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ABSTRACT 

 
 

The ability to innovate and launch customized products that are well matched to customer 
demands is a competitive factor for many manufacturing companies. Development of highly 
customized products requires following an engineer-to-order business process to allow the 
products to be modified or adapted to new customers’ specifications, which brings more 
value to the customer and profit to the company.  

Design of a new product variant involves a large amount of repetitive and time consuming 
tasks but also information handling activities that are sometimes beyond human capabilities. 
Such work that does not rely so much on creativity can be carried out more efficiently by 
applying design automation systems. Design automation stands out as an effective means 
of cutting costs and lead time for a range of well-defined design activities and is mainly 
considered as a computer-based tool that processes and manipulates the design information.  

Adaptation and variant design usually concern generating a new variant of a basic design, 
which has been developed and proved previously, according to new customer’s demands. 
In order to efficiently generate a new variant, a deep understanding of the previous design 
is essential. Such understanding can be achieved by access to the design rationale explaining 
the reasons and justifications behind the design.  

Maintenance of design automation systems is essential to retain their usefulness over time 
and adapt them to new circumstances. New circumstances are, for example, introduction of 
new variants of existing products, changes in design rules in order to meet new standards or 
legislations, or changes in technology. To maintain a design automation system, updating 
the design knowledge (e.g. design rules) is required. Use of design rationale will normally 
become a necessity to allow a better understanding of the knowledge. Consequently, there 
is a need of principles and methods to enable capture, structure, and access design rationale. 

In this study, a framework for modeling design knowledge and managing design rationale 
in order to support maintenance of design automation systems is presented. Managing of 
design rationale concerns enabling capture, structure, and access to design rationale. In order 
to evaluate the applicability of the framework, the findings are tested through design 
automation systems in two case companies. 

Keywords: Design automation system, computer supported engineering design, design 
rationale, and traceability. 
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CHAPTER 1  

 
INTRODUCTION 

 
CHAPTER INTRODUCTION 

Many companies that design and manufacture customized products use design automation 
systems to reduce cost and lead time, and increase the efficiency in the development of new 
design variants. The objective of the presented research work is on supporting maintenance 
of design automation systems to respond to changes over time (e.g. changes in product 
specification). Managing and modeling the design information, specifically design 
rationale, is recognized as an important parameter to support system maintenance.  

The following chapter first describes the background of the research. Further, the problem 
area is identified, and the scope and purpose of the thesis followed by the research questions 
are discussed. Then, the industrial and scientific contributions as well as the research 
projects and case of application are described. 

1.1 DESIGN AUTOMATION 

Engineering design plays an important role in defining the physical form of a product to 
best meet customer requirements (Eppinger and Ulrich, 1995). Engineering design 
encompasses a wide range of methodological approaches in order to solve different 
technical problems that require different solution strategies (Sunnersjo et al., 2006). Design 
of a customized product involves a large amount of repetitive and time consuming work 
which is performed manually. Engineers, for example, might spend days producing 
quotation drawings for a customer request which is time consuming and error- prone. 
Studies show that up to 80% of design time is concerned with modifying, adapting or 
redesigning already existing and proven solutions (Stokes, 2001).  

Adaptation and variant design usually concern generating a new variant of a basic design, 
which has been developed and proved previously, according to new customer’s demands. 
Such tasks that do not rely so much on creativity can be carried out automatically by 
implementing the product information and knowledge “in solutions, tools or systems, that 
are pre-planned for reuse and support the progress of design process” (Cederfeldt and Elgh, 
2005).  

“Design automation is a computer based methodology to partly or wholly automate tasks in 
engineering design by applying modern software technology to do the work of the human 
designer” (Sunnersjö, 2012). The tasks could be repetitive tasks but also information 
handling activities that are sometimes beyond human capabilities. Automating such tasks 
frees the designers to concentrate on activities that need more creativity and innovation; the 
original design. Reduction of costs and lead time, improved product performance, and 
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products potentially adapted to different customer specifications are the major objectives of 
design automation (Cederfeldt and Elgh, 2005). 

1.1.1 Design process 

The design process is a critical stage in product development. All decisions made during 
this early stage highly affect the product’s cost and development time. At design phase, 
customer requirements are investigated and accordingly the most promising solution 
concepts go forward to detailed design and development.  

Sriram et al. (Sriram et al., 1989) defines design as “the process of specifying a description 
of an artifact that satisfies constraints arising from a number of sources by using diverse 
source of knowledge”. Some of the constraints are predefined and form the product design 
specifications. Hopgood (Hopgood, 2012) states that the specifications are an expression of 
the requirements of the product, rather than specifications of the product itself. The latter 
which emerges during the design process is the design and can be interpreted for 
manufacture or construction, or allowing predictions about product’s performance.  

Design can also be viewed as a process of solving derivative problems. Hubka et al. (Hubka 
et al., 1988) describe the design process as consisting of several steps taken towards an 
optimal product solution. Another view of the design process is specification generation. 
According to Ulrich and Eppinger (Ulrich and Eppinger, 1995) the design process for a 
customized product is constituted by a description of the specific information processing 
activities required in the design process. When a new product variant is required, the new 
specifications are implemented in computer models as input resulting in an adapted product 
variant as output.  

1.1.2 Tasks suitable for automation 

Sriram et al. (Sriram et al., 1989) classifies design activities into four categories: 1) Creative 
design when there is no prior plan for the solution of the problem, or the plan is an abstract 
decomposition of the problem into a set of levels. 2) Innovative design when decomposition 
of the problem is known, but there is no alternatives for its subparts and they must be 
developed (the alternatives might be a novel combination of existing components). 3) 
Redesign when an existing design is modified to meet changes required. 4) Routine design 
when a prior plan of the solution involving finding the known and appropriate alternatives 
exists. 

Selecting and defining the task(s) to be automated is the main step when planning a design 
automation project. Repetitive, time-consuming and information handling tasks that do not 
involve creative problem solving are well suited for automation (Cederfeldt, 2007). It is 
hardly conceivable to automate the design process in its entirety. Therefore, typical design 
automation applications are mostly aimed at optimizing only those parts of the process 
where the cost/benefits are particularly favorable (Sunnersjo et al., 2006).  

1.1.3 Computer based systems for supporting engineering design 

Computer based systems applied in engineering design, have an important impact on the 
design process and designer’s activities by influencing the design methods, organizational 
structures, and division of work between the designers (Pahl et al., 2007). Many companies 
use the support of advanced computer-based systems spanning different stages of the 
development process from concept creation to detailed design and manufacture, in order to 
optimize the process and produce products faster and cheaper. The systems are usually a 
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combination of methods and computer technologies aiding performance of design activities. 
Some contributions in developing computer supported engineering design systems are 
described below. 

Johansson (Johansson, 2011) automated the process of analyzing manufacturability of the 
aluminum profiles. In that work, a method was developed including utilization of 
knowledge objects to synthesize and analyze design proposals, represented as CAD-models 
and processed to create FEM-models. Using knowledge objects in different steps of the 
automation process enables building a flexible system by autonomous pieces of automated 
software which each knowledge object is implemented for a specific purpose. This makes 
it possible to just focus on the bottlenecks during implementation process and run them 
while further automation is implemented. 

Another system is discussed in (Johansson, 2012; Johansson and Cederfeldt, 2012) which 
supports the designers to search among the existing product solutions in CAD models and 
select the most applicable one that can be easily adapted to new specifications. The research 
was extended in a previous study in which the concept of case based reasoning was used 
(Cederfeldt, 2006). Further, the research was continued and a prototype system was 
developed to automate the crash simulation of the product variants by integrating the FEA 
and CAD models (Johansson, 2014). 

CAD-model parsing for automated design and design evaluation was a research subject for 
Stolt (Stolt, 2008) to reduce the time spent on creating the computer model by reusing 
knowledge gained from developing similar products. A computer system embedded in a 
PLM environment was developed by Mahdjoub et al. (Mahdjoub et al., 2010) to extract and 
reuse engineering knowledge to improve the efficiency of developing new products. 
Kanapeckiene et al. (Kanapeckiene et al., 2010) developed an integrated knowledge 
management model by adapting tacit and explicit knowledge for construction projects. 
Modeling and management of manufacturing requirements in a design automation system 
was the topic of research by Elgh (Elgh, 2007) during the development of an approach to 
integrate the properties and functions for knowledge execution and information 
management into one system for car seat heaters.  

Many additional examples can be found in (Verhagen et al., 2012). 

1.2 PROBLEM AREA 

The ability to design and manufacture highly customized products that are well matched to 
the needs and expectations of customers is a competitive factor for many manufacturing 
companies. Development of highly customized products requires following an engineer-to-
order business process to allow the products to be adapted to new customers’ specifications, 
which brings more value to the customer and profit to the company.  

Development of a customized product, usually starts by receiving a request for quotation 
from the customer. To quickly go from answering the quotation, adapting the product to 
new specifications and moving into production, utilizations of systems and tools for efficient 
design is required. A design automation system, with the intention to increase the accuracy 
of design and reduce the development lead time, can be used to automate such engineering 
tasks wholly or partly. 

A vast amount of information and knowledge is used throughout the design of a product. 
The generation of feasible design alternatives needs the effective utilization and application 
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of this information and knowledge (Hicks et al., 2002). As the design process becomes 
increasingly knowledge-intensive, the need for frameworks which effectively enable 
capture, representation, retrieval and reuse of product knowledge is necessary (Ouertani et 
al., 2011). In order to enable reuse, a major problem is to identify which knowledge and 
information to capture, and once identified, what extent of capture is required to make the 
information and knowledge truly useful (Hicks et al., 2002).  

1.2.1 Design rationale 

Design of a new product variant requires understanding the basic design and adapting it to 
new specifications. Thus, reuse of the design knowledge from previous design activities 
could improve engineering design (Baxter et al., 2008). However, reuse of the design 
knowledge is plagued with difficulties including, retrieval and understanding of the prior 
design (Ball et al., 2001). Mostly, the documentation of product knowledge in companies 
stresses the representation of the artifact, rather than the process of creating it (Ramesh and 
Sengupta, 1995). In such documentation, a developed artifact is usually defined in terms of 
parameters and specifications to describe the way the artifact works. The documentation, 
however, does not include the design rationale, i.e. explaining why the artifact is designed 
in the way it is (Regli et al., 2000). Design rationale provides an insight into the reasons and 
justifications behind the design decisions (Lee, 1997) which can be used to determine what 
part of the design can be reused or modified. 

Maintenance of design automation systems is essential to retain their usefulness over time 
and adapt them to new circumstances. New circumstances could, for example, be the 
introduction of new products or new product specifications, or changes in technology. To 
maintain a design automation system, frequent updating of design knowledge (e.g. design 
rules) is essential. Access to design rationale will normally become a necessity to allow a 
better understanding of the design and knowledge. Consequently, it is needed to provide 
principles and methods to support management of design rationale. 

The need to improve the capture and use of design rationale to help to indicate where 
changes might be required or how they will affect the system performance are raised in 
literature (Burge, 2005; Tang et al., 2006). Design rationale, by providing a deeper 
understanding about the design and explaining the reasons behind the decisions, is realized 
as an important factor to support system maintenance (Burge, 2005; Lee, 1997). Thus, 
providing methods and tools that control and manage design rationale are essential to 
efficiently maintain the systems (Verhagen et al., 2012). 

1.3 PURPOSE AND RESEARCH QUESTIONS 

Due to its potential value the topic of design rationale has been the focus of research for 
many years, however, the design rationale systems are not in widespread use (Dutoit et al., 
2006). The challenges concerning managing design rationale are discussed in literature 
(Dutoit et al., 2006; Lee, 1997; Regli et al., 2000). One difficulty is in capturing and 
recording design rationale which is mostly identified as a time consuming and intrusive task. 
Once the experiences of the designers and the intention of design decisions made in previous 
design activities are captured, making them available supports solving similar design 
problems. Design rationale can be in different formats and types. For example, a text, a 
design table, or even a figure, can all be a part of design rationale. Representing and making 
the information with such variety easily accessible between members is also a challenge. 
Another issue identified in retrieval and accessibility of the rationale, is the way the 
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information is structured (Tang et al., 2010). Navigation across the information would be 
easier when it is well structured.  

Developing a framework for managing design rationale, concerning capture, structure, and 
access to design rationale, in order to support maintenance of design automation systems is 
the focus of this study. The main research question is: 

How to manage design rationale of a design automation system in order to support its 
maintenance? 

The research questions for this study to support the overall purpose of the research are as 
follows: 

RQ1. How can design rationale be captured during the design process? 

 

RQ2. How can design rationale be structured during the design process? 

 

RQ3. How to make design rationale accessible? 
 

When answering these questions, an important term, “traceability”, as a means to linking 
the related knowledge in order to follow the origin of the knowledge (Mohan and Ramesh, 
2007) and pursuing the downstream effects of the design decisions is raised. Thus, 
discussions regarding traceability are also provided in this thesis.  

Four publications, explained in the supplement section, are appended to this thesis. Figure 
1.1 displays how each paper corresponds to the three research questions. 

 
Figure 1.1. The publications and the research questions. 

1.4 INTENDED INDUSTRIAL AND SCIENTIFIC CONTRIBUTIONS 

The industrial contribution of the thesis is to provide means to support maintenance of 
design automation systems that are employed to automate the time consuming and repetitive 
tasks during developing product variants. Such support will make it possible to generate 
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new product variants or modify the existing ones to fulfill the new specifications in a short 
time with minor effort. A framework will be provided to efficiently enable capturing, 
structuring, and accessing design rationale across the development process. The practical 
usefulness of the framework is demonstrated by developing prototype systems to show the 
practitioners how to work with and manage the design rationale in order to support design 
of variants.  

From a scientific point of view, the intention of this study is to develop a framework to 
support knowledge modeling including design rationale. Information models will be 
developed to be used as the backbone to form the underlying basis and principles of the 
design rationale systems. The information models, in addition, illustrate how the design 
knowledge should be placed and put together, to then be used as the basis for knowledge 
representation. 

1.5 RESEARCH PROJECTS AND CASE OF APPLICATIONS  

The thesis was carried out as a part of two research projects and the results were evaluated 
in two case companies. 

1.5.1 Research projects 

Adapt project (Strategies for adaptable design automation systems in the manufacturing 
industry).  

The project was a three years joint project between Jönköping University, the Knowledge 
Foundation (KK-stiftelsen) and Swedish industry. 

The overall purpose of the project was to study how design automation systems can be made 
more easily adaptable to modifications that become necessary over long time use. Two 
particular aspects were in focus: management of design knowledge concerning documenting, 
structuring and validating design rules, and management of multiple knowledge sources (Meta 
knowledge). 

The research in paper 1 is conducted as a part of the Adapt project. 

Impact project (Efficient Implementation and Management of Systems for Design and 
Manufacture of Custom Engineered Products).  

The project is a three years joint project between Jönköping University, the Knowledge 
Foundation (KK-stiftelsen) and Swedish industry.  

The focus of the project is on implementation and management of systems for automated 
design and production preparation of customized products. System implementation 
concerns alignment of the systems with other systems and tools in the organizations. System 
management includes adapting existing systems to changes in product technology, new 
product knowledge, production practices, new customers and so forth. 

The research in papers 2 - 4 is conducted as a part of the Impact project. 

1.5.2 Case companies 

Company A. The company, which follows an engineer-to-order business process, is a 
supplier of tools for the metal cutting industry. The focus of the project was on the product 
family development process. A product family is a range of standard product instances, but 
at the case company a product family also includes a range of applications so called “design 
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space”. The design space is governed by a set of parametric design modules and the way 
these modules are combined. The design space is defined and described by rules and 
associated 3D-CAD models when developing product standards. This enables the company 
to promote the parametric product program to, beside the standard products, also generate 
individualized products according to new customer demands.  

Company B. The selected company develops and manufactures customized products and 
accessories, such as roof racks and bike carriers, for different car models. The development 
of a car’s roof rack was selected as a case study. The company acts on the open market 
competing with car manufacturers and therefore gets no nominal data of car roofs. Instead, 
the engineers have to collect geometrical information about car roofs by measuring the 
actual product. When the roof geometry is collected, for a particular car model, some 
components of the roof rack are redesigned and adapted according to the car specifications 
in a design automation system. 

1.6 THESIS OUTLINE 

In chapter 1, the introduction including background, motivations, problem area and scope 
of the research, as well as the research questions were presented.  

In chapter 2, the applied research method to conduct the study and evaluation of the results 
are explained.  

In chapter 3, frame of reference and related works are discussed. 

In chapter 4, the scientific findings of the research are presented. 

In chapter 5, the theoretical results are demonstrated by developing, testing and evaluating 
prototype systems.  

In chapter 6, a discussion of the entire research is presented. 

In chapter 7, conclusions and suggestions for future work are provided. 
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CHAPTER 2  

 
RESEARCH METHOD 

 
CHAPTER INTRODUCTION 

To conduct scientific research, a research methodology is required to explain and guide the 
process of selection and application of suitable methods and approaches. This chapter first 
explains the need and benefits of using a research method for conducting the research in 
design. Then, the selected method for carrying out this thesis is described. Next, the 
constructive research and the approach for developing computer based systems, together 
with a number of factors for evaluation of the research are explained. Finally, the applied 
research approach is discussed.  

2.1 DESIGN RESEARCH 

Due to the significant role of design in product development, enhancing the efficiency of 
design practice is necessary. Improvements in design practice can be achieved by studying 
design as a topic of research (Blessing and Chakrabarti, 2009). Research in design is 
directed at gaining a deeper understanding of design in order to support it through the 
development of improved methods, techniques or tools (Duffy and O’donnell, 1998). 
Formulating and validating theories and models about the phenomenon of design as well as 
developing and validating knowledge, methods, and tools achieved from these theories and 
models are the two overall objectives of design research (Blessing and Chakrabarti, 2009).  

Design science “uses scientific methods to analyze the structure of technical systems and 
their relationships with the environment” (Pahl et al., 2007). Research in design aims at 
improving the design practice, e.g., improving product quality or reducing lead time. This 
requires a model of an existing situation, a vision of the desired situation, and a vision of 
the support that can change the existing situation into the desired situation (Blessing and 
Chakrabarti, 2009). To conduct design research, a design methodology as a “concrete course 
of action for the design of technical systems that derives its knowledge from design science” 
and practical experience in different domains is required (Pahl et al., 2007).  

2.2 THE DESIGN RESEARCH METHODOLOGY 

While a research method assists in making plans to implement and proceed the research, it 
is necessary to consider the chances to achieve valid results. Further, it is necessary to 
practically deploy and evaluate the results, not just suggest a solution without evaluation. 
Taking into account these aspects, to do the research for this thesis, the research 
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methodology framework proposed by Blessing et al. (Blessing and Chakrabarti, 2009) was 
selected (see Figure 2.1). The methodology is based on four stages: 

 Research Clarification: Identifying and describing the criteria needed to be supported 
for achieving the project’s goals. In this stage the researcher finds evidences or 
indications to support his/her assumptions to formulate a worthwhile and realistic 
research goal. 

 Descriptive Study I: Determining which factor(s) should be addressed to improve the 
identified criteria. The researcher reviews the literature for more influencing factors to 
elaborate the initial description.  

 Prescriptive Study: Correcting and elaborating the initial description of the desired 
situation and developing design support by using the identified factors. The description 
represents the researcher’s vision on how addressing the factors would lead to the 
realization of the desired situation.  

 Descriptive study II: Investigating the impact of the support and its ability to realize 
the desired situation. Empirical studies are undertaken in this stage to evaluate the 
applicability of the support as well as its usefulness. 

 

 
   Figure 2.1. The design research methodology (Blessing and Chakrabarti, 2009). 

2.2.1 Types of research within the DRM method 

When using the DRM method, it is not assumed to accomplish all these four stages or 
undertake each stage in equal depth. In some cases, the research focuses on only one or two 
stages, in other cases all of the steps are carried out. Seven possible types of design research 
within the DRM framework are listed by Blessing (see figure 2.2). The list is based on 
whether the state of art with respect to a specific step requires a comprehensive study or 
whether a review-based study is sufficient. A review-based study is based on the literature 
review, whereas, a comprehensive study includes literature review as well as a study in 
which the results are produced by the researcher, for instance, an empirical study or 
developing support. An initial study, in addition, closes the project and aims to show the 
consequences of the results and prepare the results to be used by others.  

A few assumptions form the basis of the selection of these research types as follows (there 
are some exceptions): each project starts with a research clarification by reviewing the 
literature; any comprehensive DS-I should be followed by an initial PS to show how the 
findings could be used to improve design; comprehensive PS should be based on a review 
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of descriptive literature (review-based DS-I); and a comprehensive DS-II (evaluation) 
should be based on comprehensive PS or review-based PS to identify the background of the 
support to be evaluated , and also indicate how the support is to be improved (Initial PS).  

 
Figure 2.2. Types of design research projects within DRM and 

 their main focus (Blessing and Chakrabarti, 2009). 

 

The characteristics of different types of the DRM are as follows (Blessing and Chakrabarti, 
2009): 

Research type 1 (comprehensive study into criteria) is undertaken when success and 
measurable success criteria are not well understood. Therefore, a Comprehensive DS-I is 
required to understand these criteria and their relationships with the problem. The outcome 
is a better understanding of success criteria and which metrics can be used. 

Research type 2 (comprehensive study of the existing situation) is undertaken when the 
criteria could be established, but a better understanding of the existing situation is required 
to identify the factors. 

Research type 3 (development of support) is when based on literature review and reasoning 
(Review-based DS-I) the understanding of the existing situation is sufficient to start the 
development of support. 

Research type 4 (comprehensive evaluation) is when support already exists and a 
comprehensive study (Comprehensive DS-II) is undertaken to evaluate the support. 

Research type 5 (development of support based on a comprehensive study of the existing 
situation) which is a combination of type 2 and 3, and undertakes the development of 
support (Comprehensive PS) based on comprehensive study of the existing situation 
(Comprehensive DS-I).  

Research type 6 (development of support and comprehensive evaluation) which is a 
combination of types 3 and 4, undertakes the development of support (Comprehensive PS) 
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based on sufficient understanding of the existing situation (Review-based DS-I), and the 
project resources allow evaluation of the support (Comprehensive DS-II). 

Research type 7 (complete project) is a project when comprehensive studies are undertaken 
in each DRM stage. 

2.3 CONSTRUCTIVE RESEARCH 

Methodology of engineering as a research field is fundamentally constructive (Crnkovic, 
2010). The constructive research is based on the existing well understood theories and often 
starts with empirical investigations. The research process in constructive approach can be 
divided into six phases as follows (Kasanen et al., 1993): 

1. Find a practically relevant problem with research potential 

2. Obtain a general and comprehensive understanding of the topic 

3. Innovate, i.e. construct a solution idea 

4. Demonstrate that the solution works 

5. Show the theoretical connections and the research contribution of the solution concept 

6. Examine the scope of applicability of the solution 

Design research as a part of engineering research involves the analysis of the utilization and 
performance of design artifacts to understand and improve designed systems. Such artifacts 
include methods, models, theories, human/computer interfaces and system design 
methodologies (Vaishnavi and Kuechler, 2004).  

2.4  MODELS IN COMPUTER SUPPORTED DESIGN RESEARCH 

Having a research approach to present a basis for carrying out the research is essential. Since 
research in computer-supported design aims to improve the design efficiency by developing 
computational tools, computer-based studies are linked to the research in engineering 
design. Duffy et al. (Duffy and O’donnell, 1998) presented an approach applicable to design 
science for developing computer based models. It includes three models such as phenomena 
model, information model, and computer model (see figure 2.3). The descriptive models are 
based upon observation and analysis of the reality of design and are the basis for the 
development of information models, and similarly computational models. The prescriptive 
models, on the other hand, are based on the envisaged (foreseen reality) and to be considered 
as enhancing design practice and used to alter, test and/or optimize the process. 
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Figure 2.3. An approach for developing computer-based models (Duffy and O’donnell, 1998). 

2.5 RESEARCH EVALUATION 

The quality of research shall be evaluated by examining the result and findings with respect 
to the research questions. Evaluation of a research concerns verification and validation 
(Elgh, 2006). Verification is the truth and accuracy related to the practical employment of 
the result, and validity is the accuracy of the research; if the applied method is applicable to 
the problem and acquires what it is intended to acquire.  

The evaluation of research is carried out by following a description given by Olesen (Olesen, 
1992). He claims that validity of the research can be described by a number of factors: 

 Internal logic – the result is based on accepted theories, and the work is stringent from 
the problem definition to the result. 

 Truth – the theoretical and practical result can be used to explain “real” phenomena. 

 Acceptance – the theories and results are accepted by other researchers, and 
professionals use tools based on the result. 

 Applicability – the use of the tools leads to enhancements, as compared to if they were 
not used. 

 Novelty value – new solutions are presented, or new ways of looking at a particular 
problem are introduced 

2.6 APPLIED RESEARCH APPROACH 

The thesis is part of a 5 years PhD project and this initial part has an explorative focus. An 
exploratory research in engineering design usually aims to give the researchers “the 
challenge to explore and identify novel and valuable methods, tools, techniques, etc. that 
(for the company) may serve as inspiration for new thoughts and ideas, or even provide 
solutions and radically new practices” (Chakrabarti and Lindemann, 2016). Technology has 
a significant impact on design research. New technology allows identifying new product 
expectations, and accordingly new design strategies are required. Thus, it should be 
considered that design research has an integral role in academic and industry collaborative 
research.  
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To conduct the research, interacting with the company for exploration of the techniques, 
technologies, and design strategies is required. This has been the focus of the thesis to 
acquire rich knowledge in the domain of design automation that will help formulate 
problems, clarify concepts and identify the main issues that should be addressed during the 
whole PhD project.  

2.6.1 The procedure followed in the thesis 

The research procedure is in line with the previously suggested constructive research 
process. A problem with research potential is selected. A solution is provided and 
demonstrated to show the theoretical connections and research contributions of the solution. 
Finally, the applicability of the solution is examined. 

The research was carried out based on the DRM method. As Blessing state (Blessing and 
Chakrabarti, 2009), “DRM is not to be interpreted as a set of stages and supporting methods 
to be executed rigidly and linearly”. To proceed the research many iterations for increasing 
the understanding, and parallel execution of stages for a more efficient process could be part 
of the reality.  

The scientific fundamentals of the thesis are based on the investigations and findings from 
the two scientific projects (the Adapt and the Impact described in section 1.5). In addition, 
a literature study was carried out aiming to explore the knowledge gap, realize the desired 
situation and formulate the required improvements. This step conforms to the first stage of 
the DRM, seeking to clarify the research and formulate a realistic research goal. 

Further, in order to obtain a better understanding of the existing situation from an industrial 
standpoint, an empirical investigation in industry was performed. The required data 
regarding understanding the current situation and need for improvements was collected 
through open discussions, meetings and qualitative interviews with the engineers in the case 
companies and academic researchers. This step conforms to the second stage of the DRM 
method (Descriptive Study I). 

In the next step, based on the gained understanding of the existing situation from the 
previous stage, the support is to be developed. At this step, a framework is required to help 
develop the support in a systematic way. The research was conducted according to the 
framework discussed in section 2.4 (the development of computer model). The framework 
was characterized first, by conceptual phenomena models and principles. The phenomena 
models are the basis for development of information models and are to be formalized. The 
models are based upon reality and are assumed to evolve since they affect reality when they 
are adopted. Information models and methods were developed in the case companies and 
are used as the basis for developing prototype systems aiming to evaluate the applicability 
of the proposed solutions. This stage is in line with the Prescriptive Study in DRM. 

Building prototype systems allows testing and evaluating the new concepts. The research 
was proceeded to investigate the impact and ability of the prototype systems to realize the 
desired situation. System evaluation was conducted to appraise applicability and usefulness 
of the developed prototype systems and their impact upon the design process when 
employed. This fits into the fourth stage of the DRM (Descriptive Study II). 

The evaluation of the thesis is undertaken by resuming the research questions. Further, 
validity of the research based on the factors explained in section 2.5 is discussed. 

According to Blessing (Blessing and Chakrabarti, 2009), the research questions, and the 
available time and resources determine the type of research undertaken. Since prototype 
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systems have been developed and evaluated during the research, it can be stated that the 
thesis fits into the fifth type of the DRM discussed in section 2.2.1.  
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CHAPTER 3  

 
FRAME OF REFERENCE 

 
CHAPTER INTRODUCTION 

This chapter primarily provides an overview of the theories and practices the research is 
based on. First, a brief description of systems for supporting custom engineered products 
explaining configuration, knowledge based engineering, and design automation is provided. 
Then, the basic concepts in design knowledge and design rationale are explained. 
Furthermore, fundamental methods and approaches for capture, structure and access to 
design rationale are discussed. Next, the related research to this study is presented and 
finally, the knowledge gap and motivation for the research are described.  

3.1 COMPUTER SUPPORTED ENGINEERING DESIGN SYSTEMS 

Developing customized products according to customer demands is a viable business 
strategy for many industrial companies (Wang and Tseng, 2013). Obtaining higher customer 
value and stronger economic benefits are the major motivations for the companies through 
rapidly responding to customer requirements (Bonev, 2015). Adapting the design of 
customized product to new specifications is one way to fulfill the requirements faster and 
cheaper. Since the development of a customized product requires spending a large amount 
of work on design, automating the repetitive and time consuming design tasks would 
considerably save time and money. 

There are three main types of systems used for supporting custom engineered products 
(Elgh, 2011) which, are either based on the configuration of a set of predefined product 
models and attributes (configuration system), the definition of rules representing 
engineering knowledge which operates on a parametric geometry model (knowledge based 
engineering), or the automation of different engineering tasks generating a product 
definition (automated engineering). In the following sub-sections, a short review of mass 
customization in configuration systems, reuse of knowledge in repetitive design tasks by 
knowledge based engineering approach, and automation of design activities is provided.   

3.1.1 Configuration system 

Many companies set their business strategies based on the principles of mass customization 
to deliver a wide range of products that fulfill the customer specifications with the costs 
associated with mass production. Determining the level of individualization characterizing 
mass-customized products is a major point of contention in mass customization (Da Silveira 
et al., 2001). Four customization levels are identified in (Gilmore and Pine 2nd, 1996): 
collaborative (holding a dialogue between the customer and customizer), adaptive (altering 
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standard product by the customer during use), cosmetic (usage of product presented in 
different ways for customers), and transparent (adapting the product based on the customer 
needs by the customizer). Realizing the type of customization and its effect on the 
development and production processes is essential to analyze the time it takes to set a 
quotation request and estimate the product price which is vital for firms, and especially for 
sub-contractors who have to compete with other companies.   

To meet various customers’ requirements, the customized product is designed into parts or 
modules. Assembling the product would become impracticable by increasing the number of 
modules and parts. To overcome this issue product configuration system can be applied to 
automatically or interactively configure the product (Yang et al., 2008). A configuration 
system contributes to supporting and integrating the company’s specification activities by 
modeling the knowledge to enable definition of all possible product variants (Hvam et al., 
2008). Cost efficiency, shorter lead time, and quality improvements are discussed in (Bonev, 
2015) as major benefits of conducting a configuration system in firms.  

Hvam et al. (Hvam et al., 2008) describe a procedure for designing configuration systems 
in industrial companies. The procedure involves analysis and redesign of the business 
processes which can be supported by a configuration system, analysis and modeling of the 
company’s product range, selection of configuration software, programming the software, 
and implementation and further development of the configuration system. Two strategies 
are proposed for system documentation, either by using a product variant master and 
associated CRC (class relationship collaboration) cards or by using the class diagram of a 
formal model and associated CRC cards. 

3.1.2 Knowledge based engineering (KBE) 

KBE studies methodologies and technologies for capture and reuse of product and process 
knowledge and aims to reduce time and cost of the development process by automating the 
repetitive design tasks (Verhagen et al., 2012). Stokes (Stokes, 2001) define KBE as “the 
use of advanced software techniques to capture and reuse product and process knowledge 
in an integrated way”. A more detailed definition for KBE is given in (Chapman and Pinfold, 
2001) as an engineering method that represents a merging of object-oriented programming, 
artificial intelligence and computer aided design technologies giving benefits to customized 
or variant design automation solutions.  

The major benefit of KBE is to save time and cost. Another benefit of KBE is its integrated 
modeling approach, where the design knowledge is maintained in a central representation. 
This allows leverage of a shared knowledge base and offers domain-specific views of a 
design problem (Verhagen et al., 2012). Stokes (Stokes, 2001) further states adopting KBE 
might not be suitable when the design process is not clearly defined, consists of creative 
tasks, or changes constantly occur in technology. 

Research in KBE has led to introducing methodologies for supporting development of KBE 
systems. The KBE methodologies mainly provide frameworks for formally capturing the 
design knowledge within a system that can infer and act on the captured knowledge 
(Chapman and Pinfold, 1999). A well-known methodology in KBE is MOKA (methodology 
and software tools oriented to knowledge based engineering applications) (Stokes, 2001). 
MOKA provides a framework for storage and representation of knowledge in such a way 
that will be useful in a KBE system. MOKA is expressed in accompanying two models: one 
is the informal model which collects the knowledge from experts, documents and computer 
files in types of illustrations, constraints, activities, rules, and entities. The other one is a 
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formal model to prepare the knowledge in a form that is suitable for computer systems and 
programming. MOKA mainly focuses on “capture”, i.e. collecting and structuring the 
knowledge, and “formalize” i.e. translating the informal model into a formal model. One of 
the short comes of MOKA addressed in (Curran et al., 2010) is that the general scope of 
MOKA prevents it from supporting KBE applications to be integrated in multidisciplinary 
design tasks.  

3.1.3  Design tasks automation 

Automating the design tasks by means of computer-based tools is a concern for research in 
design automation. The term design automation can be referred to: “Engineering IT-support 
by implementation of information and knowledge in solutions, tools, or systems that are 
pre-planned for reuse and support the progress of the design process” (Cederfeldt and Elgh, 
2005). The result is mainly an automated process that generates product information as 
output (Elgh, 2008). Design automation can be divided into two types (Cederfeldt, 2007): 
information handling and knowledge processing. Enabling reuse of a CAD file could be an 
example of the former type, and reuse of a spreadsheet for weight calculation is an example 
of the latter type.   

The benefits of design automation systems implemented in different areas vary concerning 
the objectives of the systems, but are mainly connected to shortening lead time, improving 
product performance, and ultimately decreasing cost (Johansson, 2008). Further, design 
automation systems often facilitate the documentation and maintenance of corporate 
knowledge, and enable the designers to focus their work on solving problems that need skill, 
experience, and creativity (Elgh and Cederfeldt, 2005).  

An important task in development of a design automation system is clarification of scope 
and type of the system as well as system implementation. Cederfeldt (Cederfeldt, 2007) 
defined a set of criteria of system characteristics where transparency, knowledge 
accessibility, flexibility, ease of use and longevity are among them. He states, the criteria 
affect system implementation and should be considered for planning design automation 
systems. In addition, the importance of documentation and maintenance of the system is 
emphasized by recognizing the need for versioning, verification, and traceability of 
knowledge. 

3.2 DESIGN KNOWLEDGE 

The following definitions for data, information, and knowledge are provided in (Schreiber, 
2000): 

 Data: data are the uninterpreted signals that reach our senses. 

 Information: information is data equipped with meaning. 

 Knowledge: is the whole body of data and information that people bring to bear or 
practically use in action, in order to carry out tasks and create new information. 

A more engineering oriented definition is given in (Chandrasegaran et al., 2012), as design 
knowledge is obtained by interpretation of information deduced from computational results 
and factual quantities.  

The terms data, information and knowledge exists on a wide variety of formats and types 
across the development process. These may include product information, process 
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information, technology information, explicit, implicit and tacit knowledge regarding 
activities, methodologies, discussions and meetings, as well as catalogued information, 
assemblies, parts, features, rules, and bill of material. Garcia (Bermell-Garcia, 2007) argues 
that due to this diversity of information and knowledge needed in an engineering team, in 
fact, what is data for one person could be knowledge or information for others and so on. 
Due to this reason, during conducting the thesis, there has been no sharp distinction between 
information and knowledge and they are used interchangeably in this study.  

Johansson (Johansson, 2007) classified design knowledge into four types when it comes to 
the metal forming industry which could be extended to other industries too: 1) heuristic 
which is generally found in different handbooks or company standards and is based on 
skilled engineer’s experiences, 2) analytical that derives from fundamental physical laws 
and tends to be more complex than heuristic, 3) numerical that usually the common method 
is a finite element method (FEM), and 4) empirical which is based on experience.  

3.2.1 Product and process knowledge 

Design knowledge can be categorized either as product knowledge or as process knowledge 
(Wang et al., 2012). The former describes the function and behavior of the product, whereas, 
the latter focuses on the way solutions are created. A more specific definition is given in 
(Murthy et al., 2004) stating product knowledge includes the information and knowledge 
associated to the product such as relationships between parts and assemblies, requirements, 
and design rationale. Process knowledge, on the other hand, includes the business process 
knowledge, design process knowledge, and manufacturing process knowledge.  

3.2.2 Knowledge base 

Having a rich knowledge base about the product and process to quickly analyze and answer 
a request for a customized product by considering requirements for design and 
manufacturing is a big benefit for the firms. The contents of a knowledge base can be used 
in a number of ways (Yang et al., 2012): 1) to disseminate knowledge to other people in an 
organization, 2) to reuse knowledge in different ways for different purposes, 3) and to use 
knowledge to develop intelligent systems that can perform complex design tasks.  

3.2.3 Managing the design knowledge 

The ultimate goal of any knowledge management research in engineering design is to reuse 
the knowledge effectively and efficiently, without imposing too much burden on individuals 
(Wang et al., 2012). Usually, two different lifecycle perspectives need to be considered 
when addressing knowledge management and documentation of design knowledge (Murthy 
and Maier, 2003): 1) knowledge perspective which includes the adaption of rules and 
models to changes, e.g. new technology, new product knowledge, and new requirements. 2) 
Product perspective that mainly focuses on methods for generating and managing 
documentation, version control of rules and models, and the principles of traceability from 
the product to the underlying knowledge and vice versa.  

3.3 TRACEABILITY 

Product knowledge includes various pieces of information and knowledge such as 
requirements, relationships between parts and assemblies, geometry, and constraints 
associated with product and design rationale (Chandrasegaran et al., 2012). An important 
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step towards achieving product knowledge sharing is providing traceability across various 
product knowledge elements that are used in the design phase (Ouertani et al., 2011). 
Traceability is important in order to know the origin, relation and sources of the information 
and knowledge. According to (Mohan et al., 2008), traceability assists in understanding the 
relationships that exist within and across the product, design and manufacturing. These 
relationships help designers ascertain whether and how the design and implementation 
satisfy the requirements.  

Traceability is the key for supporting the ability to follow the origin of knowledge and 
pursuing affected design aspects, especially when changes occur in design. The information 
is traceable if one can detect (adapted from (Kirkman, 1998)): 

 the source of the information 

 the reason why the information exists 

 what other information is related to it or how the information is related to other 
knowledge.  

3.4 DESIGN RATIONALE FUNDAMENTALS 

Based on the content, design knowledge can be categorized into two groups (Elgh, 2011). 
One is design definition describing the results of the design, without any explanation 
concerning the reasons and argumentations behind the design. Such information can more 
often answer the “what” question. A CAD model, a design table, or a test report are some 
examples of design definition which are mostly based upon insights, experience, trade-offs, 
calculation, simulations, etc. 

The other one is design rationale explaining the purpose and reasons behind the design in 
more details. Design rationale provides a better understanding for design definition and 
often aims at explaining the artifact in the way it is designed answering the “why” question. 
For instance, “why a CAD model looks like as it is?” 

The definition of design rationale varies and depends on the aim of the design rationale 
system. The research community has defined design rationale as a way to know the reasons 
behind a decision (Bracewell et al., 2009; Wang et al., 2012), but it could also be the 
justification for it, the design alternatives, and the evaluated trade-offs that led to the 
decision (Lee, 1997). In fact anything in a design process that can be represented and that 
trace a reason can and should be a part of design rationale. For example, even the 
conversations between the engineers during meetings (Lee, 1997). 

Most of the design activities during the design process of a customized product depend upon 
the previous design projects and obtained experiences. In a survey performed by Tang et al. 
(Tang et al., 2007), 80% of the respondents said they fail to understand the reason of a 
design decision without design rationale support. So, it is necessary to capture the design 
rationale along with capturing the design information (Klarbring, 1991).  

3.4.1 Benefits provided by design rationale systems 

Lee (Lee, 1997) points out the potential benefits of using design rationale systems. Some 
major benefits are:  

 Support reuse for a better design in development of a new artifact or modification of 
existing variants. Reuse can be supported in two ways: one is to serve as index to similar 
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designs and problems faced. The other one is to reuse rationale themselves from past 
activities to suggest potential design alternatives. 

 Support documentation. Design rationale includes explanations of what to do and what 
not to do. Therefore, design rationale systems support knowledge transfer by learning 
from the past and explicitly linking the requirements. Moreover, it can be used as an 
external knowledge repository to support training of new users and keep them up to date.  

 Support collaboration. Implementing a design rationale system is a proper way for 
designers to share their experiences with other design members.  

3.4.2 Main steps in most design rationale approaches 

According to (Dutoit et al., 2006), a design rationale approach should address how to 
implement three basic processes as follows: 1) how to capture design rationale; the process 
of extracting design rationale from designers, 2) how to formalize design rationale; the 
process of transforming design rationale into desired representation form, and 3) how to 
provide access to design rationale; the process of making design rationale available for 
users. They further, discuss the possibility to combine the capture and formalizing processes 
in a single operation. This is also stated in (Szykman et al., 2001) which defines design 
rationale capture as a process of recording knowledge as well as organizing the knowledge 
based on a representation schema, and storing it in a knowledge base. Although both 
literatures state the need to formalize and organize the rationale based on representation 
forms, what is not explicitly mentioned is the importance of structuring the information. 
Structuring design rationales supports the process of design reasoning by “helping designers 
track the issues and alternatives being explored and their evaluations” (Lee, 1997). In fact 
there is a trade-off between the ease of retrieval and structure in design rationale 
representations. What will be achieved from well-structured information is easier retrieval.  

Capturing, structuring, and access are identified as important steps to support management 
of design rationale in this study. Capture and retrieval of design rationale is determined by 
the representation schema (Regli et al., 2000), so it is important to select an appropriate 
representation schema. In order to achieve a better understanding of the available methods 
and approaches to support capture, structure, access and representation of design rationale, 
a literature study has been performed of which a brief review is provided in the following 
sections.  

Design rationale representation 

During the design process the engineer collects and stores a large amount of design 
knowledge in different knowledge sources. However, providing an appropriate 
representation that enables access to this vast amount of knowledge, which might differ in 
type, is a big challenge. The representation formats can be classified into five categories 
(Owen and Horváth, 2002): pictorial (e.g. sketches, drawings, and pictures), symbolic (e.g. 
decision tables, and production rules), linguistic (e.g. verbal and textual communications), 
virtual (e.g. CAD models and simulations), and algorithmic (e.g. computer algorithms and 
mathematical equations). In the early stages of design, the presentations are more linguistic 
and pictorial in nature, while by evolving the design process, the presentations become 
predominantly virtual and symbolic (Chandrasegaran et al., 2012), though, some 
representations can fit under more than one category. 

There are two general methods for representing design rationale: descriptive and 
prescriptive. The descriptive approach tends to capture the history of the design activities, 
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methods, and strategies, more specifically, what and why decisions are made and by whom 
(Regli et al., 2000). The prescriptive approach, on the other hand, aims to improve the 
reasoning of the designers and attempt to make the design process more correct and 
consistent (Dutoit et al., 2006). A design rationale approach might be prescriptive in intent 
but also has some descriptive objectives. Saridakis and Dentsoras (Saridakis and Dentsoras, 
2008) discuss computer-based models which enhance features from the descriptive and the 
prescriptive models. The computer-based models provide a better understanding of design 
problems by addressing decision-making processes or analyzing the design knowledge.   

Tang, et al. (Tang et al., 2007) discuss template-based and argumentation-based as two 
methods for representing design rationale. Template-based is an approach where standard 
templates are used incorporating into the design process. The argumentation-based 
approach uses nodes and links. A node represents a component, while a link represents a 
relationship between components. This approach is a way to deliberate reasoning and 
decisions made during a design process. With the argumentation-based method the designer 
can easily trace the decisions and the relationships between the dependencies. IBIS (issue-
based information system) (Kunz and Rittel, 1970), QOC (question, option, criteria) 
(MacLean et al., 1991), and DRL (decision representation language) (Lee and Lai, 1991) 
are three examples in this context. 

Design rationale capture 

Design rationale capture requires identifying the type of rationale as well as the means and 
objective for capturing it (Dutoit et al., 2006). One suggestion for capturing rationale is to 
first record as much information as possible during the design process, and then organize 
the rationale knowledge based on representation schema (Szykman et al., 2001). However, 
it is not useful that a design rationale system captures and represents every possible detail 
of the design information, in meanwhile, it should always being considered to avoid 
information overload (Regli et al., 2000).  

Design rationale can be captured in different ways based on the principle of the system. It 
could be captured during the design phase or when the design process is finished, directly 
by the designer or by an agent. Regli et al. (Regli et al., 2000) discuss two major methods 
for design rationale capture: 1) User-intervention-based capture which is the documentation 
method created by the designers where the intention is to record the history of design 
activities as the design process evolves. This type of documentation helps people outside 
the project to understand the process and activities. 2) Automatic rationale capture which 
records the communication between the involved people to extract design rationale and 
decisions as they proceed in a design project. A drawback for the latter approach would be 
that people might not feel comfortable recording their communication including their e-
mails and telephone calls.  

Intrusiveness of capturing design rationale into design process is a central obstacle for 
effective capture of rationale (Dutoit et al., 2006) and could be a reason for the designers to 
avoid it. Such interventions, usually, use layout and schema that defines what pieces of 
knowledge should be captured and how these should be linked together. This requires some 
extra work to be done by the designers, therefore, design rationale capture might actually 
be detrimental to a design process and disrupt the designers’ thinking. Performing these 
extra tasks, in addition, is in contrast with what a designer is supposed to do: real design and 
creativity, not routine and monotonous jobs such as archiving information and 
documentation. 
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Design rationale structure 

Based on a survey of existing and proposed design rationale systems by research 
community, Lee (Lee, 1997) identifies a generic structure to what is being represented by 
the systems. This structure takes the form of three layers: decision layer containing design 
alternatives, arguments and issues, design artifact layer containing both decision making 
steps and related information, and design intent layer representing information underlying 
design decisions such as objectives and intentions. 

In addition, a DSM (design structure matrix)-based approach for structuring the system 
knowledge was presented in (Tang et al., 2010). The proposed DSM-based method is a 
structured way of processing the experience and information obtained from past activities 
behind the element interactions. So, the captured information through DSM improves 
understanding of the design routes by linking the system elements to the rationales and 
decisions which can assist predicting change propagations. 

Design rationale access and retrieval 

Design rationale systems mostly retrieve the past existing rationales to solve similar 
problems. There are different scenarios for retrieving design rationale (Regli et al., 2000): 
to view similar design cases at the initial phases of design, to retrieve rules and criteria to 
help in making design decisions, or to produce documents after the design process. 
Depending on whether the user or the system initiates access, user initiative or system 
initiative, (Lee, 1997) retrieval of information can be supported in three ways: retrieval by 
queries, navigating by the designers, and automatic triggering during the design process 
detecting certain conditions according to the design context (Regli et al., 2000). 

3.4.3 Review in design rationale methods 

The interaction between design rationale system and organizations’ applications and 
knowledge sources is an important aspect and should always be considered during 
developing a design rationale system. A research project demonstrating the feasibility of 
applying architectural support to manage interaction with heterogeneous information 
sources was performed in (Murthy and Maier, 2003). The focus of the work was on 
interaction between the base layer, where the original information resides, and the 
superimposed layer, where new information or new interpretations are laid over existing 
information. The aim of the research was to enable interaction of superimposed applications 
with base layers using a common interface regardless of base layers types or access 
protocols. In addition, performing navigation and querying with any base layer was also the 
objective of the research. The findings of the study suggest placing an appropriate 
application between these layers in order to ease communication between them. Further, an 
extensible architecture is designed to enable displaying excerpts (formatted exactly or partly 
as in its base layer) in the superimposed layer, called SPARCE. SPARCE provides plug-ins 
that add toolbar or menu to Microsoft Excel, Word and PowerPoint, Adobe Acrobat, 
Internet Explorer and Media Player. More specifically, SPARCE applications can provide 
links to a selection in base documents, for example, in spreadsheets or word documents 
(Murthy et al., 2004). A drawback for SPARCE, which could hinder free navigation, is that 
the created hyperlinks to information sources are unidirectional which means they lead out, 
but not back in (Bracewell et al., 2007). 

DRed (Design Rationale Editor) is an IBIS-based tool for capturing design rationale 
(Bracewell et al., 2009). DRed uses the nodes and links concept and allows engineers to 
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record their rationales as the design process advances and the designers gain understanding 
of and solve the design problems. An important consideration in designing of DRed is that 
there is no hidden information and everything is displayed directly on the charts rather than 
pop-up dialogs or windows. Much research has been performed on DRed in order to increase 
its applicability in the design process. For instance, Bracewell et al. (Bracewell et al., 2007) 
developed an extension to DRed in order to allow a more efficient integration environment. 
In addition, a software prototype was developed and integrated into DRed by Kim et al. 
(Kim et al., 2007) that enables searching the required information according to the current 
task of the designer. The proposed solution is an extension to DRed, employing a 
bidirectional hyperlink approach (tunnel linking) to allow graphs to be distributed over 
documents and subsequently navigated freely in any direction from any starting point. A 
bottleneck for DRed would be that by increasing the number of nodes the graphs easily 
become complex.  

Developing software tools for annotation has been researched as a means to improve design 
collaboration. One example is the system developed by Hisarcikililar and Boujut 
(Hisarciklilar and Boujut, 2007) mainly focusing on recording design minutes to support 
communication in 3D-CAD environment. Further, Sandberg et al. (2013) propose an 
approach that provides knowledge retention and sharing across the product development 
process in CAD environment. The method enables adding design rationale within 3D 
annotations carried out by designers allowing design and documentation at the same time. 
The 3D annotations may include general text notes or hyperlinks to other sources of 
information such as textual documents, figures, spreadsheets and URLs. These systems 
allow the designers to express specific information with a particular intention. In addition, 
the systems provide an integrated representation of knowledge, awareness of knowledge 
sources, access to the knowledge and easy communication among system users. However, 
in both mentioned systems, the applicability of the systems is limited to CAD environment. 
A solution to improve the situation can be to enable implementation of more software 
applications. 

3.5 DESIGN RATIONALE APPROACHES AND APPLICATIONS  ̶   
KNOWLEDGE GAP 

Although there has been considerable effort to develop design rationale systems, we are yet 
to see widespread use of representations to facilitate information exchange especially 
between knowledge bases and CAD software. One reason is that there are neither 
appropriate standards available nor widely accessible design knowledge repositories 
(Chandrasegaran et al., 2012). Therefore, the organizations usually use other tools and 
applications for capturing and recording the design information beside the CAD tools. 
Capturing is effective when it is integrated into the current practice of the actors involved. 
Lundin (Lundin, 2015) states capture and representation of design information should derive 
from design implementations directly and be a natural part of the design process.  

Ease of use and access to the information is a major of concern in design rationale 
approaches. A fundamental problem in access and retrieval of the information is the variety 
of applications and software to represent the information. A research was carried out in 
(Elgh and Cederfeldt, 2010), focusing on documentation and management of product related 
knowledge. The purpose of the project was to reveal problems related to the reuse of design 
rules in a case company. Investigations in the studied company show that it is difficult for 
individuals to share their good developed solutions, due to no present system for such 
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documentation covering all organizational tools (in that case Microsoft Office, CAD, and 
programming software). Moreover, they discuss the difficulty in communication among the 
design engineers and the design programmers and stress that people are, typically, reluctant 
to add a new application to the tools in hand in order to improve the situation.  

Such circumstances and also the need for information exchange between design members, 
leads the organizations to move towards integration of independent tools for the sake of 
bettering information representation and contextual communication (Lundin, 2012). Most 
companies, preferably, look for seamless integration of their tools and applications in order 
to prevent duplication of effort and need of maintaining several systems.  

As can be concluded from the above, having a design rationale system that is compatible 
with organizational platforms and allows interoperation with other systems, is easy for the 
users to understand and work with, and has low intrusion to the design process is an ideal 
situation for many companies.  
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CHAPTER 4  

 
SUPPORTING MANAGEMENT 

OF DESIGN RATIONALE  
 

CHAPTER INTRODUCTION 

This chapter summarizes the scientific results. To successfully maintain a design automation 
system, access to information about the problem domain is required. Models, methods and 
applications are required to enable this. This chapter introduces models and methods 
whereas the applications are presented in chapter 5.  

Two information models are presented in this chapter. The first one, which is discussed in 
section 4.2, models the product information, including both design definition and design 
rationale, required for a design automation system. The second one, which is presented in 
section 4.3.2, focuses on design rationale and illustrates the principles and the way design 
rationale can be managed. The chapter describes a framework addressing how to capture, 
structure, and access design rationale. Sections 4.3.2, 4.3.3, and 4.3.4 correspond to the 
research questions, RQ2, RQ1 and RQ3, in order of appearance. 

 

4.1 DEVELOPMENT OF SUPPORT FOR MANAGING DESIGN 
RATIONALE  

Summing up section 3.4, the realization of a method that supports management of design 
rationale includes methods and tools to capture, structure, and access information across 
organizations, processes, systems and products. Figure 4.1 illustrates the way an overall 
method addresses these three processes. During the capture process, the design rationale can 
be acquired either from communications, e.g. meetings and discussions between the design 
members, or from all proper knowledge sources, e.g. documentation and the company’s 
internal websites. The requirements concerning the scope and the granularity of design 
rationale to be captured depend on future needs. These can be difficult to foresee, however, 
a limitation has to be set as it is not feasible to capture everything during the design process. 

The next step is to structure the design rationale by formalizing and modeling the design 
rationale and connecting it to the related knowledge sources. This process can be supported 
by using schemas or information models to classify and categorize the design rationales in 
the right place. Finally, all the design rationales shall be accessible in a standardized way. 
The design software and suitable applications and representations can be used to share the 
design rationale for users. 
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Figure 4.1. A method for managing design rationale requires addressing three basic processes. 

 
Managing and representing the product knowledge in appropriate representations and 
formats to be used by design automation systems is an enterprise task for system developers. 
In the next section, an information model is described that supports modeling of product 
information and rationale.  

4.2 INCLUDING DESIGN RATIONALE IN PRODUCT INFORMATION 
MODELS  

Modeling the product information is an important task in development of a design rationale 
system. An information model can be used as the system’s backbone to form the underlying 
basis and principles of the system. The information model, in addition, illustrates how the 
information should be placed and put together, which can be used as the basis for knowledge 
representation. 

An information model can be used for representation of design knowledge, incorporating 
both design definition and design rationale. The main focus of design definition is the 
construction and the results of the design process whereas the main focus of design rationale 
is the argumentations and supporting descriptions justifying the design. 

Two explorative case studies have been done and the results of each study are discussed in 
papers 1 and 2. The findings of case study 1 are presented here. For more details regarding 
case study 2 please refer to the appended paper 2. 

The focus of study 1 was on the development of product families. A product family was 
selected in the case company A and an information model was developed for modeling its 
product knowledge. The information model is depicted in figure 4.2 and constitutes a 
number of specific classes (CAD-model, UDF, i.e., user defined feature, Rule, Material, 
Property, Feature, Parameter, and Entity). These classes aim to indicate different types of 
design knowledge created or utilized during the design process and are tailored according 
to the specific case study. Commonly, these classes which mostly represent the design 
definition part of the knowledge, do not explain the reasons or encapsulate the 
argumentation for their existence. The definitions of such knowledge are mostly based upon 
insights, experience, trade-offs, calculation, simulations, etc. which constitutes another kind 
of knowledge that can provide a deeper understanding of each class. A deeper understanding 
can be supported by providing design rationale (the Rationale class) answering questions 
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such as Why, When, How, Origin, Valid ranges, etc. The answers to these questions can 
also be supported by access to other sources of related information (the Supporting Object 
class in figure 4.2). The Rationale class also enables specification of relations to Rationale 
classes from other development sub-processes such as PID (product instance description) 
and DMD (design module description). For more details about PID and DMD please refer 
to paper 1. Finally, the Item class is the representative of all these classes which provides 
all the design knowledge regarding a product family, named product family description (the 
PFD class in figure 4.2). 

 

 
Figure 4.2. The information model explaining a product family. 

 

The investigations and findings in both studies emphasized the importance of design 
definition and more specifically design rationale in order to support maintenance of design 
automation systems. However, there is a need for further studies of supporting methods and 
frameworks to enable the process of capture, structure, and access to design rationale. 

4.3 ENABLING CAPTURE, STRUCTURE, AND ACCESS OF DESIGN 
RATIONALE  

The information model is one part of a solution. Support is needed to capture, structure and 
access design rationale. The limitations in the available methods to manage design rationale 
and need for improvements were discussed in section 3.5. A solution to reduce intrusion of 
capturing design rationale is to accommodate the capture process into the current practice 
of the engineers involved. This can be achieved by providing an integrated design 
environment, where, the tools for capturing design rationale as well as representing it are 
the same tools/software that are used by the engineers in the design process. A great 
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advantage of such an environment is that the designers can perform design tasks in different 
software and applications and concurrently capture design rationale. In addition, design 
rationale can be captured and represented in formats that the designers are already familiar 
and would prefer to work with.  

Besides that the design software can be used as representations, many companies would like 
to share their corporate design knowledge via the internal websites to make it accessible for 
geographically dispersed team members. 

The proposed solution in this thesis is based on two types of representation (discussed in 
more detail in the next section). One is the common design software where the information 
is stored in the original format such as geometries, rules, tables, and figures. The other one 
is the explicit description which aims to provide an explanation of the design activities in 
any beneficial context and domain. Such description could contain the information that is 
not stored in other software, such as, a generic structure of the product, the knowledge 
regarding product development and production development processes, the design history, 
the people involved in the design process, the objective of the project, and so on. This 
description can be preferably created in a web-based application to facilitate information 
exchange and communication between design members. 

The introduced method which is discussed in more detail in paper 3, identifies design 
rationale with three elements described as follows: 

 Design rationale targets are references targeting underlying design information. For 
instance, targeting a feature in a CAD model, specific bookmarks in word processor 
documents, selections in plain text documents, or a range of cells in spreadsheets.  

 Design rationale description is an explicit description (preferably in web page format) 
explaining different design issues. The aim is to record the part of the design rationale 
that is not captured in other software. 

 Design rationale connection is a set of design rationale targets that includes any of the 
software applications.  

4.3.1 Representing design rationale across software 

The correlation between the design software and the explicit description is presented in 
figure 4.3 (more details can be found in paper 3). Software 1, software 2, software 3, etc. 
are the design software that can be used for capturing and representing the design rationale. 
Once a design rationale target is captured, connecting it to the related targets that have 
something in common or explain the same issue/solution is essential. Therefore, there is a 
need of an executive center (called Function Board in figure 4.3) that controls and manages 
the correlation and information exchange between the design rationale targets stored in the 
software and even between the software and the explicit description. The function board 
links the related targets together even if they are stored in different software. Providing such 
property enables representing design rationales in different types. For instance, the 
alternatives or the reasons behind a geometry in a CAD software can be explained in a 
design table in one software or in textual documents in another software. Then explanations 
about that geometry, design table and the text, can all be targeted and connected to the 
explicit descriptions.  
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Figure 4.3. An integrated representation of design rationale.     

Figure 4.4 left side illustrates how a design rationale is formed by targeting different 
software. The picture shows that a design rationale is a set of connections (each connection 
is constituted of several targets), and descriptions. Figure 4.4 right side indicates the need 
for a standard user interface to display the targets, connections, and descriptions. More 
details regarding the user interface is described in section 4.3.4. 

 

  
Figure 4.4. Representing design rationale, which is formed by targets, descriptions  

and connections, in a common user interface. 

4.3.2 Extended information model and working principles 

The information model displayed in figure 4.5 is developed in order to form the principles 
of the introduced method. The information model is presented in paper 3 and consists of 
two types of classes; general and specific. The general classes comprise Design Rationale, 
Explicit Description, Design Rationale Connection, and Design Rationale Target. Basically, 
the information model shows that a Design Rationale consists of a set of Design Rationale 
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Connections and a set of Explicit Descriptions. A Design Rationale Connection in turn 
consists of a set of Design Rationale Targets that includes any of the software applications 
(the Design Rationale Target is an abstract class inherited by classes targeting specific 
applications).  

The specific classes target the software applications. Each software has special properties 
and can be identified by those properties. So, for instance, software 1 can be a representative 
for 3D-modeling software, software 2 a representative for manipulating design information 
in Word processing documents, and software 3 a representative for manipulating design 
information in spreadsheets. 

When using the information model, the Design Rationale Targets carry information about 
where the actual design content is stored. These targets can be viewed as hyperlinks, which 
can point to a specific file on the hard drive or a web-page at a certain URL, but the targets 
are more specific than that, pointing to, for instance, a specific feature or a dimension in 
3D-modeling software, a specific bookmark in a word processing document, or a certain 
range of cells in a spreadsheet. It is possible to extend the information model to target other 
software applications by implementing new types of Design Rationale Target classes, 
indicated with dashed lines in Figure 4.5. 

The Design Rationale Connection is used to cluster the Design Rationale Targets that are 
related together. For example, some ranges of spread sheets, bookmarks in different textual 
documents, and some features in some geometrical models that have something to do with 
each other in a natural way can form a Design Rationale Connection. Such a group can be- 

 
Figure 4.5. The backbone information model.  
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viewed and utilized as a multilateral hyperlink that makes it possible to go back and forth 
from one target to several others. So, for instance, when selecting a feature in a CAD-model 
that is targeted in a Design Rationale Connection, all other targets in that group can be 
monitored to the user making it possible to jump to the connected workbook or spreadsheet 
entities, or other 3D-modeling entities. To make Design Rationale Connections meaningful, 
they are stored as Design Rationale objects that can contain a number of such connections 
that are somehow naturally connected to each other. Moreover, Explicit Descriptions are 
associated to the Design Rationale objects describing why these targets and connections are 
related.  

4.3.3 Supporting capture of design rationale 

The benefits of enabling capture of design rationale in the current practice of designers were 
discussed in the beginning of section 4.3. By embedding the capture process with other 
design activities, the designers are able to record the design rationale wherever the need is 
raised.  

Having an instruction for capturing design rationale is required in order to record the right 
amount of information with the right quality and low intrusion into other design activities. 
A checklist for capturing design rationale with a focus on FEA was introduced in paper 4. 
Since a customized product is usually an assembly constituted of a number of components 
(which also can be grouped into sub-assemblies in different levels of product structure), the 
checklist describes capturing information in two levels: component level, and assembly 
level. Depending on the current task of the designer; designing a component or assembling 
a number of components together, the design rationale can be captured. Capturing rationale 
in component level includes understanding of the component’s performance and the reasons 
behind its design, whereas, capturing rationale in assembly level includes an understanding 
the interaction of the component with other components in the assembly as well as the 
assembly’s behavior. Such classification of information prevents the work of capturing the 
same information over and over for each component in one or different assemblies. So, if 
the component is to be reused in another assembly, there is no need to capture the 
component’s rationale again, since it has already been captured and is a part of the 
component’s knowledge. 

The checklist addresses “what” should be captured as design rationale and “how”. The 
checklist targets two important phases of the development process: design process, and 
finite element analysis (FEA). The reason for choosing these two phases was that FEA is 
mainly the analysis of the design and shows whether the part or assembly works the way it 
is designed which can steer the designers toward a more cost-effective product. So, making 
a decision in design highly affects FEA and vice versa.  

The checklist is described as follows: 

1) What details of design rationale should be captured? 

1.1) Design rationale capture in component design. 

a) The captured design rationale shall explain why the component is designed the way 
it is. It should also address: 

i. Performance of the component. 

b) FEM analysis information. Necessary information for finite element analysis of the 
component.  
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1.2) Design rationale capture in assembly design. 

a) The captured design rationale shall explain why the assembly is designed the way it 
is. It should also address: 

i. Performance of the component in the assembly  

ii. Performance of the assembly 

iii. Interaction of a component with other components 

b) FEM analysis information. Necessary information for finite element analysis of the 
whole assembly. 

 

2) How design rationale should be captured? 

2.1) Identify design rationale targets 

2.2) Attach a description to the target if required 

2.3) Connect the target to the related targets in either the current or other software. 

The checklist was tested in a case company and the results are presented in paper 4. 

4.3.4 Enabling access to design rationale  

To present the available design rationales to the user when selecting different entities in the 
targeted software applications, a more accessible user interface has to be developed. The 
suggestion is to provide a common user interface in each software that presents all the 
targets, connections, and descriptions (see figure 4.4 right side). Hence, it is proposed to 
develop add-ins to the targeted software applications in a standardized way so that the users 
feel comfortable and recognize the system and the functions it stands for. The suggestion is 
to create similar user interfaces in each software to simplify access to the information. In 
the standardized add-in user interface there should not only be functionality for monitoring 
available design rationale but also to make new connections and in such an accessible way 
capture the design rationale.  

Access to the information can be strengthened by allowing the user browse to navigate 
across documents containing design rationale. In addition, common search techniques 
facilitates the users to retrieve the information.  

A database that keeps track of all the design rationale with descriptions and connections can 
be used as the backbone of the design rationale system. The design rational system could be 
implemented either as local installations on engineers desktop and laptop computers, but it 
is most preferably installed as a centralized system on a server, as a cloud solution (see 
figures 4.6 and 4.7). In the former case, the design rationale is used for engineers like local 
scrapbooks keeping a record of their own thoughts and connections which represents the 
engineers’ individual knowledge about the product. In the latter case, the design rationale 
stored on the extended enterprise central server (in the cloud) represents the corporate 
knowledge about its products. It is then also possible to interactively communicate 
selections of design rationale to other users in real-time across the globe (e.g. clicking on a 
certain cell in a spreadsheet would highlight corresponding feature in CAD model on a co-
worker’s screen).  
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More details regarding the cloud solution are described in (Johansson et al., 2014). 
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Figure 4.6. The Design Rationale 
connection link to a variety of targets. 

 

Figure 4.7. The Design Rationale 
system is distributed. 
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CHAPTER 5  

 
PILOT SYSTEMS 

 
CHAPTER INTRODUCTION 

In chapter 4, the foundation for supporting maintenance of design automation by 
management of design rationale was introduced. The findings have evolved and been 
investigated by developing pilot systems in two case companies. The modeling of product 
information with a focus on design rationale is described in section 5.1. 

In chapter 4, a further framework was presented for supporting capture, structure, and access 
to design rationale. Based on the identified properties and functionalities, a pilot system has 
been developed to support the assessment of the framework’s applicability. The results are 
described in section 5.2. An evaluation on the pilot systems is provided in section 5.3. 

5.1 INCLUDING DESIGN RATIONALE IN PRODUCT INFORMATION 
MODELS 

In this section two case studies that investigate the development process of customized 
products in two companies (company A and company B described in section 1.5) are 
discussed. The companies both have a long tradition in applying automation systems in 
different stages of their development processes. 

5.1.1 Case study A 

The study was a part of the Adapt project described in section 1.5, and the case company 
was company A. 

The development process in the company starts with marketing research and identifying 
customer needs and ends with an application program describing the product space of a 
product family. When the product family is planned, the instantiation of the product, a 
process that selects, modifies and combines design modules, is done automatically at the 
company. The company uses a design automation model that is based on integration of two 
sub-models; Rule-model and CAD-model. The output of the automation model when the 
rules are executed would be 3D models and drawings. It is also possible to generate 
quotation drawings for customer, along with making complete plans for manufacturing, 
assembling and marking. 

Project description 

The main objective of paper 1, which discusses the findings in company A, was to develop, 
implement and evaluate a system foundation for modeling and management of product 
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knowledge supporting reuse, expansion and maintenance of design automation systems. The 
paper points out the “Descriptions”, as one of the central parts of the proposed solution for 
knowledge modeling. The content of a Description includes, for example, an explanation of 
the overall product, assemblies, parts, rules, and parameters. This constitutes the design 
definition of a Description. By adding information and links concerning aspects such as 
calculations, analyses, constraints, as well as the reasons and argumentations behind the 
design activities, the design rationale of a Description is completed. In order to fill out the 
Descriptions, templates were used to support high quality documentation.  

The development of a customized product in the company is divided into three sub-
processes; product development, engineering design and design programming. Three 
different Descriptions related to these three sub-processes were introduced to support 
capturing design definition and design rationale, and enable traceability across the whole 
development process.  

The focus of the case study was on the engineering design sub-process. A description called 
“Product Family Description (PFD)” was created for this sub-process. This description is to 
be used as input for the automation model. The basis of the PFD relies on an information 
model (the information model is the one presented in figure 4.2). A case product was 
selected and a pilot system was developed based on the presented model for documentation 
of product family.  

Pilot system 

A semantic wiki was used as an application to demonstrate the applicability of the PFD. The 
PFD was described by linking to a number of articles created in the wiki. The documentation 
of knowledge relevant for the class was placed within the page. The aim was to document 
both design definition and design rationale for each article. Since the current documentation 
at the company focuses mostly on design definition without recording design rationale, the 
argumentations and reasons behind the rules, geometries, etc. were extracted from the 
designers during several meetings and discussions. The information and knowledge was 
described explicitly by using text, figures, tables and rules. In addition, the supporting 
documents such as Excel and Word files were uploaded in the relevant pages. Figure 5.1 
shows the main page of the PFD described by linking to a number of articles. 

 
Figure 5.1. Main page of the PFD created in wiki. 
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5.1.2 Case study B 

The study was a part of the Impact project and the company was company B, both described 
in section 1.5.  

The development process of the roof racks was selected for further investigations in the 
company. The trend of selling new roof racks is highly related to the time a new car enters 
the market. Therefore, the company aims to cut the lead time by redesigning and adapting 
the previously developed solutions to new car models instead of developing new roof racks. 
For this reason, a system was developed to automatically search among the existing roof 
rack CAD geometries. The system works based on virtual comparison of the product’s 
geometry and the car’s roof geometry in CAD environment. Based on the similarities in the 
geometries, the system ranks the roof racks’ CAD-models and allows the user to choose 
those geometries that are more applicable to the car’s roof geometry. 

Project description 

The implementation of the automation system discussed above was selected as the case 
study and the results were discussed in paper 2. The research aimed to identify the major 
issues when a design automation system is implemented in a company. One of the identified 
issues was organization, considering alignment of the system with other systems and its 
external environment, as well as communication and collaboration among system users. It 
was stressed that considering organizational aspects during developing a system facilitates 
the process of implementing the system and its integration within the organization. 

The other issue which was the center of focus in paper 2, was documentation concerning 
the way of managing and modeling product knowledge during the development process. 
Similar to the case study A, when studying the documentation of product knowledge at 
company B, it can be concluded that it is mainly directed towards describing the final results 
of different design activities. Such information might be enough if the content of the system 
(e.g. rules) is to be used as it is. But if the design is modified or the rules are changed, more 
information explaining the reasons behind design activities is required. In order to solve this 
problem, the study was directed toward providing a solution for documentation required for 
the design automation system. 

Pilot system 

To provide a model to represent the required information for the automation system, an 
information model was developed. The information model is presented in figure 5.2. Also 
in this case, a wiki solution was created to present the model to the engineers at the case 
company (see figure 5.3). More details regarding the case study B can be found in the 
appended paper 2. 
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Figure 5.2. Information model incorporating both design definition and design rationale. 

 
Figure 5.3. Main page of the prototype system created in wiki. 

5.1.3 Findings from case study A and B 

The usefulness of the information models and provided solutions for both studies were 
confirmed by the company representatives in general which indicates the applicability of 
such information model in different development environments. But also stressed was the 
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need for further investigations and supporting tools for efficiently feeding the systems with 
the right amount and quality of knowledge.  

User acceptance was found as an important factor in case study B to successfully implement 
a system. It is strongly related to the access and understanding of the knowledge. In both 
papers 1 and 2, the importance of capturing design rationale was emphasized. In addition, 
the diversity of design rationale and the necessity to represent it in different types and 
formats was stressed in both paper 1 and paper 2. What was a common finding from both 
projects was the need for a method to allow capturing and representing the knowledge, 
especially design rationale, in different types and formats according to the system 
requirements and user preferences.  

With regard to the tested application, wiki, it is a text-based application which has its own 
limitations and cannot be a perfect solution on its own. Therefore, there is a need to 
implement other tools and applications that allow capturing and representing the knowledge 
in a wider range of formats.  

The investigations from both case studies formed the basis for developing a prototype 
system that manages and controls the design rationale in a more specific way. The results 
are discussed in the following section.  

5.2 ENABLING CAPTURE, STRUCTURE, AND ACCESS OF DESIGN 
RATIONALE  

The need to provide a tool integrated in the design software that allows capture, structure, 
and access to design rationale in a simple way was stressed in section 4.3. A prototype 
system integrating SolidWorks, Word, Excel, and wiki pages was developed to evaluate the 
introduced model. The aim was to choose different common design software to represent 
the design rationale in different formats. The system was coded in VB.net environment and 
could be installed as an extension in Word, Excel, SolidWorks, and a web browser to 
provide the same functionality for the wiki. However, it is possible to target more software 
applications if beneficial. So, the design rationale for an artifact in the prototype system 
consists of a set of targets such as a feature in SolidWorks, a table in Excel, a number of 
lines in Word, and a description (web-pages in wiki). The system provides similar user 
interfaces containing three windows for displaying the targets, connections, and descriptions 
in all four applications.  

5.2.1 Case study 

The model presented in section 4.3 was tested through a design automation case study in 
company B. However, the selected design automation system differs from what was 
discussed in section 5.1.2. Here, the system automates the crash simulation process by 
connecting SolidWorks, and LS-Dyna to develop a complete FEA-model. The 
investigataions are discussed in paper 4. 

Figure 5.4 shows a screenshot of a case component called “Footpad” with the design 
automation system on the top, and the design rationale system on the right, both created in 
the form of extensions in SolidWorks. In this picture two windows of the design rationale 
system are shown: design rationale targets are displayed on the top and design rationale 
connections in the lower window. To create the FEA model and run a crash simulation for 
Footpad, a number of features in the design automation system such as defining material 
properties, thermal expansion, and surface contact need to be determined by the FEM 
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engineer. The features are accommodated in SolidWorks (e.g. Material feature in the left 
panel in SolidWorks in figure 5.4). Simulating a new component variant with new properties 
requires updating these features and creating a new FEA model.  

In addition, some decisions made in the design phase might also effect the FEA model and 
crash test. For instance, the crash analysis might be valid for a range of Footpad alternatives 
which a designer could consider during designing a new variant. Thus, capturing and sharing 
the design rationale behind both the FEA model and geometry would support the FEM 
engineers to update the FEA model and run the crash simulation faster and more efficiently. 

 
Figure 5.4. Design automation and design rationale systems embedded in Solidworks. 

The following sub-sections explain the process of capturing, structuring and accessing 
design rationale in the developed prototype. 

5.2.2 Design rationale capture 

Two features in the CAD model are presented in figure 5.4, Material and Height. The 
Material feature needs to be updated when running a crash simulation for the displayed 
component. Now, the aim is to connect these two features to their related information in 
Word and Excel. A design rationale is created called Footpad Simulation. The Connection 
window in figure 5.4 displays two documents connected to the Footpad Simulation target. 
The documents are Excel and Word shown in figure 5.5. The Excel document on the left 
side contains information about design alternatives for the case component. The Word 
document on the right side contains information about material properties of footpad 
variants. The highlighted cells in Excel are connected to “Footpad Height Alternatives” 
target and the highlighted text in Word is connected to “Material Specification” target. So, 
the designer captures information explaining the whys and design alternatives for the 
Footpad via the user interface (stated “Footpad Height Alternatives” in Excel in figure 5.5), 
while, a FEM engineer captures information explaining material specification for the 
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Footpad (stated “Material Specification” in Word in figure 5.5). In addition, two wiki pages; 
one describing the Footpad, its design process and supporting documents, and the other one 
explaining the simulation workflow, are presented in the lower sides of Excel and Word. 

Capturing the design rationale can be carried out according to the second part of the 
checklist presented in section 4.3.3. First a design rationale target for a feature, cell, or text 
is created in a software, then a wiki page is attched to that target (if needed). Another target 
(feature, cell or text), perhaps in another software, can be connected to the first target by 
selecting the recently created target in the user interface, right clicking the mouse and 
performing Add connection. More details with a case example are discussed in paper 4. 

 

Figure 5.5. Design rationale targets, descriptions, and connections in Excel and Word. 

5.2.3 Design rationale structure  

Figure 5.6 shows the content classification of wiki pages created in the case company B. 
The engineering knowledge is classified into two groups: process knowledge and product 
knowledge. Process knowledge contains knowledge about select or development of required 
tooling and equipment, intended manufacturing process and such. Product knowledge 
contains knowledge about different phases of the development process such as product 
design and FEA. When there is a relation, for instance, between product design and tooling 
design the web-pages can be connected together by inserting links. New pages can be 
created if new knowledge categories are required. A screenshot of a wiki page containing 
simulation information is presented in figure 5.7. This wiki is the one that was attached to 
the Word file in figure 5.5.  
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Figure 5.6. Structuring knowledge in wiki pages. 

The prototype system, in addition, allows classifying the design rationale into folders. Each 
folder can be used for a specific context. For example, the design rationale targets in figure 
5.5 are stored in three folders named: Bracket Information (contains targets for the Bracket 
component), Footpad Information (contains targets for the Footpad component), and Roof 
Information (contains targets for the cars’ roofs). The system allows the engineers to create 
folders and classify the design rationale based on their context in the respective folder. 

 

 
Figure 5.7. The wiki page containing information about simulation  

process with the provided user interface. 

5.2.4 Design rationale access and retrieval 

The created user interfaces in each application provide a simple way to monitor and navigate 
through the design rationales and related descriptions. Each window is designed with a few 
specific functionalities to aid the user in creating, editing, linking or finding the information. 
For instance, the design rationale target window in the created user interface (see figure 5.5) 
contains two tabs, called Active solution and Browse. The Active Selection tab shows the 
active design rationale target, whereas, the Browse window monitors all the existing design 
rationale targets. By selecting each of the targets, the connection window is updated and 



Support Maintenance of Design Automation Systems 
A Framework to Capture, Structure and Access Design Rationale 

 
 

45 
 

shows the connections for that target. Moreover, the Browse window allows the user to 
select a target and open its related documents in other software. For more details regarding 
the functionalities of the user interface please refer to papers 3 and 4. 

One way to retrieve the captured design rationale is by providing search techniques. A 
conventional search mechanism was introduced in paper 4 showing the high potential of 
search engines in finding the design rationales, more specifically, when particular keywords 
are predefined. Figure 5.8 left side shows the results of searching for all the targets and 
figure 5.8 right side displays those targets that contain a specific namespace. Figure 5.8 right 
side, shows the ability to select a searched target (Footpad Height Alternatives) and see the 
related targets or descriptions in the other window. 

     
Figure 5.8. Search function in the prototype system. 

5.2.5 Analysis of the prototype system 

The prototype system by integrating SolidWorks, MS-Excel, MS-Word, and Wiki was 
developed to examine applicability of the proposed model for managing design rationale. 
The aim was to choose some of the common and popular design software. Microsoft office 
tools are broadly used in many organizations nowadays and they can be used as knowledge 
repositories in different formats. SolidWorks is a powerful and common CAD software. A 
discussion about wikis is provided in the end of this sub-section. 

All the links to the design rationales and the knowledge sources are presented in each 
application, regardless of which application the links were first created in. Since the user 
interface is common for all the software, whenever a new design rationale target is generated 
or a new connection between the targets is created, all the activities are presented and the 
content of the windows is updated simultaneously in all software.  

The prototype system was tested through a design automation system where a focus was set 
on the need to share knowledge between FEA and product design (paper 4). The system was 
also tested across product design and tooling design processes due to the significant need of 
information exchange and collaboration among involved design teams when developing 
custom engineering products (paper 3). The findings have made it clear that the introduced 
system is capable of facilitating information exchange and navigation of design rationale 
across the development process of customized products.  
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So far, the prototype system is implemented as a local installation on users’ computers but 
in order to evaluate the functionality of the system, it will be required to be centralized on a 
server to be used by a group of users. In such a scenario, a database is required to facilitate 
communication among the knowledge sources and also an editor to efficiently manage and 
edit the created design rationales.  

Wiki as a tool to manage knowledge 

Wiki applications were used as a part of the developed prototype systems during the 
research. Wikis can be used to manage engineering knowledge and are usable for capturing 
tacit knowledge across individuals (Catic and Malmqvist, 2010) in the form of web pages. 
However, a wiki has more applicability and differs from a website or a blog. Wiki is a type 
of content management tool and enables linking, navigation and searching the information. 
It allows the users to edit and form both the information and the structure to fit their purposes 
in an organic way. A big characteristic of wiki is to involve the user in an ongoing process 
of creation, collaboration and modification of the webpages. Although the ability for every 
user to be an author and editor allows the user to contribute in a flexible way, it also makes 
wikis susceptible. There is always a large potential for misinformation, because there is no 
system to validate the information that someone might put on a wiki page (Weerasinghe 
Janaka, 2007). This could be more obvious especially in large wikis where a lot of members 
are involved. However, in many wikis it is possible to edit the security features in order to 
restrict information access or limit editing privileges to just certain individuals. Wikis have, 
in other words, great benefits but are not perfect. Currently, different wiki software are 
available to serve different purposes. Further, it is possible to install extensions on wikis for 
the sake of improving their performances. 

5.3 EVALUATION 

Qualitative evaluations were carried out on the results from sections 5.1 and 5.2. The 
evaluations assist in ascertaining the degree of achievement in regard to the objective and 
results of the research. The evaluations, in addition, enable reflection and aid in the 
identification of further work. 

The evaluations were conducted in the two case companies during meetings, workshops, 
discussions and evaluation sessions. The aim was to determine the merits, significance and 
worth of the prototype systems discussed in sections 5.1 and 5.2. Further, qualitative 
questionnaires with open-ended questions were carried out to determine the quality and 
impact of the prototype systems and their usefulness in the design practice. A number of 
questions, general enough to be answered by the practitioners in the companies, were 
provided. The participants who answered the questions had different roles with years of 
experience at the companies.  

5.3.1 Evaluation in case company A 

A questionnaire was conducted in case company A focusing on the product family 
description (PFD) and the prototype system developed in wiki. The manager of the design 
automation department, the project leader, a designer, and a system developer (responsible 
for developing parametric product systems) participated in the questionnaire. They all had 
been involved in developing and implementing the system. 

Table 1 shows a summary of the questions and answers. In general, the answers show that 
the participants were optimistic about the PFD and that it could be used to improve 
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traceability and knowledge reuse. The project leader and the design automation manager 
considered the PFD as a good method to provide input to design programming while the 
system developer believed it should be mandatory to have a PFD as the basis for design 
programming. With regards to the wiki used as a tool for documenting the product 
knowledge, there were some concerns regarding its efficiency in recording, categorizing 
and searching the knowledge. The design automation manager and the project leader both 
stated that more efficient documentation would result in a cost saving for the company. 

For further investigations, the participants would like to see more research on managing the 
PFD in concern to documenting and storing the knowledge. There was also a suggestion for 
evaluation of other software alternatives for system realization to support selection of the 
most suitable solution according to the company requirements. 

 

Table 1. The prototype evaluation in company A. 
Query Design Automation Manager 

Project Leader of 
Documentation Project 

System Developer Engineering Designer 

1. What is your 
opinion about PFD? 

PFD is great. That’s a really 
good definition of our 
documentation at the company.  

Great! I like the concept 
and will work for a PFD 
solution at the company. 

The PFD is essential for traceability, knowledge 
reuse and a streamlined parametric and rule-based 
process 

The current documentation at the 
company describes our product families. 
PFD is perhaps a better description for 
that in the future. Also if we can 
implement the rationale part of this in an 
easy way it could be great.  

2. What is your 
opinion regarding 
PFD as an input for 
design programming? 

PFD is excellent. If it’s also 
divided in DMD, it’s easy to 
reuse and gets the needed 
knowledge for a family. 

I think it will be great. 
It should be mandatory to have a PFD as basis for 
the design program. 

If the PFD is created during PDP in 
close cooperation with design 
automation it generates a good input for 
the design programing. 

3. What do you think 
about making 
structured 
documentation based 
on categories? 

It can be a way. It’s like a 
template (for me). 

If it would be possible to 
have it more in forms then 
it would be better. I mean 
that the properties and 
categories should have 
some kind of automatic 
handling. 

Properties is one way of making the information 
structured. A structured information model is 
essential to leverage reuse of knowledge. By having 
a structured information model it is possible to 
classify and search the information in a relevant 
way. 

You should always strive to make the 
documentation in a structured way. It 
could be difficult to strictly document 
based on properties and categories. 
During documenting a product family I 
think you have to make sure that there is 
a good overview of what is included in 
that particular family. 

4. How do you think 
properties and cate-
gories can provide 
access to the stored 
knowledge? 

It makes the documentation 
searchable.  

Implementing in the right 
way would be helpful for 
information finding. But 
see question 3. 

See answer for question 3. 
When designing a new product you can 
look for what is already made in a 
certain area. Can you reuse it? 

5. What is your 
opinion about making 
documentation in the 
pre-defined 
templates? 

I like that. 

Great, I like it a lot and 
we will use templates in 
the future. In which way 
depends on the system 
solution. 

This is part of an information model. The template 
represents the class of the information and the 
document based on a template is an instance of that 
class. I see template as a contract or interface for 
consumers of the information (and by consumers I 
mean humans or other systems). 

With pre-defined templates you are 
helped during making documentation, 
easy to see what is expected from you. 
For new designers it should be great, and 
also the format for the documentation 
will be more streamlined.  

6. How can the 
results of the project 
be used at the 
company? 

We will implement PFD and 
DMD. Probably not the other, at 
least not now. We have to see 
what our RBD project comes up 
with.  

PFD will definitely be 
used. SMW is under 
consideration but mostly 
without the semantic part. 

The important result of the work is to emphasize on 
the need to classify information. I haven’t seen 
enough of SMW to have a well-founded opinion 
about it, but as I see the future of PFD’s and design 
rule documentation I would say that SMW does not 
suffice. In the long term the PFD recording 
application should support the creation and 
versioning of runnable design rules and that is not 
possible with any known system today. But the 
technology is available for creating such a system 
and I think that should be the long term goal. 

It can be a source of information and 
insight during the future work within 
rule based design at the company. 

7. What are the 
drawbacks of the 
project results? 

I don’t see any drawbacks. 
Although I would like to have 
more focus on DMD as a part of 
the whole Description parts. For 
me it feels that we can 
document Design Modules 
separately and by inheriting 
various PFDs. That’s a way of 
reusing knowledge.  

Maybe should have been 
considered having look at 
SharePoint.  

- 

If there had been more time perhaps 
looked into other software and evaluated 
those as comparison with the ones 
chosen in the project Also look into 
more product families. 

8. What is needed for 
further investigation? 

We will investigate a way 
(system?) to document and store 
documentation about PFD. 

How can the designer 
handle the PFD in the 
most efficient way? 

See answer for question 6. 
To look into more software alternatives 
and decide most suitable for our 
requirements. 

 

5.3.2 Evaluation in case company B 

The evaluation session in company B with the focus on evaluating the prototype system 
discussed in section 5.2 was started by a presentation of the system, followed by a 
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discussion, and in the end the questionnaires were distributed to be answered. The product 
development manager, the chief engineer for racks, and a tooling designer participated in 
the evaluation and were asked to answer to the questions. However, the participants 
preferred to answer the questions in a single document unanimously. 

Table 2 shows the questions and a summary of the answers of the three participants. Overall, 
the participants affirmed the possibility to employ such a system in the design 
implementations in the company. They stated the great advantage of linking the related 
information across the software, especially between CAD models and Excel. It was 
acknowledged that such functionality would definitely facilitate tracing the effected 
knowledge when updates are required across the product documentation in the company.  

Although the participants would like to test the prototype system in the organization across 
the broad in a larger scale, they are optimistic that the benefits would outbalance the efforts. 
However, maintenance of an additional system, and the need for learning and understanding 
the system by the users were the concerns stressed by the participants. 

Linking the Excel file to the 2D-sketches in pdf format, and providing a view of the CAD 
model in Excel in order to be used by the practitioners who do not need to have access to 
the CAD software, were the suggestions for further improvements.  

 

Table 2.  The prototype evaluation in company B. 
Query Answer 

1. What is your opinion about the system? It is a good way to link the CAD model to other types of 
information and keep the documentation up to date. 

2. Can this system be used at the company? Yes.  

3. Who should be responsible for managing, editing, and 
maintenance of the knowledge and system at the company? 

It is IT or R&D departments. More investigation is required. 

 
4. What are the drawbacks of the system? 

Maintenance of an additional system. 
Understanding and learning the system. 
If the system will lag the performance of the computer. 

 

5. What can be improved? 
Additional tools enabling 3D view of the CAD models in, for 
instance, Excel without need for using the CAD software. 
View of the connections in the 2D-pdf sketches.  

6. Will the benefits outbalance the efforts 
 and costs of resources required? 

Probably. 

7. What is needed for further investigations? 
A prototype capable of being used with other systems in the 
company. 
Cost of the system and return of investment. 

8. What would you like to see as next step? A prototype system that can be tested. 
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CHAPTER 6  

 
DISCUSSION 

 
CHAPTER INTRODUCTION 

In this chapter, first, a summary of the research is explained. Then, a reflection on the results 
of the research work is provided. Next, the work is evaluated by resuming the research 
questions. The validity of the research is discussed through a number of factors. Finally, a 
discussion of the research procedure is provided. 

6.1 SUMMARY OF RESULTS 

Developing customized products is a competitive advantage for many manufacturing 
companies. The work of generating new product variants according to new customer 
specifications can be carried out more efficiently by applying design automation systems to 
automate the time consuming and repetitive design tasks. This is a strategy for companies 
to reduce lead time and provide a higher degree of customer adaptation. 

Maintenance of design automation systems is essential to retain their usefulness over time 
and adapt them to new circumstances. New circumstances are, for example, introduction of 
new products or new variants of existing products, changes in design rules in order to meet 
new standards or legislations, or changes in technology. 

The study has aimed to provide a solution for managing design rationale in order to support 
maintenance of design automation systems. First, modeling and management of product 
knowledge was investigated in papers 1 and 2. To efficiently enforce product knowledge 
documentation and aid traceability, the information models were presented (figures 4.2 and 
5.2). The information models mainly explain that the product knowledge documentation 
required for a design automation system should include both design definition and design 
rationale. In addition, supporting documents or even rationale from other domains (e.g. the 
other development sub-processes) can also be used to support understanding of design 
results and decisions. It was perceived in paper 1, that traceability has a significant impact 
on system maintenance by linking design definition to design rationale and supporting 
documents. 

Further, the focus of the research was directed towards managing the design rationale and 
supporting capturing, structuring, and accessing design rationale. The objective was to 
enable capturing design rationale during design implementations when a reasoning or 
argument occurs, in a suitable format. An information model (figure 4.5) and a method for 
capturing, structuring, and accessing design rationale were developed. The information 
model enables representing design rationale in design software, or in a descriptive form 
(seeking to provide detail about the information recorded in the software).  
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6.2 REFLECTION ON THE RESULTS 

A framework for managing the design rationale addressing capture, structure and access to 
design rationale has been developed. The proposed framework allows creating an integrated 
environment constituted of common design software. It is suggested to use the applications 
that are broadly used in the design process and the designers are already familiar with. The 
benefit of this integration is to allow selection of software applications according to the 
particular need and goals of the companies. This allows an easier integration of the design 
rationale system with its external environment, other systems, and IT-infrastructure in the 
companies.  

Having an instruction for capturing design rationale is required in order to record the right 
amount of information with the right quality, and less intrusion into other design activities. 
A checklist was provided for capturing design rationale in two levels, component level and 
assembly level. The rationale in assembly level comprises the assembly rationale explaining 
the behavior and design of the whole assembly, and a number of components rationale, each 
component rationale explaining the design and behavior of the component solely. In such 
classification, the rationale of each component can be treated as a module, so the assembly 
rationale contains a number of component rationale modules. So, by adding the component 
in a new assembly its rationale is also added into the new assembly. 

One limitation in the introduced framework is the lack of a shared base to allow the 
engineers to record the tacit knowledge from their minds in a common form that is 
understandable for all other users, not just some texts and comments that can be understood 
only by the persons who recorded them. 

An example for capturing design rationale in component level was provided in paper 4, 
however, more investigations are required regarding what details of information should  be 
captured in assembly level.  

Based on the information model (figure 4.5), the design information is stored either in 
software applications or in Explicit Description. The Connection class makes it possible to 
group and map the related targets and descriptions across different software (this is 
explicitly shown in figure 4.4). This facilitates traceability to pursue the effected 
information when a part of the knowledge needs to be updated.  

A successful design rationale system should have the ability to monitor, browse, search, edit 
and filter the information according to the needs. This enables the system to display the 
required detail of the information relevant to the problem at hand, moreover, it supports 
management of the information. The common user interface embedded in each software 
enables the designers to browse and navigate through the design rationales across product, 
FEA, production, etc. This allows the designers to assimilate all relevant cues and examine 
all potential effects of their design. However, a bottleneck in such user interfaces is to keep 
their efficiency and simplicity when the number of the targets and connections are 
increasing. 

6.3 EVALUATION OF THE RESEARCH 

The evaluation of the thesis is done first, by returning to the research questions. Then, 
discussions regarding the validity of the research based on the factors discussed in section 
2.5 are provided.  
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6.3.1 Resuming the research questions 

The research questions for this study to support the overall purpose of the research were as 
follows: 

RQ1. How can design rationale be captured during the design process? 

RQ2. How can design rationale be structured during the design process? 

RQ3. How to make design rationale accessible? 

These three questions have been addressed in this work. A summary of the answer to each 
question is as follows: 

RQ1. Capturing design rationale 

In order to reduce the intrusion of capturing design rationale, it is suggested to embed 
capturing design rationale as closely in the design activities as possible. This can be 
achieved by enabling the users to capture the design rationale in the design software that 
they are already using to do their work. Thus, the user does not need to open up an additional 
tool for the sole purpose of capturing the rationale. 

Since accomplishing the design activities entails using different independent software, 
integrating the design software allow the users to capture the design rationale in a range of 
formats that the available design software in the organization supports. The suggestion for 
creating such integration is to implement extensible applications into the design software to 
enable capturing the rationale in the appropriate software wherever the need is raised. The 
application should have the ability to target the information in each software and connect 
the related information together in different software. A descriptive application (called 
explicit description) could also be embedded in this environment in order to record the 
information that is usually not captured in the design software, for instance, the history or 
procedure of the design. 

RQ2. Structuring design rationale 

Structuring the design rationale can be supported by using the information models. The 
Design Rationale Connection class presented in figure 4.5 is used to cluster the design 
rationale targets that are related together. For example, some ranges of spread sheets, 
bookmarks in different textual documents, and some features in some geometrical models 
that have something to do with each other in a natural way can form a Design Rationale 
Connection. Such classification makes it possible for the user to monitor all of the targets 
in the group once the design rationale target has been selected. 

Categorizing the information in (virtual) folders, or tagging the related information are some 
techniques used to support structuring. 

RQ3. Access to design rationale 

Access to design rationale can be strengthened by enabling the user to quickly list, view, 
and browse the design rationales across the documents. Providing instant access would more 
likely encourage the designers to capture the rationale, because they know the information 
can benefit them now, not just during the future design projects. 

A suggestion is to provide a natural user interface to facilitate intuitive human-computer 
interaction. This can be supported by developing extensible applications integrated in the 
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design software that the designers are using, in order to make the information instantly 
accessible whenever it is required. 

Further, in this thesis, the importance of providing a database or even a central server to 
store the design rationale was emphasized, for the sake of sharing the design rationale 
among the design members or even across the globe.  

The search techniques, in addition, can facilitate the users to retrieve the information. 

6.3.2 Validation of the research 

Five factors were described in section 2.5 for evaluating the quality of the results. The 
research is evaluated through the following review of the factors: 

Internal logic 

The thesis has been a part of two scientific projects, the Adapt (a completed project) and the 
Impact (an ongoing project) described in section 1.5. The investigations from these projects 
and also a literature review seeking to summarize and evaluate the previous research in order 
to provide a theoretical base for the research, have formed the scope and purpose of the 
thesis. The thesis was conducted by problem definition and recognition of needs for 
improvement, an approach for carrying out the research with theoretical and application-
oriented aims, and a method for evaluating the results.   

Truth 

The two case companies have a long tradition of applying automation systems in different 
stages of their development processes. The need to manage the design rationale to efficiently 
maintain the design automation systems was demanded in both companies in order to be 
able to deliver their customized solutions faster.  

The results achieved in the thesis are tested through case studies in the companies by 
selecting test products and building prototype systems. The evaluations of the prototype 
systems are based on the opinions of the practitioners in the companies, regardless of the 
researcher’s point of view or other biases.  

Acceptance 

The research presented in this study is based on a combination of industrial needs and an 
academic knowledge gap. Acceptance in a peer-reviewed journal and conferences, which 
address solutions for the identified challenges, accredit the research results from the 
academic point of view. In order to verify the results from an industrial perspective, the 
developed framework and prototype system were tested and evaluated in the case companies 
during evaluation sessions and workshops. The validation was primarily based upon 
perception and acceptance of the solutions by experienced engineers. The research results 
were presented for the engineers and discussions between the engineers and researchers 
were encouraged. It can be concluded from section 5.3 that the usefulness and applicability 
of the results of this research have been affirmed by the practitioners in the case companies.  

Applicability  

So far, the applicability of the results is tested through a few case studies. Although the 
investigations in the case studies show the benefits of the proposed framework and its 
potential in supporting maintenance of the design automation systems, at this early stage, it 
is not possible to conclude that the framework could definitely lead to success. Thus, more 
investigations are required.  
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Novelty value 

Design rationale has been the topic of research for many years. Many tools and systems 
have been developed to support different aspects of design rationale, but just a few of them 
might be used in practice. The literature review of design rationale systems provided in 
chapter 3, presents some similar contributions in this context. For instance, providing 
annotations to explicitly comment an argument in a CAD software, or hyperlinks to link to 
other knowledge sources. What is new in the thesis is enabling the users to simultaneously 
work in an integrated environment of design applications, selecting a feature in a CAD 
model showing the related text in a Word processor, even if the users are not co-located. 
This will highly facilitate collaboration among the design teams especially across different 
phases of the development process.  

6.3.3 Discussion concerning the research procedure 

Summing up the research, so far, a better understanding for maintenance of the design 
automation systems has been gained by reviewing the literature, developing a design 
rationale framework to support the system maintenance, and evaluating it. The research was 
carried out based on the approach discussed in section 2.4. Information models and 
computer based models were developed aiming to improve the design practice. The results 
and their consequences were demonstrated in order to prepare the results for further 
investigations. It can be concluded that, the research has been in line with the fifth type of 
the DRM method discussed in section 2.2.1.  

A review of the research questions and the gained results indicate that they actually are 
general enough and are not restricted to a specific product development process. However, 
the results have only been tested in two case companies, hence, further investigations are 
essential to expand the research findings across other development processes.  

The practice of a scientific research requires rigor in the researcher’s work. The thesis 
provides a thorough description of the steps taken during the research. The clarity in the 
research makes it possible to show that the findings are accurate and comply with the 
trustworthiness of the investigations, and that the findings are fair and free from bias.  
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CHAPTER 7  

 
CONCLUSIONS AND 

FUTURE WORK 
 

CHAPTER INTRODUCTION 

In this chapter, the research work is concluded and the need for future research is addressed. 

7.1 CONCLUSIONS 

Capture, structure, and access to design rationale, especially in the context of mass 
customization and adaptive design, is an important topic that the research community has 
tried to address for years. Chapter 3 indicates the importance of managing design rationale 
in a wide variety of industrial firms. Despite the efforts put into this topic, there is still a 
need for professional solutions that are easy to implement and use.  

The feedback from the evaluation sessions and workshops shows the potential benefits of 
the presented framework. Some of the advantages of the framework are: embedding design 
rationale capture and access in the design implementations, representing design rationale in 
a proper format, and structuring the related information into groups of connections. The 
practitioners at the case companies found the proposed framework helpful and that it could 
considerably save time and cost during developing new product variants. However, at this 
early stage, it is not possible to quantify the benefits of the framework or if the benefits 
outbalance the effort. There are still issues remain regarding the consistency, quality, and 
version control of the captured design rationale and documentation. 

7.1 FUTURE WORK 

The framework introduced for managing the design rationale recommended a checklist for 
capturing the design rationale. More investigations are required to provide a common base 
to allow the individuals to work with. Providing an integrated shared model across the 
design teams prevents the individuals from capturing design rationale based on their own 
understanding of concepts using their own language without any structure. 

Concerning the developed design rationale system, traditional issues regarding aligning the 
system with design environment, platforms, and IT-infrastructure occur during 
implementing the system. From an industrial perspective, understanding the relationships 
between the system and its external environment is essential to establish system 
functionalities and the way the system communicates with other tools and systems. Actions 
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are required to ensure system alignment with the company’s IT infrastructure, more 
specifically, elaborating on multiplatform solutions such as Linux, IOS, and windows, and 
other design software. Additionally, the applicability of the model for a group of users and 
communication among the users also need more investigation.  

The need for effective maintenance of design automation systems used for supporting 
generation of customized products was studied in this thesis. However, the issues regarding 
expanding the system when generating new product variants or adding new knowledge to 
the system were not addressed. Expansion of the system in order to keep system usefulness 
over a long time period could be the topic for future research. 
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