-based 
Concurrent Engineering is therefore needed. 

Also, in order to introduce SBCE in  industry, there are practical difficulties that need to 
be overcome: SBCE is usually considered incompatible to traditional phased project 
models [2, 3, 7], which is a common way to organize an industrial development process. 
Another drawback is that SBCE is characterised by a slow decision process [9], an effect 
that is usually considered having a negative effect on the development performance.  

1.4 RESEARCH QUESTIONS 

The overall objective of investigating the potential usefulness of Set-based Concurrent 
Engineering could be divided in the following research questions (RQ): 

1.4.1 RQ1: What are the practical effects of SBCE in product developing industry? 

This research question consists of two parts:  

First, it aims at investigating if the principles of SCBE will give any positive or negative 
effects on the development process and its resulting products. The three principles were 
extracted from the original case by Sobek et. al [8], but no studies of their effects have 
been published. In the present research, the parameters studied were related to costs and 
the use of resources, product characteristics and development process metrics. 

Second, the effects on the decision process are also included in this question. The State-of-
the-art indicates that SBCE is characterised by a different decision process, that can be 
slow compared to traditional Point-based development [9]. This is a property usually 
considered to have a negative effect on development performance in the terms of agility 
and development speed.  
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1.4.2 RQ2: How can SBCE be introduced in product developing industry?  

This research question was formulated for developing a process to introduce SBCE and 
can be divided into three parts: 

First, it includes investigating how a design process can be restructured to incorporate the 
principles of SBCE, and how the principles can support the management of design 
projects. Since SBCE is usually considered incompatible to traditional phased project 
models [2, 3, 7], it is unclear if SBCE can be introduced in firms practicing traditional 
Point-based development.  

Second, this question includes identifying the key features and practices of SBCE, as well 
as finding good examples of SBCE introductions. These descriptions should be more 
detailed than in previous studies. 

Finally, barriers for introduction of SBCE are to be identified.  

1.5 DISPOSITION OF THE THESIS 

This thesis consists of an introductory part, the research approach, a summary of three 
contributing publications and conclusions:  

Chapter 1 is the introduction including background and aim of the research.  

Chapter 2 describes the frame of reference and related work.  

Chapter 3 presents the research approach. 

Chapter 4 presents the findings of the appended papers. 

Chapter 5 includes discussion, conclusions and suggestions for future work. 
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CHAPTER 2 
: 

RELATED WORK 
 

CHAPTER INTRODUCTION 

This chapter presents a selection of literature aiming at positioning Set-based Concurrent 
Engineering in relation to existing design methodologies. Some methodologies are 
fundamental for the research, others provide a contextual overview.  

 

2.1 DESIGN METHODOLOGY  

Companies often use a formal design methodology to create products, services and 
systems. By using a formal design methodology, the development activities are 
transformed from art and craftsmanship to a structured, repeatable process. From an 
industrial point of view, the two main purposes of using methods and processes are to 
improve the cost and speed of the engineering process, and/or to improve the cost, and 
quality of the outcome of the engineering process.  

A design methodology is defined by Hubka and Eder [13] as a “coordinated grouping of 
methods”. It is in its nature prescriptive, where certain procedural models should be 
followed, in order to receive the stated benefits of the methodology. There are numerous 
design methodologies, all targeting different areas of design and in the following section 
the design methods relevant to Set-based Concurrent Engineering are discussed. 

2.1.1 The generic design process 

The process from a market need to a manufactured product can be found in many 
textbooks on mechanical design and product development. This process is described in 
different ways by different authors: Pahl and Beitz [14], for example, offer guidelines for 
design, such as simplicity and unambiguousness. Pugh [15] offers a widely known design 
selection method.  

On an overall level, however, the design process described by these authors is similar and 
can be seen as the generic, best practice to develop products. Different versions of this 
generic process can be found in literature by Ullman [16], Ulrich and Eppinger  [17], Pugh 
[15], Pahl and Beitz [14] and other authors. Typically, design is described as a converging 
funnelling process.  

A representative model of this generic funnelling process can be described by Figure 2:1. 



RELATED WORK 

 

 

 
Planning          Concept               System-Level Detail Testing and     Production 
  Development  Design Design Refinement      Ramp-Up 
 
Figure 2.1: After Ulrich and Eppinger [17]. 
 

The process starts with a planning phase, which includes the definition of business and 
customer need, the clarification of the task and what results to accomplish. This is 
followed by a concept development, a wide search for possible solutions. As the work 
progresses, it passes through steps intending to ensure a high quality product: system level 
design, detail design, testing and refinement and production ramp up, etc. One important 
feature of the funnelling process are the methods deployed to reduce the number of design 
solutions, where the objective is to select the most promising alternative to spend 
resources on. 

On an overall level, the Set-based process seems rather similar to this generic process. In 
Figure 2.1, however, the design iterations and loopbacks are not described, i.e. when the 
process has to return to an earlier stage of development. A Set-based approach uses 
parallel alternatives and can be characterised as convergent rather than iterative. There is 
no distinct phase where the best alternative is chosen or specifications are fixed. 

2.1.2 Integrated Product Development and Concurrent Engineering 

To discuss Set-based Concurrent Engineering, knowledge of the related concepts 
Integrated Product Development [18] and (point-based) Concurrent Engineering [19] is 
needed. These are processes designed to overcome different drawbacks of a serial 
development process.  

The serial process can be seen as a "relay race" where one set of activities is completed 
before the information is passed on to the technical discipline that is responsible for the 
next set of activities. It can be characterised by a series of sequential tasks with little or no 
communication between functional disciplines.  

One important drawback of a serial process is the prolonged development lead- times 
caused by the inability to process information in parallel. Another drawback is the 
possibility of iterative design loopbacks since feedback from other technical disciplines 
comes late. This increases both development costs and development lead- times since 
errors discovered later are more costly and time-consuming to correct compared to errors 
discovered early in the design process. 
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To eliminate the difficulties caused by poor communication between functional 
departments, Integrated Product Development was created [18]. Here, development is 
performed in Cross-functional teams enabling quick and un-bureaucratic communication. 
In Figure 2.2 this can be seen as parallel activities instead of sequential activities: the 
analysis of the market and customer need run in parallel with product and process design, 
aiming at good compromises between the various requirements and constraints. 
 

 
Figure 2.2: Integrated Product Development. After [18]. 
 

A related concept, targeting the speed of development, is Concurrent Engineering. It is 
based on two fundamental concepts [19]: The first fundamental concept is that all 
development activities ideally should be occurring at the same time, concurrently. By 
running activities in parallel, the overall lead-time from idea to start of production can be 
shortened. 

The second fundamental concept is that different points of view should be taken into 
consideration in the early design phases, thereby avoiding unnecessary loopbacks. 

2.1.3 Theory of Domains’ 

The theory of domains’ was introduced by Andreasen [20]. The model identifies four 
different levels of systems structures, i.e. domains, in the design of a system. The domains 
are process, function, organ and the constructional domain where the physical components 
are designed. 

Each domain can be described as a two dimensional space: The first dimension relates to 
the understanding of the solutions to a design problem, ranging from an abstract to a 
concrete understanding. The second dimension relates to the description of the solutions 
from a low to a high level of detail, see Figure2.3. 
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Figure 2.3: The four domains of design with gradual change in concretisation and detailing. After [20] 
 
The model suggests that in order to arrive at a full understanding of the design solution, no 
field should be left blank. The designers work between domains and zigzag between 
simple and abstract representations through different levels of complexity. By being more 
concrete and closing the gaps in the model, the process generates knowledge in the 
different domains and in that sense it resembles the Set-based process. However, the 
approach is not intended for designing multiple alternatives. 

2.2 SET-BASED CONCURRENT ENGINEERING 

The first description of Set-based design was made by Ward [12], based on his studies on 
a “mechanical design compiler”. When Ward later discovered his ideas at work in Toyotas 
development organisation, the term Set-Based Concurrent Engineering was established 
[4]. Ward had a background in computer science and specialized in Artificial Intelligence. 
The mechanical design compiler was a configurator for mechanical design, that used 
constraint programming to select and combine catalogue components [12]. The work on 
the mechanical design compiler went beyond finding one acceptable solution but rather 
exploring the whole design space in order to find the best combination of components 
fulfilling the given constraints. By moving established computer science tools for reducing 
and searching large sets of data to the domain of product development, the first steps were 
made towards the principles of SBCE.  

In design, the number of design alternatives for a combination of solutions quickly 
increases into astronomical amounts of rules and data and it is not always possible for a 
program to terminate within reasonable time. By excluding solutions that are not 
compatible, i.e. unable of operating in combination with elements in the other sets, the 
design space can be pruned to save execution time, without sacrificing any potentially 
good solutions. Applying a constraint of the type “220V < Voltage < 240V” to a set of 
electric motors, terminates the configurations using 110V or 400V motors. More complex 
constraints can be propagated according to rules and laws of physics.  

The start of the research on SBCE was when Ward found that this process also was used 
as the backbone of a previously unknown design methodology at Toyota Motor 
Corporation [9]. However, it was not executed in software, but by engineers applying 
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design constraints to sets of design solutions, and thereby achieving a converging design 
process with narrowing specifications. 

2.2.1 The three principles 

SBCE is not a prescriptive methodology; instead it relies on three principles [8]. This 
implies that SBCE needs to be adapted to each individual application. Even though the 
principles are simple, they have provided a useful guideline for the practical adaption of 
industrial design processes [21]: 

 

1. Map the design space:  - Define feasible regions. 

- Explore trade-offs by designing multiple 
alternatives. 

- Communicate sets of possibilities. 

2. Integrate by intersection: - Look for intersections of feasible sets. 

- Impose minimum constraint. 

- Seek conceptual robustness. 

3. Establish feasibility  - Narrow sets gradually while increasing detail. 

    before commitment. - Stay within sets once committed. 

- Control by managing uncertainty at process 
gates. 

 

The first principle implies a wide search for possible solutions without taking other 
functional departments´ needs or opinions into account. The author would like to 
emphasize that this is a contradiction to the Concurrent Engineering practice. In 
Concurrent Engineering, an important principle is that constraints from different technical 
disciplines and functional departments are considered at the beginning of the process. 

The second principle integrates the different solutions by eliminating those that are not 
compatible with the main body of solutions. When information to enable elimination is not 
readily available, the designers evaluate, build or simulate the remaining solutions to gain 
knowledge of the different alternatives. 

The last principle is a commitment to develop solutions that both matches the other sets 
and fulfils current specifications. Elimination of remaining solutions is done by repeated 
development, tightening of specifications and application of the second principle. 

The design process of SBCE is explained in Figure 2.4. Here, a “set” is schematically 
drawn as a circle. The boundary of the circle is representing the design constraints and 
requirements, that will be gradually tightened during the development process. The sets 
are built up by designing multiple alternatives. SBCE is not concerned with the generation 
of design solutions but there are sufficient creative methods and systematic approaches 
available in industry to generate these. 
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Figure 2.4: The Set-based process. Adapted from [10]. 

 

To reduce the number of solutions, two different approaches are used [11]. One approach 
is to identify designs violating the constraints and requirements, a common approach in 
design methodology. However, the management of requirements is an important 
distinction from traditional development [2]. In SBCE, the requirement specifications are 
initially defined by a broad interval instead of being a specific number.  

The second approach is to find the intersection where members of the individual sets are 
compatible, i.e. where the solutions are capable of interacting and operating with each 
other. This is a different approach than the traditional point-based selection: Instead of 
using different methods for ranking and selecting one or a few concepts for further 
development, the SBCE decision process is based on a rejection of the least suitable 
solutions. Rather than making an educated guess of the performance of a future design, 
SBCE carries forward all implementations that cannot yet be eliminated. This is a robust 
process by since the consequences of an incorrect choice are fairly small. Rejecting the 
third worst solution instead of the worst is less critical compared to the magnitude of 
failure if the third best alternative is picked for development instead of the best. 

Convergence of the design process is created by repeatedly tightening the specifications 
and looking for intersections. In Figure 2.4 this is represented by the decreasing boundary 
of the circles. Specifications and requirements are gradually narrowed down to a fixed 
point, but are flexible during the process, allowing engineers to compromise on different 
aspects. The set of possible solutions decreases step by step, but is balanced by the desire 
to keep the design space unrestricted until sufficient information is acquired to enable 
design commitments. In the end, only one solution remains.  

Although it seems circumstantial, studies have shown that the SBCE decision process is 
effective [9]. One reason for this may be that choosing alternatives requires detailed 
knowledge of all different alternatives while the elimination of alternatives requires only 
partial information. 
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The opposite of Set-based is the widely used traditional “Point-based” [9] development 
methodology shown in Figure 2.5.   

 

 
Figure 2.5: Schematic view of the Point-based development process. 
 

Here, the selection and approval of a single design solution is done early when the 
knowledge of the product is not complete. The selection of a concept in traditional Point-
based design methodology is an important occasion and the starting point for subsequent 
work. This single design is then re-worked and improved in an iterative way until a 
feasible solution is found. 

Committing to a single solution principle for final design and prototyping can result in a 
design- build- test- modify loop that runs until the result meets specifications. This 
situation is not desired since each iteration uses resources and slows down the 
development. Sometimes the chosen design cannot fulfil the requirements, irrespective of 
the number of iterations. In these cases a new solution principle has to be found, causing 
significant delays and increased costs. In set-based projects this is less troublesome; at 
most stages of development, the sets include multiple solutions implying that the designers 
do not have to restart the design process from the beginning. However, developing parallel 
solutions is more expensive than developing one solution. 

In the cases of loopbacks, i.e. when the process has to return to an earlier stage of 
development, the Set-based solutions are still compatible with the rest of the system. This 
makes the integration of the new design easier compared to starting from a new solution.  

2.2.2 Integration events 

One drawback of having parallel solutions is that the cost of developing these solutions is 
higher than developing only one solution. The process of narrowing the solution space is 
therefore important. The Set-based development process converges step-wise towards a 
solution acceptable from many points of view through a series of “integration events” [2, 
3, 9, 22]. These are decision points (Figure 2.6) comparable with traditional gate-reviews. 
However, at integration events, the objective is not to make a binary “go/no go” decision 
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where the project can be stopped/paused/reworked. Instead the objective is to make 
decisions on what alternative solutions to eliminate. The information available of the 
different alternatives is presented and the characteristics of different solutions are 
compared with current specifications and checked for compatibility with the other sets. At 
integration events, knowledge of the different systems and trade-offs is used to remove 
solutions that are no longer feasible in the system. If there is not enough information 
available to exclude a solution confidently, it will remain in the set and further be 
investigated. A wise strategy is always to include a low-risk member in each set. This 
works as a back-up for innovative, high-risk members, as illustrated in Figure 2.6. 

 
Figure 2.6: Schematic view of the SBCE narrowing process. 

 

2.2.3 The specification management process of Set- based Concurrent Engineering  

The management of specifications is an important feature of SBCE, aiming at an optimal 
system design rather than an optimization of components under fixed constraints. Initially, 
SBCE specifications are not fixed numbers but rather a range of upper and lower limits 
representing design specifications [8], [7]. The approach eliminates the need for a 
complete specification at the start of a project. The SBCE decision method does not 
include a pre-determined number of steps and can be used regardless of the state of 
development or maturity of the technical system. The convergence of the evolving design 
is controlled by adding more constraints and by narrowing the specifications. 
 

2.2.4 Previous applications of Set- based Concurrent Engineering  

The emerging interest for SBCE may indicate that it is a new concept, but in the early 20th 
century, the Wright brothers employed a strategy that could be characterised as Set-based 
design.  

The similarities to Set-based design are that the Wrights designed and evaluated the 
performance of different sets of design solutions to identify the critical parameters, before 
committing to a specific design. To be successful, the trade-offs between the propellers, 
wing profiles, engine and control system must all be well balanced and orchestrated. One 
example is the design of propellers. In spite of their inferior resources [23] the Wrights 
propellers had a near optimal design for the application and was superior to their 
competitors’ designs [24], which relied on heuristics for steam-boat propellers. The 
Wright propellers were shaped by knowledge of the critical design parameters obtained 

Multiple alternative solutions in the set

Low-risk member

Narrowing at

“integration 
events”

Innovative member
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from wind tunnel tests. With these data, they could make trade-offs between propulsion, 
air speed and propeller speed, and match the propellers to the set of possible wing profiles 
and engine/transmission configurations.  

More recently, other authors have used mathematical modelling inspired by SBCE of 
some aspects of product development, such as optimisations methods [25, 26]. Also 
simulations of the communication between engineers have been investigated, to compare 
the effectiveness of a Set-based approach with traditional processes [27]. 

In some cases this research is done in cooperation with industry, but only evaluation of 
single SBCE principles has been recorded. One article [28] uses input from industry to 
model and optimise a product and hereby apply parts of SBCE in the form of multiple 
solutions and broad specifications. There are also prior scientific studies of related 
industrial implementations in the “Lean Aerospace Initiative” [29], but this do not address 
the same questions as the SBCE principles.  

In the construction industry, Parrish has investigated a set-based design approach to 
reinforcing concrete structures [30]. Parrish explores multiple designs and postpones the 
commitment to a specific design. Also the communication of designs between different 
stakeholders is discussed. However this thesis is not exploring other important features 
such as Set-based decisions. 
 
Schmitt et. al [31] has investigated a set-based design approach at a company designing 
and producing medical equipment. The study explores the effects of parallel exploration 
and delaying commitment onto development flexibility but not specifically the SBCE 
principles. 

2.3 LEAN PRODUCT DEVELOPMENT 

In this thesis, the relationship between SBCE and Lean Product Development (LPD) is 
important. No attempt will be made to create a complete review of this literature. The 
choice of LPD references comes from authors that have a clear development perspective, 
as opposed to a management or manufacturing perspective. 

According to Morgan [2], Ward [7] and Kennedy [3], SBCE is a central component of the 
Lean Product Development framework. However, in the primary studies [1-3], SBCE 
contained a majority of the features that now is considered the core of LPD. In the LPD 
context, “Set-based” is now synonymous to working with multiple solutions 
simultaneously, systematically exploring trade-offs between different alternatives and the 
use of visual knowledge. 

2.3.1 The concept of Lean Product Development 

Currently, there is no generally accepted definition of LPD, or consensus on what 
ingredients are included in this concept. Originally, the term ”Lean” was first used in 
another context by Krafcik in 1988 [32], defining ”Lean Production” at Japanese car 
manufacturers as opposed to “buffered production” used by the western car manufacturers.  

The success of Lean manufacturing processes led to the transfer of the term and some of 
the underlying ideas to the field of product development through the philosophy ”Lean 
thinking” [33] . Based on the primary SBCE research and on the work of Womack and 
Jones [33], different branches of “Lean development” have evolved. The use of the same 
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term in different contexts is troublesome and sometimes leads to the confusion of the LPD 
and Lean Production concepts.  

2.3.2 Lean product development definitions according to Ward and Kennedy 

According to Ward and Kennedy, LPD consists of four components, see table 2.2. These 
components are equivalent but have slightly different denominations described in table 
2.2. This view of LPD is also the one favoured by the author of this thesis. 

 
Table 2.1: Lean product development according to Ward and Kennedy 

Ward (Kennedy) Descriptions 

Set-based Concurrent 
Engineering 

Set-based Concurrent Engineering 

Chief Engineer 
(Entrepreneurial System 
Designer)  

The CE develops the business case, product specification, 
and represents the voice of the customer. The CE has full 
authority over product decisions and specifications.  

Expert Engineering 
Workforce  (Teams of 
responsible experts) 

Promoting specialists instead of generalists, rewarding 
employees on their technical skills and expertise in their 
discipline. Emphasis on the creation of formal, codified 
knowledge. 

Responsibility Based 
Planning & Control 
(Cadence, pull, and flow) 

Groups of developers plan their own work and thereby 
eliminating wasteful management structures and progress 
reports. Visual Planning tools [34] are often used. 

 

2.3.3 Other Lean product development definitions  

The components of Table 2.1 can also be mapped on some of the 13 well-known LPD 
principles formulated by Morgan and Liker [2]. The practical value of this framework has 
been questioned and Holmdahl [35] sees many of Morgan’s principles as truisms, obvious 
or self-evident claims that are hard to implement or use.  

The widely cited concept of “Lean thinking” by Womac and Jones [33] is not addressing 
the same questions as the SBCE principles. This process has five distinct steps: (1) Define 
Value, (2) Map the Flow of Value, (3) Achieve Continuous Flow, (4) Pull, (5) Seek 
Perfection. This view is narrower than the other lean product development concepts since 
it is only considering the project value stream of a company, not the building of 
knowledge.  

The Lean Aerospace Initiative (LAI) chooses another way to achieve a Lean organisation. 
Based on Lean thinking, the focus of LAI is to re-engineer the development process by 
identifying waste and maximizing value-adding activities, or improving the information 
flow and the reduction of engineering cycle times. 



INDUSTRIAL EXPERIENCES OF SET-BASED CONCURRENT ENGINEERING-  
EFFECTS, RESULTS AND APPLICATIONS 

25 

2.4 POPULAR DECISION METHODS IN DESIGN 

Decision-making and selection of different design alternatives is a central activity in the 
product development process. A closer look at the Set-based decision process can be 
found in Paper B. 

In this section, some popular decision methods are presented. On an abstract level, the aim 
of decision methods is to identify a solution that fulfils customers’, users’ and other 
stakeholders’ interests in order to select the most promising alternatives to spend resources 
on. Unfortunately, this is a Catch-22 situation: it is not possible to make decisions based 
on the performance of a particular design until the degree of detail is sufficiently high, but 
these details are not possible to assess unless numerous decisions are made.  

Popular selection methods such as Pugh’s method for controlled convergence [15], 
Kesselring´s selection matrix [36], address this problem by a structured use of the 
knowledge at the current level of refinement. This knowledge is used to forecast the 
characteristics and performance of future designs in order to select the most promising 
one. Other ways to ways to evaluate designs presented in this section are the Set-based 
decision process and Suh’s axiom for selecting the best design [37].  

2.4.1 The decision process of Set- Based Concurrent Engineering  

The decision process of Set-Based Concurrent Engineering is sometimes described as 
delaying decisions until enough information is available [9]. In this aspect, it can be 
characterised as slow, a quality usually considered a negative impact on development 
speed, but at the same time described as very efficient. 

A Set-Based process offers a different approach to the selection methods found in popular 
textbooks [14, 16, 17, 38]. It is using the mechanism of excluding solutions that are 
incompatible and not capable of operating in combination with other elements in a system 
[7-9]. The Point-based approach, in this thesis represented by Pugh’s method [38], makes 
selection and approval of specific product solutions early when the knowledge is 
incomplete. The set-based approach is somewhat the opposite of this; Instead of selecting 
the most promising solutions, the impossible solutions are rejected [39]. In practice, this is 
an elimination of solutions that are proven unfeasible according to relevant criteria at the 
current state of development [40].  

The set-based approach resembles methods used in the early phases of development, such 
as the exclusion method [41]. It also resembles the elimination matrix [14, 16]. The 
elimination matrix is, however, a concept selection tool used to intuitively judge whether a 
concept should be eliminated or not. The concepts are evaluated against a set of generic 
criteria including the perceived ability to meet the requirements. The elimination matrix is 
not concerned with the compatibility between concepts or between individual design 
solutions in different concepts. 

The logical robustness of the rejection approach is appealing since the consequences of 
incorrect choices are rather small. If a designer is using a selection method promoting the 
second best solution as the candidate for industrialization instead of the best it is much 
more critical than excluding the second worst solution instead of the worst. 

Another aspect is the efficiency of the SBCE decision process: choosing alternatives 
requires detailed knowledge of the different alternatives in order to rank the different 
concepts correctly. Contrary to the selection of one alternative, elimination can be done 
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confidently from incomplete information. The process of eliminating solutions is therefore 
less exhaustive compared to the selection process. 

2.4.2 Pugh and Kesselring’s matrix selection methods  

Pugh’s method for controlled convergence [15] and Kesselring selection matrix [36] are 
well known methods for design evaluations. For the purposes of this thesis, only the main 
characteristics are presented, and detailed descriptions on how to use them can be found in 
textbooks and research papers. Usually, Pugh’s method is used earlier in the design 
process to select the alternatives to use in the more advanced Kesselring evaluation. 

Both methods are decision matrixes aiming at selecting the most promising design among 
a set of alternatives. To make the decisions more objective, each individual property of a 
design is compared to the same properties of the other designs, instead of comparing one 
complete alternative versus another. 

Pugh’s method is relative and uses a datum, a reference solution, together with three 
criteria: better “+”, same “S” or worse “-” than the datum, see table 2.2. The relative 
comparison between individual properties of the design alternatives and the datum is an 
important feature of the method, since it is easier for humans to compare a solution to a 
datum, than to evaluate a score.  
 
Table 2.2: One version of the Pugh selection matrix. After [15]. 

  Concept 1 Concept 2 Concept 3
Criteria 1  D S + 
Criteria 2  A - + 
Criteria 3  T + S 
Criteria 4  U - - 
Criteria 4  M + S 
 No. of +  2 2 
 No. of -  2 1 
 No. of S  1 2 

The evaluation process is a comparison in pairs of the individual attributes of each design 
solution to the corresponding attributes of the datum. The result is often summarized into a 
score, a single number representing the quality of each design [17, 42]. Ideally, the best 
alternative corresponds to the best scores. 

However, this is not the way Pugh intended the method to be used. The “+” and “-” are 
not to be arithmetically summarised since their strengths and characters are different. 
Instead, the matrix should provide a base for discussion on design evaluation rather than 
pointing out the best solution. The matrix shows the strengths and weaknesses of different 
concepts and serves as a guideline to which concepts to improve in an iterative process. 

Kesselring’s method compares each different design alternative to a set of evaluation 
criteria. Each evaluation criteria is given a weight factor or importance. Then each design 
alternative is graded on a pre-defined scale on the ability to fulfil each criterion. The merit 
value for the individual design solution is the sum of the weight factor of each criteria 
multiplied with the grades of the corresponding property of each design alternative. The 
design alternative having the highest merit value is considered the best alternative. 

Before using Pugh’s or Kesselring’s methods, preparations are needed. The process is not 
straight-forward since it is relying on human judgment rather than hard facts. One issue is 
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how to obtain the properties of a future technical system without designing, building or 
simulating it first.  

Many decision supporting methods have also another important drawback: In spite of a 
sound logical or empirical foundation, important input to the decision process is subjective 
and based on personal preferences. It is often expressed in the form of estimates of 
customer requirements or ranking the importance of different product properties 

2.4.3 Design decisions based on axioms  

In the context of design decisions, Axiomatic design [37] presents a different approach 
compared to using subjective evaluations of future performance of proposed solutions. 
The Axiomatic design methodology offers a toolbox for systematic analysis of the 
interdependence between customer needs, functional requirements, design parameters and 
process variables. The theory is, however, not providing a process for how to fulfil the 
axioms.  

Axiomatic design is founded in two axioms: the Independence axiom and the Information 
axiom. The Independence axiom states that a design should satisfy the functional 
requirements and constraints without introducing a coupling of functions. In a good 
design, individual design parameter can be adjusted to satisfy its corresponding functional 
requirement without affecting the fulfilment of other functional requirements. 

For design decisions, the Information axiom states that the best design has the lowest 
amount of information. Information is a measure of complexity and this quality is used to 
select between designs that all satisfy the Independence axiom. In this sense, Axiomatic 
design resembles the guideline “simplicity” from Pahl and Beitz [14] since it encourages 
reducing the complexity of the design. Also, the use of the Information axiom resembles 
the Set-based decision process, since both use facts about the designs to eliminate inferior 
solutions rather than estimations. 

The use of Axiomatic design, however, is again a Catch-22 situation: to calculate the level 
of information, concrete designs are needed, and to obtain concrete designs, design 
decisions have to be made. This implies that the approach in practice differs little from 
other selection methods, especially in the first stages of development. 

2.5 THE ROLE OF KNOWLEDGE MANAGEMENT  

The importance of knowledge management is obvious in all development paradigms, since 
the engineers use their knowledge to create new products and processes. Not surprisingly, 
the role of knowledge is emphasised by several authors of LPD books, devoting principles 
and cornerstones to knowledge management. Knowledgeable employees and re-use of 
knowledge is a central part in the frameworks of Morgan, Kennedy, Ward, and Sobek. 
There are also methods for storing codified knowledge that are commonly used in Lean 
contexts, such as the A3-report [2] . 

The authors above give two principal means to improve knowledge management: 

 Knowledge resides in the engineers becoming experts on their jobs. This expertise 
is carefully fostered by the organization that recognizes the value of 
knowledgeable employees.  
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 Knowledge is codified and structured into written information. In this form, it can 
be stored, retrieved and re-used by the employees. The organization recognizes the 
value of codified knowledge and dedicates resources to create and maintain it. 

2.5.1 The emphasis on design knowledge in Lean product development and Set-
based Concurrent Engineering. 

From a set-based point of view, design knowledge and the processing of design 
information is more important in SBCE compared to traditional product development. 
Since the amount of information concerning different design alternatives will be more 
extensive, the need for means to store and structure this information is correspondingly 
higher. One framework showing the relationship between the development of knowledge 
and the development of products is proposed by Kennedy [3]. It visualises the separation 
of projects aimed at delivering goods to customers and other activities such as developing 
new technologies or recycling knowledge.  

In Kennedy’s model, the inclined arrow (Figure 2.6) is representing the amount of 
knowledge in an organisation. This knowledge is mainly increased by acquiring and 
codifying experiences from customer development projects and from technology 
development projects. The horizontal arrows represent the traditional Point-based stage-
gate development, the “product value stream”. Provided that there is a learning process in 
the firm, each new project, contributes to an increased amount of corporate knowledge, 
enabling subsequent projects to start at a higher level.   

 
Figure 2.7: Kennedy’s model of design projects. After [3]. 

Kennedy’s model emphasises the importance of re-cycling knowledge. The model also 
suggests that before introducing any new technology into the product value stream, the 
knowledge of this technology should first be developed in the knowledge value stream. It 
is also in the knowledge value stream that the first phases of SBCE are performed. Here, 
designers learn by designing multiple alternatives, they look for intersections of feasible 
sets about different alternatives and gradually tightens the constraints.  

2.6 CONCLUDING SUMMARY 

Compared to the generic process, SBCE has the following unique features: 
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 The management of requirements and specifications is aiming at an optimal system 
design by letting the individual requirements be flexible allowing designers to 
compromise on different aspects. The requirements are defined as a range of upper 
and lower limits representing the design space, and are gradually narrowed down 
to a final value. 

 The traditional Point-based design methods require designers to select a final 
design at an earlier stage of development than in SBCE. SBCE is thereby allowing 
better decisions, since the knowledge of the alternatives is more substantial. 

 The decision process uses a different approach: Instead of using methods for 
grading and selecting one or a few concepts for further development, the least 
suitable solutions are rejected. This analysis may be challenging, but is a key 
feature of SBCE. 

 A Set-based process does not require or prescribe the use of co–located teams 
having mixed professional expertise from different organisational functions as in 
the Concurrent Engineering paradigm. Instead, the design and definition of the sets 
is done in functional groups. The integration of the sets is done in cross-functional 
meetings. 

 A  Set-based approach uses parallel design alternatives and can be characterised as 
convergent rather than iterative. 

 Knowledge management is more important in SBCE compared to traditional 
product development since the amount of information concerning different design 
alternatives will be more extensive. The need for means to store and structure this 
information is therefore corresponding higher. 

2.6.1 Opportunities for research 

Reflecting upon the theories introduced in this section, the areas of contribution from this 
research is a generic understanding of SBCE in industry. More specific, the following 
opportunities for research can be identified: 
 

 Current literature does not cover practical applications and testing of the principles 
of SBCE in industry. Therefore there are opportunities to clarify the effects of 
these principles on costs, lead-time and other development process metrics in 
industrial cases.  
 

 Current literature does not cover practical applications of SBCE outside the 
automotive industry. Therefore there are opportunities to clarify the effects of 
SBCE on product development in other types of industry. 

 
 Current theory of the SBCE does not cover practical means to introduce SBCE in 

industry. Thus there are opportunities to develop support and guidelines for this.  
 

 Current descriptions in relevant literature of the Set-based decision process are not 
well developed and do not describe realistic examples. Therefore there are 
opportunities to explain this process in more detail.  

 



RESULTS 
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CHAPTER 3  

: 
RESEARCH APPROACH 

 

CHAPTER INTRODUCTION 

This section describes the field of the research and the methodological framework. 
Furthermore, the adopted research approach and a description of the collection of 
empirical material are described, together with criteria to evaluate the research.  
 

3.1 DESIGN RESEARCH  

The main goal of design research is to enhance industrialised product development [13]. 
Depending on the point of view, there are a variety of ways to investigate the effects and 
usefulness of new design methodologies. One possible frame of reference is Organisation 
Theory since the introduction of new design methods requires changes to the organisation. 
Another viewpoint is the Technology Management, aiming at integrating technology, 
economics and management. However, the chosen frame of reference that supports this 
thesis is grounded in Hubka and Eder´s Design Science [13]. 

3.1.1 Classification of design research 

According to Hubka and Eder [13], design research can be described by the model in 
Figure 3.1. Here, design science is classified by knowledge of two elements; the design 
process and the designed object. The horizontal axis represents the object of research, 
ranging from research on the design process, to the output of the design process, i.e. the 
technical system/ the product. The vertical axis represents whether the goals of research 
are descriptive statements about how design is done in particular cases or prescriptive 
statements of how design should be undertaken. 
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Figure 3.1: Classification of Design Science according to Hubka and Eder.  After [13].  

Instead of classifying design research by the object of study, Cross [43] suggests that 
design research can be classified through the way it is implemented, i.e. how the research 
process is performed and for whom it is done. Cross defines three main categories of 
design research, based on people, process and products according to table 3.1. 
 

Table 3.1: Classification of design research according to Cross. Description adopted from [13]. 
 

Another view of design research is given by Jørgensen [20]. This model describes how 
theory and empirical observation are related in applied research. Design research can have 
its starting point in a problem base, a theory base or a combination of these. Jorgensen’s 
model, figure 3.2, illustrates these two starting points as parallel activities and the 
interaction between these activities generate new scientific insights that lead to practical 
results. 

 

No. Classification Description  

    

1. Research into design, By various  kinds of  observation, e.g.,  protocols  

2. Research for design, To create tools (especially computer-resident), 
design methods, forms of modelling 

 

3. Research through 
design, 

Abstraction from self-observation and other 
observations during designing, hypothesizing and 
testing. 
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The theory base of this thesis is laid by previous work in Set-based Concurrent 
Engineering. The problem base is real-life industrial observations from four product 
developing companies. 

 

 

 

3.1.2 Development of design support 

The overall goal of design research is to enhance the industrialised product development 
[13]. Therefore it is of little practical use just to suggest a framework for improving 
existing processes; the suggested framework must also be practically deployed and 
evaluated. Blessing and Chakrabarti  [44, 45] propose a research methodology for the 
development of design support, the Design Research Methodology (DRM). DRM is based 
on four stages: 

 Research Clarification  

 Descriptive study 1 

 Prescriptive study 

 Descriptive study 2 
 
The first stage creates a broad understanding for the research problem mainly by studying 
the literature. Here, preliminary goals and research questions are established, possible 
success criteria are identified and a description of the research problem is formulated.  
 

Figure 3.2: Jørgensen´s paradigms for research and development activities. After [42] 
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The second stage takes a closer look at the current situation, guided by the goals and 
research questions from the first phase. This is done by further studies of literature, 
empiric studies or simulations. At this stage, the focus is to investigate the research 
problem to that extent that it is possible to identify which parameter(s) that is important.  
Here, the current situation is documented, serving as a datum for comparisons to a future 
improved state.  
 
In the third stage, a prescription for the improvements is developed and the results of this 
stage leads to the prescription of a support to improve the current situation. 

In the fourth stage, the prescribed support is evaluated in a realistic design situation so that 
it can be judged whether it fulfils the goals identified in the first phase. 

3.2 APPLIED RESESARCH APPROACH 

The chosen applied research approach is the Design Research Methodology by the reason 
that it is suitable for all steps in the current research. 

The starting point is the Principles of SBCE. The object of study is the design process, not 
the designed object. Using Jorgensen’s [20] framework, the theory base is laid by previous 
work in SBCE. These are prescriptive statements about the design process and they will 
fall into the upper right hand of Hubka and Eder’s model [13], depicted in Figure 3.1. 
From this previous work a number of research questions are formulated. 

Following Cross´ classification, the first part of the research process can be characterised 
as Research into design [43], studying various kinds of sources of design practices through 
direct observation and analysis of documents. These initial results of the research are 
mainly descriptive, reporting the observed effects of applying the principles of SBCE in 
the pilot cases. The results fall into the bottom right part of Hubka's model.  

The goal is, however, to create tools and support for introducing SBCE which can be 
characterised as Research for design. The problem base is observations from four product 
developing companies. Based on the gathered empiric information a design process and 
computer tool to introduce SBCE in industry is formulated, falling into the upper right 
hand of Figure 3.1.  

3.2.1 Research sequence in relation to Design Research Methodology 

The applied research approach did not follow DRM in a strict sequence from stage 1 to 
stage 4. In the first study (Paper A), the first three steps of DRM were already carried out 
through the discovery and formulation of SBCE. In the prior work, the “Research 
Clarification” and “Descriptive study 1” was published by Ward [4, 9], and the 
“Prescriptive study” resulted in the formulation of the three principles of SBCE [8]. At a 
glance, this may propose problems for the application of DRM, but the authors of the 
method state that the stages can be passed in a different sequence. The actual sequence of 
this research is found in table 3.2. 
 
Since the process was not started from stage1 in DRM, the initial success criteria were 
unknown. In DRM, however, most criteria are formulated in order to support the research 
process of the first two steps. The remaining criteria are used to evaluate the last 
“Descriptive study 2”.  In Paper A, this meant to find criteria that show if the three 



INDUSTRIAL EXPERIENCES OF SET-BASED CONCURRENT ENGINEERING-  
EFFECTS, RESULTS AND APPLICATIONS 

35 

principles of SBCE lead to more successful products, and/or a better development process, 
and at what expenses.  

The sequence of research is that Paper A uses the results from Sobek’s prescriptive study 
as the input to the “Descriptive study 2”. Following the results of Paper A, Paper B 
analyses and describes the decision process of SBCE in a case study. The results of Paper 
A and B are used to formulate a process and computer tool to introduce SBCE in industry, 
which is reported in Paper C.  

 
Table 3.2: The research sequence 

Stage Description Paper 

I Research Clarification Ward [4, 9] 

II Descriptive study 1 Ward [4, 9] 

III Prescriptive study Sobek [8] 

IV Descriptive study 2 Paper A 

I Research Clarification  Paper B 

II Descriptive study 1 Paper B 

III Prescriptive study Paper C 

3.3 COLLECTION OF EMPIRICAL MATERIAL 

The research was a three year joint-venture between industry, the School of Engineering in 
Jönköping and the SWEREA IVF research institute. The empirical data for the papers are 
collected from SBCE implementation projects at four companies. The companies were 
chosen because of their efforts to implement SBCE. The unit of analysis is development 
projects in each case. A consequence of this is that it excludes activities before and after 
the project period, such as market research or preparation of production. 

To explore the practical impact of product development methods, the participation of 
professional designers is essential. These cannot be replaced by students or literature 
reviews and the research is therefore based on a case study approach. The research started 
with an exploratory study at the participating companies, in the form of pilot projects. 
Information was collected from semi-structured interviews with managers and design 
engineers, through studies of documents, and by a questionnaire at the end of the research 
project. The respondents were senior designers or managers with long experiences of 
product development. Other data sources were workshops at the companies where project 
members and researchers participated. The results are primarily found in Paper A. 

After the analysis of the results, the study was extended to include an in-depth study of the 
SBCE decision process in one of the firms, on which paper B is based. Here, the main 
empiric material comes from following the design and decision process of two design 
engineers and one manager. Also, two cross- functional workshops were held with 
representatives from mechanics-, electronics- and production departments. Here, the 
researchers contributed by introducing tools and methods for Set-based decision making. 
Besides the notes recorded at the meetings, also extensive working material from the 
development process was collected. 
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The results and experiences collected were analysed and used to develop a process for 
introducing SBCE in companies using traditional Point-based design methodologies. The 
proposed process is evaluated by using information from an earlier industrial case study 
and the results are reported in Paper C. 

3.4 VALIDATION OF THE RESEARCH  

Validation is a crucial component of the research process, measuring the relevance and 
authenticity of the performed research. Validation also includes verifying that the selected 
research method is applicable to the case studied. In this section, two approaches to 
validate the research are presented.  

3.4.1 Criteria for valid design research according to Cross 

Cross [43] presents a list of criteria for valid design research, that should have the 
following characteristics: 

- Purposive – based on identification of an issue or problem worthy and capable of 
investigation 

- Inquisitive – seeking to acquire new knowledge 

- Informed – conducted from an awareness of previous, related research 

- Methodical – planned and carried out in an efficient and disciplined manner 

- Communicable – generating and reporting results which are testable and accessible 
by others. 

Cross also draws a distinct line between ordinary day-to day development work and that of 
research and states that “I do not see how “normal works of practice can be regarded as 
works of research. The whole point of doing research is to extract reliable knowledge…. 
..and to make that knowledge available to others in re-usable form.” [43]. 

3.4.2 Criteria for valid design research according to Buur 

The following list of criteria was proposed by Buur [46] for verifying the validity of 
design theories. Buur states that design research cannot be validated through scientific 
methods such as controlled experiments. The reason for this is that the number of control 
factors are large, making it unfeasible to repeat the experiments. Also, design processes 
are unpredictable in the way that a specific outcome cannot be accredited to the applied 
design method. For these reasons, Burr introduces a list of criteria for the validity of 
design research: 
 
Logical verification 

- Consistency: no internal conflicts between individual elements (e.g. axioms) of the 
theory. 

- Completeness: all relevant phenomena observed previously can be explained or 
rejected by theory (i.e. observation, from literature, industrial experience, etc.) 

- Well established and successful methods are in agreement with theory. 
- Cases (i.e. particular design projects) and specific design problems can be 

explained by means of the theory. 
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Verification by acceptance 
- Statements of the theory (axioms, theorems) are acceptable to experienced 

designers. 
- Models and methods derived from the theory are acceptable to experienced 

designers. 
 

In chapter 5, the validity of the research is discussed based on the criteria of Cross and 
Burr. 





INDUSTRIAL EXPERIENCES OF SET-BASED CONCURRENT ENGINEERING-  
EFFECTS, RESULTS AND APPLICATIONS 

39 

 
CHAPTER 4  

 
RESULTS 

 

CHAPTER INTRODUCTION 

This chapter presents an overview and the results from the appended papers. The focus is 
on answering the research questions. Paper A describes a case study of Set-based 
implementations conducted at four firms. Paper B describes an in-depth study of a firm’s 
experiences of the Set-based decision process. Paper C presents a new process for 
introducing SBCE in companies using traditional Point-based development practices. 

4.1 PAPER A: PRACTICAL APPLICATIONS OF SET BASED CONCURRENT 
ENGINEERING IN INDUSTRY 

The paper presents the set-up and findings from a case study of Set-based implementations 
conducted at four Swedish firms. The paper aims at answering the first research question 
of this thesis and the findings are a compilation of results, experiences and issues 
identified in the implementation of SBCE.  

4.1.1 Project description 

The study was a three year joint-venture between Swedish industry, the School of 
Engineering in Jönköping and the research institute Swerea IVF. The framework for 
research was based on six pilot cases in four companies. These represent a wide selection 
of industries, working in the businesses of electronic systems, graphic industry, 
automotive supplier and heavy trucks. The size of the companies is also a wide range, 
having between 100 and 30 000+ employees.  

For each participating company, the studied design process was adapted to the Set- Based 
Concurrent Engineering principles and the teams were allowed to bypass the ordinary 
development processes whenever appropriate for the project.  To create a broad 
acceptance for the methodology, a core team of managers and engineers from across the 
organization was given an introduction to SBCE. An active research strategy was used 
with workshops at the participating companies, studying the development costs and use of 
resources, the characteristics of the resulting products and development process metrics. 

Information was collected from a questionnaire and by interviews with senior designers or 
managers with long experiences of product development. The information was compared 
to the standard development practice of the companies. On each parameter, the results 
were given 1 point if SBCE created a better result than current development practice, 0 
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points if the output was equally good and -1 point for an inferior output. The individual 
values for each company were plotted in diagrams together with the average score for all 
companies. The average value will be one point if all companies are experiencing 
improvements on a parameter. 

4.1.2 What are the effects of SBCE?  

The effects on project lead time, development costs and product cost are displayed in 
Figure 4.1. 

Lead time: The pilot projects had slightly longer lead times than comparable projects. 
There could be many reasons for this, but one reason mentioned by the engineers is that 
they are not used to this way of working. An extensive documentation also took more time 
than usual.  

Development Costs: In all projects extra resources were allocated to enable thorough 
exploration of parallel solutions in early phases of development. This caused the pilots 
having slightly higher average development costs compared to standard projects. One 
manager commented that the budget increase was surprisingly small compared to the 
increased knowledge of the product.  

Product cost: In all but one project, the product costs were reduced. One of the companies 
reported a 40% decrease in product cost compared to the initial calculated cost. This was 
achieved by having high-risk product architecture with inexpensive components in parallel 
to safer alternatives. The thorough evaluation of multiple combinations proved that the 
low-cost solution was good enough. 

 

 
 

Figure 4.1: Costs and use of resources. A positive result indicates an improvement compared to the 
current development practice. 

The effects on product performance, the robustness to changes of requirements and on the 
level of innovation are displayed in Figure 4.2. 
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Figure 4.2: Product characteristics 

Product performance: In all but one case, the performance was improved compared to the 
output of their regular methods. In the case where performance was not improved, the 
company responded that once the specifications were met, the focus was to decrease the 
cost of the product. 

Robustness to changes in specifications: In the study, the robustness was improved by the 
SBCE decision principle, and by the knowledge of key characteristics gained through the 
evaluation of different solutions.  

Level of innovation: All companies answered that the innovation level of their projects 
was improved. Again, the main reason mentioned was the parallel solutions. Carrying a 
safe option in the set as makes it also easier to develop an innovative version. 

In some cases, parameters had to be estimated, by the reason that not all projects have yet 
reached the market. The firms estimated the project risk, warranty costs and number of 
engineering changes in on-going production. The estimates were made by experienced 
engineers and managers based on the project result so far, assuming that the remaining 
part of the project would follow the same path as the first (Figure 4.3).  

 

 
Figure 4.3: Estimated development process metrics 
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Project risk: The estimated risk of project failure was considered improved in all but one 
case. In the last case, the manager argued that SBCE does not improve the level of risk in 
cases where previous knowledge cannot be used and therefore the project risk is equal to 
the risk of the current practice. 

Warranty costs: Based on the confidence in the technical solutions created in the projects, 
the participants answered that their warranty costs would improve moderately in the 
future. 

Number of engineering changes: The amount of unwanted design changes to on-going 
production was also estimated to be better than current practice. One comment was that all 
solutions were evaluated from different points of view, rather than selecting one 
alternative for review. 

Another way of investigating the usefulness of Set- based principles is to see if the 
companies intend to use SBCE in future projects. The view is optimistic (Figure 4.4), and 
all participants intend to use the methodology in upcoming projects where appropriate. 

 

 
Figure 4.4: Future expectations on SBCE 

Lead time: Most companies expect that SBCE will give them shorter lead-times in the 
future. One reason for this is the improvement in failure rate seen in the pilot projects, and 
that the organization will learn the different practices and therefore work faster. Most 
companies also argued that the increased amount of reused experiences from prior projects 
would also speed up the projects, but none of the pilot companies had implemented new 
routines for capturing design knowledge.  

Development costs: Future development costs are also considered being lower than today. 
One company commented on how SBCE gave stability to the product development 
process that helped them to avoid expensive mistakes.  

Competitiveness: All companies expected their competitiveness to increase in future 
projects.  

Proficient personnel: The companies believe that SBCE in the future will create more 
proficient engineers. This optimistic view is based on the assumption that the engineers 
will capture more useful knowledge form the exploration of parallel solutions. 
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4.1.3 Recommendations for the set-up of Set-Based Concurrent Engineering pilot 
projects  

The study shows that Set-based projects can be implemented within an organization 
practicing traditional Point-based product development with phase-gates. However, out of 
six companies initially, four have finished the pilot studies. The remaining two companies 
have not been successful, caused by a lack of commitment from the management. Hence, 
to introduce SBCE, a prerequisite is an appropriate support from within the organization. 
Table 4.1 is a summary of the recommendations for introduction of SBCE reported in 
Paper A.  

 

4.1.4 Findings from Paper A 

The results show that SBCE gives positive effects on many aspects of product 
development performance and on the resulting products, thereby contributing to research 
question 1, “What are the practical effects of SBCE in product developing industry?”. The 
improvements are especially dominant on product performance, product cost and the level 
of innovation.  

However, the improvements were achieved at the expense of slightly lower efficiency, 
measured in the terms of development costs and lead time. This is a deviation from 
literature that states that both costs and lead time are significantly lower for a Lean 
development process [2, 3, 7]. Also the effects of learning remain to be clarified. Learning 
is a distinct feature of LPD and SBCE [2, 3, 5, 9], and in the pilot projects, the firms stated 
that SBCE increases learning, but none of them had introduced new routines for this. 
 

 
Table 4.1. Recommendations for the set-up of Set-Based Concurrent Engineering projects 

Recommendation Description  

Sidestep current  
development practices 

Allow teams to bypass the standard development processes whenever appropriate. 
Avoid freezing concepts or product structures at early stages of development. 

 

Train engineers and 
managers 

Create a broad acceptance for the methodology by training a core team of managers 
and engineers.  Only select individuals that are willing to participate. 

 

Adapt and use the 
three principles 

Match the intentions of the principles to the tasks at hand, without taking any short-
cuts. 

 

Allow flexibility in 
specifications 

Set broad target initially for the most important specifications and leave the rest 
unconstrained. Use loosest possible constraints to create flexibility. 

 

Narrow sets 
 step-vice 

Gradually reduce the size of the sets as soon as information is available.  

Decisions by 
elimination 

Reject solutions on tangible reasons only. Base decisions on results of tests, 
simulations, technical data, trade-off curves or other knowledge.  

 

Include a low-risk 
member in each set   

Use back-up solutions for innovative or low-cost members of a set.   

Avoid process design  Postpone the formulation of a new development process until the experiences of 
SBCE are clarified. 
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Paper A also presents findings for the set-up of Set-based Concurrent Engineering 
projects, thereby contributing to research question 2 “How can SBCE be introduced in 
product developing industry?”. The results are presented in table 4.1 and show that Set-
based projects can be implemented within an organization practicing traditional Point-
based development with phase-gates without fundamental changes in the organisation. 
However, this requires changes to the development process in the early phases of 
development, and that the three principles of SBCE are interpreted in the context of the 
current design processes. Proper support and attention from the management is also 
required.  

4.2 PAPER B: THE DECISION PROCESS IN SET-BASED CONCURRENT 
ENGINEERING 

The paper presents the findings from an industrial case study of the decision process in 
SBCE. The paper aims at answering first research question of this thesis and presents a 
description of the effects of a Set-based decisions process compared to a traditional Point-
based process. In the study, design evaluations were carried out both by a Set-based 
evaluation and by the company´s current matrix selection method. The results describe 
how the Set-based decision process was used and how it affected the design.  

4.2.1 Project description 

The purpose of the study was to investigate if the set-based decision process renders 
different results compared to the traditional matrix selection. The industrial goal was to 
develop a new sensor system. A new improved sensor would provide benefits with regards 
to both cost and quality compared to the four types of sensor systems used in current 
production. The sensor system was to be designed with Set-based principles. Methods 
from the current development process were also used, serving as a reference for “best 
practice”.  

The first principle of SBCE is “Mapping the design space” and in this project, the 
generation of solutions gave 28 “new”, i.e. untested, sensor principles, besides the four 
currently used principles. To enable comparison between the outcome from traditional 
Point-based and set-based decisions, the first steps of sensor evaluation was repeated twice 
on the same set of solutions.  The sequence of the two different development paths are 
illustrated by Figure 4.5, both starting with the definition of a set of design solutions. In 
the current point-based methodology, the first screening and elimination of solutions is 
done by applying the engineer’s experiences and thereby removing the main part of the 
most spectacular solutions, followed by a matrix selection of the best or a few best 
solutions for further development.  
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Figure 4.5: The current Point-based process and the Set-based process 

4.2.2 Traditional decision process 

The first round of evaluations was a screening of the immature concepts, a subjective 
intuitive process where the designers estimated both the technical potential and the risk of 
failure for each alternative on a ten grade scale. All alternatives where the risk was greater 
than the potential were eliminated and the result was a stop of most unfamiliar solutions. 
Also three solutions were eliminated since they did not fall into the scope of the project. 
The result was an elimination of 20 solutions. 
 
The second round evaluation of the remaining alternatives was made by both Pugh’s[38] 
and Kesselring’s [36] matrix evaluations. Kesselring’s evaluation was simplified in that 
sense that the scale for how the individual design solutions were rated had three steps 
rather than the usual five steps. The intention of Pugh’s method is a repeated selection-
development, but in the current set-up, only one round of evaluation was planned before 
restart and initiation of the set-based elimination. A careful selection of the datum is also 
important [15], and the optical gate sensor was selected for this purpose. Also the effect of 
weight factors on the evaluation was investigated by the Kesselring matrix.  
 
Table 4.2 shows the result of both Pugh and Kesselring evaluations after applying the 
firm’s 24 criteria for evaluation. Note that there is an agreement between the selection 
methods on which technologies are the most promising (marked in grey).   
 

Table 4.2: Results from the second round of evaluation. The most promising technologies are marked 
in grey; the current technology is marked by bold text. Adapted from [40]. 
 
Concept  Pugh  score: Kesselring  score: 

Optical gate 0 0 
Hall sensor -1 -40 
Reed sensor 0 -37 
Mechanical switch -1 -39 
Capacitive sensor 0 25 
Inductive sensor -1 2 
Back bias -3 -25 
Solenoid Permeability 3 33 
Solenoid inductivity 6 62 
Short circuit 1 -3 
Plunger as potentiometer -1 -8 

Brainstorming/ 
Mapping of Design 

space

Gut‐feel 
elimination

Pugh/ 
Kesselring 
selection

Development 
of a few best 
alternatives

Repeat: 
Selection‐

Development 

Brainstorming/ 
Mapping  of 
Design space

Elimination by 
intersection/ 
unfeasibility

Development 
of remaining 
alternatives

Elimination by 
tightening of 
specifcations

Repeat: 
Elimination‐
Development
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Multiple coils 5 85 

Even though there were some uncertainties in the evaluation, none of the currently used 
solutions (bold text) received a high score. The conclusion from this example was that the 
traditional Point-based methods seem to favour new, unknown solutions over established 
solutions where the shortcomings are known. 

The selection process was halted here but the next step would be selecting a best 
alternative for preliminary design. 

4.2.3 Set-based decision process 

After completing the traditional decision matrixes the evaluation process started over 
again with the initial 32 solutions. The elimination was done according to SBCE principle 
2 and 3 starting with readily available information. Initially, simple criteria such as 
“technology readiness” was used, where the availability of commercial “off the shelf” 
components were enough to keep the solution in the set. If data was unknown, a question 
mark was noted, indicating that more work was needed. Solutions that were out of the 
project scope were also eliminated as well as solutions that were incompatible with 
adjacent systems or could not fulfil the functions needed.  

Further elimination was done stepwise by acquiring knowledge of the solutions, as 
opposed to the intuitive standard decision process used in the company. The first criteria 
concerned sensor functions and could often be found in data sheets. Properties such as 
detection distance and precision were clarified and any component fulfilling the initial 
broad specifications was kept in the set. Subsequent elimination was done by adding more 
constraints such as the need for special voltages, external processor requirements or 
detector size.  

After some time there were 14 remaining solutions but no more data could be found by 
desk-top studies. Figure 4:3 describes the status of the elimination process at this point. 
Note that highest ranked alternatives from the matrix evaluations are not superior to the 
other remaining solutions.  

 
Table 4.3: Results from the Set-based evaluation. The current technology is marked by bold text. A 
question mark indicates that more information is needed to make a decision. Adapted from [40]. 

Concept 1. Eliminated 
by availability, 
compatibility 

2. Eliminated by 
preliminary 
performance: 

3. Eliminated by 
more constraints 

Future 
elimination 
criteria 

Optical gate   ? ?  
Hall sensor  ? ?  
Reed sensor  ? ?  
Mechanical switch  ? ?  
Activation current  ? ?  
Angular sensor  X X X 

Back bias  ? ?  
Cam curve  X X X 

Capacitive sensor  ? X X 
Conductive carbon X X X X 



INDUSTRIAL EXPERIENCES OF SET-BASED CONCURRENT ENGINEERING-  
EFFECTS, RESULTS AND APPLICATIONS 

47 

Conductive fluid X X X X 
Current and voltage through 
solenoid 

 ? ?  

External permeability  ? ?  

Fiber optics  ? ?  
Guided auxiliary locking 
device 

X X X X 

Inductive sensor system  ? X X 
Laser X X X X 

Multiple coils  ? ?  
External Multiple coils    X X 
Optical reflection  ? ?  
Piezo element  X X X 
Pneumatic/hydraulic 
pressure 

X X X X 

Pressure/force gauge/film ? X X X 

Programmed magnet X X X X 

Pulse train counter X X X X 

Radioactivity X X X X 
Short circuit induced by 
solenoid 

 ? ?  

Solenoid inductivity  ? ?  
Solenoid permeability  ? ?  
Ultrasonic gauge  X X X 

Strain gauge X X X X 

Plunger as potentiometer   ? X X 

 

In order to eliminate more of the 14 remaining solutions, new information was needed. 
The company did chose to evaluate the performance through physical tests and a test rig 
was developed. The purpose of the test rig was to measure different aspects of sensor 
performance such as switching tolerances in different temperatures. The tests started with 
the sensors currently in production, revealing that the designers only had shallow 
knowledge of the important factors affecting the technologies in use. These had less 
precision and repeatability than expected and it was only after that the SBCE process 
required the designers to pursue the information needed to make decisions that these 
problems were revealed. 

The development project was put on hold here and resources were directed to perform 
more tests on the currently used sensors instead of developing new sensors. The data were 
then used to create design guidelines. 

4.2.4 Findings from Paper B 

A comparison between a Set-based decision process and a traditional Point-based matrix 
evaluation has been presented, showing that these two approaches generate different 
results. This contributes to research question 1: “What are the practical effects of SBCE in 
product developing industry?”. 
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The decision matrixes promoted the development of new sensors and none of the currently 
used sensor principles came out strong enough to be further developed. The Set-based 
process delayed decisions until the properties of both current designs and future 
alternatives were clarified and this delaying of decisions is a known property of SBCE [9]. 

The Set-based process also showed the lack of knowledge of the important design 
parameters in current designs. This lack of knowledge was not found through the current 
development process, which was unable to pinpoint the root causes of the existing sensor 
problems. Moreover, the efficiency of the Set-based decision process was demonstrated 
when the industrial partner preferred the results from the Set-based evaluations instead of 
the results from traditional Point-based matrix evaluations. 

The conclusion from this single case study is that these two approaches generate disparate 
results and part of it can be explained by the postponing of decisions until more data are 
available. It is not possible to know whether it was optimal to cure the problems of current 
technology instead of developing new sensors, and it is therefore not possible to identify 
the superior decision methodology.  

4.3 PAPER C: ENABLING SET-BASED CONCURRENT ENGINEERING IN 
TRADITIONAL PRODUCT DEVELOPMENT 

The paper proposes a way to introduce Set-based Concurrent Engineering in traditional 
companies, aiming at answering the second research question, ”How could SBCE be 
introduced in traditional industry?”. The result is a structured process and computer tool 
for the introduction of SBCE.  The usefulness of the proposed process is evaluated by 
using information from an earlier industrial case study. 

4.3.1 Requirements for introducing Set-based Concurrent Engineering 

A Set-based process is described as hard to implement [3] and the objective of the work 
was to develop a structured process to introduce SBCE. This process should be supported 
by the three principles of Set-based Concurrent Engineering with the following key 
features extracted from earlier published work, Paper A and B: 

 Design of parallel alternatives and multiple sub-systems 

 Elimination of the least suitable solutions instead of selection of the best 
solution.  

 Promoting decisions to be based on a rational reason or facts, rather than 
opinions. 

 Supporting multiple small decisions instead of single, important 
decisions. 

 Supporting evolving designs with increased level of detail 

 Supporting a step-vice evolution of requirements 

4.3.2 General approach and supporting method 

The first principle, “map the design space”, starts with the definition of feasible regions. 
These regions are built up by designing multiple alternatives. Here, no new approaches are 
needed and there are sufficient creative methods and systematic approaches available. A 
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well-known tool that can be adapted to fulfil the first principle is the morphological chart 
[18]. In Paper C, two novelties are introduced to create the Extended morphological chart:  

 Each set is identified with a row in the morphological chart, and the sets 
are thereby becoming concrete, tangible objects (Figure 4.6). 

 The chart is extended by the introduction of elements from other 
domains that are not related to design solutions. A traditional 
morphological chart only contains solutions to product functions, but in 
the proposed process, also the possible business cases, manufacturing 
processes, styling or other important aspects can be included. 

 

 
 
Figure 4.6: The mapping of functions from different domains in the Extended morphological chart 
 

To create the mapping of the design space, traditional creative methods are used to 
generate ideas. Here, each function and its solutions are denoted in rows, representing the 
different sets (Figure 4.6). The Extended morphological chart provides a visual overview 
of the possible combinations, thereby communicating the sets of possibilities. In order to 
explore trade-offs by designing multiple alternatives, the chart should be flexible and 
expanded with different solutions as the process proceeds. 

The second principle, “Integrate by intersection”, identifies intersections between the 
different sets by two different approaches. The first one is to find the region where 
members of the individual sets are compatible with each other. The other approach is to 
find the border lines where the current constraints are satisfied. For the second principle, 
the left graphic illustration of Figure 4.6 suggests that it is possible to use Set- theory to 
find the intersection between the sets. Unfortunately, there is no physical representation 
connected to the Figure, but the integration can be achieved by applying the principle of 
elimination to the sets and visualise the result in the Extended morphological chart by 
introducing three novelties: 

 The intersections of feasible sets can be found by an active search for 
the possible combinations where maximum compatibility between the 
alternatives exists. Traditionally, in the morphological chart, only one 
combination at a time is evaluated. 

 The conceptual robustness comes from the search for the largest 
amount of compatible solutions. This can be achieved by strategic 
elimination of the right members of the set.  

 Designs and functions that are incompatible with other sets are 
eliminated. If there is not enough information available for making a 
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decision, the design remains the set and the decision is postponed until 
further investigations or tests are done. 

The idea of using the morphological chart to synthesise multiple design alternatives has 
also been proposed by Almefelt [43]. The approach was intended for concept development 
and the most promising morphological combinations were identified. These combinations 
were, however, evaluated with other methods and the morphological matrix was used only 
initially.  

In the proposed method, the identification of intersections is one of two ways to reduce the 
number of active solutions. The other way is included in the third principle, “Establish 
feasibility before commitment”. The essence of the third principle is to narrow the sets 
gradually at the same time as the amount of details of the remaining solutions is increased. 
In the proposed process, this is achieved by developing the remaining alternatives one step 
further and then bring all the new information from simulations or tests together for 
evaluation. Information is used to eliminate the least feasible alternatives by narrowing 
and adjusting the requirements, adding more requirements or by identifying 
incompatibilities. The Extended morphological chart can still provide an overview of the 
different possibilities, but as the amount of information grows, the details must be stored 
in a different form in the proposed computer tool. 

4.3.3 A novel design process  

The novel design process is intended to be used both for system level design and for detail 
design, handling the conceptual and detailed levels of design at the same time. This 
follows the nature of design, where different parts are at a different state of development at 
a specific time, ranging from well-defined components to imaginary parts. The proposed 
design process can be summarised in the following activities (Figure 4.7):  

 Generate ideas 

 Make conceptual designs/investigations 

 Visualise solutions in an overview 

 Identify sets of compatibility and eliminate unfeasible solutions 

 Tighten or adjust constraints and eliminate unfeasible solutions 

 Explore remaining possibilities by investigating/designing/testing one 
step further 

 Visualise these new possibilities 

 Eliminate unfeasible solutions and add or tighten constraints 

 When constraints are unable to separate, use ranking methods 

 Repeat the development/test/elimination process until the project is 
finished  
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Figure 4.7: The proposed design process. 
 
The second and third SBCE principles are intertwined in this process, and applied 
repeatedly. The elimination of a solution is achieved by using information from tests, 
simulations, suppliers or other sources. 

4.3.4 A supporting computer tool   

The Extended morphological chart was implemented in a spread sheet template. A spread-
sheet concept was selected because of the ease of use and the speed of creating a prototype 
system. Also, necessary calculations can be done in the spread-sheet. The main function is 
to display information on different solutions, to link values and keep track of the 
requirement space. The chart can display multiple versions of a component or function, 
but the knowledge of the characteristics of those components can only be found out by 
design work and tests. This implies that there must be a structure that allows increased 
details. The tool is based on four templates (Figure 4.8): 

 The “Morphological overview” is the master sheet, linking to additional 
information pages that provide deeper details of the specific solutions. 

 The “Specification manager” that keeps track of the evolving 
specifications and the converging constraints.  

 The “Technology manager” containing relevant information of the 
solutions/components. 

 The “Morphological relations” template that stores the reasons for 
decisions. 

  
Figure 4.8: The structure of the proposed tool and a component 

The templates are intended to be used from conceptual to detailed design, providing a 
flexible way to add a new level of detail or a new solution. To provide more details, 
components can be broken down into smaller parts and inserted on separate pages. Basic 
calculations can also be done, to keep track of cumulative properties such as weight, 
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number of parts, and other facts. Once information is entered in the tool, it can be used for 
subsequent projects and hence serve as a design repository. One example can be seen in 
Figure 4.9. 

 
Figure 4.9: The Morphological overview. Red graphics indicates eliminated solutions. 

4.3.5 Findings from Paper C 

A structured design process and computer tool has been presented that can support an 
implementation of the three principles of SBCE. Information from an industrial 
development project was used to demonstrate this process. The information was of the 
appropriate complexity allowing the different features of the computer tool to be 
evaluated. 

The new process encourages design of parallel alternatives and promotes elimination of 
the least suitable solutions instead of selection of the best solution. Moreover, it supports a 
step-vice evolution of requirements and promotes decisions based on a rational reason or 
facts, rather than subjective opinions. Finally, the process and computer tool allows 
designs to evolve with increased level of detail. 
 
The case study showed how the proposed process could implement all three principles of 
SBCE in a traditional Point-based development process, thereby contributing to the second 
research question: “How can SBCE be introduced in product developing industry?”. To 
fully evaluate the usefulness of the proposed process it should be tested also by a study 
involving professional engineers. 
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CHAPTER 5 
 

DISCUSSION 
 

CHAPTER INTRODUCTION 

In this chapter the research questions are answered and remaining research gaps are 
identified. Also the contribution, the quality and the validity of the conducted research are 
discussed. Finally, the conclusions and future work are presented.  

 

5.1 ANSWERS TO THE RESEARCH QUESTIONS 
 
The first research question: 
 
”What are the practical effects of SBCE in product developing industry?”, is primarily 
addressed in Paper A and B. Paper A focuses on the effects on the product development 
process and on the products. Paper B investigates the effects of SBCE on design decisions. 

Paper A shows that SBCE gives positive effects on many aspects of product development 
performance and on the resulting products, well aligned to previous literature [2-7]. 
However, the improvements were achieved at the expense of slightly lower efficiency, 
measured in the terms of development costs and lead time. This lower efficiency is not 
consistent with prior art and part of this can be accounted for the resources consumed to 
start working in a new way. Another reason is the lack of reuse of design knowledge, an 
important feature of SBCE [2, 3, 7] .  

The effects of SBCE on design decisions is found in the results presented in Paper B. The 
study concluded that these two approaches generate disparate results and it was not 
possible to identify the superior decision methodology. The industrial partner, however, 
preferred the results from the Set-based evaluations instead of the results from traditional 
Point-based matrix evaluations. The traditional matrix selection process promoted the 
development of new technology and the Set-based process delayed decisions until the 
properties of the design alternatives were clarified. This delaying of decisions is a known 
property of SBCE [9]. Even though prior work of Kennedy [3] describes the concept of 
eliminating knowledge gaps of design solutions, a comparison between a Set-based and 
Point-based decision process has not been previously reported.  
 
The second research question: 
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”How could SBCE be introduced in traditional industry?”, is addressed in Paper A and C.  

Paper A presents several recommendations for setting up SBCE projects based on the 
results of the industrial cases. The conclusion from the study was that Set-based projects 
can be implemented within an organization practicing traditional Point-based product 
development and that a change in practices must be backed up by the management. This 
last statement is also found in other literature [2, 3, 7, 10, 47]. Another conclusion from 
the interviews in Paper A was that there is a need for methods and tools supporting both 
knowledge management and the introduction of SBCE. 

Paper C introduces a new process supported by a computer tool to introduce SBCE in 
firms using traditional Point-based development methods. A case study based on design 
data from industry showed how the proposed process could implement the principles of 
SBCE. Earlier works of Kennedy [3], Morgan [2] and Ward [7] give suggestions of how 
to introduce SBCE, but most descriptions are given on a high, abstract level. Paper C 
introduces a more detailed, applicable process.  

5.1.1 Remaining research gaps 

Paper A reports that improvements from the introduction of SBCE were achieved at the 
expense of slightly lower efficiency. This is a deviation from previously reported results, 
stating that both costs and lead time are significantly better for a Lean development 
process [2-7]. Also the magnitude of the effects are inconsistent with previous results, 
differing substantially from the stated quadruple productivity of the Lean design process 
[2, 3, 7]. Obviously, new working methods take time to learn and develop, and this must 
affect the results. There is therefore a need for a longitudinal study of the effects of SBCE 
at the same companies to investigate if these results will improve in subsequent projects as 
the engineers get used to the working methods. Also, in Paper A, estimations of some 
effects were made, and these effects need to be evaluated when the appropriate 
information is available.  

Another gap between earlier research and the present study are the effects of knowledge 
management. The lack of reuse of design knowledge contributes to the lower efficiency, 
since learning is a distinct feature of SBCE [2, 3, 5, 9]. In the present study, the knowledge 
management process was ad hoc and none of the firms had implemented new routines for 
this, which may have contributed to the lower efficiency.  

Moreover, the designers state that a Set-based approach is preferable at most times, not 
just for complex problems. This is different from earlier findings [5], where a Set-based 
strategy is recommended only for complex systems. This difference in opinion needs to be 
resolved in order to find reliable criteria for choosing between these different development 
strategies. 

Paper B concluded that the Set-based decision process generate disparate results the 
traditional Point-based matrix evaluations. This is not previously reported in state-of-the-
art. The study also found that the Set-based decision process is slower than a matrix 
selection, which is consistent with previous results [9]. Paper B concluded that a 
traditional Point-based matrix selection promotes the development of new technology 
compared to the Set-based process that focuses on filling the current knowledge gaps in 
order to make decisions. It is evident that the specification- and decision processes must 
be changed in order to conform to the principles of SBCE. However, only one case is 
studied and there are no previous studies of the SBCE decision process in industry. This 
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reveals a clear need for further investigations to establish these findings and to draw 
general conclusions of the effects of the SBCE decision process.  

Paper A presents recommendations for setting up SBCE projects and Paper C introduces a 
new process and a computer tool. Both these recommendations and the proposed process 
need to be evaluated by professional engineers in order to support the results.  

5.1.2 Industrial and scientific contribution  

This thesis contributes to the area of Set-based Concurrent Engineering and the related 
area Lean Product Development through the application of SBCE in development 
processes.  

The scientific and theoretical contribution is both descriptive and prescriptive: The work 
has resulted in a deeper understanding of Set-based Concurrent Engineering and its effects 
on costs and the use of resources, product characteristics and development process 
metrics. Also the application of SBCE on the decision process is described in detail, 
contributing to a better understanding of the relationship between SBCE and other 
development processes. 

The industrial contribution consists of a prescriptive design process for supporting the 
introduction of the principles of SBCE that can be used to improve or enhance 
development and design of products in industry. More specifically, it presents support for 
the introduction of the three principles of SBCE in form of guidelines and 
recommendations, a structured design process and a computer tool, supporting product 
design and decision-making within the industrial development process.  

5.2 RESEARCH EVALUATION  

The contribution has to be evaluated by addressing its validity. The evaluation of the 
research is done by validating the adopted research approach, and by validation of the 
results. The evaluation of the research is founded on criteria from Buur [46] and Cross 
[43]. 

5.2.1 Evaluation of the research results 

Buur [46] proposed criteria for verifying the validity of design theories (see chapter 3).  
Buur’s criteria for internal validity of the research are fulfilled since there are no conflicts 
between the empirical observations and the principles of SBCE.  
 
Buur’s criteria for validation of the research based on acceptance of the results mainly 
address the results from Papers A and B. These show that models and methods derived 
from the theory of Set-based Concurrent Engineering are acceptable to experienced 
designers. In Paper A, the respondents state that they will continue to use SBCE in the 
future when appropriate. Moreover, one of the firms has trained its management in the 
fundamentals of SBCE and LPD with the goal to put it into practice in the whole of the 
organization. In Paper B, the benefits of the SBCE decision process was validated in a 
case study when the firm preferred the alternatives promoted by the Set-based decisions.  

The question of whether the results drawn from B and C are applicable to other 
development projects or firms, cannot be answered without further studies. In Paper B, the 
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benefits of the SBCE decision process was validated in a case study when the firm 
preferred the alternatives promoted by the Set-based decisions.  

The results presented in Paper C cannot be verified by acceptance, since it is not yet tested 
in industry. However, the results can be logically verified since the proposed process and 
computer tool are in agreement with the grounds of SBCE. The case study can be 
explained by SBCE, showing that the three principles are supported by the proposed 
process and computer tool. 

5.2.2 Validation of the research approach 

Cross [40] presents a list of criteria for valid design research (see chapter 3). These criteria 
are seen as indicators of the validity of the research approach that should have the 
characteristics of table 5.1 below. The confirmation that the proposed criteria are met by 
the presented research is also described.  

 

Reflecting upon the evaluation of the research results and the validation of the research 
approach, reservations must be considered regarding the results drawn from a selection of 
four companies. Four companies may be too few, especially regarding the possibility to 
generalise the results.  

However, the firms represent a wide selection of industries, working in the businesses of 
electronic systems, graphic industry, automotive supplier and heavy trucks. The size of the 
companies also represents a broad range, varying between 100 and 30 000+ employees. 
This indicates that the results are useful to other companies.  

Table 5.1: Criteria for valid design research according to Cross and the corresponding 
confirmation from the present research. 

 

Criteria Fulfilment  

Purposive – based on identification of 
an issue or problem worthy and capable 
of investigation  
 

The need for more efficient design 
methodologies, especially the stated 
high efficiency of SBCE 

 

Inquisitive – seeking to acquire new 
knowledge 
 

Filling known research gaps on the 
effects and practical application of 
SBCE 
 

 

Informed – conducted from an 
awareness of previous, related research 
 

Thorough review of state-of-the-art  

Methodical – planned and carried out 
in an efficient and disciplined manner 

The applied research methodology, 
DRM. Interviews carried out in a 
methodical, traceable manner 
 

 

Communicable – generating and 
reporting results which are testable and 
accessible by others. 

Peer-reviewed publications  

    



INDUSTRIAL EXPERIENCES OF SET-BASED CONCURRENT ENGINEERING-  
EFFECTS, RESULTS AND APPLICATIONS 

57 

Also, the chosen applied research approach, the Design Research Methodology, is 
frequently used in this type of research as well as Buur’s and Cross’ criteria for evaluation 
of design research.  

5.3 CONCLUSIONS 

The following conclusions are drawn from the work presented in this thesis: 

 The presented research shows that the three principles of SBCE give positive 
effects on many aspects of product development performance and on the resulting 
products.  

 The improvements are especially dominant on product performance, product cost 
and the level of innovation. However, the improvements were achieved at the 
expense of slightly lower efficiency, measured in the terms of development costs 
and lead time. 

 A Set-based decision process generates different results compared to traditional 
Point-based matrix evaluations and can be based on incomplete information. This 
information must be grounded in facts, not optimistic forecasts or beliefs. 
Moreover, the efficiency of the Set-based decision process was demonstrated in 
Paper B, where the industrial partner preferred the results from the Set-based 
evaluations instead of the results from traditional matrix evaluations.  

 Set-based projects can be implemented within an organization practicing 
traditional Point-based development with phase-gates without fundamental 
changes in the organisation. It requires changes to the development process in the 
early phases of development, and that the three principles of SBCE are interpreted 
in the context of the current design processes. Also proper support and attention 
from the management is required.  

 A structured design process and computer tool has been presented that can support 
an implementation of the three principles of SBCE. It encourages design of parallel 
alternatives and promotes elimination of the least suitable solutions instead of 
selection of the best solution. Moreover, it supports a step-vice evolution of 
requirements and promotes decisions based on rational reason or facts, rather than 
opinions and allows designs to evolve with increased level of detail. 

5.4 FUTURE WORK 

Future research should be focused at the following directions: 

First, it should focus on the management of design knowledge in SBCE since the effect of 
learning in the SBCE process is not investigated in this work. This was also identified as a 
shortcoming in Paper A. Moreover, SBCE will create a larger amount of design data, 
making this aspect more important than in traditional Point-based development. Methods 
and tools should be considered to enable organizational learning to further increase the 
positive effects of SBCE. 

Apart from this, there are other unresolved questions to be answered in order to validate 
the results of this thesis and create a deeper understanding of Set-based Concurrent 
Engineering: 
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 Efforts should be made to understand better the SBCE decision process. Studies of 
evaluation principles has a universal importance for product developing firms, 
since the commitment to a specific design solution affects all subsequent activities 
of design, production and ultimately affects the offerings to customers. More 
studies are needed to verify and to generalise the results from Paper B into a 
framework for design decisions. 

 In Paper A, estimations of some effects were made in the cases where the products 
were not yet manufactured or sold. These effects need to be clarified by future 
studies.  

 The novel design process described in Paper C should be evaluated also by an 
industrial case study involving professional engineers. The question of whether the 
results drawn from Paper C are applicable to cases needs to be further investigated. 

 In Paper A, the companies report that the level of innovation is improved in the 
pilot projects. This is an important observation and further investigations are 
needed in order to investigate if this is a characteristic feature of SBCE.  

 In state-of-the-art, a Set-based strategy is recommended for complex systems [5], 
and a Point-based strategy for stable, well-understood environments. In the study, 
the designers state that a Set-based approach is preferable at most times, not just 
for complex problems. The question of under what conditions a Set-based strategy 
is preferred before a Point-based strategy needs to be resolved. 
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