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ABSTRACT
The demand for customised products that meet different markets and different customers is
steadily increasing. Also, the demand for shorter lead times for the delivery of these
customised products puts strains on design departments whose work tends to become
increasingly repetitive. At the same time, designing variants takes time from innovative,
original design, and/or problem-solving tasks. A powerful tool in the endeavour to cut lead
times, workloads, and ultimately costs in order to become more competitive in an increasingly
globalised market is Design Automation. Automating tedious and repetitive design tasks will
free the designers to focus on the tasks that require skill, creativity, intuition, and cooperation
to be solved. Consequently, seeing a need for design automation systems is not difficult. What
becomes a lot more difficult is identifying the type, scope, and format of the system
implementation, as well as the actual design tasks and activities to support or automate.
Therefore, there is a need for structured and systematic approaches for the realisation and
implementation of design automation systems. This research work is aimed at presenting such
approaches, methods, and aids. It also addresses the importance of identifying the exact tasks
to be automated. This has to be done in order to find the method and implementations best
suited for solving the tasks, something that is especially important for companies whose
human and financial resources might not allow them to invest in a system with functionality
that vastly exceeds their actual needs.
The contribution of this work is a structured method for planning for design automation
implementation. First, the design process is discussed from an automation perspective.
Following this is a presentation of a framework of design automation. This framework has the
purpose of serving as a common base for consensual discussions about design automation. In
addition, it supports the setting-up of system specifications. The framework is followed by the
introduction of a set of identifiers of system needs and potentials, focusing on the existing
processes that need to be broken down and identified in order to specify the tasks to be
automated. Following this is a set of criteria of system characteristics, focusing on properties
of the intended system implementation. Finally, some realisation and implementation issues
are addressed and exemplified through a number of pilot system implementations.
The presented method for planning design automation, together with the presented
framework of design automation, provides implementers with issues to address regarding
potential, need, scope, and format of system implementations. Further, it supports the
weighing of desired system characteristics in order to find the right balance between system
complexity and functionality.
Keywords: Design automation, Planning, Evaluation, Process, Knowledge, Methods,
Potential, and Need.
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CHAPTER 1

:
INTRODUCTION
CHAPTER INTRODUCTION
What is the purpose of automating design tasks, what are the benefits, and what is the need
for design automation systems?
The answers could be given fairly easily based on the numerous research papers presenting
design automation systems implemented in many different areas and for many different tasks.
The purpose and benefits of design automation vary throughout these research papers.
However, they are often linked to saving time and money in the design phase of a product’s
life cycle. What are lacking are answers to the last question – need, or more precisely, actual
need.
The actual need refers to the identification of tasks within a process that need to be
automated and how this should be done. This research work aims at giving some answers
about the actual need for design automation by introducing a structured method for planning
design automation. In order to achieve this, the purpose and benefit of design automation
have to be stated first. This is done briefly in this chapter. A short introduction to the
different phases of product development follows. This is needed in order to state the purpose,
focus, and delimitations of the research project. Finally, the outline of the thesis is provided.

1.1

CHALLENGES IN INDUSTRY TODAY

With the steady growth of a global market that now affects all businesses, and where
companies to a great extent compete through product sales prices, every step towards saving
time and money in product development and production preparation, as well as in
manufacturing, is of paramount importance. In addition, with high labour costs, and a
manufacturing process that is often, to some degree, already automated, it is getting harder for
companies in industrialised countries to compete with low cost manufacturing countries, who
primarily compete based on low labour costs. Because of this, there is a need to target lower
costs and add product value by focusing on the areas of product development and production
preparation as well. Christopher (2005) refers to the “Three Cs” model (Figure 1.1) in
explaining the difference between cost advantage and value advantage. The cost value of a
product is determined by the cost differential between a company and its competitor, based
on manufacturing costs and (often) company size and sales. Value advantage, on the other
hand, is based on how the customer perceives the product and how well it fulfils the
customer’s requirements. Companies can compete in this area by providing high quality,
customer-tailored products, with short lead times and competitive prices.
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Company, its customer and its competitors, the “Three Cs” (Ohmae, 1983).

PRODUCT DEVELOPMENT AND VARIANT DESIGN

All products1 go through a life cycle process, from the early stages of product ideas and
concepts to prototype testing and design optimisation, before being released for production.
Later on, the product might go through additional optimisation or redesign before reaching
the state of a mature product. At this point, the product design process is well established at
the company, and there is often no need for creative problem solving in the variant design of
such products. According to Ullman (1997), the redesigning of an existing product is a
common design task in industry. According to Encanação et al (1990), perhaps more than
90% of design activities are based on variant design. The engineering effort related to variant
design is, according to Ullman (1997), repetitive routine work, as time is spent on repeating
some of the steps in a well-known design process. An example of this redesign work is
customising a product to meet the needs of a specific customer by allowing for different
configurations or dimensional variations of the product. If these tasks frequently occur, they
can become extremely demanding in terms of time. They may also, simultaneously, hinder
designers from focusing on “real” design issues, such as solving tasks and problems that
demand experience, skill, and/or creativity. Today, there do in fact, to a high degree, exist
repetitive and routine tasks in industry, identified as both time and resource demanding
(Cederfeldt and Elgh, 2005).
1.3

THE PHASES OF PRODUCT DEVELOPMENT

A traditional and generalised view of the product development process (Rask et al, 2000)
focuses on two main phases of the process at a product solution level, synthesis and analysis,
where from an engineering perspective the following may be stated:
•

•

1

Synthesis – is the phase where an identified engineering task or problem definition is
addressed in order to find a satisfying solution (optimal at best) based on previous
knowledge and expertise (Johannesson et al, 2004). From a philosophical and research
point of view, synthesis is an A Priori method, meaning an “argument drawn from
definitions formed or principles assumed, or which infers effects from causes
previously known” (The Radical Academy, 2003).
Analysis – is the phase where the product or product part solution is evaluated based
on its (intended) physical representation and characteristics. Importantly, the analysis
is also an activity that precedes the synthesis phase, as a problem definition is broken

A product implies an artefact that has been created (produced) by someone or some process with the purpose of
being offered for sale. Consequently, in this work, a product can be physically represented by components, subsystems (assembled components) or systems (assembled sub-systems). Synonyms often used are design, system,
machine, or device (Blessing, 1994).
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down (analysed) into manageable parts (Dieter, 1991). From a philosophical and
research point of view, analysis is an A Posteriori method, meaning an “argument
drawn from effects, consequents, or fact” (The Radical Academy, 2003).
In product development, and from an engineering point of view, synthesis and analysis are
not strictly separated: analysis (in its traditional sense of evaluation of solution characteristics)
can be included in a synthesis loop towards optimal solutions at a task level (Johannesson et
al, 2004).
Figure 1.2 presents a view of the general phases of product development (Cederfeldt, 2005).
First is the problem analysis phase (1), where an identified problem (a) is broken down into a
task or problem definition (b). It then enters an internal loop of design task solution synthesis
(2) based on knowledge about design (c). This is followed by a design task solution analysis
(3). Here, the solution (d) is tested and verified against applied knowledge about design (and
solution synthesis) (c) and task and/or problem definition (requirements and/or constraints)
(b). If the task solution is satisfactory, no additional internal loops are necessary and the
process continues with a product synthesis phase (4). This results in a product representation
or realisation (complete solution) (e). The product is then evaluated and validated with
respect to its intended physical representation in a product analysis phase (5) based on
knowledge about testing, evaluating, and validating (f).
Engineering
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problem
definition
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problem
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Figure 1.2 -

A developed view of the phases of product development (adapted from Rask et al (2000)) where the internal
loop of solution synthesis and solution analysis is suited for design automation (Cederfeldt, 2005).

The internal loop of solution synthesis and solution analysis is suited for computer supported
engineering design and design automation if it involves the use of known knowledge (routine
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design tasks). This will leave the tasks of finding new solutions through creativity and product
analysis (simulation, test, and evaluation) of presented product solutions, based on actual
physical performance, to the designers. New knowledge from both creative problem solving
and product analysis (physical testing) is fed back and reused as existing knowledge about
design in future design loops.
The synthesis phase is where product solutions are generated and presented, and the analysis
phase is where the presented product solutions are tested and verified. If the solution passes
testing, the product development process is ended, resulting in an acceptable solution. If the
solution does not pass testing, a new synthesis phase starts. The new phase, at best based on
the outcome of the evaluation and/or testing, is begun in order to generate a new solution for
analysis or refine the existing one.
1.3.1 Computer support in the product design phases
In the analysis phase there is, to date, a widespread and accepted use of computer support.
This engineering support is commonly applied as a tool for the simulation of the performance
of presented solutions in their intended physical environment, e.g. structural analysis, multibody dynamics, material characteristics, and fluid dynamics, etc. Also, several types of tools
exist in the synthesis phase for specific tasks or problem areas. Two examples are Cased Based
Reasoning (CBR), for finding prior and suitable solutions (Cederfeldt, 2006), and Knowledge
Based Engineering (KBE), where both structured and unstructured product development
process knowledge is used for inferring solutions based on a defined knowledge or rule base.
What is lacking in the synthesis area is a generalised and widespread view of for what purposes
these existing tools are valid and preferable to use.
1.4

THE PURPOSE AND FOCUS OF THE RESEARCH PROJECT

In relation to product development in industry, Pahl and Beitz (1995) stated that:
“In the future, routine tasks, such as variant designs, will be largely undertaken by the computer,
leaving designers free to concentrate on original design and customer-specific one-off products.”
Based on this premonition and on an existing research project (Sunnersjö, 2001a; 2001b), the
focus of this research project is on computer support for automating repetitive and routine
design tasks (related to variant design) in the synthesis phase of product development, freeing
the designers to work on problems that truly need skill, knowledge, experience, creativity,
intuition and cooperation to be solved.
To address the question of whether design automation is needed, one must first understand
the process to be automated. Breaking down and analysing the process to define what is
actually needed in respect to design automation does this best. Further, one needs to identify
the knowledge needed in the process and later also the tools that can be used to implement a
solution. This can be summed up as planning for design automation. For this purpose, this
thesis presents a method for planning design automation systems2.
This method, together with supporting implementation criteria, will act as support in finding
the right methods for solving identified tasks (and problems) by helping the users and
decision makers in setting up desired system specifications. Together with a framework of

2

In this work, the term Design Automation (or more generic, Computer Supported Engineering Design) implies
any computerised support that enhances or aids the progress (forwarding) of the design process, i.e. helping the
designer (or design system) in choosing, defining, and setting design characteristics (see also Chapter 4.1).
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design automation, the method and criteria will also serve as a base for discussions about
design automation.
1.5

DESIGN AUTOMATION

There are several domain disciplines that a modern designer has to master. All these domain
disciplines have to be taken into account when addressing the automation of design tasks and
processes. There are also several questions that need to be posed when planning the
implementation of design automation systems. One highly relevant question is the actual
benefit of introducing design automation. Interestingly, Fielding presented his views of the
cost value of design automation as early as 1965 by identifying three central issues that need
to be addressed concerning targeting lower costs (Fielding, 1965). The issues are still relevant
today:
•

•

•

What is meant by design automation? – This question is addressed throughout this
thesis. In Chapter 4, a framework is presented with the purpose of defining what is
meant by different terms used in relation to design automation. The framework will
serve as a common base for discussions about design automation.
What should design automation be used for? – The answers to this question are
numerous. In this work, however, design automation is defined as a means (method
or tool) for automating repetitive and routine design tasks of a mature development
process in order to free designers to focus on creative problem solving.
How does the use of design automation relate to the cost of doing business? – If
successfully implemented, design automation will lead to the ability to, for example,
custom tailor products, increase quality, and save time in the design process, thereby
adding to the value advantage of doing business (Chapter 1.1).

These are not the only and final answers to Fielding’s posed questions. Rather, they should
remain in constant focus when working with product development processes and design
automation.
There are also important questions about delimitations of design automation system
implementations. The design automation systems should be well-structured, well-defined,
and implemented with the right level of concreteness or abstraction (generality of the system)
(compare with Chapter 3.4.1). In addition, the activities of problem solving need to be
addressed when planning for design automation, as it becomes even more important to
structure and delimit the implementation domain of automated systems in order to maximise
cost-benefit. The interrelationship between system and user is also an important aspect in the
realisation (building) of design automation systems. This is particularly true when the design
automation systems are comprised of interlinked sub-systems, each performing their own subtasks. There, the margin of error increases with each transfer of information (input, output,
and feedback) (compare with Chapter 3.6.1). Different aspects of such a system are discussed
in Cederfeldt and Sunnersjö (2003), Cederfeldt (2004), Elgh (2004), Elgh and Cederfeldt
(2005), and Sunnersjö et al (2006).
1.6

THE NEED FOR DESIGN AUTOMATION PLANNING

One way for companies to ensure and improve their competitiveness is by adopting an
approach where products are based on prepared design, i.e. design solutions allowing for easy
reconfiguration (redesign). If some of the work related to the products involving routine and
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repetitive design tasks is automated, the design process can become more effective3 and
4
efficient , allowing for shortened lead-time of product designs, reliable cost estimates (Elgh
and Sunnersjö, 2003), more optimised product designs, and custom tailoring with added
product value. Also, the automation of routine and repetitive design tasks provides the
designers more time for creative problem solving. Consequently, it is not that difficult for
companies to identify a need for design automation. What becomes a lot more difficult is to
identify the actual need, i.e. the type, scope, and format of the intended system
implementation, as well as the actual design tasks and activities that are desirable to automate.
Also of importance is the potential of implementing design automation, both from a design
process and company value point of view.
Companies have been slow in adopting design automation systems. One reason for this is the
uncertainty in identifying what type and format of system to implement, in what way to
implement it, and for which parts of the processes it should be implemented. First, there is
the difficulty of defining the need of a system, i.e. definitions of system deliverables and goal
statements. This is tightly linked to the process of defining ones processes and tasks, as well as
eliciting and linking the knowledge needed to perform these processes and tasks. Then, there
is the difficulty of mapping solution strategies to the processes and task once they are
identified. Finally, identified solution methods have to be implemented in a way that
conforms to the desires of the company and its users in order to actually meet the defined goal
statements.
These issues have to be addressed when considering implementing design automation systems.
This is especially true for smaller companies whose human and financial recourses might not
allow them to implement a system with functionality that vastly exceeds their needs. For
example, the development cost for automated design systems can range from €1,600 to
€60,000 for small systems and up to €800,000 and over for large, high-end systems (Turban
and Aronson, 2001). This includes the cost of application software and human resources
needed for the documentation of knowledge, system development, and implementation. In
the short term, this cost can be difficult to justify. However, the long-term advantages can be
vital for the company’s competitiveness on the market. Therefore, stakeholders have to
consider the advantages of design automation, its realisation and implementation, and its
applicability for the company and their products.
Other issues of importance are: the scope of implementation, how far to push the automation
level, the procedure for development, the identification of information needed (Cederfeldt,
2004; Cederfeldt, 2006), the definition of information models (Elgh, 2004), the strategy and
procedure for handling and storing design process information (Cederfeldt, 2004), the
selection of suitable application software (Amen et al, 1999; Cederfeldt and Elgh, 2005;
Cederfeldt, 2006), the initial cost, the maintenance costs, the use of internal and external
expertise, and also company wishes, requirements, and constraints.

3

Effective - Producing or capable of producing a result (Encyclopædia Britannica, 2004). Also meaning “doing
the right thing.”
4
Efficient - Acting or a potential for action or use in such a way as to avoid loss or waste of energy in effecting,
producing, or functioning (Encyclopædia Britannica, 2004). Also meaning “doing the thing right.”
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Therefore, the real questions implementers need to answer are:
•
•
•
•

Which processes and tasks should be supported?
Which methods support the solving of these processes and tasks?
In what way should the support be implemented?
To what extent should the support be implemented?

To support the process of finding, specifying, and communicating the most suitable system
realisation, there is a need for a systematic and structured method for planning design
automation, as well as criteria that support the specification of systems solution, realisation
and implementation. This thesis addresses this in order to support implementers in specifying
the actual need of design automation. This is done in Chapters 4, 5, and 6. In Chapter 4, a
common base for discussions about design automation is given. Then, in Chapter 5, a
structured method for planning design automation is presented. The method is supported by
key-questions for process breakdown and problem definition, a suggested tool for mapping
processes and domain knowledge to suitable solution methods, and a supporting set of criteria
for the planning and evaluation of design automation. In Chapter 6, the use of the structured
method and its supporting tools are exemplified by the presentation of three development
projects in order to evaluate and validate the applicability of the method.
1.7

INDUSTRIAL AND SCIENTIFIC RELEVANCE

If companies and practitioners of product development are presented with a method
supporting the implementation of design automation in a cost-beneficial way, there are
economical savings to be made. These savings can be made in the implementation process (by
implementing the right system at the right scope and in the right way) as well as a result of
using the implemented system, where savings include: a reduction of lead-times for delivery,
more effective and efficient use of engineers, and quality assured products. These effects will
result in increased competitiveness on the market. The presented method can also be used to
compare and evaluate existing systems for performance measures or benchmarking.
The scientific and theoretical contribution of this work is two-fold: its focus on questions of
importance regarding the implementation of design automation and its focus on a systematic
method for addressing system specifications with the help of identifiers of need and potential,
as well as criteria regarding design automation system characteristics.
1.8

DELIMITATIONS

The thesis and its presented research work are limited to supporting the automation of
engineering tasks, problems, and solutions, which are frequent within an implicit or explicit
product design process with some degree of maturity. In other words, this research work does
not address the early conceptual phases of product development aimed at finding new
products, new function realisations, or new task solutions.
The presented method for planning design automation development and implementation is
delimited to the planning phase of system development and does not address the
programming of software programs. The work focuses on what-questions and solution
strategies where the how-questions (Chapter 3.7.2) are limited to the selection of software or
types of software programmes. All questions addressed in this thesis, therefore, only relate to
the system’s environment, as well as the interface between the system and its environment
(Chapter 3.7).
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1.9

OUTLINE OF THE THESIS

Chapter 1 exemplifies challenges in industry and gives a short introduction to product
development and the benefits of design automation. This is followed by the purpose of the
research project, its intended contribution, and its delimitations.
Chapter 2 presents the scientific foundation on which this research work is based and
validated, the research topics, valid methods of research in design automation, and, finally, the
applied research approach.
Chapter 3 then presents the frame of reference on which this research is based, including
engineering design, a design automation perspective on the design process, design tasks and
activities, problem characteristics, variant design, design automation, system requirements and
specifications, development issues, knowledge, and intelligent systems.
Chapter 4 is the first of the two results chapters, and it introduces a framework for planning
design automation. The framework explains frequently used terminology needed for
discussions about design automation systems as well as for the process of planning for its
implementation.
Chapter 5 is the second of the two results chapters, and it presents the main results of this
research work. It introduces the process of planning design automation systems, presenting a
structured method and supporting tools for process breakdown and problem definition, the
mapping of problem definition to solution strategies, and, finally, the specification of desired
system characteristics.
Chapter 6 is the first of two evaluation chapters. It presents three system development cases,
applying the structured method presented in Chapter 5. Also, results are evaluated and
validated by addressing system users’ experiences of applying the structured method and its
supporting tools.
Chapter 7 is the second of the two evaluation chapters, summarising and drawing conclusions
about research validity based on the research validation methods presented in Chapter 2. This
is followed by evaluations based on users’ experiences. How the research topics presented in
Chapter 2 have been addressed and fulfilled is also discussed throughout this chapter.
Finally, Chapter 8 summarises the presented research and main conclusions are drawn. This is
followed by suggestions of future research.
Appended are the six papers on which the thesis is based. A short summary of each paper
together with descriptions of the distribution of work is given in the chapter Appended papers
(page v).
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CHAPTER 2

:
RESEARCH APPROACH
CHAPTER INTRODUCTION
Scientific research has to be based on scientific methods and methodologies for conducting
research, as well as validating its results. It is also important to place the research work in the
area of design automation in relation to well-established research areas in design.
The research project and research topics addressed in this thesis are stated in this chapter. This
is followed by short descriptions of the research in relation to design science, a general
methodology of conducting and validating research, and different aspects of design
automation research approaches. With each presented methodology, a short description of
how it influences this research work is given. Then methods and criteria for verifying and
validating research follow. Finally, the applied research approach is summarised.

2.1

RESEARCH AREA

The research presented in this thesis started within an ongoing research project (Sunnersjö,
2001a; Sunnersjö, 2001b) focusing on the automation of design tasks and processes. A
number of research areas were identified from this project. One of these was the definition of
design automation and how, why, and for what tasks it should by used. This is the research
area focused on in this research work. Why design automation should be adopted is partly
answered by the fact that the automation of repetitive and routine design tasks related to
variant design is commonly accepted to:
•
•
•

Free the designers to work on problems that truly need skill, knowledge, experience,
creativity, intuition and cooperation to be solved.
Reduce lead-time for product quotations, design, manufacturing, and delivery.
Improve productivity, producibility, and quality of designs.

How the results of this research work conform to these statements is discussed in Chapter 8.
The research topics in this work have been formulated based on the questions of how and for
what tasks design automation should be adopted, together with the stated fact that there exists
a need for supporting methods and guidelines in the planning of design automation (Chapter
1.4-1.6).
2.1.1 Research topics
The research work undertaken in this thesis is stated as a number of research topics. How and
where these have been addressed, as well as the validity of their results, is discussed in Chapter
7. The research topics, and issues, to be resolved in this research work are:
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•
•
•

2.2

The definition of a framework of common terminology needed for discussions about
and the planning of design automation systems.
The definition of a structured method for planning design automation systems.
The definition of guidelines and tools supporting the structured method.
o Tools for defining system needs.
o Tools for defining system potentials.
o Tools for defining solution strategies.
o Tools for defining system characteristics.
RESEARCH FOCUS WITH RESPECT TO DESIGN SCIENCE

Hubka and Eder (1996) define Design Science as: “a system of logically related knowledge,
which should contain and organise the complete knowledge about and for designing.” The
main categories of design science statements are shown in Figure 2.1.
BRANCH (DOMAIN) KNOWLEDGE
Prescriptive statements

Theory of
Technical
Systems

PROCESS KNOWLEDGE

IT-applications

Statements about design
processes

Design Process Knowledge
(e.g. design methods and
methodology)

Statements about technical
objects (systems)

OBJECT KNOWLEDGE

Design
Object
Knowledge

Theory of
Design
Processes
Descriptive statements

THEORY
Figure 2.1 -

The main categories of design science (Hubka and Eder, 1996).

The two main categories of design science statements upon which this work is conducted are,
according to Hubka and Eder, described as:
•

•

12

Descriptive statements about the design process – The Theory of Design Processes
describes, explains, establishes and substantiates the elements, properties, sequences
and effects (actions, results, successes) of actually observed design and possible
processes in their socio-technical context, including all company-related, operational,
organisational and leadership aspects.
Prescriptive statements about the design process – Design process knowledge
contains indications about all operators of the design process. Of particular
importance is the methodology of designing, which shows ways (methods, procedures,
strategies, tactics) of successfully performing and managing design processes in an
industrial context. This contains in its widest sense all the formal and ideal means of
assistance (including methods) designers can use in their tasks of thinking out
(conceptualising, inventing), representing (modelling), calculating, analysing and
evaluating designed systems (products and processes).
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In addition to this, Hubka and Eder introduce a Quasi Main Area, IT-applications and
computer usage, influenced by the descriptive and prescriptive statements about the design
process.
In this work, the theory of design processes and design automation (Chapter 4) serves as a
base for introducing computer support in the design process. This leads to descriptive
statements about computer support and design automation implementation in general.
Further, the presented method for planning design automation (Chapter 5) serves as a
prescriptive statement about the process of design automation development.
2.2.1 A general research methodology
A general research model is that of Blessing et al (1998), who state that design research is
multidisciplinary and aims at both understanding the phenomenon of design and using this
understanding to change the way the design process is carried out. This requires theories
regarding what something (phenomenon, process, design, etc.) is, as well as of what that something
is desired to be, and how existing situations could be changed into those desired.
In order to perform research on design, there is a requirement of proper validation. For this,
methods from a variety of disciplines are needed. These methods have been pieced together
into a general design research methodology (Figure 2.2).
Basic method

Results
CRITERIA

Figure 2.2 -

Focus
Measure

Observation &
Analysis

DESCRIPTION I

Influences

Assumption &
Experience

PRESCRIPTION

Methods

Observation &
Analysis

DESCRIPTION II

Applications

Design research methodology framework and links largely missing in current research (1, 2a and 2b)
(Blessing et al, 1998).

The actions taken in the steps and links in the research methodology can be described as
follows:
•
•

•
•

Criteria – Identification of main criterion/criteria for success in a given situation.
This is where the focus of the research is identified.
Description I – Descriptive studies involving the observation and analysis of the
given situation, in order to provide an understanding of the factors that directly or
indirectly influence the main criterion/criteria for success. From this, a statement of
actions is given in order to improve the situation and its criterion/criteria for success.
Prescription – Based on the descriptive study, a method or tool is developed in order
to improve the situation (link 1).
Description II – The method or tool is applied, and a descriptive study is carried out
in order to validate the method or tool. Link 2a addresses whether the situation is
supported in comparison with the prescription. Link 2b addresses the new situation
with respect to the previously given situation and whether it has improved. Also, its
criterion/criteria for success is/are given.
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In this work, the identified criterion for success is the use of a method supporting the
planning of design automation in order to set up system specifications for system
implementation and evaluation. This has been an iterative process. Throughout this work, the
steps above have been repeated and refined towards the final conclusions addressing the
identified criterion for success. How this research methodology, and its steps and links, have
been addressed in this work is presented in more detail in Chapter 7.1.1.
2.3

DESIGN AND RESEARCH

Pizzocaro (2004) concludes that the “knowledge gap” of the last decade is slowly progressing
towards a “problem-solving gap”. In other words, the focus in research is now shifting from
questions of “what is” to questions of “how to”. Sato (2004) presents a comprehensive study
of different approaches and perspectives of design research in different domains, and shows
that the many different approaches are widely differentiated. Consequently, there is a need to
establish accepted research methods that make it easier to distinguish between and to combine
the roles of the researcher and the designer. This is especially true in the field of design
automation.

System evaluation

Figure 2.3 -
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Problem

Problem

Analysis

Observation

Criteria

Facts

Synthesis

Induction

Provisional design

Hypothesis

Simulation

Deduction

Expected properties

Prediction

Evaluation

Testing

Value of design

Degree of truth of the hypothesis

Decision

Evaluation

Approved design

New knowledge

Formulatiing guidelines for
design automation planning

Pilot system testing

System design

Roozenburg and Eekels (1995) explain the basic cycles of design and empirical scientific
inquiry (research) (Figure 2.3). They state that these activities, which at first glance seem
similar, are indeed different from one another. The two main differences in application can be
distinguished by the roles played by technology and science. In the prescription of how to
change the outside world (by design), technology plays the main part, while science (often)
has a supporting role. Conversely, in the description of the outside world (empirical scientific
inquiry), science plays the main part and technology sometimes takes a supporting role.

The basic cycles of design (left) and empirical scientific inquiry (right) (adapted from Roozenburg and Eekels
(1995)). The shaded areas illustrates the interaction between the two cycles and how the development
process of a design automation system serves as the object of study in the design automation research
performed in this work.
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In design science (Hubka and Eder, 1996), the research is carried out according to the
empirical scientific cycle (Figure 2.3). In design automation, the research cycle is more
integrated with the design cycle, as it involves the study of artefacts (and the process of
creating artefacts), such as design automation systems created by the researchers themselves5.
It is therefore important to be able to distinguish between the two basic cycles (Figure 2.3) in
order to balance the work with a scientific approach and scientific questions.
In this work, the above approach (Figure 2.3) is the basis for how the presented method for
planning design automation systems has been developed parallel to the development of design
automation pilot systems (Chapters 2.4.4 and 6). Research methodologies supporting this
approach are presented in Chapter 2.4 below.
2.4

METHODOLOGIES IN DESIGN AUTOMATION RESEARCH

As stated above, there is a need for methods that more effectively apply to the research in
design automation. Investigating research already done in design automation reveals that a
commonly referred-to method is action research. This method is a subset of research through
design that is included in a more general set of methods that capture all aspects of design
research. Research through design is described in the following chapter.
2.4.1 Research through design
Frayling (1993) (adopted from Read (1949)) originally introduced the method of research
through design in the field of design and arts. Cross (1995; 2001a; 2001b; 2002; 2004),
among others, has since then contributed to the development of an accepted view of research
by practice or design by describing research through design as an inherent aspect of designers’
synthesis activities. In this research work, the technology supported design cycle (left in Figure
2.3) is used as a means of observation and testing in an empirical science aspect (research
through design). Further, the new knowledge from the empirical scientific cycle (right in
Figure 2.3) supports the selection and appropriate use of technical means in the design cycle.
In Cross (2001a), clarifications of different views of design and design research are given, as
he concludes that:
“Design science refers to an explicitly organised, rational and wholly systematic approach to design;
not just the utilisation of scientific knowledge of artefacts, but design in some sense as a scientific
activity itself.”
According to Findeli (2000), research through design is “research in the field of design…
carried out with the tools of design, i.e. mainly with its more original and specific feature: the
project”. Findeli also points out that although there still is a need for other methodological
tools, the main idea is to benefit from previous knowledge instead of forgetting it all and
“entering the lab of “true” academic research”. The main aim should be to carry out a design
project, using the project as a lab in which to perform research. The main challenge in such
projects is the balance between theory and practise.
By adapting the view of research through design presented by Horn and Ferguson (2003), a
model that conforms to the process of design automation system development can be
depicted, as in Figure 2.4.

5

The artefact that is “designed” in the research work is a computer supported engineering tool or design
automation system. General conclusions have been drawn throughout the empirical scientific inquiry cycle based
on actual participation in planning, realisation, and implementation of systems within the design cycle.
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Reserach into design
Formulating method and tools for planning
design automation systems

Establishing hypothesis

Testing method and tools for planning
design automation systems (Chapter 5)

Choosing solution approach

Exemplified in Chapter 6

Developing pilot systems

Company (pilot system user) test phase
Evaluation of pilot system acceptance (Chapter 6)
and feedback to the hypothesis statement
Publication of papers communicating principals behind
design automation and design automation planning
Company (pilot system user) take over

Figure 2.4 -

Reserach through design

Testing

Assesing characteristics

Defining (communicating) principals

Send to programmer

A version of Frayling’s model of research through art and design as applied to the design of a design
automation system (adapted from Horne and Ferguson (2003)).

The above methodology is applied throughout this performed research work by adopting the
aspects of using the project as the laboratory. Research through design, as applied in this
work, means the development of the structured method and tools for planning design
automation by participating in the development of actual design automation systems.
Through these system development projects, the results presented in this thesis have been
refined, employing iterations according to the research approach in Figure 2.3.
2.4.2 Action research
Action research is a methodology (and, according to Frayling (1993), a subset of research
through art and design) that grew as a means of research in the field of education. It is based
on analysing the results of an action in order to prescribe new and refined actions. Thereby, it
also separates the act of research from the act of only gathering reference materials. As
described by Taba and Noel (1997), action research follows a series of steps:
1.
2.
3.
4.

Identifying the problem(s).
Analysing the problem(s) and determining some relevant casual factors.
Formulating tentative ideas about the crucial factors.
Gathering and interpreting data to sharpen these ideas and to develop action
hypotheses.
5. Formulating action(s).
6. Evaluating the results of the action(s).

Taba and Noel further state that these steps are not usually followed in a straight line. This is
because, for example, problem definitions might change as they are analysed, requiring new
identification. These thoughts are well suited for research in the field of design automation,
since many ideas and hypotheses have to be implemented and evaluated by presumed users in
order to evaluate and validate the results and fulfilment of the hypotheses.
In this work, the methodology of action research has not been strictly followed: a plan of
action has not been formulated. Nonetheless, action research has influenced the development
of the method for planning design automation systems by testing parts of the method in real
development cases. The method’s applicability has then been evaluated by user acceptance as
well as on actual results (of the developed systems) in relation to the parts of the method that
have been used. This evaluation is discussed in more detail in Chapter 6 and later summed up
in Chapter 7.
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2.4.3 The reflective practitioner
Schön (1983) introduced the views on the reflective practitioner and reflection-in-action,
identifying three valid types of experimental practices:
•
•
•

Hypothesis testing experiment – The “traditional” and scientific way of conducting
research, where a carefully formulated hypothesis is tested in a controlled
environment.
Exploratory experiment – A “playful” activity of “getting a feel for things,” where the
result is the discovery of new knowledge.
Move-testing experiment – Experimenting by taking action in order to produce a
change. By observing the change, knowledge of the situation can be acquired. Movetesting experiment is one of the main principles behind action research.

Schön further describes the process of reflection-in-action as reflective conversations where the
practitioner’s effort to solve a problem results in new findings which, in turn, call for new
reflections-in-action. The process loops through stages of appreciation, action, and reappreciation, involving all three types of experimenting.
The views of the reflective practitioner, in this work, give credibility to the adopted
methodology of research through design. The two views adopted in this research work are
exploratory experimentation (by participation in system development projects) and movetesting experimentation (by trying to refine the system development process by introducing
steps towards planning system outcome). As long as design activities are combined with
research objectives (Figure 2.3) and there is a reflection of the results of the design process
(Chapter 2.4.2), it can be considered good research practice.
2.4.4 Prototypes as a means of research
In computer science there exists a generally accepted approach of “prototypes as a means of
research” as well as statements such as “systems are good science” and “the moment of truth is
a running program” (Forslund, 1997). This gives credibility to research approaches such as
research through design and action research where system prototypes are being created. Two
ways that prototypes can be used is as proof of something or as an object of study. Prototype
systems as proof might be used for showing that something is possible, impossible, good, or
better than something else. Prototype systems as study objects involves the studying of
achieved or obtained properties of a prototype, the process of building the prototype, or the
perceived usability of the prototype.
According to Forslund (1997), a common strategy for research in computer science is “solving
problems as research” structured as:
1. The researchers claim that something is a problem.
2. The researchers propose a solution to this problem.
3. The researchers show that this solution, in fact, solves the problem.
Gustafsson (1997) stresses the importance of communicating a clear purpose of a prototype
system. To achieve research credibility, everyone involved must know the purpose and
intensions of prototype implementations.
The method for planning design automation systems presented in this work has been
developed alongside the development of actual systems (prototypes or pilot systems).
Forlsund’s list above conforms to how and why these prototype systems have been built.
Engineers have seen a need to address a certain problem within their design process, and have
then formulated a solution in the form of a design automation system. The method for
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planning design automation systems presented in this thesis is intended to support this step of
the development process. How well the implemented system solves the stated problem then
has to be evaluated. This evaluation can be performed with the help of the method used for
planning the implemented design automation systems in order to access the fulfilment of the
stated system needs and characteristics (discussed in Chapter 5.6).
2.5

VALIDATION OF RESULTS

In Cross (2002), a list of criteria for valid design research is given, stating that the research in
general should be:
•
•
•
•
•

Purposive – based on the identification of an issue or problem worthy and capable of
investigation.
Inquisitive – seeking to acquire new knowledge.
Informed – conducted from an awareness of previous, related research.
Methodical – planned and carried out in an efficient and disciplined manner.
Communicable – generating and reporting results testable and accessible by others.

Cross also states that normal works of practice cannot be perceived as works of research, as the
purpose of research is to extract reliable knowledge from the natural or artificial world. This
knowledge must also be made available to others in a reusable form. He then differentiates the
works of research from the works of design by stressing that for any effort to qualify as
research there must at least be reflections by the practitioner on the work (Chapter 2.4.3).
Buur (1990) gives a description of the difficulty of validating research focusing on the design
process. Buur states that research in this area cannot be validated through classical validation
methods such as repeated experimenting. This is because (1) design processes are stochastic
and that a specific outcome of one process cannot with certainty be accredited to the applied
design method, and (2) design processes are also influenced by a large number of factors
making repetition of experiments more or less impossible. For this reason, Buur introduces
other means of verifying the validity of theoretical results in design research. These are logical
verification and verification by acceptance.
Adapted to the research performed in this work, with the results being prescriptive (although
theoretical) methods for design automation development, Buur’s list of means for the
verification of theory/method validity can be described as:
•

•
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Logical verification.
o There is consistency and exists no internal conflicts within the prescriptive
method (theory).
o Completeness of the prescriptive method (theory), which is able to either
explain or reject all relevant phenomena observed previously.
o Methods already well-established are in agreement with the prescriptive
method (theory).
o The prescriptive method (theory) can be used to explain design cases and their
outcome.
Verification by acceptance.
o Statements based on the theory are acceptable to experienced designers.
o Models and methods derived from the theory are acceptable to experienced
designers.
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In this work, the industrial relevance of the results is achieved through close collaboration
with industry partners throughout the research. Validation is also based on the designers’ (and
the industry’s) acceptance of the performed research and the presented method and tools for
planning and evaluating design automation systems. In Chapter 6, a number of cases of
design automation implementation are presented. In two of these, verification by acceptance
of the applied method and its supporting tools is also presented. The results of these
verifications are then discussed in Chapter 7.
2.6

APPLIED RESEARCH APPROACH

The artefact that is “designed” in this research work is a design automation system. General
conclusions have been drawn throughout the empirical scientific inquiry cycle (Chapter 2.3)
based on actual participation in the planning, realisation, and implementation of systems
within the design cycle. Research through design (Chapter 2.4.1) is an accepted method for
research and development that successfully combines these cycles and complies well with
research in design automation. Research in design automation is currently in the state where
the basic knowledge about system development process has to be acquired. An example of
how this can be done is by practising exploratory experimentation in the development and
designing of automation systems (pilot systems). These systems, as well as the process of
developing them, can then be evaluated. As long as this design process is done in a reflective
manner (Chapter 2.4.3), it should be considered valid research in the spirit of research
through design.
Throughout this research work, pilot systems have been built (Chapter 2.4.4) based on the
research area and statement in Chapter 2.1. This has been done in order to address and
resolve the stated research topics (Chapter 2.1.1). Questions about the method and tools
supporting system implementation planning and evaluation have been addressed by research
through design, as the pilot systems have been built parallel to the formulation of the method
and its supporting tools.
Action research (Chapter 2.4.2) as a part of research through design is well suited for research
in the field of design automation. This is because many ideas and hypotheses have to be
implemented and evaluated by presumed users in order to evaluate and validate the results
and fulfilment of the hypotheses. Therefore, the presented planning tools have been evaluated
through interviews with a number of companies, as well as with the users of pilot systems, in
order to draw conclusions concerning their acceptance of the method and criteria as well as
actual system performance.
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CHAPTER 3

:
FRAME OF REFERENCE
CHAPTER INTRODUCTION
In order to address the research focus of this thesis, some established views of engineering
design have to be presented and taken into consideration. This is also done as a preface to the
next chapter, which introduces a framework for design automation.
Design tasks and activities are exemplified in this chapter. Also, problem characteristics,
problem solving strategies, and traditional views of the design process are presented. This is
followed by a short introduction to Design For Manufacture and Design For X, two
methodologies with great influence on the purpose of design automation. Then, different
aspects of variant design are introduced, together with theories on design automation and its
cost value. The chapter ends with views on development issues and knowledge in design
automation.

3.1

ENGINEERING DESIGN

To design is to fashion after a plan, creating something that has never been. Also, it is said
that design is the essence of engineering. Dieter (1991) clarifies that design is “to pull together
something new or arrange existing things in a new way to satisfy a recognised need of our
society.” By pulling together, Dieter implies synthesis, but further states that “good design
requires both analysis and synthesis” (Chapter 1.3). In general, analysis is the more common
activity, as designers break down the problem definition from a recognised need into
manageable parts. Synthesis, on the other hand, is concerned with assembling elements into a
workable whole. Product design according to Roozenburg and Eekels (1995) is “the process of
devising and laying down the plans that are needed for the manufacturing of a product,” and
Andreasen (1991) states that the design process encompasses all aspects from product and
market planning to the solving of individual tasks.
3.1.1 Product development
Ulrich and Eppinger (1995) present a model of a generic product development process, its
phases, and the different areas of responsibilities and key functions within an organisation
divided into marketing, design, manufacturing, and other functions. In this model there is, for
example, a strict division of the responsibilities “choose materials” and “define piece-part
production processes” during the detail design phase between the key functions design and
manufacture. Hubka and Eder (1996) give another example of the distinction between the
responsibilities of the key functions within an organisation in relation to a product’s life
phases (Figure 3.1).
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Life phases of a
technical product
Planning
Design
Production Preparation
Manufacturing
Sales, Marketing
Usage and Maintenance

Figure 3.1 -

Allocated occupational groups of
engineers and technologists
Planner, Product Manager
Design Engineers, Design Technologists
Production Planners
Manufacturing Engineers and Technologists
Sales Engineers
Operating Engineers

Life phases of a technical system and task allocation to occupational groups, according to Hubka and Eder
(1996).

Hubka and Eder also state that the complexity of the product development process demands
several technical experts from several different knowledge domains.
3.1.2 The design process
According to Pahl and Beitz (1996), the four main phases of the design process are:
•
•
•
•

Clarification of the task – Planning by collecting information about customer
requirements and drawing of a design specification.
Conceptual design – Abstracting to find essential problems and find and combine
working principals and working structures.
Embodiment design – Adapting more or less abstract concepts into concrete
proposals.
Detail design – Specifying the characteristics of the concept and generating product
documents.

Hubka et al (1988) describe the design process as consisting of several steps taken towards an
optimal product solution (dimensional layout). These processes are multidisciplinary,
involving all key functions and departments throughout the development of the product.
With each task and step in the design process the input parameters (initially few) go through
extensive transformation and grow in number. According to Sunnersjö (1994) (originally in
Sunnersjö (1993), adapted from Agerman (1993)), these design parameters typically grow by
a factor of ten per design process step, steadily increasing the number of parameters/variables
that have to be handled throughout the process.
3.2

A DESIGN AUTOMATION PERSPECTIVE ON THE DESIGN PROCESS

The traditional views of designing and the design process exemplified above draw clear
distinctions between the different tasks that need to be performed and who needs to perform
them. In contrast to this view, designers of today have to work closely with the production or
manufacturing department in order to make iterations and product performance
optimisations quicker and more effective. When working with design automation, the phases
design, production preparation and, to some extent, manufacturing should be considered the
responsibility of not only the individual technical experts but of an expert group with the
combined domain knowledge of the three occupational groups as well. To implement design
automation in such a process, knowledge and experience from many disciplines and domains
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have to be taken into consideration. Two methodologies that do this are Concurrent
Engineering (Chapter 3.2.1) and DFX (Chapter 3.2.2).
3.2.1 Concurrent engineering
A risk in all sequential product development processes is the unintentional “over-the-wall”
practice concerning process forwarding. This implies the existence of an actual wall between
the key functions and departments involved in the development process. When the tasks of,
for example, the design department are done, a product design is simply “thrown over the
wall,” ending up at the manufacturing department for production planning, etc. This oneway communication can lead to a product not fulfilling the customer’s initial request or
demand, as well as ending up more expensive than it needed to be. In the late 1970’s, the
concept of simultaneous engineering started to change the view of product development
(Ullman, 1997). The philosophy was that the manufacturing process should be developed
simultaneously with the product evolution (development process), and that the walls should
be “torn down,” thus opening up for collaboration between departments and the utilisation of
cross-functional teams. In the 1980’s, the concept, now called Concurrent Engineering (CE)
or Integrated Product and Process Design (IPPD), was broadened to include the nine key
features of CE (Ullman, 1997):
1.
2.
3.
4.
5.
6.
7.
8.
9.

Focus on the entire product life.
Use and support of design teams.
Realisation that the processes are as important as the product.
Attention to planning for information-centred tasks.
Careful product requirements development.
Encouragement of multiple concept generation and evaluation.
Attention to designing in quality during every phase of the design process.
Concurrent development of product and manufacturing processes.
Emphasis on communication of the right information to the right people at the right
time.

An often-used synonym of Concurrent Engineering is Design For X, a methodology that like
CE focuses on the simultaneous development of more than one engineering aspect.
3.2.2 Design For X
Design For X is an expression that encompasses a wide range of approaches to product
development and the design process. The many different approaches and X-methodologies all
have the purpose of enhancing the product and design process by focusing on specific criteria
for meeting, for example, customer, environmental, quality, or manufacturing requirements,
just to name a few. The two most common methodologies are Design For Assembly (DFA)
and Design For Manufacture (DFM). DFM emphasises producibility through a careful
balancing of product performance and manufacturing costs throughout the entire product
development process. Another important methodology is Design For Variety (Martin 1999),
and it is presented in more detail in Chapter 3.5.
3.3

DESIGN TASKS AND ACTIVITIES

The design process is complex and involves tasks and activities in different domains.
Designers have to consider not only their specific tasks and activities, but also the results of
their own solutions and their impact on further product development. In addition, they need
to be able to understand the input to their performed tasks and activities, which might be
results from prior tasks and activities (performed by others). The tasks and activities
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performed by designers are influenced by several characteristics, according to Pahl and Beitz
(1996). From their classification of characteristics, the following tasks and activities, in the
branch of mechanical engineering, are to some extent addressed in this work:
•

•

•

•

•

3.4

Origin of the task – Product planning, customer order, and design task. Customer
orders for one-off products, small batch products, or parts of a product have specific
and quantitative requirements in a tight design space that need to be fulfilled.
Therefore, designers benefit from basing their solutions on company know-how and
experience from previously developed products. The fulfilment of requirements and
constraints become especially important for production planning related to machines,
jigs and fixtures.
Novelty – Original design, adaptive design, and variant design. Original design can be
achieved by selecting and combining known principles and technologies, or by
inventing completely new technologies, resulting in new solution principles. Adaptive
design tasks and solutions are based on established solution principles. They adapt the
embodiment design of individual products (assemblies or components). The emphasis
in adaptive design is on geometrical, analytical, production, and material issues.
Original design can often be part of adaptive design. Variant design tasks and
solutions are based on variations of size, arrangements of parts, and assemblies that are
varied within previously defined limits (e.g. size ranges and modular products).
Variant design requires original design only once.
Production – One-off, small batch, large batch, and mass-production. One-off and small
batch products require the careful design of physical processes and embodiment to
minimise risk and ensure that delivered products fulfil customer requirements. In
these cases, it is usually not economical to produce prototypes for testing, and this also
intensifies the requirements on the design process. For large batch and mass-produced
products, there is a need for optimised product performance and minimised product
and production cost. For this, prototypes are normally needed and used in several
iteration steps towards an optimal product.
Complexity – Machines, assemblies, parts, and sizes. For machines, assemblies, and
parts, detail design is the main activity because of its influence on the optimisation of
product performance. The size of components influences the embodiment of the
design since it has a direct effect on production properties and product handling (e.g.
transport and assembly).
Goals – Optimisation of function, minimisation of costs, achieving ultimate performance,
and minimisation of weight. The application of computational and experimental
optimisation is required to optimise functions. The generation of alternatives, the
determination of product cost, insight into production planning, and careful attention
to detail are required to minimise cost. Computer-based analysis methods are required
to achieve ultimate performance.
PROBLEM CHARACTERISTICS

Problems can be characterised as containing three main components (Pahl and Beitz 1996):
•
•
•
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An unsatisfactory initial state.
A desirable goal state.
Obstacles preventing the transformation from the unsatisfactory initial state to the
goal state.
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Also of importance are: the complexity of the problem and the uncertainty of requirements to
fulfil, the effects of solutions, and the desired goal state.
The difference between a design task and a problem is that the means of performing a task are
clear and available. Tasks and problems in design often occur together or are not clearly
separable. Thus, a specific design task can, when examined in detail, turn out to be a problem.
On the other hand, a problem can sometimes be broken down into manageable sub-tasks
that, when sorted into a solvable sequence (often not previously known), solve the problem
(Figure 3.2).
3.4.1 Problem solving
Once a problem has been identified, designers’ activities involve the breaking down of the
problem, focusing on creativity and decision making while keeping a systematic approach.
According to Pahl and Beitz (1996), the necessary and essential designer skills involved in
these activities are:
•
•
•

Recognising dependencies – The breaking down of problems into manageable subproblems or sub-tasks is an essential activity leading to the development of a product.
Estimating importance and urgency – With identified dependencies, decisions have
to be made regarding which sub-problems or sub-tasks that are to be prioritised.
Persistence and flexibility – Persistence means a continuous focus on achieving the
goals. Flexibility implies the ability to adapt to changing requirements.
Overall problem

Sub-problems
Individual problems and
individual solutions
(System elements)
Sub-solutions
(Sub-systems)
Overall solution
(System)

Figure 3.2 -

Division of an overall problem into sub-problems and sub-task in order to combine sub-solutions into an
overall solution. The VDI-2221 model illustrates this, as illustrated in Pahl and Beitz (1996).

One way of sorting problems into manageable sub-tasks and estimating importance and
urgency is to use Dependency Structure Matrixes (DSM) (Steward, 1981; Sunnersjö et al,
2006).
Characteristics of good problem solving (Pahl and Beitz, 1996) include:
•
•
•
•

Sound and structured technical knowledge, i.e. the use of well-structured models.
Appropriate balance between concreteness and abstraction, depending on the
situation.
The ability to deal with uncertainty.
Continuous focus on the goal while adopting flexible decision making behaviour.
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3.5

VARIANT DESIGN

Product variety has the purpose of meeting the demands of the market. In recent years the
product range in the form of product variety has increased dramatically. According to
Encanação et al (1990), more than 90% of the performed design activities are based on
variant design. Companies that earlier offered only few product variants now introduce
multiple products meeting a wide range of customers. The two main categories of product
variety are product families and product platforms (Pavlic et al, 2002). A product family is a set
of related products sharing common features, components, and sub-systems in order to meet a
variety of customer demands. A product platform, on the other hand, is a common structure
based on agreements regarding product variety from which product variants are composed.
According to Liedholm (1999), the difference in variants can come from several demands on
the product. An extended list of these demands contains:
•
•
•
•
•
•
•

Variations in size.
Variations of price (e.g. market segments).
Variation of requirements (e.g. laws, standards).
Variation of performance (e.g. customer requirements).
Variation of functionality.
Market variations (e.g. culture, language).
Aesthetical variations.

There exists a need to design and develop product variants only when there is a current or
perceived future market demand for multiple product variants. If this demand exists, there is a
need to focus on designing and manufacturing these variants in a cost-beneficial way. Martin
(1999) goes further into detail by listing the drivers of product changes for specific purposes
in three main categories: customer requirements, cost reduction, and regulations and standards.
Martin also defines two types of varieties of a specific product, spatial variety and generational
variety. Spatial variety implies a variety within a specific and current product line (product
family). Generational variety implies a variety of a product family over time.
It is critical in the product development process to recognise the drivers of product change in
order to plan for (and optimise) future design changes. With added variety, together with
requirements on shorter lead-times, there is an added complexity to product marketing,
design, and manufacturing. This affects all disciplines and key functions in a company. With
respect to this, it is important that product variants do not add any unnecessary strain on, for
example, manufacturing and that manufacturability be maintained throughout all variants of
a product. For this reason, DFM is an essential part of the variant design process (Ulrich and
Eppinger, 1995).
3.5.1 Design by selection
Variant design can, for example, be accomplished through the selection of modular
components or sub-systems combined into a product that meets customer requirements. This
requires a product architecture supporting modular or integrative design approaches.
According to Sosa et al (2000), modular architectures are those whose system interfaces are
well defined and shared with only a few other product sub-systems. Integrative architectures
are those whose sub-system interfaces may be more complex and shared across the product. In
Ulrich and Eppinger (1995), integrative architectures are also defined as having ill-defined
interactions between sub-systems. Further, product functionality can be spread across several
of its sub-systems. Conversely, modular architectures are comprised of sub-systems that
support only one well-defined sub-function.
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Sosa et al (2000) exemplifies five types of design relationships and dependencies based on
research models of engineering design:
•
•
•
•
•

Spatial dependency – Requirements related to physical adjacency for alignment,
orientation, serviceability, assembly, or weight.
Structural dependency – Requirements related to transferring loads or containment.
Energy dependency – Requirements related to transferring heat, vibration, electrical,
noise, etc.
Material dependency – Requirements related to transferring materials and media,
such as air, oil, fuel, water, etc.
Information dependency – Requirements related to transferring signals or controls.

3.5.2 Parametric and topology design
Another way to manage variant design, mainly in respect to size, requirements, and
performance, is parametric design. Here, design parameters are variable in order to generate
product variants. These can be simple changes, like the length of a product feature or the
depth and diameter of a drilled hole. The parameters can also be linked by the rules of their
relationships. For example, change in one parameter value can affect several others. Another
way that improves and extends the variability to encompass variations of functionality as well
is the use of parametric topology. In the same manner as for dimensional change, the
topology of a product design can be changed, based on requirements on the product, in order
to generate variants. Parametric and/or topology design are closely linked to a product
geometry representation, often a CAD model. Ways of adopting these methodologies in
respect to design automation and CAD geometry are discussed in Cederfeldt and Sunnersjö
(2003) and Cederfeldt (2004).
3.6

DESIGN AUTOMATION

In contrast to traditional computer-aided design (CAD) systems, which are tools for aiding
designers, design automation systems should be able to perform design tasks either on their
own or interactively with designers (Blessing, 1994). According to Blessing (1994), computer
support should be:
•

•
•
•

Cooperative – implying a system that solves tasks in close interaction with its user.
The role of the system can be either active or passive. An active system takes the
initiative, while a passive system waits for the user to take initiative through an explicit
action or question.
Subordinate – implying a system that is both active and passive depending on the
tasks performed (both system and user can take the initiative), although the system is
subordinate to the user, who can overrule the system.
Flexible – implying a system that enables the user to apply different approaches in
finding task solutions (if so desired).
Useful – implying that the system usefulness has to be considered with all computer
support. It is important to find a cost-beneficial approach to computer support,
looking not only at individual process steps but also at the complete process.

Design Automation can be achieved at several levels of complexity, ranging from the use of
predefined machine elements or family table/template systems (Siddique and Yanjiang, 2002)
to Knowledge Intensive CAD systems (KIC) (Tomiyama and Hew, 1998), or highly
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sophisticated Knowledge Based Engineering or Computational Intelligence systems (Sriram,
1997; Hoopgod, 2001) (Chapter 3.10).
3.6.1 Data management in design automation
Design automation systems influence and are influenced by all their users. In addition, as
stated above, they act in close cooperation and interaction with those users (both human users
and other systems). The interrelationship between design automation system and its user,
derived from theory of technical systems (Pahl and Beitz, 1996), is illustrated in Figure 3.3.
Design Automation system
or
Computer Support

Design task and
problem definition

Input
effects

Disturbing effects
from environment

Design task
solution
Side effects due to
environment

Feedback and
side effects

User
(Human or system)
(Technical system)

Figure 3.3 -

Interrelationship between design system and user adapted from the theory of technical systems (Pahl and
Beitz, 1996).

It is important to realise that a computerised design automation system only performs the
tasks for which it is designed. As such, the output will vary with design tasks and problem
definitions as well as user input. The input-feedback cycle between user and system is
therefore an important part of system performance. This is because faulty input into the
system, perhaps based on misinterpreted feedback, will influence system output.
Isaksson et al (2000) summarise the views of a product model in a study of research areas
associated with product models and product development (Figure 3.4). These views, or areas,
can also be addressed concerning design automation.
How to manage the data?

a Management
Dat

Da
Communta
ica
tio
n

ta
ct Da
odu tion and
Pr senta ling
l
e
pr ode
Re M

How to communicate
the data?

pl

o
s de

l

Ap
i

ca

ti o

nN

eed

M
ct i e
d u or
Pro The

What data is needed?

Figure 3.4 -

How to represent
the data?

How to describe products?

Different views of a product model (Isaksson et al, 2000).

3.6.2 Cost value of design automation
Fielding (1965) presents some views of the cost value of design automation, and identifies
three central issues that need to be addressed concerning targeting lower costs:
1. What is meant by design automation?
2. What should design automation be used for?
3. How does the use of design automation relate to the cost of doing business?
Further, Fielding enumerates six elements for the measurement and assessment of system
(method or procedure) worth:
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•
•
•
•
•
•
•

3.7

Performance – Measured in terms of the useful results achieved from a system.
Reliability – Measured by the degree of dependable accuracy of a system.
Flexibility – Measured by the system’s ability to grow.
Life cycle – Measured by actual or expected life span of a system, which should last as
long as necessary (but not be overbuilt).
Time1 – Measured by the practical development time of an operable system.
Time2 – Measured by the time needed to operate the system.
Money – Measured by the total cost of providing a system compared to the actual
value of the benefit.
SYSTEM REQUIREMENTS AND SPECIFICATIONS

In order to develop a software system, requirements on what it will do are needed. These
requirements will when identified be put in a document together with descriptions of how the
system should be used and how it preferably should be implemented. This document is the
system specification. According to Ghezzi et al (2003), a specification is “a statement of an
agreement between a producer of a service and a customer of the service, or an implementer
and a user”. Jackson (1995) has a more restricted approach, defining the following three
terms: requirements, specifications, and programs (Figure 3.5).
Environment
phenomena

The
environment

Requirements
(outer requirements)
Machine
phenomena
Programs
(design)

Figure 3.5 -

The
machine

Interaction
interface
Specifications
(inner requirements)

(application domain)

Requirements, specifications, and programs in relation to a software programme and its interaction with its
environment (adapted from Jackson (1995) and Katasonov and Sakkinen (2006)).

The software system is a machine introduced into the world (environment) in which the
system is anticipated to act and react (Jackson, 1995), also called the application domain
(Figure 3.5). The machine (software system) interacts with its environment by sharing some
sort of phenomena (events and states). A keyboard input by the user results in a system input
corresponding with the depressed key, and the system output is perhaps presented to the user
by the display of a letter or action on a screen. These shared events and states form (and take
place in) the interface between the machine and its environment (Jackson, 1995). According
to Jackson (1995), the specifications are all about (and only about) the shared phenomena in
this interface. The requirements are all about (and only about) the environment phenomena
and describe what the system does, and not how it is done. The programs on the other hand
are all about (and only about) the machine, its behaviour, and how it works. Jackson
continues by arguing that a specification is in fact both a requirement and a program forming
a bridge between requirements (in the interaction interface) and programs (describing the
machine within the machine world).
3.7.1 Outer and inner requirements
According to Katasonov and Sakkinen (2006), requirements do not merely exist “out there”
(i.e. in the heads of the stakeholders). Requirements should be seen as both inner and outer
requirements, residing within Jackson’s model (Figure 3.5), and are separated because
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stakeholders’ requirements seldom concern the interaction interface (Jacksson, 2004).
Katasonov and Sakkinen (2006) state three questions that should be asked when developing a
system:
1. What is the effect on the environment that is desired?
2. What would the behaviour of the machine on the boundary (interface) be that would
achieve the desired effects on the environment?
3. What would the internal behaviour and structure of the machine be that would lead
to the needed behaviour on the boundary?
The first question is answered by defining the outer requirements (which are stakeholders’
statements of expected effects (Jacksson, 2004)) posing problems to solve. The second
question is answered by defining the inner requirements, which are problem solving
statements leading to new next-level problems to solve. This is therefore an iterative process.
Katasonov and Sakkinen (2006) clarify this as: when a customer is stating his/her
requirements, he/she is actually just proposing an answer to the second question (i.e. how
he/she wants the machine to behave in order to have a desired effect on its environment).
Finally, the third question is answered by addressing the how-questions (Chapter 3.7.2) and
by designing the machine.
3.7.2 What or how?
A frequently addressed topic in software development is the question of what and how. It is
generally accepted that the answer to what the system does (or is intended to do) is to be
found in the application domain and how it is done can be found within the machine itself
(Jackson, 1995). Requirements on the system should therefore focus on what problems the
system is intended to solve (Ghezzi et al, 2003).
Too often the focus in software development lies in how the system should be built and
implemented. This unfortunate misbalance in focus leaves some of the important whatquestions unanswered, leading to under-defined requirements and poor system specifications.
Jackson (1995) points out that it is insufficient to simply describe the data flow through a
system. If the system is intended to process input to output, then what is at the end of those
flows are to be described. This should be done in the application domain. The task of
processing data is that which the machine (software system) does, and the how-questions
concerning this should be left to the later part of the development process. One important
aspect of initially focusing on the what-questions is that implementation bias in the
requirements from only focusing on the how-questions can be avoided (Jackson, 1995).
3.8

DEVELOPMENT ISSUES

Product Lifecycle Management (PLM) is a methodology concerning the entire lifecycle of a
product, i.e. need identification, concept generating, designing and devising, producing,
maintaining, and, finally, disposing. A PLM system is that which has the purpose to support
all these stages of a product’s lifecycle. The same thoughts and considerations on the stages of
development are addressed in systems engineering (INCOSE, 2004) with a holistic view
throughout the development process (Buede, 2000).
When developing a computer supported engineering design tool or design automation
system, it too can be seen as a product with a lifecycle that needs to be considered. In respect
to PLM system implementation, Grönvall (2006) compares the procedure of a PLM system
development to that of a heart transplant, stating that too much time is focused on technical
(software) issues and too little on planning for implementation and results follow-up (Figure
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3.6). Carlsson (2006a) also comments on PLM implementation stating that one should:
“Focus on the processes involved, not on software and implementation – it is only
technology, and technology is not the problem”. Carlsson (2006b) also concludes that when
developing information systems there must be a shift in focus from the system itself to the
information to be handled.
In heart surgery, focus is on preparation and follow-up. The actual surgery takes up only a small portion of the total process time:
Preliminary
tests

Find
donor

Prepare for
surgery

Surgery

Recuperation

Follow-up

In many PLM system development processes, focus is on implementation. Preparation and follow-up takes up only a small portion of the total process time:
Needs
identification

Definition &
specification

Design

Implementation

Training

Maintenance

The system development process should shift focus from implementation to preparation and follow-up:
Needs
identification

Definition &
specification

Design

Implementation preparation

Figure 3.6 -

Implementation

Training

Maintenance

Implementation follow-up

A PLM view of focus on the different stages of system development (adapted from a conference presentation
made by Grönvall (2006)).

3.8.1 System development procedures
As shown in Figure 3.6, there are several critical stages in the development of a design
automation system. These stages, in relation to the development of design automation and
intelligent systems (Chapter 3.10), have been exemplified in more detail by, among others,
Sriram (1997) and Rask et al (1998). In relation to knowledge based engineering systems
(KBES), Sriram (1997) states the stages involved in development of such a system:
•
•
•

•

Identification – The preliminary stage, which significantly affects the development
project. Issues to focus on are: problem domain characteristics, scope of the project,
build or contract decision, participants, and resources.
Conceptualisation – Identification of problem solving techniques.
Formalisation – Selection of appropriate KBES tools. Issues to focus on are:
knowledge representation, inference mechanisms, developer interface, end user
interface, programming language, hardware, integration with other languages, ability
to be embedded, performance, inexact inference techniques, degree of vendor support,
cost, extensibility, and maintainability.
Implementation – The actual implementation of the KBES.

Rask (1998) presents a more general list of activities in relation to the development of AI
applications (Chapter 3.10). In it, he defines the following success factors:
•
•
•
•

Define and delimit the problem – Tasks and problems are divided into sub-tasks
and relations are defined.
Assess the worth of automation – Focus is given to questions regarding the costbenefit of automation.
Analyse and structure knowledge – Definition of terminology and description of
knowledge.
Classify problem models – Define parameters, variables, and relations. Based on this
classification, the model can be classified as continuous, discrete, or hybrid. Other
classifications of the parameters and variables are numeric or symbolic, static or
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•
•

•

dynamic, and dimension dependent or independent. The model can then be classified
as either being constraint satisfying or optimisational.
Selection of solution principles – Select appropriate solutions matching the defined
problem. Solution principles are: equations, symbolic analysis, optimisation
algorithms, or heuristic solvers.
Selection of AI tools – When the problem model and solution principles are known,
selection of AI tools can be made. Figure 3.7 illustrates the AI tool classification for
handling numeric or symbolic, specific or general, and structured and unstructured
problems.
Addressing strategies for implementation – Issues regarding implementation,
documentation, training and maintenance are addressed.
Numeric

CAD

Symbolic
Neural
nets

Structured

Genetic
algoritm

CBR

Expert
system
Logic
program

Unstructured
Specific

Figure 3.7 -

General

Classification problem models and solution principle for matching to AI tools (adapted from Rask (1998)).

Hvam et al (2005) presents an extensive methodology for developing and implementing
configuration systems, defining a number of essential steps. Of high importance in this
development procedure is the creation of specifications between each process step, linking
information needed by the different actors in the different steps (and knowledge domains).
In Cederfeldt (2004), a development procedure for a variant design system using parametric
and topology design is presented. It focuses on the identification, implementation, and
storage of design parameters.
3.8.2 Usability and desired effects in focus
Balic et al (2002) state that there is a need to shift IT-development from focusing only on
requirements to instead focusing on goals for reaching business value. In order to implement a
tool or system that will be accepted and used by its intended users, focus during the
development must also be on usability, as well as achieving the anticipated results. Ottersten
(2006) further points out a number of steps in the development process that leads to the
fulfilment of customers’ and users’ expectations:
1.
2.
3.
4.
5.
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State the desired effects (goals) (compare with Chapter 3.7.1).
Describe the users’ need.
Present solutions based on desired effects and need.
Test solution in use-scenarios.
Refine toward desired effect (goals).
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3.9

KNOWLEDGE

It is important to distinguish between the human and the machine world when looking at
intelligence and knowledge representation. We generally apply descriptive terms from the
human world to the machine world, causing confusion of ideas. As show by Jackson (1999),
the interaction between the human and the machine takes place in the interaction interface
(Figure 3.5). The machine behaviour in this interface, whether perceived as intelligent or not,
is programmed as such in the machine world.
Anderson et al (2001) presents a classification of the goals of the educational process
incorporating three domains of educational activities. One of these, named the Cognitive
Domain, involves knowledge and the development of intellectual attitudes and skills
(comprehension, application, analysis, synthesis and evaluation). Knowledge is defined as the
remembering of previously learned (stored) material (information of different types), where
intellectual attitudes and skills follow a hierarchy of abilities (Figure 3.8). For example, the
application of knowledge from one level cannot be done without the ability/knowledge (at a
higher level) of how to apply/use that knowledge.
KNOWLEDGE
├ Knowledge of specifics
│ ├ Knowledge of terminology
│ └ Knowledge of specific facts
├ Knowledge of ways and means of dealing with specifics
│ ├ Knowledge of conventions
│ ├ Knowledge of trends and sequences
│ ├ Knowledge of classifications and categories
│ ├ Knowledge of criteria
│ └ Knowledge of methodology
└ Knowledge of universals and abstractions in a field
├ Knowledge of principles and generalisation
└ Knowledge of theories and structures
Figure 3.8 -

Bloom’s classification of knowledge (Anderson et al, 2001).

Knowledge availability according to Awad (2003) ranges from shallow to deep, going from
procedural, via declarative and semantic to episodic. The classification deals foremost with the
storage and accessibility of knowledge in the human brain. This has an implication on the
format of the knowledge passed to system developers (structured or unstructured) in the form
of information and has resulted in the development of tools that handle these different
formats of “knowledge” (procedural or declarative). Some of these tools are exemplified in
Chapter 3.10.
3.10 INTELLIGENT SYSTEMS
Hopgood (2001) states that a main objective of research in AI (Artificial Intelligence) is to
build a machine that can think, mimic, or even exceed human mental capabilities. However,
these results are far from achieved and systems built today can only mimic human capabilities
in specific areas, e.g. logic reasoning. Another often occurring, confusing view of knowledge
and intelligence from a knowledge-based system development perspective is that knowledge in
itself is stored in a system, which then uses it intelligently. According to Awad (2003),
intelligence refers to “the capacity to acquire and apply knowledge.” Further, knowledge
involves understanding and awareness, which are human abilities. Hence, a machine is not
intelligent as long as it cannot learn outside its programmed boundaries. Still, it can be
perceived as intelligent when performing tasks normally associated with intelligent abilities.
The judgment is made on a relative basis in relation to the human observer (expert,
programmer, user, etc.).
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Hopgood (2001) divides the different types of “intelligent systems,” or AI-based tools, by
classifying them into three main categories: knowledge-based systems, computational
intelligence, and hybrid systems. Hybrid systems, combining the techniques behind
knowledge-based systems and computational intelligence, handle uncertainty and include
probabilistic methods and fuzzy logic.
3.10.1 Knowledge-based systems
Knowledge-Based Systems (KBS) (sometimes referred to as knowledge-based engineering
(KBE) or emphasised as knowledge-based engineering systems (KBES)) (Sriram, 1997;
Hopgood, 2001) distinguish themselves from conventional systems (software programs) by
not storing the used domain knowledge intertwined with instructions for controlling the
application of this knowledge. In other words, the knowledge base is separated from its control
mechanism called the inference engine (Figure 3.9).
Knowledge-based systems are primarily built with the incorporated knowledge expressed as
symbolic representations, and include (Hopgood, 2001):
•
•
•
•
•

Expert systems.
Rule-based systems.
Object-oriented systems.
Frame-based systems.
Intelligent agents.

Another subset of knowledge-based systems is Case-Based Reasoning (CBR), by Sriram
(1997), referred to as analogical reasoning. This method is used for finding similarity among
stored previous design cases. These cases can then be retrieved and adapted to create new
solutions.
Extra components
common in
expert systems

Knowledge
acquisition module

Explanation module

Knowledge base

Inference engine

Essential
components
Interface

Humans

Figure 3.9 -

Hardware

Data

Other software

The main components of knowledge-based systems (Hopgood, 2001).

3.10.2 Computational intelligence
Computational intelligence, in contrast to knowledge-based systems, uses numerical
techniques for knowledge representation and handling. It also allows for its numerical
“knowledge base” to be modified and updated as the system “learns”. According to Hopgood
(2001), techniques for computational intelligence, or soft computing, include:
•
•
•
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Neural networks.
Genetic algorithms (evolutionary algorithms).
Other optimisation algorithms.
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SUMMARY CHAPTER 3
This frame of reference chapter serves the purpose of placing the performed research in
relation to established views of engineering and product design, as well as to views of
knowledge in design and ways of developing design automation systems.
For an understanding of the product design process, which design automation systems intend
to support, the first chapters present some of the traditional design procedures, as well as how
DFX approaches relate to design automation. Also, methods for problem solving are
presented as they influence both product design processes and the solution principles used in
design automation development. Variant design, the delimited focus of this research work, is
also presented and exemplified. Finally, a number of views influencing design automation in
general are presented.
For an understanding of the system development process, the later chapters present a number
of methodologies for system development, focusing on important factors such as system
requirements and specifications. Also, a number of system development procedures that
complement (and are complemented by) the presented results of this research work are
presented. Finally, knowledge in design and established design automation system concepts
(intelligent systems) are presented, as they are of traditionally high relevance in the field of
design automation research.
The different views presented in this frame of reference chapter are later used as references
and guides complementing the presented framework for planning design automation systems
(Chapter 4). That framework then supports the structured method for planning design
automation (Chapter 5).
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CHAPTER 4

:
A FRAMEWORK FOR
PLANNING DESIGN
AUTOMATION
CHAPTER INTRODUCTION
This chapter, which introduces a framework for planning design automation, is the first of the
two result chapters.
The reason for defining this framework is the widespread confusion of terms that exists within
the research area. Several conflicting and/or vague definitions of terms in literature make
statements and aspects about design automation, knowledge, solution methods, and
implementations hard to assess and compare.
In order to establish a common base for discussions about design automation, there is
therefore a need to define some of the widespread and frequently used terms. These are
addressed, defined, and exemplified throughout this chapter. First, a definition of design
automation is given. Then, the need and motives behind the utilisation of design automation
is identified, followed by views of the potential for implementing design automation. Then, a
design automation perspective on the design process is given. Finally, the framework for
planning design automation is presented, defining and exemplifying terms frequently used
when discussing design and design automation. This framework is important for the
understanding of design automation and constitutes the foundation for discussions about and
planning of design automation systems in the coming chapters.

4.1

DESIGN AUTOMATION

“Automation is the application of machines to tasks once performed by human beings or,
increasingly, to tasks that would otherwise be impossible.” – Encyclopædia Britannica (2004).
This definition can be applied to engineering tasks normally performed by human beings and
to engineering tasks that would otherwise be impossible (or at least too time-consuming) to
perform. The term design automation is then stated as referring 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. The scope of the
definition encompasses computerised automation of tasks that directly or indirectly are related to the
design process in the range of individual components to complete products.” – Cederfeldt and Elgh
(2005).
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4.2

IDENTIFICATION OF NEED FOR DESIGN AUTOMATION

Four important general objectives of design automation are: to reduce design costs, to cut
lead-time, to improve product quality and performance, and to potentially adapt products to
different costumer specifications. However, the overall motive for implementing design
automation is to gain an effective and efficient product development process. This is typically
done in the areas of making tasks more efficient and effective by improving working practice
and enhancing product characteristics. In Amen et al (1999), twelve Swedish companies that
had implemented (or planned to implement) design automation in the form of Rule-Based
Engineering (Chapter 3.10.1) were questioned about their primary motives behind the
utilisation of, or interest in, design automation. The answers are shown in Figure 4.1.
9

Laborious design task
7

Quality assurance
High repetition frequency

6

Lead-time minimisation

6

Highly optimised design

6

Establish knowledge bank
Figure 4.1 -

2

Primary motives for Rule-Based Engineering systems, according to the twelve companies in Amen et al
(1999).

In a study presented by Cederfeldt and Elgh (2005), the motives in Figure 4.1 were refined
and an extended number of reasons for addressing the need for a more effective and efficient
design process were stated. In the study, eleven Swedish small and medium sized enterprises
that for the most part had not implemented any form of design automation were asked about
their primary motives behind the utilisation of, or interest in, design automation. The
purpose of this study was to acquire an understanding of the need and potential for design
automation among smaller companies. The answers on primary motives were categorised
according to Figure 4.2.
8

Shorten lead-time for delivery
Reduce labour intensive tasks

7

Reuse prior case solutions

7
7

Ensure individual, time, and process independent design solution
6

Reduce repetitive tasks
5

Shorten lead-time for quotations
3

Optimise design

3

Enable custom tailoring
Manage design/manufacturing requirements and constraints

2

Establish / guarantee a knowledge base

2

Enhance producibility

2

Support process planning

2
2

Enable cost estimates
Generate documentation
Figure 4.2 -
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Reasons to address the need for a more efficient and effective design process, according to the eleven
companies in Cederfeldt and Elgh (2005).
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In both studies, the need for a more efficient, effective design process were expressed in the
areas of: shorten lead-time for delivery, reduce labour intensive tasks, reuse of prior case
solutions, quality assurance, reduce repetitive tasks, and shorten lead-time for quotations.
Significantly, all of these tasks can be supported by design automation.
4.3

POTENTIALS FOR DESIGN AUTOMATION

Companies that market standard products with dimensional variations (customised products)
often have a well-structured design process relating to their products. According to Ulrich and
Eppinger (1995), the design process for a customised product is augmented by a detailed
description of the specific information processing activities required within the design process.
This process may consist of hundreds of carefully defined activities that, if well-documented
(explicit), are easy to follow. Still, they are often time-consuming to repeat. This is where
design automation can be introduced, as a means of quickly repeating these activities in order
to generate automated product variants from an already well-defined design process.
Sunnersjö (1994) states that the potential for design automation increases as the maturity of
the product (expressed as known rules in relation to all rules in the development process) and
the customisation degree of the product (expressed as number of variants in relation to number
of deliveries) do. To illustrate this, he presents an automation potential diagram. In Cederfeldt
and Elgh (2005), this diagram was used to plot the products of eleven small and medium
enterprises. The measure for potential was redefined to capture single tasks, within a specific
product design process, suited for design automation. Figure 4.3 shows products plotted in a
further refined automation potential diagram, here with two different kinds of potentials.

Increasing potential for automation
with increasing process maturity

Known rules
All rules

Tackers

Sintered
journal bearings

Shop equipment

Heating elements
Car rack systems

Sintered compressed
air silencers

Plane surface furniture
Fan ventilator
system
Vibration feeders
& conveyers
Granulators
Heavy welded
steel structure

Outdoor play equipment
Sintered
formed products
Feeder and conveyor
systems

No. of
product variants
No. of deliveries

Increasing potential for automation
with increasing product variety

Figure 4.3 -

Redefined automation potential diagram showing two different potentials for design automation (Cederfeldt
2005).

The X-axis focuses on the cost benefit of automating the product design process (or parts of
it). A relevant measure would be the specific product variant development process time (and cost)
in relation to the selling price of the total number of the specific product variant (stated another
way, profit). Potential would increase, with low profit indicating a costly design process in
relation to the product variant’s sales price. This measure only focuses on the economical
aspects of the design process. The complexity and maturity of the actual design process gives
rise to a second measure of potential. The process maturity potential is indicated by how well
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known the actual process is. Therefore, it is vital to differentiate between the two potentials
for introducing design automation:
•
•

Economical potential – Potential for introducing design automation based on
product customisation degree (variety) and sales (cost-benefit of the system). (X-axis
in Figure 4.3).
Design process potential – Potential for introducing design automation based on
process maturity (technical potential). (Y-axis in Figure 4.3).

These are only two different aspects of potential. Other aspects that could also affect the
overall potential are company resources, expertise, and staff workload, among others. The
diagram can still be used as a means of indicating potential as long as it is seen as providing
indications of the two different, and independent, automation potentials.
4.4

DESIGN AUTOMATION AND THE DESIGN PROCESS

To define a contemporary view of the design process, supporting design automation, a Design
For Manufacture approach has to be adopted in contrast to the traditional design process
approach (Figure 4.4).
Design automation in a traditional design approach
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Design automation in a Design For Manufacture approach
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Tooling
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Jigs and fixtures
NC preparation

Process plan
Tool design
Operation sequence
Jigs and fixtures
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Figure 4.4 -

Two different approaches to design, which in Cederfeldt and Elgh (2005) are adopted and revised from
Hannam (1997). The scope of design automation (dashed rectangle on left) is extended in the Design For
Manufacture approach (right).

According to Hannam (1997), the traditional product development and design process
follows a set of steps (with tasks, requirements, and supporting knowledge) where the design
step precedes the planning for manufacture step. In a DFM product development and design
approach, the design and plan for manufacture are parallel tasks leading to a product design.
The DFM approach to the design process, combined with computerised design automation,
allows for quick iterations within a defined design space. This is an essential view of the
product development and design process for design automation in order to generate product
designs that are optimal (or at least good enough for their purpose), suited for manufacture,
quality assured, and cost-beneficial. For example, if the development of the design automation
system is based on production aspects, i.e. producibility awareness (Elgh and Cederfeldt,
2006), it can serve as a means for quick and suitable producibility (e.g. cost) estimations of
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product variants. With this in mind, all the steps of the product development process should
be taken into consideration when planning for the implementation of a design automation
system (DFM-approach, right in Figure 4.4). Also, the adoption of computer supported
engineering design tools and design automation systems is a way of focusing on the nine key
features of CE (Chapter 3.2.1).
FRAMEWORK AND TERMINOLOGY6

4.5

One challenge related to design automation development, as well as any other area involving
people who need to communicate, is the definition of a common terminology. Shaw and
Gaines (1998) address this issue related to knowledge eliciting and classify four types of
conceptual structures: consensus, conflict, correspondence, and contrast (Figure 4.5).

SAME
CONCEPTS
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TERMINOLOGY

Concept 1

Terminology A

Terminology A

Concept 1

Terminology A
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Consensus

Concept 1

Terminology A

Conflict

Figure 4.5 -

Terminology B

Correspondence

Concept 2

Terminology A

Concept 1

Concept 1

Concept 2

Terminology A

Terminology B

Contrast

Consensus, correspondence, conflict, and contrast in communication (adapted from Shaw and Gaines
(1989)).

It is important to recognise the different concept structures for different reasons (Shaw and
Gaines, 1998):
•
•
•
•

Consensual concepts are important to recognise because they serve as a basis for
communication using shared concepts and terminologies.
Conflicting concepts are important to recognise because they serve as a basis for
avoiding confusion by labelling different concepts with the same term.
Corresponding concepts are important to recognise because they serve as a basis for
understanding differing terms through the availability of common concepts.
Contrasting concepts are important to recognise because they show that there are
areas of knowledge and expertise among those involved which are difficult to
communicate.

In order to establish a common base for discussions about, as well as work in, the area of and
design automation, there is a need to define widespread and frequently used terms relating to
design automation. In the following chapters, such terms are addressed, defined and
exemplified in order to establish consensual concepts as well as to broaden the understanding
of influences on, and influences had by, design automation.
6

Parts of this framework and terminology are adopted from Cederfeldt and Elgh (2005), where the authors
wrote the presented framework together.
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4.5.1 Types of design automation
Design automation can be divided into two types:
•
•

Information handling (storage with retrieval and/or forwarding).
Knowledge processing.

An archiving system enabling and supporting the reuse of CAD-files (information handling)
and a reusable spreadsheet for weight calculation of a prismatic object (knowledge processing)
are examples of the two types in their simplest form. A PDM system incorporating large
amounts of knowledge, i.e. thousands of rules and algorithms, for use in variant design based
on different customer specifications, combines the two types. It is an example of a high level
of design automation.
The aim of design automation is to support one or more of the following areas (which
according to Ulrich and Eppinger (1995) belong to the system-level design and detail design
phases (Chapter 3.1.1):
•

•

•

Computerised and automated design task synthesis – (Chapter 1.3). Examples
include (among others) computerised and automated:
o Templates for the calculation/optimisation of design parameters (Sunnersjö et
al, 2006).
o Applications for the calculation/optimisation and generation of product
geometry (Cederfeldt, 2004).
o Applications that ensure producibility (Elgh and Cederfeldt, 2005; 2006).
o Database system supporting the reuse of previous solutions (Cederfeldt,
2006).
o Information systems for requirements or manufacturing constraints (Elgh and
Sunnersjö, 2006).
o Configuration systems (Hvam et al, 2005).
Automated design task analysis – (Chapter 1.3). Examples include (among others)
computerised and automated:
o Finite element analysis.
o Geometry preparation for finite element analysis (Stolt, 2005).
o Evaluation of producibility.
o Cost estimation (Elgh, 2004).
(All based on geometry description and/or design characteristics.)
Automated plan for manufacture – Examples include (among others) computerised
and automated process planning for the generation of:
o Operation sequences (Elgh, 2006).
o Production parameters.
o Machine control commands.
o Fixtures, jigs, and tools design (Johansson, 2004; Johansson and Sunnersjö,
2006).
(All based on geometry description and/or design characteristics.)

Design task synthesis can encompass design task analysis and planning for manufacturing,
using their results for further synthesis in a loop towards refined solutions.
4.5.2 Design spaces and constraints
To be able to effectively decide how a product and its process is to be modelled and
represented, and which parameters are to be considered design variables, the system
developers must have knowledge of the entire design process. In addition, it is important to
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have an understanding of how the product is to be manufactured, since this is an important
aspect if the automated variant design system is going to incorporate process planning and
synthesis driven producibility estimations (Elgh and Cederfeldt, 2006).
These design variables and parameters are all connected to different constraint spaces (Figure
4.6). Within an “infinite” design space, laws of nature limit what is actually possible to create
and produce within the physical design space. Somewhere within these spaces is the customer
space, representing customer demands and wishes. Limiting the physical design space is the
product design space, which depends on company configuration of product designs. Finally,
the company design space, based on manufacturing and resource limitations, further constrains
and limits the number of relevant design proposals within the actual design space.

Customer space

Company design space

Actual
design space

Product design
space
Physical design space
"Infinite design space"

Figure 4.6 -

The different design spaces limiting the number of relevant design proposals.

These constraint-boundaries are variable and depend on the identification and delimitation of
products and processes. The definition of the actual design space also supports the
specification of design tasks to be automated (or supported) and the delimitation of the level
of support (Chapter 4.5.13).
4.5.3 Design process character
In most cases, the main design objective is to optimise the solution. This however is not
always the character of the operative tasks (incremental steps) in the design process. Therefore,
the process has to be further broken down (Chapter 3.4.1) in order to specify the type and
character of the process as well as its design tasks. An approach suited for breaking down,
clarifying, specifying, and documenting the design process is the use of Dependency Structure
Matrices, described by, among others, Browning (1998). Also, the use of principles for
formally documenting and structuring knowledge according to, for example, the MOKA
consortium (MOKA, 2001; Hallström, 2006) can be used.
Once the design process has been broken down into incremental parts, i.e. design tasks, they
can be categorised as different types of tasks. This, in turn, will aid the identification of
problems to address and solutions targeting these problems. Some examples of design process
types relevant from a design automation perspective are:
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•

•
•
•

Optimisation – Actively refining a task and its output to meet a goal statement.
Optimisation can be applied on process-, task-, and sub-task levels by different
techniques ranging from discussion based decisions on product structuring to
mathematical optimisation algorithms applied on individual parameters/variables.
Packing – A form of optimisation where parts of a product need to be fitted in a
physical space.
Configuration/customisation – Selection of parts assembled into a product. Variant
design by redesign also fits into this category (Chapters 4.5.5 and 4.5.6).
Choice, or reasoning – Selection of components in a configuration process or
alternative steps in a design process can, for example, be performed through logic
reasoning.

As a design process can consist of several design tasks, it can also include a number of different
process types. Therefore, in order to isolate and specify the tasks that need to be supported by
design automation, the process should be broken down to a level where each task has only one
type associated with it.
The design tasks can also be associated with a number of attributes that further single out the
tasks that need to be supported. Examples of design task attributes are:
•

•
•
•

Time demanding – A process can be classified as too time demanding in relation to
the “value” of its output. For example, all manual low-level operations (not involving
human abilities such as intelligence and creativity) that could be automated with ease
can be classified as unnecessarily time demanding.
Repetitive – A “follow-the-instructions” task that is repeated perhaps because of an
iterative process or as part of an engineered-to-order process (Chapter 4.5.5).
Iterative – A process that has to be repeated in order to optimise the output or
because of coupled process tasks.
Ad-hoc – A process and/or its tasks can be ad-hoc as long as the process steps are
unknown and undefined or vary from case to case in an undefined way (see Chapter
4.5.7).

4.5.4 Product variant and variant design
The term variant design in design automation refers to solutions/systems for the purpose of
managing a number of pre-planned co-existing versions (Casanova et al, 2003), commonly
called variants (implying presented products with differently fixed attributes). The
solutions/systems can also be used to manage unplanned versions, called revisions (Whitgift,
1991).
For variant design automation systems, it is important to plan for spatial variants (Chapter
3.5). This is in order to fully make use of the system by implementing the ability to design
variants in a foreseen design space (Chapter 4.5.2). Based on the generality of the system,
generational variants may also be generated within the given design space. Because of this,
concerns for system flexibility and extensibility (Chapters 4.5.14) have to be raised
(Cederfeldt and Sunnersjö, 2003; Cederfeldt and Elgh, 2005; Elgh and Cederfeldt, 2005).
4.5.5 Customisation degree
The product customisation degree has implications on the delimitation of a design
automation system as well as on methods of addressing identified problems (Chapter 5.3.1).
According to Mesihovic and Malmqvist (2000), three design customisation concepts in the
sales delivery process are assemble to order, engineer to order, and custom engineered. A fourth,
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more traditional way of meeting customer needs is to present a number of product variants,
and is called made to stock. The range of these variants can be based on company-defined
values as well as identified customer needs. For purposes of design automation system
development, different means of product customisation (including the concepts of Mesihovic
and Malmqvist) are arranged in the two levels: increased delivery lead-time in the delivery
sales process and increased company ability to meet customers’ initial needs and requirements.
The different of product customisation means are:
•
•
•

Select to order – Catalogue selection (from products, predefined product solutions,
or products made to stock). A close enough solution to the customer’s initial needs and
requirements, where the customer modifies its demands to find a fitting product.
Configure to order – The provider tries to the best of its ability to meet the
customers’ demands by product configuration (assemble to order).
Engineer to order – The provider meets the customers’ demands by original or
variant design (custom engineered). This is an optimal solution according to the
customer’s initial needs and requirements.

These concepts can all be supported by design automation for the purpose of meeting
customers’ needs and demands. Select to order can be supported by adopting a computer
support for choosing the most appropriate solution from a set of existing catalogue versions.
Examples include Case-Based Reasoning, Expert Systems, or Decision Support Systems
(Turban and Aronson, 2001). Adopting product configurators, for example, supports the task
Configure to order. Adopting computer supported engineering design and design automation
systems for variant design can achieve Engineer to order. Examples include parametric CAD
macros or Knowledge Based Engineering Systems.
4.5.6 Design tasks
Repetitive, time-consuming, and/or information handling tasks that do not involve creative
problem solving are well suited for automation. An expanded list of six design tasks, based on
different mechanical design problems as defined in Ullman (1997), is presented below. Five
tasks (1-5) belong to the system-level design and detail design phases. All these have the
potential for design automation. One task (6) belongs to the conceptual design phase. All of
these tasks for mechanical design can be a means for custom tailoring of designs, where tasks
2-4 are considered variant design tasks. The six design tasks for mechanical design are:
1. Selection – Selecting standard components according to given rules.
2. Parametric design – Using design tables for variant design.
3. Parametric design with topology changes – Using design tables with additional preplanned changes in topology for variant design (product families).
4. Configuration / packing – Using a rule base to combine a set of given components
to meet desired product performance.
5. Redesign – Adapting, optimising, and improving existing functions or products to
meet new conditions and demands.
6. Original design – Development of a new solution, function or product according to
a specification of requirements.
A specific product or variant development, or refinement process, can include one or more of
the defined tasks to a varying extent, all depending on the level of the design task
formalisation (Chapter 4.5.7). The design of a product variant can, for example, include
100% original design if the knowledge of an added function is new to the involved engineers.
It can also include 0% original design if knowledge or experience from an old solution exists.
It all depends on the level of the design task formalisation.
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4.5.7 Level of design task formalisation and process maturity
The Capability Maturity Model (CMM) describes a framework of the five stages (each) of
evolution, levels of capability, and levels of process maturity (compare with Chapter 4.3).
Crow (2004) adapted it to describe the levels of maturity within the product development
process. From this description, a list of design tasks and process knowledge formalisation is
drawn and presented in a natural order of formalisation evolution (Cederfeldt and Elgh,
2005):
1. Ad-hoc process (initial level) – The process is event, individual, and need driven.
2. Implicit process (repeatable level) – The process and its associated knowledge is not
documented, but exists in the minds of the users and is consequently followed.
3. Explicit process (defined level) – The process and its associated knowledge are well
documented and followed.
4. Implemented process (managed level) – The process and its associated knowledge
are well implemented in a repeatable (automated) system.
5. Optimal process (optimal level) – The implemented process is continuously refined.
4.5.8 Knowledge and levels of formalisation
The term domain knowledge implies knowledge of, and within, the identified processes
(Chapter 4.5.3) to support. The term comprises knowledge, information, data, know-how
(expert knowledge (Awad, 2003)), and the know-why of the individual engineer and/or
expert, or as collective knowledge within the company. Knowledge in itself cannot be shared;
it can only be gained through the understanding and conceptualisation of knowledge
described and passed on as information, or gained through practice and experience.
Information is made up of data that cannot be shared without giving it a meaning (context)
(i.e. transforming it into information (Awad, 2003)).
Examples of formalisation levels of knowledge to be handled in a design process are:
•
•
•
•
•
•
•
•
•
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Explicit – Known, communicable, documented and reusable data and information.
Implicit – Known, communicable, undocumented and reusable knowledge.
Tacit – Non-communicable knowledge derived from experience.
Structured – Knowledge with a procedural and known order of use (compare implicit
and explicit processes, Chapter 4.5.7).
Unstructured – Knowledge with a declarative and ad-hoc order of use (compare adhoc process, Chapter 4.5.7).
Individual – The complete knowledge of performing a certain task at a certain
process level is delimited to one individual (expert) (Cederfeldt, 2005). Individual
knowledge can be explicitly expressed, as well as both implicit and tacit.
Collective – The complete knowledge of performing a certain task at a certain process
level is chunked between several individuals (experts) (with individual knowledge of
performing a certain sub-task at a lower process level) (Cederfeldt, 2005).
Corporate – Knowledge considered as company property (Chapter 4.5.10)
(Cederfeldt, 2004). For example, knowledge derived from company performed
experiments and/or experience.
Common – Knowledge considered as commonly known or accessible (Chapter
4.5.10) (Cederfeldt, 2004). For example, rules and algorithms found in engineering
handbooks, etc.
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Design automation should not be aimed at capturing tacit (or implicit) knowledge that is
hard (or impossible) to express in words and rules. Instead, design automation systems should
be able to use tacit (or implicit) knowledge when it becomes expressible in words and rules
(turned explicit). Also of great importance is that the designer is able to use the captured
knowledge as freely as before the system was implemented. In other words, it is important
that the knowledge used in the system be expressed, documented, and implemented in a user
readable and understandable way (Chapter 5.5.2.2).
A complementing classification of types of knowledge is presented by Sunnersjö (2006), who
proposes eight categories of “engineering design knowledge”. This classification is here
adapted to describe five categories of knowledge and three abilities of using this knowledge as
described by, for example, an engineer or domain expert:
•
•
•
•
•
•
•
•

Purely empirical knowledge – Statements of facts and relations derived from
experimentation and/or observation and presented explicitly. Implemented in systems
as information (e.g. rules and relations). High scientific reliability.
Rules of thumb (heuristics) – Simplified statements of facts and relations derived
from experience and presented implicitly or explicitly. Implemented in systems as
information (e.g. rules and relations). Low to high scientific reliability.
Praxis as knowledge (heuristics) – Statements about agreed upon rules of thumb
derived from “common practice” and presented implicitly or explicitly. Implemented
in systems as information (e.g. rules and relations). Low to high scientific reliability.
Common sense – Statements about beliefs derived from wisdom, tradition, and
personal philosophy or perspective. Presented implicitly or explicitly in a system as
information (e.g. rules and relations). Low scientific reliability.
Numerical algorithms and mathematical formulas – Mathematical statements
about facts and relations derived from empirical knowledge and idealised models and
presented implicitly or explicitly. High scientific reliability.
Analogy – The ability to see patterns and similarity. Case-based reasoning (Chapter
3.10.1) is one tool exhibiting (simulating) this human ability. The ability is human
tacit and machine explicit.
Logic reasoning – The ability to deduce effects from rules and facts. Expert systems
utilising inferring are tools exhibiting (simulating) this human ability. The ability is
human tacit and machine explicit.
Geometrical (spatial) knowledge – The ability to show spatial (multi-dimensional)
awareness. CAD systems use/simulate this human ability. The ability is human tacit
and machine explicit.
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4.5.9 Knowledge in design automation
The development of computer technology has made it possible to let machines perform tasks
normally regarded as time-consuming and cumbersome. By handling a lot of information
quickly and seemingly effortlessly, these machine automated activities can be inaccurately
perceived as an intelligent capability, especially so for knowledge intensive tasks. An
“intelligent” system does not deal with problems in the same way as a human does (Hopgood,
2001). It only simulates an intelligent behaviour, as regarded from a human perspective. It
does this by performing its task in a strictly defined (and programmed) manner. Based on the
development, implementation, and usage of an “intelligent” computer system, three main
views can be defined: a human (implementer) perspective on the domain knowledge, a
knowledge-based system (machine) perspective on the domain knowledge, and a human
(user) perspective on the knowledge that the user can gain from the information presented by
the system. The human residing knowledge to be handled by a computer system must be
structured as information and stored as data in the machine world. This information can then
be retrieved and presented to a human user in a format that the user can interpret and
transform into her/his own knowledge (Figure 4.7).
Knowledge processing
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world

Information and data
processing

Programming
interface

Knowledge processing

Machine
world

User
interface

Human
world

Data1

InformationH1

KnowledgeH1

InformationH1-M

DataM

InformationM-H2

KnowledgeH2

(Facts)

(Data in context)

(Processed information)

(Data in context)

and information
(As stored)

(Data in context)

(Processed information)

Human 1
(Expert, programmer)

Figure 4.7 -

Machine

Human 2
(User)

Knowledge transfer from human expert (H1) to human user (H2) via machine (M). The knowledge is
forwarded through information and therefore, in a strict sense, Knowledge H2 ≠ Knowledge H1. In each
intermediate step (depicted by arrows), some form of knowledge processing takes place. In the human
world, this processing takes place by using abilities such as, for example, inferring and logic reasoning. The
machine, on the other hand, performs the “knowledge,” i.e. information, processing by defined and
programmed means.

Delimitation of the scope of the knowledge that needs to be captured for use within a system
is based on the functions of the implemented tool. For example, a knowledge-based system
implemented in a CAD-software already incorporates functions for geometrical modelling.
Therefore, knowledge of geometrical modelling need not be defined in the knowledge base. It
can be compared with the Bloom classification (Chapter 3.9), which shows the hierarchal
increase of knowledge and can be used as a guide in the knowledge acquisition process to
ensure that all needed levels of knowledge are obtained.
4.5.10 Origin of design parameters
To be able to effectively identify which parameters are to be considered design variables in a
variant design, the designer must have knowledge of the complete product and its parts. In
addition, it is of importance to have an understanding of how the product is to be
manufactured, since this is an important aspect if the automated variant design system is
going to incorporate production aspects.
To choose governing design variables, the design automation developer must first understand
where the parameters and constraints originate from and what rules, constraints, and/or
“practices” govern these variables. The following list (Figure 4.8) is an example of the origins
of the design variables later used for input into the design automation system.
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System input variables
├ Customer input
│
└ Design parameters (input into the design process)
│
├ Requirements
│
└ Wishes
└ Domain knowledge
└ Design variables (output derived through the design process)
├ Rules of thumb
├ Calculation
└ Constraints
├ Production
│ ├ Company (best) practice
│ ├ Rules of thumb
│ └ Calculation
├ Mechanical
│ ├ Company (best) practice
│ ├ Rules of thumb
│ └ Calculation
├ Geometrical – Internal
│ ├ Company (best) practice
│ ├ Rules of thumb
│ └ Calculation
├ Geometrical – Interface
│ ├ Requirements
│ ├ Wishes
│ ├ Company (best) practice
│ ├ Rules of thumb
│ └ Calculation
└ Environment
├ Laws
└ Life cycle aspects
Figure 4.8 -

Example of design variable origins (Cederfeldt, 2004).

These variables must be classified by weighing the importance of each variable and the
knowledge used to derive it. For example, some variables are derived from company “knowhow” (corporate knowledge, Chapters 4.5.8 and 4.5.11), and might involve information
about the design process that should not be made common knowledge by integrating the
information into the product representation or execution part of the system. Reasons for
separating the knowledge from the system by storing it in an external knowledge base can, for
example, be the elimination of the risk of unintentionally spreading corporate knowledge
stored within a product model. Also, the risk of redundant or outdated rules can be reduced.
A strategy for classifying these variables is presented in Cederfeldt (2004).
4.5.11 Knowledge storage
In Cederfeldt (2004), an aid for the designer in choosing where to store the design process
knowledge is presented (Figure 4.9). For algorithmic rules and relations involving corporate
knowledge (Chapter 4.5.8), the information is suggested to be stored in a separated database.
This is to prevent information of value to the company from becoming public, as well as for
the enhanced transparency (Chapter 5.5.2.1) of the system. For standard products or
products with only geometric dependencies and internal relations involving common
knowledge (Chapter 4.5.8), the information is suggested to be stored inside the system. This
can, for example, be done within a parametric CAD model as a means for faster and easier
execution of variant designs.
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Type and origin of information (knowledge) as support for the strategy for storing the process knowledge
(Cederfeldt, 2004).

For handling a combination of corporate and common knowledge, it becomes an issue of
transparency and company policy. However, separating and storing all documented process
knowledge externally is suggested if focus is on longevity (Chapter 5.5.2.6) and the
establishment of a knowledge base (Chapter 4.1). Knowledge storage strategy and additional
implementation issues are presented in detail in Cederfeldt (2004).
4.5.12 Solution methods
The term implies methods that solve the identified problems and meet the desired effects
(Chapter 3.8.2) through the handling of identified domain knowledge within an identified
process. Several solution methods exist and can be divided according to different approaches
for handling knowledge below, presented together with some example applications below:
•
•
•
•

•
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Logical reasoning (procedural if-then-else rules).
o Configurator system – Uses logic reasoning for explicitly finding variant or
modular solutions.
Analogical reasoning (case-based).
o Cased Based Reasoning – Used for finding solution proposals by reusing
prior case solutions (Maher and Pu, 1997; Cederfeldt, 2006).
Inferring (declarative rules).
o Expert system – Uses logic reasoning for implicitly finding solutions with the
use of a knowledge base (Chapter 3.10.1).
Computational (algorithmic).
o Neural Network – Used for simulating human thinking and reasoning
(Chapter 3.10.2).
o Optimisation – As well as being a type of process, optimisation is one
example of a computational approach to designing/refining solutions to meet
desired levels/effects.
Parametrics (geometric).
o Parameterisation – Can be used as a means of defining a product and its
customisation degree for use within a variant design system (Cederfeldt and
Sunnersjö, 2003; Cederfeldt, 2004; Cederfeldt, 2006).
o Modularity – Can be used as a means of defining a product and its
customisation degree (Chapter 4.5.5) for use within a configuration system.
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In an optimal case, the method used in design automation system should be selected based on
the identified processes and the availability (formalisation) of the domain knowledge
(Cederfeldt 2006).
4.5.13 Level of support
The scope of system implementation is related to the product and its geometry representation,
as well as the level of product abstraction (Figure 4.10). Therefore, design automation systems
have to be planned and evaluated based on the scope of implementation and the different
levels of product abstraction. This aspect is presented in Cederfeldt and Sunnersjö (2003) in
relation to parametric solid models for variant design automation. It is adapted here to also
include the scope of a design automation system implementation:
•
•

•

•

System level – Relations between different sub-systems of a product. Compare with
single product or group of products in Figure 4.11, as a product can be comprised of
several sub-systems and/or components that to some extent relate to each other.
Family level (product variants) – Relations between the different product variants of
a specific design. Compare with group of products or group of components in Figure
4.11, as there can exist relations between interchangeable sub-systems and/or
components within a product variant range.
Assembly level (sub-systems) – Relations between the different parts included in a
system, sub-system or geometry representation assembly. Compare with group of
products or group of components in Figure 4.11, as a product or sub-system can be
comprised (assembled) of several components (or subsystems).
Component / Part level – Relations between parameters at a task, solution or partspecific level. Compare with single component in Figure 4.11.

Family level

Assembly level

Component level

Figure 4.10 - Examples of different levels of product abstraction, illustrated with family, assembly, and component levels of
a structural stiffener (Cederfeldt and Sunnersjö, 2003).

It is also important to define the purpose and scope of design automation (i.e. system
implementation level), as well as the suitable format of system implementation for meeting
that purpose and scope. Different categories of implementation are illustrated in Figure 4.11.
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Figure 4.11 - The scope of design automation system implementation as a support for, or a complete solution of, a single
component, a group of components, a single product (consisting of several different components), or a group
of products.

An additional dimension of the scope of implementation is the level of interactivity. A
computer support can range from interactive (cooperative) (Chapter 3.6) systems to totally
automated systems.
4.5.14 System flexibility and extensibility

EXTENSIBILITY

Growing product and system complexity

A design automation system only does that which it is designed to do. However, if planned
for, a system can be expanded beyond its initial implementation. The two types of this
expansion are flexibility and extensibility. Flexibility is the system’s potential to be expanded
with further operations within its initial complexity level (Chapter 4.5.13), and extensibility is
its potential to be expanded beyond its initial complexity level (Figure 4.12).

FLEXIBILITY
Growing number of variants within the same system complexity

Figure 4.12 - System flexibility and extensibility illustrated with a fictive example of a system implemented as a variant
design system for belt drives.

The difference between system flexibility and extensibility is illustrated in Figure 4.12, where
flexibility implies the possibility to add variants and reuse the domain knowledge (with only
slight alterations and/or additions) while maintaining (or only slightly increasing) the level of
system complexity. In the extensibility example, adding components to the designed product
(in this case involving domain knowledge other than belt drive design) increases the system
complexity. Electric motor selection or design and later also drive-shaft dynamics and
dimensioning are examples of this.
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4.5.15 Computer implementation
Suitable computer implementations are those software solutions that support the identified
process character (Chapter 4.5.3), domain knowledge (Chapter 4.5.7), and solution methods
(Chapter 4.5.12). The implementations can be done, for example, as total or part solutions
(Chapter 4.5.13), in different execution paradigms (sequential or declarative), and in
commercial off the shelf application software or specialised (in-house developed) application
software. Examples of means for the implementation of computer supported engineering
design tools and design automation systems are:
•
•
•
•
•

Computer-aided design (CAD).
Knowledge-based engineering (KBE).
Case-Based Reasoning (CBR).
Algorithmic approaches.
Configurator (and PDM).

These means for the implementation of computer supported engineering design tools and
design automation systems can be implemented as, for example:
•
•
•
•

In-house developed applications.
Coupled application software (e.g. spread sheet linked to CAD system).
Stand alone systems.
Integrated systems (e.g. CAD system with KBE functions).

SUMMARY CHAPTER 4
A challenge related to all areas involving people who need to communicate is the definition of
a common terminology. This is especially true in design automation development, where
several widespread and sometimes conflicting terms are used. In order to establish a common
base for discussions about design automation, there is, therefore, a need to define some of
these terms. This has been done in this chapter.
The presented framework is important for the understanding of design automation. It
constitutes the foundation for discussions about and the planning of design automation
systems in the coming chapter, which presents a structured method for planning design
automation.
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CHAPTER 5

:
PLANNING DESIGN
AUTOMATION
CHAPTER INTRODUCTION
When looking at the possibility of introducing design automation systems, there is a need to
start by identifying the need and potential for such a system.
The best way of identifying and specifying the need for design automation is to plan for
implementation. For this purpose, this second of the two result chapters introduces a
structured method for planning design automation systems to be used together with the
framework of planning design automation presented in Chapter 4.
First, an introduction to design automation development is given. Then the structured
method of planning design automation systems is introduced, together with a number of
supporting tools. The method and its tools are divided into three main phases, problem
definition, solution strategy, and realisation strategy. Finally, these phases and the supporting
tools linked to them are presented in detail.

5.1

DESIGN AUTOMATION DEVELOPMENT

The process of design automation development follows several steps. These steps concern
system need, goal statements, ways of satisfying the user specified goals, realisation of
identified system solutions, and, finally, implementation, training, and system maintenance.
As depicted in Figure 5.1 (compare with Figure 3.6, Chapter 3.8), the most important aspects
in the development process should be the implementation preparation phase (i.e. the planning
for implementation of design automation). The central issue in this phase can be summed up
by the questions in Chapter 1.6, or in a more general context by Fielding’s (1965) second
question (Chapter 3.6.2): “What should design automation be used for?”
Problem definition

Needs
identification

Solution strategy

Definition &
specification

Realisation strategy

Design
(Realisation specification)

Implementation preparation, i.e. the planning phase

Figure 5.1 -

Implementation

Realisation and implemenation

Training

Maintenance

Implementation follow-up

The phases in design automation system development.
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5.1.1 Delimitations of the method for planning design automation
The software development process is, according to Jackson (1995), to be seen as engineering
and not only as programming. In this work, focus is on the identification and specification of
need, user-aspects, and on supporting the right tasks. The specifications concern the interface
between the machine (design automation system) and its environment (Chapter 3.7). Focus is
on the what-questions related to system development, leaving many of the how-questions of
actual implementation for later (Chapter 3.7.2). The realisation and implementation phase
(Figure 5.1), sometimes stated as programming, is in reality a complicated activity where a set
of steps, varying in number and complexity with the scope and format of the implementation,
are followed. In this work, focus will not be given to this activity. However, some of the steps
are exemplified as a part of a development process presented in Cederfeldt (2004), Elgh and
Cederfeldt (2005), Sunnersjö et al (2006), and Cederfeldt (2006).
5.1.2 The sub-domains of design automation development
In order to develop automated design systems, one must first categorise the process, design
task/s, and problem/s for which the system is intended. Then an appropriate solution strategy
and computer implementation can be selected (compare with Chapter 3.8.1). The process of
specifying the system can be divided into a number of interlinked sub-domains of design
automation (Figure 5.2) (Cederfeldt, 2005; Cederfeldt, 2006; Elgh and Cederfeldt, 2006).
Addressing these sub-domains should, ideally, start by breaking down the design process and
its tasks (Chapters 4.5.3 and 4.5.6), as well as identifying the domain knowledge (Chapter
4.5.8) linked to it. This is done for purposes of formulating a problem definition. When the
process and the tasks to be performed are known, the appropriate solution methods (Chapter
4.5.12) have to be chosen and the solution strategy stated. Following this is the identification
and selection of ways of computer implementations (Chapter 4.5.15).
Realisation and implementation

Realisation
strategy

Figure 5.2 -

System
realisation

Implementations

Methods

Solution
strategy

Process

Knowledge

Problem
definition

Life-cycle
aspects

Organisational
structure

System
foundation

The sub-domains of design automation development, based on a foundation of organisational structure and
life-cycle aspects (adapted from Cederfeldt (2006) and Elgh and Cederfeldt (2006)).

When planning design automation, existing predefined needs might already govern the
general goals set for the planning process. Two fundamental issues regarding this are the lifecycle aspects and the organisational structures that constitute the foundation on which the
system is delimited, defined, and built. The two sub-domains focusing on the system
foundation can be explained in more detail as:
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•
•

Life-cycle aspects – Pre-fixed aspects of identified system needs and characteristics
such as a defined scope of product life-cycle support. For example, including or
excluding product production (and cost) aspects in the automated design process.
Organisational structure – Pre-fixed aspects of identified system needs and
characteristics such as a defined physical scope and/or system actors (i.e. those
affecting or affected by the system and its implementation). Identified experts whose
knowledge is to be captured and inter-company integration, such as multi department
usage (sales, design, manufacture, etc.), are examples of this.

One example of how these aspects influence system development is a company decision to
elicit and store knowledge from the manufacturing and production-planning phases for use as
DFM rules in the design process. Another example is the decision to support an identified
bottleneck process in order to free designers to focus on other parts of the design process and
to ensure enhanced quality in a time-pressured decision making process. These issues are not
addressed in further detail in this work and fall outside the presented structured method for
planning design automation systems.
The sub-domains of design automation development focused on in the presented structured
method for planning design automation systems are:
•

•
•
•

Process – The existing design process which has a perceived potential for automation
needs to be identified and documented. This is done by process breakdown in order
to identify and explicitly document the process tasks. The process and its tasks also
need to be mapped to the knowledge needed to perform/solve the tasks. See also
Chapters 3.1.1 - 3.5, 4.4, and 4.5.3 - 4.5.7.
Knowledge – The process actors’ domain knowledge (and its formalisation) that is to
be handled by the intended computer supported engineering tool or design
automation system. See also Chapters 3.9 and 4.5.8 - 4.5.10.
Methods – The methods that support/automate the handling of the process tasks and
the domain knowledge are identified as appropriate solution principles. See also
Chapters 3.8.1, 3.10, and 4.5.12.
Implementations – The computer implementations supporting the identified process
character, its domain knowledge, and the selected methods. See also Chapters 3.8.1,
3.10, and 4.5.12 - 4.5.15.

In this work, how the system should be realised is only touched upon in terms of choice of
types of software and form of implementation, leaving the actual programming specification
for the realisation and implementation phase:
•

Realisation and implementation – This is the phase in which the how-questions of
system implementation are addressed and where the system is acquired, built, and
implemented.

Addressing these sub-domains and mapping between them has the purpose of finding the best
way to combine processes and domain knowledge with appropriate methods and computer
implementation. The “best way to combine” implies finding combinations and
implementations that meet the requirements and prerequisites of the implementer in a costbeneficial way. The process is further illustrated in Chapter 5.2. This is followed by
descriptions of the different parts of the planning and specification process, starting with
questions focusing on the identification of the need and the potential for design automation.
Following this is a description of the process of mapping problem definitions to solution
strategies. Finally, some system criteria that support the process of specifying system
characteristics and system implementations are given.
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5.2

METHOD FOR PLANNING DESIGN AUTOMATION

The process of planning and specifying design automation systems should be divided into
three main phases: problem definition, solution strategy, and realisation strategy. The first phase,
problem definition, is the process of identifying the need and potential for a system
implementation by breaking down and identifying the task and knowledge within the process
that is to be supported. Also, system implementation goals have to be stated (compare with
Chapters 3.7 and 3.8.2). The second phase, solution strategy, is about finding appropriate
methods that support the problem definition. The third phase, realisation strategy, is the
process of agreeing upon system characteristics as well as specifying means of implementation.
All these phases have the purpose of guiding the system specification towards an agreement on
implementation that fulfils the goals set up by those intended to benefit from the system. At
the same time, the system must also be specified so that its realisation is straightforward and
easy to use. Figure 5.3 illustrates these phases and the supporting tools for progressing
through them, finally resulting in a specification of implementation.

Implementations

Phase III
Specifying system
characteristics
(Chapter 5.5)

System Criteria

Solution strategy
Specification of need2

Specification of
implementation

Mapping

Methods

Phase II (need2)
Mapping of problem defenition
to solutions strategy
(Chapter 5.4)

Problem definition
Specification of need1

Process

Figure 5.3 -

Indentifiers

Knowledge

Phase I (need1)
Process breakdown
and problem definition
(Chapter 5.3)

A systematic method and procedure for planning design automation. The planning tools that support the
progressing through the three phases of system planning are: identifiers of system need and potential;
mapping of problem definition to solution strategy; and criteria of system characteristics and implementation.

The procedure for planning design automation systems as described and illustrated above
needs to be iterative to some degree. The planning tools (identifiers, mapping, and system
criteria) depicted in Figure 5.3 are not strictly limited to be used within the confines of their
individual phase. On the contrary, they are to be in constant focus throughout all phases,
though they have their main impact on the resulting specification of their individual phases.
It is important to realise that the three phases are all dependent on each other and the choices
made throughout the system planning process. Figure 5.4 further illustrates how following the
steps of this method for planning design automation leads the setting up and continuous
refinement of a system specification.
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Specification sheet

Specification of
implementation

4. Computer implementations

3. Solution methods

1. Process character

2. Domain knowledge

Phase III
Specifying system
characteristics

System Criteria

* Transparency * Knowledge accessibility
* Extensibility * Ease of use * Longevity

Implementations

* Flexibility

* Integration * Dependence * Implementation assistance * Support
* Education * Direct cost * Indirect cost * Maintenance cost
Specification sheet

Solution strategy
Specification of need2

4. Computer implementations

3. Solution methods

1. Process character

2. Domain knowledge

Mapping

Phase II (need2)
Mapping of problem
defenition to
solutions strategy

Phase I
Process breakdown and problem definition

Phase II
Mapping to solution strategy

Process (1) Tasks (1)

Knowledge (2)

Method (3)

Explicit
Implicit
Ad-hoc

Structured
Unstructured

Logical reasoning
Analogical reasoning
Inferring
Computational
Parametrics

Selection
Configuration
Parametric design
Optimisation
Reasoning

Specification sheet

Methods

Problem definition
Specification of need1

4. Computer implementations

3. Solution methods

1. Process character

2. Domain knowledge

Phase I (need1)
Process breakdown
and problem definition

Indentifiers
(N) - Identifiers of need

(P) - Identifiers of potential

Outer and inner requirements
and constraints (N)

Process

Figure 5.4 -

Perceived need (N)
Product custimisation degree (N)
Tasks to support (N)
Task formalisation (P)

Level of
support (N)

Return of
investment (P)

Knowledge to handle (N)
Knowledge formalisation (P)
Product and process maturity (P)

Knowledge

The phases and tools used in the process of planning design automation.

The phases of the planning process are further described in the following three chapters.
5.2.1 Specifying system implementation
The system specification has the purpose of acting as an agreement between the intended
users (customers) and the implementers. Therefore, it is imperative that the users, the system
usability, the right tasks, and the right system scope are in focus when setting up the
specification. The following proposed specification sheet7 (Figure 5.5) supports the
documentation and specification of identified problems, tasks, and knowledge, as well as
solution and implementation strategies.
7

In this thesis, the specification sheet layout is conformed to fit the layout of the models presented in Figures
5.2-5.4. In a real planning and development process, only the order of the steps are important, not the actual
layout of the sheet.
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Specification sheet
4. Computer implementations

3. Solution methods

Ways of implementing the methods as a computer
software application. Addressed in Chapter 5.5.

Methods that solve the identified tasks through the use of
the needed knowledge at its level of formalisation.
Addressed in Chapter 5.4.

Realisation based on the desired value adding system
characteristics:

Identified and selected methods:

Identified and selected way of implementation.
Addressed according to Chapters 4.5.13, 4.5.14, and
4.5.15.
Implementation of:
•

Computer-aided design (CAD), Knowledge-based
engineering (KBE), Case-Based Reasoning (CBR),
Computational (algorithmic) approach, or
Configurator (and PDM).

Identified and selected method. Addressed according to
Chapter 4.5.12.
Task solved by:
•
•
•
•
•

Logical reasoning (procedural if-then-else rules).
Analogical reasoning (case-based).
Inferring (declarative rules).
Computational (algorithmic).
Parametrics (geometric).

Implemented as:
•

In-house developed application, Coupled
application software (e.g. spread sheet linked to
CAD system), Stand alone systems, or Integrated
systems (e.g. CAD system with KBE functions).

At level:
•

System, Family (product variants), Assembly level
(sub-systems), or Component / Part level.

1. Process character

2. Domain knowledge

Description of the process and the overall objectives of
the system. Addressed identifiers of need and potential
listed in Chapter 5.3.

Description of the knowledge involved in performing the
identified tasks. Addressed identifiers of need and
potential listed in Chapter 5.3.

Identified main problem:

Knowledge formalisation:

Identified tasks to be supported or automated.
Addressed according to Chapters 4.5.3, 4.5.5, 4.5.6,
4.5.7, and 4.5.13.

The structure and availability of the knowledge to be
handled. Addressed according to Chapters 4.5.8 and
4.5.10.

Task to support or automate:

Knowledge needed to solve identified task:

•

•
•
•
•

Selection, Configuration, Parametric design,
Optimisation, or Reasoning.

With task formalisation:
•

Explicit, Implicit, or Ad-hoc.

Explicit, Implicit, or Tacit.
Individual or Collective.
Corporate or Common.
Purely empirical, Rules of thumb, Praxis, Common
sense, or Numerical algorithms and mathematical
formulas.

Elicited and turned explicit as either:
•
Figure 5.5 -

Structured or Unstructured.

Specification sheet to fill out during the planning process.

By filling out the specification sheet through each step of the planning process, a final system
specification will emerge. How to map between the different sub-areas is addressed in the
following three chapters as the planning tools are presented in detail. Examples of how the
specification sheet is used are given in Chapter 6.
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5.3

PHASE I – PROCESS BREAKDOWN AND PROBLEM DEFINITION

The first step in the planning process (based on the system foundation) is the process
breakdown and problem definition phase. In this phase, the system planners (developers)
focus on the process to be supported or automated. The process has to be broken down into
design tasks that can be linked to the people, knowledge, and recourses needed to perform
them. There are several ways of breaking down and identifying the components of a design
process. The general principle of process breakdown is illustrated as a problem solving strategy
in Figure 3.2, Chapter 3.4.1. A detailed example of a process breakdown is given in relation
to variant design in Cederfeldt (2004).
To support the breakdown process, planning tools in the form of identifiers of system needs
and potential are presented. These identifiers address issues related to design process and
tasks, as well as the domain knowledge needed to perform these tasks. The identifiers are
listed in Figure 5.4 (Phase I), and are related to the sub-domain of design automation (process
or knowledge) in which they are addressed.
After addressing these identifiers, an initial specification of system needs including user goal
statements can be set up. This is done by filling in the specification sheet (Chapter 5.2.1) and
stating the identified main problem and its knowledge formalisation. When the problem
definition is specified, the need for a computer supported engineering tool or design
automation system should be clear. However, a complete specification of system needs cannot
be done without also looking at the two following phases, addressed in Chapters 5.4 and 5.5.
The following two chapters present the identifiers of need and potential in detail.
5.3.1 Identifiers of need
In most cases, the main design objective is to optimise the design solution. This, however, is
not always the character/objective of the operative tasks in the design process. Therefore,
implementers should focus on identifying the actual need of a system, not simply on the
initially perceived need. This is essential for later choosing the right type of solution methods
and computer implementations. For this purpose, the process has to be further broken down
in order to specify the type and character of the process as well as its design tasks. Addressing
the identifiers of need accomplishes this (Table 5.1)
Table 5.1 -

Identifiers of need.

Identifiers of need:

Explanation of action:

Perceived need

State the immediately perceived need as a starting point for process
breakdown.

Desired customisation degree

Define, delimit, and specify the desired product customisation degree.

Design task/s to support

Break down, categorise, and specify the design process and its tasks that
are to be supported.

Knowledge to handle

Identify the knowledge linked to the identified process and its tasks.

Outer requirements and constraints

State the desired purpose and effect of the system.

Inner requirements and constraints

State the means of achieving the desired effect of the system.

Level of support

Choose and specify the desired scope and format of system
implementation.

A greater understanding of the actual system need can be gained when the identifiers of need
have been specified. The identifiers are further explained and exemplified in the following
chapters.
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5.3.1.1 Perceived need
When first approaching the possibility of implementing some form of computer support in
the design process, a perceived need often exists. This need serves as a starting point from
which design processes can be broken down (based on their existing system foundation), in
order to identify areas (processes, sub-processes, and tasks) that have the potential for
automation (or support). Also, when broken down, an initially perceived need might reveal
several intertwined needs which perhaps should be uncoupled and addressed separately. One
such example is given in Chapter 6.3 and in detail in Cederfeldt (2006). Looking further at
the following identifiers of need supports decisions regarding whether intertwined needs
should be uncoupled.
5.3.1.2 Customisation degree
The existing product customisation degree (Chapter 4.5.5) and the desired customisation
degree of the product once the design process is supported need to be defined. This identifier
has great impact on the specification of the level of support and choice of methods (Chapter
4.5.12) for implementation. Also, defining and delimiting the customisation degree aid the
process of defining the necessary design process and its design tasks. One example is presented
in Chapter 6.2, where a design automation system for variant design (Chapter 3.5) is
presented. Its product customisation degree is somewhere between configure to order and
engineer to order. Another example is that which is presented in Chapter 6.3. There, the
implemented computer support system only handles selection of components and therefore
falls into the category select to order.
5.3.1.3 Design tasks
After defining and stating perceived need, breaking down the design process, and defining the
product customisation degree, the design tasks that need to be supported begin to surface.
Once these tasks are classified (Chapter 4.5.6) and specified, a preliminary mapping of tasks
and tasks solutions to suitable methods can be made. The types of tasks and their
formalisation (Chapter 4.5.7) also have an impact on the potential (Chapter 5.3.2) for system
implementation. Examples of different implementation cases with different design tasks
needed to be supported are presented in Chapter 6.
5.3.1.4 Knowledge to handle
Linked to the design process and its tasks is the knowledge needed to perform and solve these
tasks. This knowledge (Chapters 3.9 and 4.5.8), which must be “captured” (Awad, 2003) and
classified, to some degree limits the selection of methods to those possessing the capability of
handling this type of knowledge (Chapter 5.3.2.2). The level of formalisation of this
knowledge (Chapters 4.5.8 and 5.3.2.2) has great impact on the potential (Chapter 5.3.2) for
system implementation. The case example in Chapter 6.3 exemplifies a solution strategy
where two different types of task and knowledge formalisations need to be supported, leading
to the selection of two different methods for handling this. Another example of how different
types of knowledge can be used to indicate different knowledge storage strategies is given in
Chapters 4.5.10 - 4.5.11 and Cederfeldt (2004).
5.3.1.5 Outer requirements and constraints
All those involved in developing and using the system, as well as those being affected by it,
should state their wishes concerning the desired effects the system should have on its
environment, i.e. what the system should do. This is tightly linked to the perceived need for a
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system, and should be in constant focus during the process breakdown in order delimit and
specify the intended system. An example of an outer requirement (Chapter 3.7.1) is the
capability of selecting prior solutions (Chapter 6.3). How this requirement should be realised is
addressed through specifying the inner requirements (Chapters 3.7.1 and 5.3.1.6). Other
types of outer requirements are those of the stakeholders that, for example, concern system
integration and organisational limitations within the application domain (Chapter 3.7).
5.3.1.6 Inner requirements and constraints
When the outer requirements are specified, the inner requirements should be stated. These
concern users’ requirements, constraints, and wishes on how the system should act in order to
produce the desired effects on its environment. Defining the inner requirements results in a
specification about the interaction interface (Chapter 3.7). This specification borders between
a description of the desired effects in the application domain (outer requirements) and a
description of how this should be realised within the machine (programs, Chapter 3.7).
However, actual programs are not defined and designed at this stage. This is done only when
a complete specification of the system needs and characteristics is defined.
5.3.1.7 Level of support
The level of support (Chapter 4.5.13) defines the scope and format of the intended system.
This should be based on the prior identifiers of need and especially by the outer and inner
requirements. System complexity (Figure 4.11, Chapter 4.5.13) increases as both product
complexity and the system implementation level (ranging from support of single tasks and
components to total automation of solutions for groups of products and processes) does.
Therefore, the delimitation and specification of the level of support can also have a great
impact on the system return on investment (Chapter 5.3.2.4). Also, focusing on the criteria of
value adding characteristics (Chapter 5.5.2) and implementation (Chapter 5.5.3) also helps
identify a cost-beneficial scope and format of implementation.
5.3.2 Identifiers of potential
The actual need of a computer supported engineering tool or design automation system
should be clear when the identifiers of need have been addressed. However, stating the need
of a support tool or automation system alone is not enough to set up a complete system
specification. The potential (Chapter 4.3) for introducing a system also affects the final
solution specification and the specification of needs. The two separate potentials presented in
this work are process potential and economical potential. Process potential is influenced by
the tasks that are to be supported (Chapter 5.3.1.3), by the knowledge linked to them
(Chapter 5.3.1.4), and by their level of formalisation (Chapter 4.5.7). Table 5.2 presents
questions focusing on the identification of potential. By addressing these identifiers of
potential, the levels of task and knowledge formalisation can be documented and the level of
process maturity stated. In addition, an expected return on investment rate/level can be given
by addressing questions of the economical aspects of potential.
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Table 5.2 -

Identifiers of potential.

Identifiers of potential:

Explanation of action:

Level of design task formalisation

Identify the levels of formalisation of the processes and tasks that are to be
handled by the system.

Level of knowledge formalisation

Identify the level of formalisation of knowledge that is to be handled by the
system.

Level of process maturity

State the level of process maturity after identification of the task and
knowledge formalisation levels.

Return on investment

Address economical aspects of introducing a system for the identified
products, processes, tasks, and knowledge at the specified level of support.

A greater understanding of the actual system potential can be gained when the identifiers of
potential have been specified. These identifiers are further explained and exemplified in the
following chapters.
5.3.2.1 Level of design task formalisation
During the specification of needs, the identified processes and tasks should also be classified
according to level of formalisation (Chapter 4.5.7). This, together with the knowledge
formalisation level (Chapter 4.5.8), influences the level of process maturity. It also influences
the selection of suitable methods (Chapter 4.5.12) capable of handling these identified levels.
One example is an ad-hoc design process handled by an expert system inferring the execution
order of the tasks. Another example is the use of an algorithmic solver to handle an explicit
and procedural design process.
5.3.2.2 Level of design knowledge formalisation
Linked to the identified processes and their tasks is knowledge needed to perform and solve
these tasks. The level of formalisation of the knowledge (Chapters 4.5.8) also has a great
impact on process maturity. To be able to use the knowledge in a support tool or automation
system, it must first be captured (Awad, 2003) and turned explicit. Unlike tasks that can be
handled even when ad-hoc, the knowledge needed to perform these tasks needs to be explicit.
On the other hand, knowledge of the execution orders of tasks in an ad-hoc process need not
be explicit. This can, for example, be handled by the inference-engine of an expert system. In
Chapter 6.2, an example of an explicit and structured process using both corporate and
common explicit and structured knowledge is given. In the example in Chapter 6.3, explicit,
but unstructured, corporate knowledge is used.
5.3.2.3 Level of process maturity
Together, levels of task and knowledge formalisation make up the overall level of process
maturity. This measurement gives a quick pointer as to what process potential there is for
introducing design automation. Examples of different products and design processes and their
company-assessed maturity levels can be found in Figure 4.3 (Chapter 4.3). One way to
actively increase the process potential of system implementation is to increase the process
maturity. This is done by making ad-hoc and implicit processes explicit and by structuring
and making tacit and implicit knowledge explicit. Planning for the implementation of design
automation (i.e. finding, sorting, and documenting the processes, tasks, and knowledge that is
needed for implementing the desired system) is one way of transforming tacit and implicit
knowledge into explicit knowledge.
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5.3.2.4 Return on investment
An identifier of overall potential is the economical potential of system implementation. This
is best addressed by looking at the product’s design, production, and sales aspects, together
with the expected cost of introducing and maintaining a support tool or automation system.
This is only briefly touched upon in this work (Chapters 5.5.3.6 - 5.5.3.8).
5.4

PHASE II – MAPPING OF PROBLEM DEFINITION TO SOLUTION
STRATEGY

In the second phase, the problem definition, the identified and specified tasks and knowledge
needed to solve them are to be mapped to appropriate solution strategies. This involves the
selection of methods (Chapter 4.5.12) that suit the tasks to be performed as well as being
capable of handling the needed knowledge and its formalisation (Chapter 4.5.8). A
prerequisite for this phase is a problem definition performed with care, clearly outlining the
task and knowledge needed to be supported or automated. A suggested planning tool
supporting this mapping is exemplified in this chapter (based on the system case examples
presented in Chapter 6). After the selection of an appropriate method, a solution strategy can
be outlined. This is accomplished by setting up a refined specification of need, further
completing the specification sheet.
5.4.1 Mapping of tasks and knowledge formalisation to solution methods
General guidelines of mapping between process, knowledge, and solution methods can be
given based on the use of two fundamentally different solution approaches (Chapter 4.5.12):
•
•

Procedural – An appropriate solution for handling explicit and structured processes
and knowledge. Examples include most computational approaches and rule-based
systems where rules are expressed as simple if-then-else rules.
Declarative – An appropriate solution for handling implicit or ad-hoc processes with
explicit and unstructured knowledge. Examples include expert systems containing rule
bases controlled and executed by an inference engine.

More precise examples of mapping between process, knowledge and solution methods are
given in Table 5.3 as a proposal for a planning tool for mapping between tasks and solution
methods. These examples are instances of system implementation presented in Chapter 6.
The column process specifies the level of process maturity in relation to the process of
performing the identified task. Individual tasks are then mapped to examples of appropriate
solution methods based on the knowledge formalisation. In this example, there are only two
levels of knowledge formalisation: structured, where the knowledge, rules, algorithms, etc., are
stored in a logic order (procedural); or unstructured, where the knowledge is handled
declaratively (or simply not stored in a logical order). Finally, examples of possible realisations
are given, although this selection can only really be done after first addressing the desired
system characteristics (Chapter 5.5).
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Table 5.3 -

Examples of mapping.

Phase I

Phase II

Phase III

Process breakdown and problem definition

Mapping to solution strategy

System characteristics

Process

Task

Knowledge

Method

Realisation

(Chapter 5.3)

(Chapter 5.3)

(Chapter 5.3)

(Chapter 4.5.12)

(Chapter 5.5)

Explicit

Selection

Structured

Logical reasoning (procedural)

Configurator

Implicit

Configuration

Unstructured

Analogical reasoning (case-based)

CBR

Ad-hoc

Parametric Design

Inferring (declarative)

KBE

Optimisation

Computational (algorithmic)

Computational

Parametrics (geometric)

CAD

Explicit

Reasoning
Selection

Structured

Logical reasoning (procedural)

Configurator

Implicit

Configuration

Unstructured

Analogical reasoning (case-based)

CBR

Ad-hoc

Parametric Design

Inferring (declarative)

KBE

Optimisation

Computational (algorithmic)

Computational

Parametrics (geometric)

CAD

Explicit

Reasoning
Selection

Structured

Logical reasoning (procedural)

Configurator

Implicit

Configuration

Unstructured

Analogical reasoning (case-based)

CBR

Ad-hoc

Parametric Design

Inferring (declarative)

KBE

Optimisation

Computational (algorithmic)

Computational

Reasoning

Parametrics (geometric)

CAD

Although seemingly simple, the process of mapping between a problem definition and
appropriate solution methods is actually quite complicated. It requires a sound understanding
of the defined problem and tasks to be performed. The examples above are not intended to
show a universal generalisation of the mapping between problem definitions and solution
methods, as these instances only show three different mapping results. However, similar
design automation cases with the same identified problem definition should be able to be
mapped in the same way. It is important to realise that the mapping is based not only on the
use of the mapping table above, but also on the entire process breakdown and problem
definition phase. An underlying system foundation might also influence the mapping and
final solution and realisation strategy. Finally, a good selection of solution method should also
take possible realisation and implementations strategies into account. This is done by focusing
on the system desired characteristics addressed in Chapter 5.5.
5.5

PHASE III – SPECIFYING SYSTEM CHARACTERISTICS

In this final planning phase, the desired system characteristics have to be defined. This
involves specifying in what way the system implementation should meet the specified system
needs and identified goal statements (Chapters 3.7 and 3.8). For this purpose, a set of criteria
for weighing both system characteristics and actual implementation aspects is needed.
Fielding’s list of elements for assessing the cost-value of a design automation system (Chapter
3.6.2) is still highly relevant and is a sound foundation on which to formulate this set of
criteria.
When addressing these criteria, the personal views and wishes of the many individuals in the
development process will emerge. It is therefore essential that the desired values of these
criteria are stated by all those involved in the development of, and/or affected by, the intended
system. The presented framework for planning design automation (Chapter 4) supports this
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process. Once the individuals’ views of the system are specified, an iterative process of
agreeing upon commonly accepted values must take place. This consensus is important since
all those involved need to be able to communicate the same system concepts with one another
(Chapter 4.5). Examples of both consensual and conflicting views among individuals in a
development project are given in Elgh and Cederfeldt (2005) and Chapter 6.4.
The result of this final stage in the planning process is a completed specification sheet that will
function as a specification for implementation strategy (Chapter 5.2.1).
5.5.1 Criteria for planning and evaluating design automation
The purpose of the set of criteria is to support the planning for, and the evaluation of,
computer supported engineering design tools and design automation systems. By addressing
the various criteria one by one (some of which relate to, or even depend on, knowledge of the
entire product development process (Chapters 3 and 4)), implementation planners can
acquire a better understanding of what is actually needed. This will help the planners to meet
their needs, demands, and wishes. Further, this in turn results in the setting up of a system
specification that meets the identified need and potential of design automation Chapter (5.3).
Unlike the questions focusing on need and potential, which mainly concern the existing
design process, the criteria are all about the desired characteristics of the final system. The list
of criteria is divided into some general criteria of system characteristics, some specific criteria for
system implementation, and some additional evaluation criteria.
The criteria for planning and evaluating design automation originate from DFM views of
product development and manufacturing summarised in Eureka Supportive Measure (1994).
There a set of universal virtues for good manufacturability is presented. These were adapted for
the purposes of planning and evaluating parametric solid CAD models in Cederfeldt and
Sunnersjö (2003). From this, and together with the many aspects presented in Chapters 3 and
4, a set of general criteria for planning and evaluating design automation systems was defined.
The planning criteria were first indirectly defined in Cederfeldt (2004), where a strategy (or a
guideline) for system implementation supporting some of the criteria, mainly transparency,
was presented. Later, in Elgh and Cederfeldt (2005), a redefined and refined set of criteria was
stated for the purposes of evaluating an implemented variant design automation system
(Chapter 6.2.3). Then, in Cederfeldt and Elgh (2005), a set of criteria for planning and
evaluation was presented in a general context. There, in an interview study, small and
medium enterprises were asked to give their views of the set of criteria as well as the
importance of the individual criteria. Finally, the set of criteria were presented together with
instructions for their use in Cederfeldt (2005). The criteria have been used as a base for
discussion in two design automation projects, presented in Chapters 6.2 and 6.3. In this
work, the criteria have been rearranged to further support the mapping process and the setting
up of system specifications. In the following chapters, detailed descriptions of the criteria are
given together with examples of their use.
5.5.2 Criteria of system characteristics
After acquiring an initial layout of the system specification (Chapters 5.3 and 5.4), focus has
to be turned to the value adding characteristics of the desired system. These general criteria of
system characteristics do not give concrete answers on realisation and implementation issues.
However, they raise the awareness of several interlinked characteristics. Table 5.4 presents the
criteria focusing on value adding characteristics. By addressing and weighing these criteria, the
initial system specification can be refined.
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Table 5.4 -

General criteria for weighing system characteristics and refining the systems specification.

Criteria of system
characteristics:

Explanation of system characteristic values to define:

Transparency

The overall clearness, accessibility, documentation, and visualisation of the: design
process, tasks, knowledge, and product structure.

Knowledge
accessibility

The form of knowledge representation, accessibility, and level of user readability and
understandability.

Flexibility

The possibility of adapting the system within the same level of system complexity.

Extensibility

The possibility of expanding the system towards a higher level of system complexity.

Ease of use

The ease of implementation, use, and maintenance.

Longevity

The system life expectancy, dependent on: vendors, level of transparency and knowledge
accessibility, and ease of application overview and maintenance.

When the criteria of system characteristics have been specified, a greater understanding of the
actual system needs can be gained. However, a complete specification can only be set up after
also addressing the support criteria for system implementation (Chapter 5.5.3). This is
because some criteria have a positive influence on each other, while some influence others
negatively. For example, desired high levels of transparency and longevity might be hard to
obtain with simultaneously desired low levels of costs. Also, a high level of transparency is
“automatically” obtained by assuring a high level of knowledge accessibility. Therefore, the
criteria have to be carefully balanced in order not to over-specify the system characteristics.
The general criteria are further explained and exemplified in the following chapters.
5.5.2.1 Transparency
Transparency is the measure of how clear and accessible the system and its components are to
its users. This includes all the system documentation, the visualisation and design of the
product and the product structure, the clearness of the design process (formalisation, Chapter
4.5.7), its design tasks, and design knowledge. A transparent process is to be seen as an
antonym to a black-box process (where the processing of input to output is hidden from the
user). Transparency is also closely linked to knowledge accessibility (Chapter 5.5.2.2).
Examples of how transparency can differ within a system realisation are given in Cederfeldt
(2004), focusing on the storage of design knowledge.
5.5.2.2 Knowledge accessibility
Knowledge accessibility refers to the level of user readable and understandable knowledge.
Two different levels of accessibility are knowledge stored as a built-in part of a software
program’s execution code, and knowledge stored as natural language or if-then-else rules in an
external rule-base. The ease of retrieval, readability, and maintenance of these two examples
differs substantially and has great impact on how open the system is perceived as being by its
users. Examples of different levels of accessibility are presented briefly in Cederfeldt (2004).
There, design knowledge linked to variant design is stored either internally within a CAD
model or externally in computational documentation software. While the internally stored
knowledge is faster to execute and provides a reasonably high level of transparency for those
familiar with the CAD system specific programming language, it lacks the accessibility of the
externally stored knowledge (rules and algorithms).
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5.5.2.3 Flexibility
Flexibility (Chapter 4.5.14) is the possibility of expanding the system within the same level of
system complexity (Chapter 4.5.13). This can, for example, be achieved through realisation
architecture (Elgh and Cederfeldt, 2005) that allows the application to grow and expand with
additional variants (Chapter 3.5) and products. The level of desired flexibility mainly
influences (and is influenced by) the needs identifier level of support (Chapter 5.3.1.7). In the
case example presented in Chapter 6.3 (and in detail in Cederfeldt (2006)), a high level of
flexibility was achieved early in the planning phase by specifying the possibility of expanding
the system to handle additional product variants.
5.5.2.4 Extensibility
Extensibility (Chapter 4.5.14) is the possibility of expanding the system towards higher
system complexity (Chapter 4.5.13). This can, for example, be achieved by adding emerging
details, additional or refined tasks, additional knowledge, and additional application modules.
The level of desired extensibility mainly influences (and is influenced by) the needs identifier
level of support (Chapter 5.3.1.7).
5.5.2.5 Ease of use
The ease with which the system is operated strongly impacts the users’ perception of the
system and how it delivers its effects (Chapter 3.8.2) (also, compare with time2, Chapter
3.6.2). Although always important, the level of ease of use may be allowed to differ between
different types of systems. For example, a system used daily by non-experts to automate
repetitive but straightforward tasks must be very easy to use to win user expectance. However,
a system used by an expert to perform more infrequent tasks of significant complexity can
have a somewhat lower level of ease of use and still win user expectance.
5.5.2.6 Longevity
Longevity is the desired/expected system life (compare with life cycle, Chapter 3.6.2).
Examples of factors that influence the system life include: system developers and/or vendors
(Chapter 5.5.3.2); levels of transparency and knowledge accessibility; and ease of system use,
overview and maintenance. For example, longevity might be rendered somewhat uncertain if
a small single specialised vendor is used as access system support, upgrades, and maintenance
might be dependent on the survival of the vendor.
5.5.3 Criteria for system implementation
Other important issues and external factors related to the realisation and implementation
(acquiring or building and setting up) of the system are the implementation criteria presented
below. Table 5.5 presents the criteria focusing on implementation issues. By addressing and
weighing these criteria, the initial system specification can be further refined.
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Table 5.5 -

Support criteria for system implementation that has an impact on the system characteristic criteria’s level of
fulfilment as well as implementation issues.

Criteria for system
implementation:

Explanation of system implementation values to define:

Integration

The system’s ability (or ease) to share information with other application software.

Dependence

The level of dependence (or independence) of (a single) vendor, creator, or other for
implementation, maintenance, upgrade and/or support.

Implementation
assistance

The accessibility of help with system implementation by the vendor, creator, or other.

Support

The accessibility of support (from vendor, creator, or other).

Education

The accessibility of system self-education, documentation and/or training courses.

Direct cost

The initial direct cost for system implementation.

Indirect cost

The indirect cost for system implementation.

Maintenance cost

The direct and indirect costs for system maintenance.

After addressing these implementation criteria, a better understanding of the actual system
needs as well as a realisation strategy can be acquired. Together with the identified values of
system characteristics, the initial system specification can then be revised and/or refined in
order to meet the actual need of a computer supported engineering tool or design automation
system. The implementation criteria are further explained and exemplified in the following
chapters.
5.5.3.1 Integration
Integration is the system’s ability to interact with its environment by sharing knowledge
(information and data). A common fear is that design automation systems end up as isolated
islands. However, this need not be the case if the supported processes, sub-processes, and tasks
together with the exact scope of the system are defined. To be integrated, the system needs to
be able to be externally controlled and executed. Then the system also needs to be able to
receive/communicate the information needed in the interfaces to up- and down-stream
process steps in order to integrate.
5.5.3.2 Dependence
Dependence (or independence) labels the connection to system vendors/developers. With
both positive and negative effects, dependence influences many of the other criteria’s level of
fulfilment. For example, being dependent on a single specialised vendor might render
longevity as uncertain. However, a tight connection to one vendor/developer might include
system upgrades, support, and maintenance in the direct implementation costs, effectively
lowering the indirect and maintenance costs.
5.5.3.3 Implementation assistance
Implementation assistance from the vendor/developer might be of varying importance based
on the types of knowledge and methods being implemented. When implementing a KBS, for
example, there might be a need for professional knowledge elicitation, structuring, and the
setting up of a knowledge base.
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5.5.3.4 Support
Support implies access to external support from vendor or developer. Another form of
supporting an implemented system is to educate certain company individuals (user or other)
to act as system maintainers and help-desk.
5.5.3.5 Education
Education implies access to educational material or training courses for the implemented
system (bought or built). Education is necessary for both users and for potential system
maintainers and support personal within the company.
5.5.3.6 Direct cost
Direct costs are the cost associated with software and hardware needed to implement the
system. Direct cost can influence the indirect costs, as an initially low cost for implementation
and use of capital recourses might lead to extensive support or system upgrading over time.
5.5.3.7 Indirect cost
Indirect costs are the costs associated with the use of human and capital resources for system
development (compare with time1, Chapter 3.6.2). The type of system (tool) and knowledge
that is to be implemented have great impact on the indirect costs. For example, the
development time and effort for an expert system can be high due to the complex process of
capturing, structuring, and storing of knowledge in a knowledge base.
5.5.3.8 Maintenance cost
Maintenance costs are the costs associated with both direct and indirect costs for using,
upgrading, and maintaining the system.
5.6

EVALUATION OF SYSTEMS BY USING THE CRITERIA

Once a system is implemented, it is important to evaluate to what degree the actual system
realisation fulfils the specified need. This should be done for purposes of specifying future
system upgrades. Also, this is an important step towards meeting the users’ stated desired
system effects (Chapter 3.8.2).
The criteria are also well suited for use in the evaluation of implemented systems. This is
especially true if they have been used during the system development: system specifications
based on the planning criteria can be directly compared to the implemented system’s actual
characteristics. One such evaluation is presented in Chapter 6.2.3. The criteria are also suited
for classifying existing design automations systems in order to acquire a better understanding
of the interrelationship between domain knowledge, process characters, solution methods,
and computer implementations (Chapter 5.1).
For purposes of evaluating the fulfilment of implemented systems, four additional evaluation
criteria are added to the criteria of system characteristics (Chapter 5.5.2) and implementation
(Chapter 5.5.3):
•

Performance – Performance is a measurement of to what extent the system performs
the tasks it is intended for, and if the initial effects and goal statements of system
identification are met. These measurements can be used to guide future system
upgrades and revisions to better comply with the stated effects (Chapter 3.8.2).
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•
•
•

Reliability – Reliability is the measurement of to what extent the system performs the
tasks it is intended to do in terms of the output being truthful and exact.
Stability – Stability is the measurement of system reliability in terms of up- and
down-time, focusing on actual realisation and implementation issues (both software
and hardware solutions).
Cost-benefit – Cost-benefit is an overall measurement of the documented or
estimated cost benefit ratio of the implemented system based on the rate of the return
on investment and system performance (compare with money, Chapter 3.6.2, and
resource conservation (Eureka Supportive Measure, 1994; Cederfeldt and Sunnersjö,
2003)).

SUMMARY CHAPTER 5
A tool/system specification must be set up in order to communicate the need for a support
tool or automation system among and between the system users, system contributors, system
owners, the company and its organisation, as well as the system implementers. The process of
setting up of this specification also drives the company activities and processes towards being
explicitly identified and documented. This will give a firmer understanding of the actual
design processes, as well as defining and specifying the intended support tool or automation
system.
Also, looking at desired system characteristics will draw focus to different views and wishes
among those involved in development of, and affected by, the intended system. All these
views have to be considered and addressed in order to set up a system specification that
communicates a common system concept.
After the planning phase, the specification acts as an agreement of the type, format, and scope
of system implementation in the realisation phase.
All these aspects have been addressed in this chapter and a structured method and supporting
tools for planning design automation systems have been presented.
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CHAPTER 6

:
EXPERIENCES FROM
CASE EXAMPLES
CHAPTER INTRODUCTION
In this, the first of two evaluation and validation chapters, example cases of the development
of design automation systems are presented. The framework and structured method for
planning design automation, presented in two results chapters 4 and 5, are here applied to
these cases in order to evaluate and validate the applicability of the presented planning
method.
Presented first is the development of the variant design system from which the presented
criteria of system characteristics originate. This case exemplifies how the criteria of system
characteristics can be used for evaluation of developed systems. Then, the development
process of a variant design by selection system is presented. This case shows in some detail
how the presented method for planning design automation can be used to identify the real
need for design automation. Last, an example from the development of a system supporting a
geometrically intricate design problem is presented. This case gives an example of the
importance of sharing a common terminology in a planning and development process.
The main conclusions of the evaluation and validation are later presented in Chapter 7.

6.1

EVALUATION AND VALIDATION THROUGH CASE EXAMPLES

For purposes of evaluating and validating the presented results of this thesis, the framework of
design automation, as well as the structured method for planning design automation, have
been applied to three development cases. Two of these system development cases have been
undertaken parallel to the development of the structured method for planning design
automation (compare with the research method presented in Chapter 2.3 and Figure 2.3).
Here the structured method, as presented in this thesis (Chapter 5), is applied to the cases
presented in this chapter. Since none of these systems has been developed by the support of
the complete and structured method for planning design automation, it has been applied
post-developmentally in order to evaluate whether the method could have been used as the
base for the system developments.
First a short presentation of the case of application and its problem description is given in
each case chapter. Then the structured method is applied, illustrated by a filled out
specification sheet (Chapter 5.2.1). Following this is an instance of the mapping between the
case problem definition and its solution method (Chapter 5.4). These examples of mapping
are not intended to show a universal generalisation of the mapping between problem
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definitions and solution methods: the instances only show specific case mapping results.
However, similar design automation cases with the same identified problem definition should
be able to be mapped in the same way. It is also important to realise that the mapping is based
not only on the given example illustrations (Tables 6.2, 6.3, 6.5, 6.6, and 6.8), but also on the
entire process breakdown and problem definition phase. Underlying system foundations
might also influence the mapping and final solution and realisation strategy.
6.2

BULKHEAD LAYOUT SYSTEM

CoRPP (Coordinated Realisation of Products and Processes) is a design automation system
built with a modular system architecture approach by adopting the use of Commercial OffThe-Shelf (COTS) application software for system realisation. The implemented system is a
pilot system for the automated design of heavy welded steel structures. The case of application
is a bulkhead part of a submarine escape section (Figure 6.1) largely governed by a number of
algorithmic rules of significant complexity, as well as heuristics. The system generates design
layouts of the submarine bulkhead and its structural stiffeners with complete calculation and
optimisation.

Figure 6.1 -

Submarine escape section (left) and structural stiffener variants (right).

Thorough descriptions of the implemented pilot system and methods supporting the system
implementation, considering parametric solid modelling, process planning and cost
estimation, are presented in Cederfeldt and Sunnersjö (2003), Elgh and Sunnersjö (2003),
Cederfeldt (2004), Elgh (2004), Elgh and Cederfeldt (2005), and Sunnersjö et al (2006).
6.2.1.1 Problem description
The CoRPP system consists of several modules, handling different design tasks. One of these
tasks is the generation of structural stiffener variants (Figure 6.1) and their CAD
representation (Cederfeldt and Sunnersjö, 2003; Cederfeldt, 2004). A pre-run module of the
system calculates some governing design parameters related to structural strength and
production prerequisites. From these inputs, variant stiffeners are to be dimensioned. The
development process of this CoRPP module in relation to the structured method for planning
design automation is presented in the following chapter.
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6.2.2 Development according to the structured method
A short description of the development of the stiffener variant design module in the CoRPP
system is given in Table 6.1. The method for planning design automation is applied on the
existing system in order to verify its validity.
Table 6.1 -

Specification of the CoRPP system geometry module by the use of the structured method for planning
design automation systems and its supporting tools.
Specification of the CoRPP system (geometry module)

4. Computer implementations

3. Solution methods

The CoRPP system consists of several integrated
modules. The geometry module must therefore be able
to be integrated with the other modules. Also, the use of
corporate knowledge and high transparency and
knowledge accessibility requirements motivate storage
of the knowledge in an external and executable
knowledge base.

See Chapter 6.2.2.1.

Realisation based on the desired value adding system
characteristics:

Identified and selected methods:

Ease of use, Flexibility, Extensibility, Knowledge
accessibility, Transparency, Integration, and Longevity.
Implementation of:
•

Explicit method supporting the handling of geometry
using explicit knowledge.
Task solved by:
•

Parametrics (geometric).

Computer-aided design (CAD).

Implemented as:
•

Coupled application software: CAD and calculation
software (for external storage of knowledge).

At level:
•

Assembly level (sub-systems).

1. Process character

2. Domain knowledge

•

•

•
•
•
•

Perceived need (and outer and inner
requirements): Design stiffener variants and CAD
representations based on structural calculations
with minimal manual effort.
Level of support: Support for group of products.
Customisation degree: Engineer to order.
Design task: Parametric design with topology
change.
Task formalisation: Explicit.

•

Knowledge to handle: Corporate and common
knowledge as both rules of thumb as praxis and
empirical knowledge.
Knowledge formalisation: Explicit and implicit.

Identified main problem:

Knowledge formalisation:

Generate variant designs and CAD representations of
structural stiffeners based on design variables as input
from pre-performed strength calculations.

Mix of heuristic knowledge as company praxis and
common empirical knowledge from design handbooks.

Task to support or automate:

•
•

•

Parametric design.

Knowledge needed to solve identified task:
Explicit and Implicit, Corporate, and Common.
Purely empirical and Rules of thumb as Praxis.

With task formalisation:

Elicited and turned explicit as:

•

•

Explicit.

Structured.

6.2.2.1 Instance of mapping problem definition to solution strategy and implementation
The process of mapping problem and task definitions to appropriate solution methods is here
exemplified by its application to the CoRPP geometry module (Table 6.2). As stated in the
specification sheet above, an explicit design process involving the creation of geometric
representations of designs by parametric variant design can be automated by incorporating
explicit and structured knowledge in a CAD system linked to computational software for
algorithmic processing of rules as well as external knowledge storage (Chapter 4.5.11). The
bulkhead-dimensioning module (Sunnersjö et al, 2006) is also exemplified in Table 6.3.
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Table 6.2 -

Mapping of the CoRPP system geometry module.

Phase I

Phase II

Phase III

Process breakdown and problem definition

Mapping to solution strategy

System characteristics

Process

Task

Knowledge

Method

Realisation

(Chapter 5.3)

(Chapter 5.3)

(Chapter 5.3)

(Chapter 4.5.12)

(Chapter 5.5)

Explicit

Selection

Structured

Logical reasoning (procedural)

Configurator

Implicit

Configuration

Unstructured

Analogical reasoning (case-based)

CBR

Ad-hoc

Parametric Design

Inferring (declarative)

KBE

Optimisation

Computational (algorithmic)

Computational

Reasoning

Parametrics (geometric)

CAD

Table 6.3 -

Mapping of the CoRPP system bulkhead-dimensioning module.

Phase I

Phase II

Phase III

Process breakdown and problem definition

Mapping to solution strategy

System characteristics

Process

Task

Knowledge

Method

Realisation

(Chapter 5.3)

(Chapter 5.3)

(Chapter 5.3)

(Chapter 4.5.12)

(Chapter 5.5)

Explicit

Selection

Structured

Logical reasoning (procedural)

Configurator

Implicit

Configuration

Unstructured

Analogical reasoning (case-based)

CBR

Ad-hoc

Parametric Design

Inferring (declarative)

KBE

Optimisation

Computational (algorithmic)

Computational

Reasoning

Parametrics (geometric)

CAD

6.2.3 Evaluation of case of application system by use of the criteria
Based on this case application development, the criteria of system characteristics evolved. In
Elgh and Cederfeldt (2005), three company representatives (and system users) were asked to
give their views of these criteria and how they were met in the implemented pilot system. The
pilot system consisted of several modules (Sunnersjö et al, 2006). The criteria that were
perceived as most important for the development of the system, and their level of fulfilment
in the implemented system, were according to the users the following (in descending order):
1.
2.
3.
4.
5.
6.
7.

Ease of use – High fulfilment.
Flexibility – High fulfilment.
Extensibility – Satisfactory (but low) fulfilment.
Knowledge accessibility – High fulfilment.
Transparency – High fulfilment.
Integration – High fulfilment.
Longevity – Expected high fulfilment.

The criteria were used throughout the system development in order to acquire a system that
fulfilled the initially identified need of a design automation system. By focusing on the
criteria, the system implementation was delimited to an appropriate scope of implementation.
Descriptions of how the criteria were used for system development and evaluation are
presented in Elgh and Cederfeldt (2005), together with some detailed comments about the
fulfilment of the criteria.
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6.2.4 Conclusions of the CoRPP system development
The development of the CoRPP system showed the need to constantly focus on system
characteristics. Throughout the development these values were turned into the list of criteria
presented in Cederfeldt (2005). Later, those involved in the development of the system
evaluated the implemented pilot system according to these criteria. This showed how the
criteria could be used to evaluate implemented systems and define the fulfilment of desired
system characteristics. Further, this can also lead system upgrades towards higher fulfilment.
This case validates the use of the criteria by showing two things: they can act as guides
towards desired system implementations and they can also serve as a base for evaluating to
what degree the final system implementation fulfils the stated desires. This can then drive
future system upgrades and refinements towards higher fulfilment of specific system
characteristics.
6.3

BRACKET SELECTION SYSTEM

The bracket selection system is a system for variant design (dimensioning) of components for
roof-mounted car rack systems. The mounting system for these racks consists of a rail, a
locking system, a main housing, a modular rubber mounting foot, and a car model-specific
fixturing bracket (Figure 6.2).
Locking
system

Rail

Mounting system
housing

Rubber
mounting foot
Fixturing bracket

Figure 6.2 -

Fixturing bracket variant (left) and car rack mounting system (right).

The system, described in detail in Cederfeldt (2006), is defined and delimited by the method
for planning design automation systems (Chapter 5).
6.3.1.1 Problem description
For every new car model, a new mounting system has to be designed. Unless a contract for a
car model-specific rack system exists between the company and the car manufacturer, the
mounting system is designed as an after-market system. This involves choosing the best suited
mounting foot from a set of variants and designing (dimensioning) a fixturing bracket variant
suited for the car roof profile. The design of the bracket is based on measurements made on a
physical car made available to the designers, and not on a CAD-model. Based on the
measured roof profile the designer can sketch a profile for the bracket. The different bracket
variants include both topological and dimensional variations. If the sketched profile is found
to be similar to any prior bracket solution, that already existing bracket can be used for testing
and on-site modification for prototyping purposes. The main problem is finding suitable
prior solutions among up to 800 variants, documented only in drawings. This task has to be
performed by the designer based on his/her personal recollection of earlier designs.
Furthermore, finding a prior suitable solution is no guarantee for that solution being the most
suitable one. Several other good solutions might exist. Not being able to find an existing prior
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suitable solution (or not finding the right one) may result in designing of duplicates. These
unintentional duplicates result in a growing number of variants that are increasingly difficult
to manage. There is also an addition in terms of workload, as testing and verification of new
bracket designs by simulations and physical tests are necessary. In addition, new
manufacturing tools are required, with unnecessary added product cost as a result.
6.3.2 Development according to the structured method
The method for planning design automation as presented in this thesis evolved from its
informal application to the development of this case system. The identified system need was
divided into two parts: case retrieval and reasoning (described in detail in Cederfeldt (2006)).
Part one of the system is described in Table 6.4 by applying the structured method to the
implemented system. This is done in order to tests the methods validity.
Table 6.4 -

Specification of part one (case retrieval) of the bracket selection system by the use of the structured method
for planning design automation systems and its supporting tools (Cederfeldt, 2006).
Specification of the bracket selection system (case retrieval)

4. Computer implementations

3. Methods

A pilot system was set up for evaluation of the CBRapproach. This was done using open source CBR
software, together with an Excel sheet as a temporary
database in which the existing solutions’ searchable
data was entered. Later, an operational system with a
more graphical oriented user interface was developed
(Artursson and Petersson, 2006). This system
incorporates CBR functionality linked to a database
containing all desired data about bracket designs.

Based on the process character and domain knowledge,
Case-Based Reasoning (CBR) is identified as a method
suitable for finding prior cases when a vast amount of
structured and searchable data exists. The case data
existed in archived drawing printouts that needed to be
digitised. For this reason the brackets were
parameterised in order to obtain structured and
searchable data.

Realisation based on the desired value adding system
characteristics:

Identified and selected methods:

Implementation of:

Implicit (ad-hoc) method supporting the selection of prior
design solutions stored as explicit unstructured
knowledge.

•

Task solved by:

Ease of use, Flexibility, and Knowledge accessibility.
Case-Based Reasoning (CBR).

Implemented as:
•

In-house developed application (with interlinked
standard application software).

•
•

Analogical reasoning (case-based).
Parametrics (geometric).

At level:
•

Component / Part level.

1. Process character

2. Domain knowledge

•

The knowledge needed to select the most suitable prior
solution is documented in archived drawings (explicit
knowledge). The task of finding these drawings is based
on the individual designers’ “expert knowledge” and
recollection of prior solutions.

•
•
•
•

Perceived need (and outer and inner
requirements): The main problem is to design
bracket variants with minimal effort. This involves, if
possible, selection of prior suitable solutions in
order to simplify designing and prototyping, and
also to eliminate the risks of duplicate designs.
Level of support: Support for group of components.
Customisation degree: Select to order.
Design task: Selection.
Task formalisation: Ad-hoc.

•
•

Knowledge to handle: Corporate knowledge as rules
of the thumb.
Knowledge formalisation: Implicit (and ad-hoc).

Identified main problem:

Knowledge formalisation:

•

Explicit semi-structured information with bracket designs
documented in printed drawings. Implicit knowledge as
design decisions are based on designers’ experience.

Select prior solutions for prototyping purposes.

Task to support or automate:
•

Selection.

With task formalisation:
•

Ad-hoc.

Knowledge needed to solve identified task:
•
•

Explicit and Implicit, Corporate.
Rules of thumb.

Elicited and turned explicit as:
•
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6.3.2.1 Instance of mapping problem definition to solution strategy and implementation
The process of mapping problem and task definitions to appropriate solution methods is here
exemplified by its application to part one (Table 6.5) and part two (Table 6.6) of the bracket
selection system. As stated in the specification sheet above, the first part of the bracket system
involves ad-hoc selection using unstructured (semi-structured) knowledge in the form of prior
case geometry documentation (2D drawings). This selection is dependant on the type of car,
roof profile, designer’s expertise, and availability of prior solutions. The solution is analogical
reasoning (CBR) after parameterisation of the prior cases for the creation of a case base. The
second part involves implicit reasoning based on unstructured (declarative) rules made
through the use of an expert system (KBE), for example.
Table 6.5 -

Mapping of part one (case retrieval) of the bracket selection system.

Phase I

Phase II

Phase III

Process breakdown and problem definition

Mapping to solution strategy

System characteristics

Process

Task

Knowledge

Method

Realisation

(Chapter 5.3)

(Chapter 5.3)

(Chapter 5.3)

(Chapter 4.5.12)

(Chapter 5.5)

Explicit

Selection

Structured

Logical reasoning (procedural)

Configurator

Implicit

Configuration

Unstructured

Analogical reasoning (case-based)

CBR

Ad-hoc

Parametric Design

Inferring (declarative)

KBE

Optimisation

Computational (algorithmic)

Computational

Reasoning

Parametrics (geometric)

CAD

Table 6.6 -

Mapping of part two (reasoning) of the bracket selection system.

Phase I

Phase II

Phase III

Process breakdown and problem definition

Mapping to solution strategy

System characteristics

Process

Task

Knowledge

Method

Realisation

(Chapter 5.3)

(Chapter 5.3)

(Chapter 5.3)

(Chapter 4.5.12)

(Chapter 5.5)

Explicit

Selection

Structured

Logical reasoning (procedural)

Configurator

Implicit

Configuration

Unstructured

Analogical reasoning (case-based)

CBR

Ad-hoc

Parametric Design

Inferring (declarative)

KBE

Optimisation

Computational (algorithmic)

Computational

Reasoning

Parametrics (geometric)

CAD

6.3.3 Conclusions of the bracket selection system development
In this case, the method of systematically breaking down the design process and identifying
the system needs revealed two intertwined problem definitions. The two actual needs that
emerged were selecting prior solutions from readily available knowledge and evaluating
designs based on several design and regulation aspects. This resulted in a specification for the
first identified need (selection of prior solutions) and the development of a pilot system.
Evaluation of that system by its users shows that it directly targets the problem and fulfils the
users’ expectations. A detailed description of the system planning and implementation is given
in Cederfeldt (2006).
This case validates the use of the presented structured method for planning design
automation. It does so by showing the importance of systematically breaking down an existing
design process in order to identify and specify the actual needs of a design automation system.
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6.4

SEAT-HEATER LAYOUT SYSTEM

A seat-heater (Figure 6.3) is a heating element placed between a car seat and its trimming. It
serves as a complement to normal car climate control that is insufficient to keep the driver’s
and passenger’s backs and legs warm in cold climates. As all car manufacturers in some way
present seat-heaters as an option and as different car models hardly ever share seat variants, a
seat-heater element has to be designed for each car (and seat) model. This renders the process
both repetitive and time-consuming.

Figure 6.3 -

Seat and carrier 2D layout (Losa Gaspá, 2005) (left) and an example of complex carrier geometry with heat
wiring layout (right).

6.4.1.1 Problem description
The car seats have double curvature geometry, while the seat-heat element is based on a flat
foam carrier. Therefore, the first step in the design process is to transform the threedimensional features of the seat to a two dimensional layout of the seat-heater carrier. This
process is done manually, and is considered both repetitive and time-consuming. After this
process the heat wiring can be laid out.
6.4.2 Development according to the structured method
The first step of the seat-heater design process has been automated using CAD software used
at the company. The solution is the use of CAD-macros that calculate the transformation
from the seat’s 3D geometry to the carrier’s 2D geometry. Losa Gaspá (2005) provides a
detailed presentation of the development. The planning method is applied postdevelopmentally to the developed geometry transformation system in Table 6.7.
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Table 6.7 -

Specification of the seat-heater system’s geometry transformation system by the use of the structured
method for planning design automation systems and its supporting tools.
Specification of the seat-heater layout system (geometry transformation)

4. Computer implementations

3. Solution methods

The geometry transformation module in the seat-heater
system is implemented in a CAD system with macros
for algorithmic transformation of the geometry.

Solved by parametrics with an algorithmic approach for
transformation of geometry. See also Chapter 6.4.2.1.

Realisation based on the desired value adding system
characteristics:

Identified and selected methods:

Flexibility and Integration.

Explicit method supporting the handling of parametric
data.

Implementation of:

Task solved by:

•

•
•

Computer-aided design (CAD).

Implemented as:
•

Computational (algorithmic)
Parametrics (geometric)

Integrated system (CAD system with macros for
computational purposes).

At level:
•

Component / Part level.

1. Process character

2. Domain knowledge

•

•

•
•
•

Perceived need (and outer and inner
requirements): Transformation of geometric data
(3D CAD representation transformed to 2D layout).
Level of support: Support for group of components.
Customisation degree: Engineer to order.
Design task: Parametric design.

•

Task formalisation: Explicit.

•

Knowledge to handle: Corporate knowledge as rules
of thumb.
Knowledge formalisation: Implicit and explicit.

Identified main problem:

Knowledge formalisation:

Generate 2D layouts from specified parts of 3D CAD
models.

Corporate rules of thumb both documented as handbook
instructions and as implicit designer’s knowledge.

Task to support or automate:

Knowledge needed to solve identified task:

•

•

Parametric design.

With task formalisation:
•

•

Explicit.

Explicit and Implicit, Individual and Collective, and
Corporate.
Rules of thumb, Praxis, Numerical algorithms and
mathematical formulas.

Elicited and turned explicit as:
•

Structured.

6.4.2.1 Instance of mapping problem definition to solution strategy and implementation
The process of mapping problem and task definitions to appropriate solution methods is here
exemplified by the application to the geometry transformation part of the seat-heater layout
system (Table 6.8).
Table 6.8 -

Mapping of problem definition to solution strategy and implementation for the seat-heater system.

Phase I

Phase II

Phase III

Process breakdown and problem definition

Mapping to solution strategy

System characteristics

Process

Task

Knowledge

Method

Realisation

(Chapter 5.3)

(Chapter 5.3)

(Chapter 5.3)

(Chapter 4.5.12)

(Chapter 5.5)

Explicit

Selection

Structured

Logical reasoning (procedural)

Configurator

Implicit

Configuration

Unstructured

Analogical reasoning (case-based)

CBR

Ad-hoc

Parametric Design

Inferring (declarative)

KBE

Optimisation

Computational (algorithmic)

Computational

Reasoning

Parametrics (geometric)

CAD
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6.4.3 Consensual view of system characteristics
The criteria as presented in Cederfeldt (2005) were used by company representatives involved
in the development of a design automation system for seat-heaters. They then weighed the
characteristics (by pairwise comparison) based on desired system characteristics from a
personal perspective of company need.
Table 6.9 below shows the results of the weighing, with the individually stated importance of
the system characteristics sorted in a declining order of precedence. When the individual
weights are summed up, a compromise of system characteristics can be found. This should
not be seen as the method for reaching consensus regarding system characteristics. Instead, it
shows the importance of explicitly addressing the issue of different perceived needs among
different system actors. After completing the pairwise comparison and seeing the results, the
company representatives expressed this concern. They stated that they saw a clear need to
formally and openly discuss these differences in the planning phase of the system development
process.
Table 6.9 -

Desired system characteristics as specified and weighed by three company representatives (in random
order): developer/expert, project leader, R&D director.

Representative A

W

Representative B

W

Representative C

W

Sum of A, B & C

Σ

Level of inv.

11.5

Ease of use

10.5

Integration

10

Level of inv.

29

Ease of use

8

Level of inv.

10

Support

9.5

Ease of use

26

Transparency

7.5

Effort of dev.

9.5

Longevity

9

Integration

24

Support

7

Integration

9

Ease of use

7.5

Effort of dev.

20.5

Knowledge acc.

6.5

Knowledge acc.

8.5

Level of inv.

7.5

Knowledge acc.

19

Flexibility

6.5

Extensibility

6

Impl. assistance

7

Flexibility

19

Dependence

6.5

Flexibility

6

Flexibility

6.5

Support

18

Effort of dev.

6

Transparency

5

Extensibility

5.5

Longevity

16

Education

6

Impl. assistance

5

Effort of dev.

5

Impl. assistance

15.5

Integration

5

Longevity

4.5

Knowledge ace.

4

Transparency

15

Impl. assistance

3.5

Dependence

2.5

Transparency

2.5

Extensibility

13

Longevity

2.5

Support

1.5

Dependence

2

Dependence

11

Extensibility

1.5

Education

0

Education

2

Education

8

6.4.4 Conclusions of the seat-heater system development
This case of application, the implemented automation of geometry transformation, shows that
the method for planning design automation and mapping problem definitions to solution
strategy can be applied to an existing system. How and to what degree this validates the
method is discussed in Chapter 7.
The weighing and individual statements of desired system characteristics showed the need for
the presented criteria as a means of addressing different views and wishes among those
involved in system development. Addressing these differences is essential for guiding system
specifications toward being commonly agreed upon before actual implementation takes place.
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CHAPTER 7

:
EVALUATION AND
VALIDATION
CHAPTER INTRODUCTION
In this, the second of two evaluation and validation chapters, conclusions of the evaluation by
case examples in Chapter 6 are given. Also, the performed research works in general together
with its results are discussed in relation to its validity. First, the validity of the performed
research is discussed, based on four different views of research validation. Then, evaluations of
the results in relation to the stated research topics are given. Finally, the results are discussed
in relation to the overall benefits of implementing design automation.

7.1

VALIDITY OF THE RESEARCH

The research has largely been carried out in relation to the development of two design
automation systems. One is a variant design automation system (Chapter 6.2) from which the
system criteria emerged. The other is an analogical reasoning system (Chapter 6.3) from
which the structured method evolved. Throughout the development of these systems, the
criteria of system characteristics and the structured method for planning design automation
systems have been simultaneously developed and refined based on the research area and
research topics of this work (Chapter 2.1).
7.1.1 Research usefulness
The research work presented in this thesis has the purpose of resulting in useful methods that
can be applied and used by industry. The performed research therefore fits in the category of
usability driven research and has been carried out as research through design (Chapter 2.6).
Nordin (1988) states that usability driven “technological” research, in contrast to pure
“scientific” research, is based on traditional technology and has flexible goals aimed at
satisfying the external environment. It also has the usability of the results as a measure of good
research. However, usability driven research is still carried out and validated by the internal
norms of science (i.e. it has the goal of finding scientific truths). In other words, it is still
validated independently from the external environment.
7.1.2 Validation according to the general research methodology
In order to perform research on design, there is a requirement of proper validation. For this,
methods from a variety of disciplines are needed. These methods have been pieced together
(Blessing, 1994; Blessing et al, 1998) into a general design research methodology (Chapter
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2.2.1). How the research methodology has been followed in relation to this research work is
presented below:
•
•

•

•

Criteria – A structured method supporting implementers in planning for design
automation systems would lead to the development of systems that target the actual
need of design automation in a cost beneficial and user-centred way.
Description I – An understanding of the process of implementing design automation
systems has been gained through studies of the development of design automation
(pilot) systems. This has been done through both involvement in the development of
two systems and interviews with SMEs either using or showing interest in design
automation.
Prescription – The structured method for planning design automation systems
together with its supporting tools (Chapter 5) has been developed (parallel to the
development of two design automation systems) in order to support implementers in
developing systems that target their actual need.
Description II – The presented method and its tools have been applied during the
development of the two pilot systems from which it evolved. Its use has shown that
both systems end up fulfilling the users’ needs and expectations (Link 2a and 2b,
Chapter 2.2.1)

7.1.3 Fulfilment of the criteria for valid design research
In Cross (2002), a list of criteria for valid design research is stated. This research work fulfils
these criteria as follows:
•

•
•

•

•

Purposive – Based on the identification of an issue or problem worthy and capable of
investigation. Through studies of design automation systems and system development,
it became apparent that there was a need for a structured method for planning design
automation systems.
Inquisitive – Seeking to acquire new knowledge. By basing the presented method on
the processes of actual system development, knowledge of design automation and
design automation development has been gained.
Informed – Conducted from an awareness of previous, related research. The papers
constituting the base of this thesis all build on and contribute to related research. The
presented framework is a collection of related research with great influence on the
system development process.
Methodical – Planned and carried out in an efficient and disciplined manner. The
method has evolved incrementally throughout this research work parallel to the
development and studies of design automation systems. The papers constituting the
base of this thesis contribute to different parts of the presented method.
Communicable – Generating and reporting results that are testable and accessible by
others. Several research papers have been published describing the results of this work.
This thesis summarises these papers and presents their results as the structured method
for planning design automation systems.

7.1.4 Fulfilment of the criteria for theoretical research validation
Buur’s (1990) criteria for verifying and validating theoretical research results (Chapter 2.5) are
applied to the results of this work. This can be done since the research work is a mix of
experimentation and theorising created by the adoption of research through design. All results
originate from experiences gained from the process of developing design automation systems.
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Theories evolved from these experiences into the method for planning design automation
proposed in this thesis. Where Buur’s criteria for verification are applied in relation to this
work is stated throughout the chapters addressing the results in relation to the stated research
topics (Chapters 7.2.1-7.2.3). Comments regarding which results are validated by these
verification criteria are given below:
•

•

Logical verification – The validity of both the structured method and the tool for
mapping the problem definition to a suitable solution strategy have to be verified
mainly through logical verification. Presumed users have not directly evaluated these
final results. Therefore, the following verification criteria apply as follows:
o There is consistency and exist no internal conflicts within the
prescriptive method (theory) – The structured method and the tool for
mapping have been applied post-development to three implemented systems.
This is no guarantee that the results will generally be valid. However, it shows
that they have been successfully applied in these three cases (five cases of
mapping) without any internal conflicts. The level of validity would increase
with each successful application (both during and post development).
o Completeness of the prescriptive method (theory) which can either
explain or reject all relevant phenomena observed previously – The same
evaluation of method and tool applicability as above applies to this criterion.
This is because the use of the structured method and tool for mapping has
been used successfully in describing (documenting) existing systems.
o Methods already well established are in agreement with the prescriptive
method (theory) – There are no established methods of system development
in direct conflict with the presented method. There are however a number of
methods describing system development procedures that differ in that they
focus more on the development and implementation of specific solution
methods (Chapter 3.8.1). These methods complement the presented method
for planning design automation, and vice versa.
o The prescriptive method (theory) can be used to explain design cases and
their outcome – The same evaluation of method and tool applicability as for
consistency and completeness applies to this criterion. Although the purpose
of the structured method is not to explain the outcome of a system
development case, it can be used for documenting the steps taken in such a
process (Chapter 6). The method has to date not been applied to enough
system examples to ascertain whether it can in fact be used to explain reasons
for unwanted outcome. However, some conclusions about the fulfilment of
system needs and wishes could be gained from evaluating implemented system
characteristics. This could lead to the identification of choices made during
the process resulting in the actual system characteristics and their fulfilment.
Verification by acceptance – The validity of the presented framework and the
terminology of design automation, the identifiers of system need and potential, and
the criteria of system characteristics have been verified by acceptance. System
developers and users have evaluated these results throughout this research work. Thus,
the following verification criteria apply as follows:
o Statements based on the theory are acceptable to experienced designers –
Mainly through the interview study in Cederfeldt and Elgh (2005), the
framework and its terminology have been accepted as describing design
phenomena in related to design automation.
o Models and methods derived from the theory are acceptable to
experienced designers – Theories of design automation development
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procedures, not expressed explicitly in this work other than in the form of the
stated research topics and benefits of design automation, have led to the
development of the presented method and tools for planning design
automation systems. Several system developers (and also users) of
implemented design automation systems have evaluated and validated the
identifiers of need and potential and the criteria of system characteristics
(Chapter 6). Concluding remarks from experienced designers performing the
evaluation of applicability and relevance of the criteria of system characteristics
are that they serve an important purpose in the planning process. Therefore,
the criteria and their use have to be considered applicable and valid from a
user acceptance perspective.
7.2

EVALUATION OF RESULTS IN RELATION TO THE RESEARCH TOPICS

Based on the purpose and focus of this research project (Chapters 1.4 and 2.1), a number of
research topics (Chapter 2.1.1) have been stated in relation to the need for a systematic
method for planning design automation (Chapter 1.6). One overall conclusion based on the
interviews and discussions with the companies is that there is potential for design automation
in varying areas of the design process. Another such conclusion is that there is a need for a
general framework, methods, and tools supporting the choice of the right strategy for, and
format of, design automation realisation and implementation. How and where these research
topics are addressed (Figure 7.1), together with short discussions about the validity of the
results, are presented in the following chapters.
Publications
Topics

A

B

C

D

LT

E

F

DT

Definition of a framework of common terminology…
Definition of a structured method for planning…
Definition of guidelines and tools…
Tools for defining system need
Tools for defining system potential
Tools for defining solution strategies
Tools for defining system characteristics

Figure 7.1 -

The research topics and where they have been addressed. Publications A through D and E and F are papers
appended to this thesis. LT is the licentiate thesis (Cederfeldt, 2005) and DT is this thesis for the degree of
doctor of philosophy.

7.2.1 Definition of a framework of common terminology needed for planning design
automation systems
The need for a common terminology supporting the development of design automation
systems became apparent during the development of the CoRPP system (Chapter 6.2). A
framework for such a terminology was first presented in Cederfeldt and Elgh (2005). The
framework has since then been refined and expanded into the framework of design
automation terminology presented in this thesis (Chapter 4). In Cederfeldt and Elgh (2005),
the framework is based on an interview study performed at eleven small and medium
enterprises. The study focuses on the need and potential for computer supported engineering
design and design automation, companies’ views regarding need and potential, and the
criteria for planning and evaluation. The interviews showed the need for a framework of
design automation terminology and the importance of being able to clearly communicate
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process characteristics and system specifications. Many of the companies’ comments are
presented in detail in Cederfeldt and Elgh (2005).
The framework for planning design automation is presented in this thesis as one specific
framework, including a terminology defined for purposes of addressing the planning of design
automation systems in this research work. Other terminologies can be set up as long as they
serve the purpose of defining a common base for the discussions about design automation in a
specific case. This statement of a terminology is hard to validate since it involves the adoption
of specific definitions of terms among several plausible definitions. Only whether those using
the terminology accept it will give some level of validity to its use (Chapters 2.5 and 7.1.4). In
this case, the main part of the terminology is derived from the interview study performed in
Cederfeldt and Elgh (2005). Therefore it should be considered as accepted by experienced
designers.
7.2.2 Definition of a structured method for planning design automation systems
The need to approach design automation development in a structured way also showed itself
during the development of the CoRPP system. In the interview study performed in
Cederfeldt and Elgh (2005), SME representatives expressed the need for tools supporting the
process of planning for design automation. During the development of the bracket selection
system (Chapter 6.3 and Cederfeldt (2006)), a structured method supporting design
automation development evolved. The users (and developers) of the implemented system
expressed the usefulness of this method. They saw it as highly beneficial to be able to
systematically define system characteristics in order to specify the actual system needs. They
also stated that the process breakdown, problem definition, and system delimitation resulted
in a system that exactly met their expressed need for a design automation system. Also, the
structured process breakdown revealed two nestled problems within the initial perceived need
of a design automation system. One of these needs was addressed and implemented as a fully
operational design automation system. In Cederfeldt (2006), the system and its development
process are presented in detail. The method has since been refined and is presented in detail in
this thesis (Chapter 5).
The method for planning design automation is presented in a structured way in this thesis.
This structuring of the method (and identification of its different phases) evolved parallel to
the development (Chapter 2.3) of the two design automation systems presented in Chapters
6.2 and 6.3. Users have evaluated the parts constituting the complete method, but the
complete method itself has not been evaluated, nor validated, by user acceptance. The method
has therefore to be validated through logical verification (Chapters 2.5 and 7.1.4). The
complete and structured method has also been applied to the three developed automation
systems in order to verify its applicability (Chapter 6). It showed that the method could be
used to document the steps taken and choices made during the development processes.
Therefore, the method can be considered validated by logical verification (Chapters 2.5 and
7.1.4).
7.2.3 Definition of guidelines and tools supporting the structured method
The structured method is divided into three main phases, each supported by “tools” for
specifying the overall system need. In between these phases, specifications are set up with the
help of a specification sheet presented in Chapter 5.2.1. The tools are presented together with
the structured method for planning design automation systems (Chapter 5). The different
tools and their validity are discussed in the following chapters.
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7.2.3.1 Tools for defining system needs
Identifiers of system needs are needed to break down existing processes and identify the actual
need for implementing design automation. Addressing these identifiers will lead to a
specification of need for design automation. These identifiers (which were originally part of
the criteria of system characteristics (Cederfeldt and Sunnersjö, 2003; Cederfeldt, 2004; Elgh
and Cederfeldt, 2005; Cederfeldt and Elgh, 2005)) are presented in Chapter 5.3.1.
The identifiers of system needs and the identifiers of system potential were originally intrinsic
parts of the criteria of system characteristics. They were expressed as questions posed to the
SME representatives taking part in the presented interview study in Cederfeldt and Elgh
(2005). In Cederfeldt (2005), they were explicitly represented as a number of pre-questions to
be addressed in order to specify system needs before stating the desired system characteristics.
In this thesis, these pre-questions have been elaborated on, becoming the identifiers of need
and potential. Their validity lay in the fact that they originated in a sense from the different
statements of system needs and potential given by experienced designers in Cederfeldt and
Elgh (2005). The identifiers of system needs were also used (although not explicitly) during
the development of the bracket selection system (Cederfeldt, 2006) presented in Chapter 6.3.
7.2.3.2 Tools for defining system potential
Identifiers of system potential are needed to assess the ease of implementing design
automation and the expected cost-benefit ratio of the implemented system. These identifiers
(which were originally part of the criteria of system characteristics (Cederfeldt and Sunnersjö,
2003; Cederfeldt, 2004; Elgh and Cederfeldt, 2005; Cederfeldt and Elgh, 2005)) are
presented in Chapter 5.3.2.
The validity of the identifiers of system potential is discussed together with the validity of the
identifiers of system needs (Chapter 7.2.3.1). The presented diagram for quick assessments of
system potentials based on process maturity and economical gains (Chapter 4.3) has been
used in several cases, originating from Sunnersjö (1994). It has since then been refined into its
current form. If further refined, this diagram can constitute a powerful tool in the process of
estimating system potentials leading to better specifications of system needs. Because of this,
the method of assessing potential needs more focus and evaluation. Its refinement is therefore
suggested as future work in Chapter 8.
7.2.3.3 Tools for defining solution strategies
Presented in Chapter 5.4 are examples of how specified need and problem definitions can be
mapped to appropriate solution strategies. Examples of this mapping related to three different
design automation systems are given in Chapter 6.
The presented tool for the mapping of problem definitions to solution strategies has only
been validated by logical verification (Chapters 2.5 and 7.1.4). This has been done through
testing it on a number of existing system cases (Chapter 6). Its application shows that it in its
current form can explain (or illustrate) the mapping in existing systems, and should therefore
be valid in that sense. The tool (Chapter 5.4.1) is to be seen only as a suggestion of an
illustrative mapping method. The actual mapping relies heavily on the prior steps for
identifying system needs. Also, the examples of mapping given in this thesis are not intended
to show a universal generalisation of the mapping between problem definitions and solution
methods, as these instances only show specific mapping results. However, similar design
automation cases with the same identified problem definition should be able to be mapped in
the same way. However, pre-defined system foundations (Chapter 5.1.2) might lead the
similar problem definitions towards other appropriates solutions. Because of the relative low
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number of tested system cases (five examples from three design automation systems (Chapter
6)), the presented tool for the mapping of problem definitions to solution strategies needs
further verification and validation. Additional testing is therefore stated as a suggestion for
future work in Chapter 8.
7.2.3.4 Tools for defining system characteristics
A set of criteria for system characteristics to be addressed during design automation
development has evolved through Cederfeldt and Sunnersjö (2003), Cederfeldt (2004), Elgh
and Cederfeldt (2005), Cederfeldt and Elgh (2005), and, finally, Cederfeldt (2005). The set
of criteria has been refined and presented in this thesis (Chapter 5.5). By addressing these
criteria, implementation planners can acquire a better understanding of the actual need for
design automation in order to meet company and user demands and wishes on design
automation systems.
These criteria, their use, and their validity have been evaluated, mainly, during the
development of the CoRPP system (Chapter 6.2). In Elgh and Cederfeldt (2005), three
company representatives (and system users) were asked to give their views of the criteria of
system characteristics (Chapter 5.5) and how they were met in an implemented pilot system
(Chapter 6.2.3). The criteria had been used throughout the system development in order to
acquire a system implementation that fulfilled the identified need of a design automation
system. Users of the pilot system were interviewed about their views and thoughts regarding
the system with respect to the criteria in order to address their validity. This interview showed
that the set of criteria could serve as a tool for evaluating an implemented system and its
realisation characteristics regarding the system specification and stated actual system needs. By
focusing on the criteria, the system implementation was delimited to an appropriate scope of
implementation. How the criteria were used and some of the comments about the fulfilment
of the criteria are presented in detail in Elgh and Cederfeldt (2005). Further, company
representatives participating in the interview study presented in Cederfeldt and Elgh (2005)
gave their views on the importance of these criteria. Finally, actors within the development of
the seat-heater system provided their views of the importance of explicitly addressing these
criteria in order to specify a consensual view on system need (Chapter 6.4.3). Their
conclusion was that there is a substantial need to address these questions in order to reach a
consensual view on desired system characteristics. It was also perceived as being necessary for
being able to set up a system specification that communicates a common accepted statement
of system need. The criteria of system characteristics, their use, and their importance during
the development of design automation systems are therefore to be considered as validated as a
result of their acceptance by experienced designers (Chapters 2.5 and 7.1.4) during different
development cases (Chapter 6).
7.3

REFLECTIONS ON THE PERFORMED RESEARCH WORK

Some reflections on the performed research work in relation to the chosen research methods
and the presented results are given in the following chapters.
7.3.1 Reflections on the research approach
Based on the research area and statements in Chapter 2.1, pilot systems have been developed
in order to address the research topics (Chapter 2.1.1). The performed research work has been
influenced by the methodologies described in Chapter 2.
The formulation of the criteria for system characteristics and the structured method for
planning design automation has been addressed by research through design. Pilot systems have
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been developed in parallel to the evolution of the criteria and the method. This approach to
research has shown to provide hands-on experience for those involved in the research project.
The presented results of this work, the structured method for planning design automation
systems and its supporting tools, grew from these experiences. Unlike action research, where a
research plan is executed in order to test statements and hypotheses available beforehand,
research through design (as adopted in this work) starts off with a defined goal state for
system implementation (i.e. improving some aspect of the design process). From there, the
research topics and questions are then addressed throughout the process of the realisation and
implementation of the intended system.
A positive reflection on this research approach is that experiences that lead to the resolution of
the research topics are gained through actually working within the product development
process intended to be refined. A greater understanding of the problem definition is acquired
from this. On the other hand, in research through design, the research is carried out in a less
structured way. This is because the design process is followed as is and not adapted to fit a
research plan. A predefined and rigid research plan could unintentionally lead to a “fixed”
design process where no real observations of designing can be made. The major disadvantage
of this less structured research approach is that drawing conclusive answers to research topics
and questions can become somewhat difficult, as the questions may need to be refined
throughout the work.
7.3.2 Reflections on the results
The evaluation and validation of the presented criteria of system characteristics as well as the
presented framework of design automation terminology has been performed by interview
studies with a number of companies showing interest in design automation. Interviews have
also been held with pilot system users in order to draw conclusions from their acceptance of
the criteria of system characteristics. Although a structured method with supporting tools for
planning design automation has been presented, evaluated, and to some extent validated, the
results are still largely based on two cases of system development (Chapters 6.2 and 6.3).
Nevertheless, users’ acceptance and appreciation of the results by using the method, and in
particular the criteria of system characteristics, suggests a wider applicability.
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CHAPTER 8

:
CONCLUSIONS AND
FUTURE RESEARCH
CHAPTER INTRODUCTION
A short summary of the results is provided in this chapter. Concluding remarks concerning
the results of this research work as well as its impact on both industry and the scientific
community follow this. Finally, suggestions for future research are made.

8.1

SUMMARY OF RESULTS

The purpose of planning design automation systems is to identify and communicate the needs
of the system among and between the system users, system contributors, system owners, the
company and its organisation, and the system implementers. Using the presented method
(Chapter 5) for setting up a system specification accomplishes this. The process of setting up
this specification also drives the company activities and processes towards being explicitly
identified and documented. This will give a firmer understanding of the actual design
processes, as well as defining and specifying the intended automation system. Also, looking at
desired system characteristics will draw focus to different views and wishes held by those
involved in development of, and affected by, the intended system. All these views have to be
considered and addressed in order to set up a system specification that communicates a
common system concept. Therefore, there is a need to identify and specify the need for a
design automation system by planning for its implementation. A structured method
supporting this planning of design automation systems have been presented in this thesis
(Chapter 5).
Several people from several disciplines within a company might need to participate in the
process of planning design automation systems. A challenge related to all areas involving
people who need to communicate is the definition of a common terminology. This is
especially true in design automation development, where several widespread and sometimes
conflicting terms are used. In order to establish a common base for discussions about design
automation, there is therefore a need to define some of these terms. This is done in the
framework presented in this thesis (Chapter 4). This framework is important for the
understanding of design automation and constitutes the foundation for discussions about and
the planning of design automation systems.
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8.1.1 Results in relation to the stated benefits
As stated in Chapter 2.1, there are a number of benefits that can be gained by implementing
design automation. How the results of this research work contribute to these commonly
accepted benefits is presented below:
•

•

•

Frees the designers to work on problems that truly need skill, knowledge,
experience, creativity, intuition and cooperation to be solved – The
implementation of the design automation systems (Chapter 6) have shown that the
repetitive and non-creative tasks that have been automated in fact free the designers to
focus on other aspects of the design process. The results of this work, and mainly the
criteria of system characteristics, have been used to successfully delimit the scope of
the system in order to balance the design process between automated and manually
handled tasks.
Reduces lead-time for product quotations, design, manufacturing, and delivery –
Two of the implemented systems have been shown to reduce lead-time in the design
process. In the first case example (Chapter 6.2), a significant reduction of time for
design layouts and preliminary quotations was achieved through the implementation
of a design automation system that targeted the repetitive, non-creative, and timeconsuming tasks within the design process. In the second case example (Chapter 6.3),
time savings were made in the process, freeing designers to work on tasks that need
real problem solving. In addition, other more significant benefits (increased quality of
designs) were also gained. The method and criteria presented in this work helped to
identify the real need for design automation in the two cases.
Improves productivity, producibility, and quality of designs – In both system case
examples, improvements were made to both the producibility and the quality of the
designs. The presented method and its supporting tools helped in defining the focus
and real need for the design automations in each case.

These results (in terms of implemented systems) show that if done right, and with proper
guidance during the system development process, truly beneficial systems can be developed.
The presented method for planning design automation systems is one such tool, identifying,
delimiting, and guiding design automation development towards useful system
implementations. The method for planning design automation also includes the stated
questions (Chapter 1.6) that system developers need to ask, and answer, during the
development process:
•
•
•
•
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Which processes and tasks should be supported? – This is answered by process
breakdown and identification of need and potential (Chapter 5.3).
Which methods support the solving of these processes and tasks? – This is
answered by both the identification of need and potential and the mapping between
problem definition and solution strategy (Chapter 5.4).
In what way should the support be implemented? – This is answered by the
mapping between problem definition and solution strategy (Chapter 5.4) and the
focus on desired system characteristics (Chapter 5.5).
To what extent should the support be implemented? – This is answered by the
focus on desired system characteristics (Chapter 5.5).
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8.2

CONCLUSIONS

The stated research topics of this work have been addressed and resolved. First, a framework
for design automation terminology that is accepted by experienced designers has been
presented (Chapter 4). A structured method for planning design automation, which has
evolved through close collaboration with experienced designers during the development of
automation systems, has also been presented (Chapter 5). Supporting this method are tools
for the identification of system needs and potential, a tool for the mapping of problem
definitions to solution strategies, and, finally, tools for specifying desired system
characteristics. These have all been proven to be relevant, accepted, and validated through
either logic verification or user acceptance.
The overall generality of the results, however, is limited, as the framework, method, and its
supporting tools have only been applied to three design automation development cases.
However, the acceptance of the results among experienced designers and company
representatives involved in the evaluation of the method and its different parts, as well as by
the research community through the acceptance of the presented research papers, indicate a
wider applicability.
The scientific contribution of this work is the structured method for planning design
automation. It contributes by presenting a method that focuses on the early phases of system
development. This represents a shift in focus from the implementation issues of priority in the
majority of established research in the field of design automation.
The industrial relevance of the presented work is high. If companies are to benefit from the
implementation of design automation systems, they have to focus more on the planning
aspects of system implementation. They need to explicitly and in a structured way identify,
specify, and successfully communicate the real need for design automation in the relevant case
and for the entire design process. Focusing solely on technological means of automating
design tasks will only lead to system implementations showing that the chosen method of
automation actually solves the task it is applied to. Without any consideration as to how these
tasks fit into the entire design process, and how they are beneficial to their users, such systems
will for the most part end up as user un-friendly tech-demos and “isolated islands” not being
used by its implementers. By adopting the presented method, implementers will be able to
explicitly identify, specify, document, and communicate the many wishes and demands of the
many actors involved in, or affected by, the system development.
The use of the presented method and its supporting tools through the implementation of the
design automation systems presented in this work have shown that the method can also be
used for the evaluation of implemented systems. This is an important benefit gained from
adopting the presented method, since it provides implementers with metrics for assessing the
actual fulfilment of design automation implementations in terms of system performance,
characteristics, and usability. Further, this post-development evaluation will single out aspects
and issues that need further focus in future system upgrades or development as related to the
initially stated needs of a design automation system.
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8.3

FUTURE RESEARCH

Future research involves using the presented method in different system development cases in
order to further evaluate and validate its applicability. With this, the aim is to acquire a
refined method and supporting tools. The mapping of problem definition to solution strategy
(Chapter 5.4) in particular needs to be further addressed. This can be achieved by future
development cases using the method. Studying existing design automation systems,
documenting identified problem definitions and linking them to solution strategies can also
achieve this.
Also important is the refinement of the design automation potential diagram (Chapter 4.3)
and its measurements. A better definition of how to measure potential is needed. Whether it
is to be done in a simple two-dimensional diagram, several diagrams, or in a completely
different way are future questions of relevance. Finally, more formal methods for system
breakdown need to be defined and linked to the method for planning design automation.
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SOLID MODELLING WITH
DIMENSIONAL AND
TOPOLOGICAL VARIABILITY
MIKAEL CEDERFELDT and STAFFAN SUNNERSJÖ
ABSTRACT
With the advent of commercial solid modelling systems some fifteen years ago, the
opportunity for three-dimensional parametric geometry was opened to industry. Today solid
modelling systems are the dominating CAD tool among advanced engineering companies,
but despite the time and money saving implications, industry has been slow to exploit the
parametric capabilities of these systems (Amen and Sunnersjö, 1996).
One reason for the slow adoption of parametric modelling is that originally many solid
modellers suffered from lack of stability under parametric changes. This situation is now
changed and if a model in a modern CAD system collapses, this is usually due to modelling
deficiencies rather than numerical failures. Straightforward dimensional variations rarely cause
any problems. However, to fully exploit the parametric capability for complex features with a
variable topology, there is a need for a systematic approach to build stable and purposeful
parametric models.
The purpose of this work is to discuss how different modelling approaches relate to the ease of
use and robustness of the CAD model in terms of creating variants and product families. We
use the term Design for Variability, DFV, for a modelling approach that ensures that
parametric models are well suited for variation design.
Keywords: Feature-Based Design, Solid Modelling, Parametric Modelling, and Variability.

1 INTRODUCTION
It is a common experience that up to 80 percent of the work carried out in a design office is
concerned with the redesign of existing products. If some of this work related to mature
products could be automated, the designers would have more time for creative problem
solving associated with refining existing products or designing new ones. Design automation
can be done at several levels of complexity, ranging from the use of predefined machine
elements or family table/template systems (Siddique and Yanjiang, 2002) to highly
sophisticated Knowledge Based Engineering systems (Sriram, 1997) or Knowledge Intensive
CAD systems (KIC) (Tomiyama and Hew, 1998).
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Not least for smaller companies, where budget constraints limit the implementation of large
and costly systems, implementation of a complex KBE system is often unrealistic. With the
stable solid modellers available on the market today, much of the desired automation of
variant design of mature products can be done within the solid modeller itself or in
combination with external programs for calculations and optimisation (compare component
technology in Flores et al (1998) and Rohm et al (2000)).
For such systems, there is always a difficult balance between writing applications in the CAD
systems’ internal macro-language or constraint system and using external programs to feed the
CAD system with instructions and information. In our work, we give high priority to the
transparency of the CAD geometry generation and to the design process as a whole. We do
this by extracting as much information from the CAD system as possible and putting this
information into an external, readable document, primarily using the CAD software as a
geometry creation tool (Figure 1.1). The reason for not controlling a CAD kernel directly
using specific application programming, which in many ways is an efficient method, is to
avoid programming associated with the specific software. This also opens the possibility of
changing CAD system vendor without extensive rewriting and programming. It also gives the
designer the opportunity to work with the solid modeller (CAD system) that he/she normally
uses, thereby simplifying any manual additions or modifications to the final geometry that
might be required.
Library of parametric
CAD parts

Functional
specifications
and customer
demand

Production
specifications

Design rules
and constraints
(Mathcad)

w_m_web0_length_y=4061
w_m_web0_length_x=170
w_m_web0_length_z=25
w_m_gusp_offset_y=12.5
w_m_gusp_angle=45
w_m_gusp_length_y=29.975
w_m_gusp_length_x=170
w_m_not1_radius=75
w_m_epb1_a=4
w_m_epb1_gap=2
w_m_epb1_angle=45
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ASSEMBLY NAME = GENERIC_STIFFENER_CLASS2

Parametric solid
modeller
(Pro/Engineer)

Production
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Verified and modified,
if necessary

LEVEL 1
LEVEL
LEVEL
LEVEL
LEVEL
LEVEL
LEVEL

GENERIC_STIFFENER_CLASS2 ASSEM
2 GENERIC_UNIFORM2_WEB PART
2 GENERIC_KNEE PART
2 GENERIC_KNEE1_FLANGE PART
2 GENERIC_UNIFORM1_FLANGE PART
2 GENERIC_TRANSITION1_FLANGE PART
2 GENERIC_GUSSET PART

********************

Model information file

List of parameters /
Geometry control file

Production
resources

Drawing

CAD model

Production rules and constraints

Unit cost of identified cost drivers
Unit cost of material
Identified geometrical and topology
cost drivers

Library o f standard process plans

Generated
process plans

Method of successive calculus

Cost estimate

Figure 1.1 - Information flow in the proposed system assembled from several commercial software packages. The purpose
of the system is design documentation (drawings), process plans and a cost estimation of a complete,
calculated and optimised product. This paper discusses the solid outlined components of the system.

For this approach to work in an industrial environment, it requires robust and changeable
parametric models. In this work, different modelling strategies are discussed and a checklist to
be used for evaluating these methods for different types of applications is presented.
2 APPLICATION EXAMPLE
As a case of application, order-based design of a submarine bulkhead (Figure 2.1) and its
vertical structural members (Figure 2.2) has been studied and implemented. The structural
members consist of cut, rolled and welded steel plating.
The external program, which generates input to the CAD system, should be chosen according
to the specific design problem at hand (Amen et al, 1999). The bulkhead design problem can
be solved with straightforward procedural programming like C, Visual Basic or similar.
Programmable spreadsheets would be another alternative. To improve transparency, an
algorithmic program with a text editor, Mathcad (by MathSoft), was selected. By creating an
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easy-to-read document containing design rules, explanations and calculations of parameters, a
set of parameter values, independent of any specific solid modeller, can be generated. These
parameter values are in a sense the product geometry described as feature and parameter
names and numbers. One could then create a parametric solid model in a specific CAD
system governed by this set of parameters.
The structural members are modelled in Pro/Engineer (by PTC) and the parameters are
defined in a database. Pro/Engineer was chosen as a program with functionality typical for
modern solid modellers, hence providing a suitable test environment.

Figure 2.1 - Variations of structural members of a submarine bulkhead.

The model creation can be done in many ways and still result in a parametric model. The
challenge is to create a geometry representation that best suits the current application, is time
and cost efficient, is flexible and assures that the geometry is completely parametric.
Furthermore, the generated CAD geometry might be used downstream in the engineering
process, for example in a CAE and/or CAPP system, and contribute parameters and
operations order for process planning and cost estimates (Elgh and Sunnersjö, 2003).

Figure 2.2 - Two variations of a structural member of a submarine bulkhead.

3

METHODS FOR SOLID MODEL CREATION

The discussion below is based on the example of the bulkhead stiffeners, but is expected to be
of generic applicability. For modelling other types of products, such as forged, cast and/or
machined components, these approaches may need to be revised or further developed. Three
generic methods were identified to model the stiffener parts, with the goal of creating
parametric models for easy reconfiguration (compare Shah and Mantyla (1995) and Amen
and Sunnersjö (1996)).
The methods differ in complexity with respect to lead-time (time required to complete
modelling and programming of parameter relations), transparency (the ability for the user to
understand what the model and its parameter relations do) and programmable internal and
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external relations (complexity of the relations between geometric variables). These methods
were categorised in order to determine the essential differences between them and for which
type of components they are most suitable (Figure 3.1).
Dimensiondriven:
Two unique
parts requiered
for two
variations.

Generic:

Modular:

One generic
unique part with
deactivated/
activated rounding
feature for two
variations.

Three unique
parts used to
form two
variations.

Figure 3.1 - The three modelling methods applied to a part with two variations.

3.1

Dimension-driven part

This is the simplest way of creating parametric models for automatic regeneration. The
designer models the geometry and assigns to it variables that he/she identifies as design
parameters (for example, length or height). These parameter values can later be altered to
generate a different design variation.
This solid modelling method is in this paper named Dimension-driven, since only the
geometry dimension values vary and the geometry topology remains unchanged. With this
approach a family table or library of parametric models, which share the same governing
parameters, can be created for designs with different topology (i.e. added or subtracted
features).
Regarding assigning or programming relations between the geometry parameters, this is a
relatively simple method. Since topology remains unchanged within the individual geometry
model, the relations between the parameters also remain unchanged when regenerating the
geometry. In some cases, relations to other parts (models) can be warranted, and these relations can be programmed outside the solid modeller or as modeller-specific relations such as
assembly relations.
3.2

Generic part with variable topology

A more complex method of parametric modelling is to allow topology changes for variant
creation of a generic geometry model. In this paper, the method is called Generic. It is similar
to the dimension-driven geometry model in that it allows for variation of parameter values on
regeneration. Added to this is the functionality of changing geometry topology by activating
or deactivating features (previously modelled and stored in the generic part). The generic
geometry model can regenerate into several design variations, and the advantage over family
tables is the added transparency gained by extracting the information about topology
configuration and controlling it in the same way as the design parameters are controlled and
changed.
The programming of the parameter relations for these parts is more complex than for the
dimension-driven parts, due to the additional feature dimensions and increased internal
relations. Also, some geometry parameters may have relations to different parameters
depending on the model’s current topology. This leads to problems, and possibly an unstable
model, if feature activation/deactivation is applied to features with dependent features or
parts. The method should therefore be used with care if any feature has children (sub-features)
or if other parts (or any of its features) are referenced to the feature in an assembly.
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The generic parts are controlled/regenerated in the same way as the dimension-driven parts,
with the addition of parameters for topology control.
3.3

Modular parts

Complex parts, which in real life are considered as a single solid object, like an engine block,
may be divided into smaller geometry parts when modelled to make design easier or to
distribute the modelling work to several designers. These building blocks are retrieved from a
library and parametrically sized and merged as required via Boolean operations.
It is possible to combine both dimension-driven and generic parts for complex models, but in
this paper the approach is limited to the combination of simple (non-complex) building
blocks, which do not change in feature composition (topology).
This is a modelling method which results in parts similar to the generic parts but without the
programming of feature activation/deactivation. Relations between the building blocks can be
programmed outside the solid modeller or as modeller-specific relations such as assemble
relations. This method is called Modular.
4 ASSEMBLY COMBINATION
In reality, almost all geometry models (parts) are assembled into a finished product. This is
done by the solid modeller’s assembly function. Relations for part placement can be described
outside the modeller and fed as governing parameters to the individual parts or as internal
relations in the assembly file. The assembly combination consists of a combination of the parts
created in any of the above described ways, and can be controlled at part level or at assembly
level, depending on the level of programming acceptable for the current application.
The assembly method is not a modelling method in the same sense as the three described
above. However, any large product design system will need assembled parts, and it is of
relevance in what way the models function in an assembly and how the assembly is controlled
within the system. Therefore, the designer must take assembly into consideration when
choosing the model approach of the single parts.
One way of adding freedom of choosing modelling method is to build the assembly on a
skeleton model, which limits the relations between the individual parts. Another way is the
assembly of the individual parts with references only to fixed systems such as datum planes or
coordinate systems. This can be done if all positioning information is built in as positioning
parameters in the individual parts. This method requires references between the different parts
at some higher level. In the proposed system, this is handled through references between the
Matcad documents governing the individual parts. The assembly can then be created using a
trail-file that controls the CAD software. A trail-file is a CAD software-specific text file that
describes the operations in the programming language of the solid modeller.
5 IDENTIFYING MODELS, FEATURES AND PARAMETERS
To achieve high transparency in the geometric model, 3D-notes can be added to the model
features and parameters and give visual aid to the users (Grote and Schumann, 1997). To
further extend the transparency, the entities (parts, features, points, datum features and design
variables) must be easily identified when working with the model and its relation
programming.
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The names of the different entities of a solid model govern the way the user is able to access
them. Further, when creating, editing, reusing or programming a solid model, the designer
must be able to identify particular items within the individual design spaces. Names can either
be assigned automatically by the system or be created manually for each new entity (Krause et
al, 1988). Having the unique names automatically assigned will result in names, which do not
describe the properties of the entity and therefore complicate the further use of the solid
model. To manually assign the names is more time-consuming, but will result in a model
containing meaningful entity names suited for further use of the model, such as programming
of relations. For the system developer as well as the user of the models, transparency will
increase if the names are chosen in such a way that they meaningfully describe the entities to
which they are assigned. This process can be automated with the help of a database and a rule
base for name creation.
6 COMPARING MODELLING METHODS
The underlying purpose of parametric modelling is to achieve a flexible design at an early
design stage and to allow for the reuse of existing design solutions with appropriate
adaptations to new specifications. The library of parametric models is the company storage of
off-the-shelf design solutions, and forms a design system for rapid production of customised
design solutions. In this respect, the design system strongly resembles a manufacturing system.
It therefore seems natural to adopt the traditional manufacturing criteria when evaluating
different approaches to parametric modelling. This DFM approach will be discussed in detail
below.
6.1

A checklist for parametric modelling

Since component complexity varies with model level, the different modelling techniques must
be evaluated at several levels. In other words, a modelling approach that seems to be
acceptable at part or component level may not be acceptable once assembly level is reached.
Therefore the modelling criteria can be applied to the following four levels (Figure 6.1):
1.
2.
3.
4.

System level – Relations between different assemblies (subassemblies).
Family level – Relations between the different variants of a specific design.
Assembly level – Relations between the different parts included in an assembly.
Component/Part level – Relations between part-specific parameters.

Family level

Assembly level

Component level

Figure 6.1 - Different product levels.

In this paper, a comparison of modelling methods will be made primarily for the component
level, with additional remarks on how the modelling methods differ at assembly, family and
system level when there are obvious advantages or disadvantages of the methods.
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Fabricius (Eureka, 1994) discusses these levels and defines a set of “universal criteria” for
“good manufacturability” (DFM), which, with an adaptation for product solid modelling, can
be listed and described as the following checklist:
1. Quality – Completeness: Does the modelling method allow for a complete geometric
model with all desired variations, or are there some restrictions (at part, assembly
and/or family level)? Transparency: What is the level of transparency for the modelling
method? Will an end user understand the intent of the model and its variations?
Accuracy of models: How does the model perform with other models at assembly level,
and is the level of accuracy sufficient? Are there restrictions on accuracy, and are they
numerical, reference or programmatic?
2. Flexibility – Ease of adaptation to new variations: Does the modelling method allow
for easy reconfiguration of the model? Is there a desired variation that is too complex
and requires another approach? Does variability affect the model completeness at a
higher level (assembly level)? Scalability: The model is sufficient and works well in a
prototype system, but will it work in a more complex system? Are there any
complications that could arise from scaling the system (adding features to a model or
adding parts to an assembly)?
3. Risk – Vendor dependence: Is the system critically dependent on outside vendors over
which the user has no control? Is there a risk that the system will have to be
prematurely abandoned or extensively rewritten because of unforeseen changes in
vendor software, products being discontinued, vendors closed down, or similar?
Unexpected malfunctions of models: Is the model tested within the desirable range of
reconfiguration? Are the parameter relations written in such a way that they allow for
all desired variability without geometry failure? Will the model perform in the same
way both at component and assembly level?
4. Lead-time – Time to create parametric models and program relations: Modelling
method, the complexity of the geometry, and number of variations will effect the time
required for creating the geometry and programming the relations for the desired
variability. The time required to create a basic dimension-driven model with only a
few variations is probably short, while a complex generic model takes longer to create
and program.
5. Resource conservation – Direct and indirect cost. Use of capital and human resources:
The cost depends on the time required to create and program the models, as well as
on the modelling method and system performance. An example of this is a complex
generic geometry, which takes a long time to create and program but in return has low
system requirements (low memory and CPU usage) and regenerates fast. Beneficial
effects on designers’ working conditions: By creating a system that performs routine
redesign automatically, the designer is free to perform more creative work associated
with designing new products.
When looking at the individual parts of a larger system, points 1 through 4 are the most
interesting. However, when evaluating the system as a whole, point 5 becomes essential.
6.2

Comparison between two different parts of an assembly

As an example, two individual parts of the vertical structural member, the knee web and the
main web (Figure 6.2), are discussed with respect to points 1 through 4.
To describe the differences between the three main modelling methods previously discussed
and to illustrate the direct effects of choice of method, a first comparison can be made by
looking at the number of desired design variations and the number of parts needed for each
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method. The dimension-driven method for the simplified knee web part (left in Figure 6.2)
requires six parts for six variations. The generic method would require one part for creating six
variations, and the modular method would require seven parts for creating six variations.
When solely considering the modelling at part level, the main difference in methods is the
complexity of the relations between design parameters. There, the generic method is the most
complex since feature activation/deactivation has to be programmed. From an automation
point of view and at a higher level (assembly, family and system), the method that requires the
least additional programming (a model, which is complete and flexible) and has the highest
transparency and vendor independence is to strive for.

Figure 6.2 - Different configurations of the knee web (left) and the main web (right). The dotted line symbolises the dividing
line between the modular parts.

For the simplified knee web part, the activated/deactivated features have no direct effect on
assembly level. This is because none of the features is used as a reference for other assembly
parts or requires a change of assembly topology when changing its own topology. Therefore,
the generic method is recommended, on the basis that the small variations of geometry are
achievable with relatively easy programming at part level.
For the main web part (right in Figure 6.2), the generic method is also the most favourable
method at the part level. However, the activation/deactivation of the transition feature has a
substantial effect at assembly level, where a change of part topology forces the assembled
stiffener to change its topology by adding an additional flange when the transition feature is
activated. This adds to uncertainty in model regeneration at assembly level, and the risk of
unexpected malfunctions and loss of accuracy of the assembled model. Also, considering the
additional programming needed at assembly level and the complexity of the relation between
parts in the stiffener assembly, the generic is unsuitable. The modular method suffers from the
same problems as the generic when consideration is given to assembly programming and
references. The dimension-driven method is reliable, but not optimal since it requires a unique
part for each variation.
Another approach for this part and in this particular assembly is to combine the generic and
the dimension-driven methods. This approach gives four variations with two parts with the
(independent) notch feature activated/deactivated with the generic method. At the assembly
level, this method would then require two different family variations of the stiffener assembly.
For the complete bulkhead system, we have decided to model the family of stiffeners by
assembling parts, which are created with the generic method for cases where dependent
features can be avoided, and otherwise created as dimension-driven parts. The complete
stiffeners are then assembled to the bulkhead with a short trail file. This approach is a
balanced compromise between the criteria discussed above, resulting in a modest amount of
programming and vendor dependence and at the same time providing a transparent and
reliable model.
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7 CONCLUSION
One of the most important features is the operational life and transparency of the system. A
part modelled by the dimension-driven method has the most built-in transparency since the
model itself is very simple. For parts modelled by the generic method, the built-in
transparency is less than for the dimension-driven models, since the changes in topology can
be difficult to control. Therefore, all essential information of the model and its design
parameters are stored in an external file (Mathcad document), which acts as documentation of
the design and as a computational tool for creating variations. This gives the models a high
transparency at a system level.
A model that works well at part level may not work in an assembly. Reasons for this could be
that features, which are used as reference for other parts, may be deactivated or changed in a
way that results in model collapse when using a generic model. Although from a system point
of view a generic model is the easiest to handle and control, the added difficulties of
programming at assembly level and the risk of model instability for very complex models may
warrant the use of a dimension-driven model instead. The problem can also be solved by
assigning references so that individual parts are not referenced to each other but to some fixed
system like datum planes or coordinate systems.
Model accuracy is important at assembly level where the different parts have to fit together
without the risk of model failure due to mismatching parts. Because of this, the individual
model accuracy is important, and depends on how the model is created and how the design
parameters are assigned. The numerical accuracy of the models depends on the CAD system,
but also, and to a greater extent, on the accuracy of the externally calculated design variables.
It is also important that the relations between parts are kept accurate throughout the range of
variations.
The checklist questions can be answered if the model is tested in the desired range of
reconfiguration, by having good knowledge of the actual product, the solid modeller, and by
knowing the consequences of changing design parameters.
The conclusion is that with consideration only to one level, there is a risk of choosing an
unsuitable modelling approach. It is therefore important when using the proposed modelling
methods and checklist for comparison that consideration be given to the complete product.
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VARIANT DESIGN
AUTOMATION
STRATEGY AND PROCEDURE FOR
STORING DESIGN PROCESS
INFORMATION
MIKAEL CEDERFELDT
ABSTRACT
When creating a design automation system for a mature product, there already exists a
complete and functional product design, and the task is to retrace the initial design process to
find the input parameters, algorithms, rules, relations and solution strategies (design process
information) that govern this initial design.
This paper presents strategies and procedures for retracing, naming, classifying and storing the
design process information governing the design variables of a mature product design, seen
from a CAD representation perspective. Emphasis is on the strategy for storing the design
process information for use with the CAD representation, as well as system transparency and
efficient reuse of the documented and stored information.
Keywords: Variant Design Automation, Variant CAD, and Information Storage.

1 INTRODUCTION
All products go through a life cycle process from the early stages of product ideas and
concepts to prototype testing and design optimisation before being released for production.
Later on, the product might go through additional optimisation or redesign before reaching
the state of a mature product. At this point, the product design process is well established at
the company developing the product, and for variant creation of such products, there is no
need for creative problem solving. The engineering effort is repetitive routine work (Ullman,
1997), as time is spent on repeating some of the steps in the design process. An example of
this redesign work is customising of a product to meet the needs of a specific customer by
allowing for different configurations or dimensional variants of the product (Ullman, 1997).
The creation of these product variants is suitable for design automation (Sunnersjö, 1994)
(Figure 1.1). Examples of customised products include bearings, heat exchangers and cutting
tools, generally standard products with dimensional variations.

B-1

Bearings

Known rules
All rules

Cutting tools
Heat exchangers

Power transformers

1
Ore processing
equipment

Ventilator fans

Orderdesign

Mature
products

New
products

In
fo cre
ra a
ut sin
om g
at pot
io en
n
tia
l

Industrial
robotics

Massproduced

Prototypes

Piece by
piece

1

No. of variants
No. of deliveries

Figure 1.1 - Potential for design automation (Sunnersjö, 1994).

Companies that market these types of products often have a very structured design process
relating to their products. According to Ulrich and Eppinger (1995), the design process for a
customised product is augmented with a detailed description of the specific information
processing activities required within the design process. This process may consist of hundreds
of carefully defined activities.
These already well-defined activities are, if well documented, easy to follow but often time
consuming to repeat. If a systematic approach for documenting this design process is followed
and a CAD representation is modelled for automation, an automated variant design system
can be created.
2 THE DESIGN AUTOMATION PROCESS
When creating a design automation system for a mature product, the process is based on a
complete and functional product design, and the task is to retrace the initial design process
(Figure 2.1) to determine the variables and parameters that govern the existing design.
The steps in the initial design process are already taken, and an optimal product (Hubka et al,
1988) already exists where the few initial input parameters have gone through extensive
transformation and have grown in number, typically by a factor of ten per design process step
(Figure 2.1) (Sunnersjö, 1994).
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Figure 2.1 - Design process according to Hubka et al (1988) and the growth in number of design parameters/variables
(Sunnersjö, 1994).

3 VARIANT DESIGN AUTOMATION PROCESS
Now there is a need to transform all existing documentation, product representations and
parameters/ variables into transparent (i.e. intuitive, easy for the user to understand, opposite
to black box) design process information (containing rules, relations, algorithms and design
rationale) in a form that supports the automation of variant design seen from a CAD
representation perspective. This process (Figure 3.1) can be divided into the following
suggested tasks:
1. CAD representation – Updating or remodelling the parametric CAD representation
of the existing product for automation purposes.
2. Knowledge acquisition – Identifying and capturing the knowledge used in the initial
design process for solution, documentation and storing strategies.
2.1. Retracing the design parameters – By retracing the initial design process, the
designer is able to find the design parameters (customer specifications as input
to the design process) that govern the existing product and from where these
parameters originate. These design parameters are transformed through the
design process into the design variables (design process output).
2.2. Naming the design variables – For the transparency and reuse of the intended
variant design automation system, the design variables can, for identification
purposes, be named in a way that simplifies the connection with the CAD
representation.
2.3. Classifying the design variables – Classifying type of solution methods and
knowledge from which the design variables are derived during the
transformation from design parameters to design variables. This is done to
support the choice of strategy for storing the design process information
(algorithms, rules, relations and data).
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2.4. Addressing solution strategy – After identifying the design process
information used in the initial design process, the solution strategy can be
chosen. Variables can, for example, be derived through procedural solving,
optimisation or declarative solving of algorithms, rules, relations and data.
3. Storing design process information – Creating documentation containing the
design process information for automation purposes and deciding where this
information is to be stored based on variable classification (2.3) and solution strategy
(2.4).
4. Connecting design process information and CAD representation – Connecting
the output design variables from the stored design process information (3) with the
CAD representation (1) based on where the information is stored (inside or separated
from the CAD representation).

Updating or remodelling
CAD representation (1)

Retracing the
design parameters (2.1)
Naming the
design variables (2.2)

CAD representation
for automation

Classifying the
design variables (2.3)
Addressing
solution strategy (2.4)

Knowledge acquisition (2)

Mature design process information
with design parameters (input)

Variant design process information
with design parameters (input)
and design variables (output)
Connecting design process
information and
CAD representation (4)

Addressing
storage strategy (3)

CAD separated
design information

or

CAD integrated
design information

System for variant design

Figure 3.1 - Tasks suggested for creating an automated variant design system, seen from a CAD perspective.

Since the process of creating an automated variant design system is dependent on the existing
documentation and design process information, all suggested tasks are not necessarily needed.
For example, the design variables might already be named, or the documentation of the
design process information might already be suited for automation. Also, the relations and
algorithms governing the transformation of the design parameters into design variables can be
independent, sequentially linked or coupled, and the variant design solution strategy has to be
addressed accordingly.
The suggested tasks will be described in more detail in the following paragraphs but are not
necessarily taken in this order.
3.1

CAD representation (1)

The CAD representation can be created as a simple 2D drawing or a parametric solid model,
transformed into a Variant or Generative CAD model (Andrews et al, 1999) by incorporating
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design process information or knowledge in the model to fully support automated variant
design.
Solid modellers on the market today support the use of parametric geometry and are therefore
suited for automating the CAD representation. Throughout this paper, CAD representation
will be synonymously used with CAD model, where the term model refers to a 3D solid
model.
3.1.1 Variant and generative CAD models
The Generative CAD model not only changes its dimensions to create variants but also
changes topology if necessary, based on rules and relations derived from the product
knowledge and design rationale, by controlling the CSG tree directly. The Variant CAD
model is a simpler version of the Generic model, differentiating itself by the model being
modified at run-time with dimensional changes as well as feature suppression status (Andrews
et al, 1999).
The variant design process output variables become input to the CAD model for
regeneration, and the algorithms, rules, and relations that govern the design process can be
solved and stored either inside the CAD model or CAD software or be separated by storing it
in external software, such as spreadsheets, mathematical solvers or declarative software
depending on the type of algorithms, rules, and relations used.
3.1.2 Modelling strategy
Modelling of the CAD representation can be done in several ways. One way conforms to how
the designer normally works, i.e. by using the CAD software graphical interface to model a
product without any thought of automating the process. This approach is to be differentiated
from modelling by controlling the CAD kernel or feature creation with the help of any type
of programming language.
In addition to this way of modelling, if the designer is aware of the parameters in the existing
design that are considered design variables in the variant design and in what general way the
product or component is manufactured, it becomes an easy task to convert the model into a
Variant or Generative CAD model. Adding the option to manually or automatically answer
questions about design variables when the CAD model is regenerated does this. One may give
specific dimensions or, for example, different configurations that execute a sequence of
underlying equations. If this is done in the CAD software itself, the transparency is quickly
lost, as the design rationale is hidden within the programming code for the individual CAD
model. If the design process information is stored separately from the CAD software, the
CAD model will only contain the design variables for the regeneration of the model and
transparency will increase.
3.1.3 Example model – Vertical stiffener
Throughout this paper, a structural member of a submarine bulkhead from an ongoing
industry project will be used to exemplify the automated creation of variants. In this project, a
demonstrator system for automated design layout and dimensioning was developed. The
system generates a bulkhead layout consisting of several stiffeners, shear plates and a bulkhead
plate.
The Type 1 stiffener (Figure 3.2) will be used to exemplify modelling and information
handling. The stiffener parts, main web, flange and two gusset plates are modelled as
dimension driven (Cederfeldt and Sunnersjö, 2003) models, using the modelling strategy
described above, and assembled into a complete stiffener. The stiffener is controlled by 24
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variables derived from customer order specifications, company best practice, company knowhow, company domain knowledge (ship building), and internal and external geometric
relations and dependencies, etc.
Gusset

Flange

Web

Cut, rolled and
welded steel plates.
Plate thickness:
20-40 mm.

Figure 3.2 - Submarine bulkhead stiffener, Type 1.

The stiffener parts are modelled using the features listed in Table 3.1.
Table 3.1 - Features of the stiffener.
Part
Web

Flange
Gusset

3.2

Feature
Web_0
Gusset_prep
Notch_1
EPB
Flange_0
Gusset_prep
Gusset_0

Explanation
Base feature
Angled cut for assembling the gusset plate.
Circular cut for cross welding.
Edge Preparation for welding web to Bulkhead plate.
Base feature
Angled cut for assembling the gusset plate.
Base feature

Knowledge acquisition (2)

The knowledge acquisition for the automated variant design process can be divided into the
four following steps, 2.1-2.4. The task is to capture the knowledge used in the initial design
process (design process information) and transform it into executable information
documentation for design automation.
3.3

Retracing the design parameters (2.1)

To be able to effectively decide how a product CAD representation is to be modelled and
which parameters in the existing design are to be considered design variables in the variant
design, the designer must have knowledge of the complete product and its parts. Also,
consideration has to be given to where the design process information is to be stored. In
addition, it is of importance to have an understanding of how the product is to be
manufactured, since this is an important aspect if the automated variant design system is
going to incorporate process planning and cost estimations (Elgh and Sunnersjö, 2003).
To choose governing design variables for the CAD model, the designer must understand from
where the parameters and constraints originate and what rules, constraints, and/or “practices”
govern these variables. The following list (Figure 3.3) is an example of origins of the design
variables later used for input to the CAD model.
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CAD model input variables
├ Customer input
│
└ Design parameters (input to the design process)
│
├ Requirements
│
└ Wishes
└ Domain knowledge
└ Design variables (output derived through the design process)
├ Rules of thumb
├ Calculation
└ Constraints
├ Production
│ ├ Company (best) practice
│ ├ Rules of thumb
│ └ Calculation
├ Mechanical
│ ├ Company (best) practice
│ ├ Rules of thumb
│ └ Calculation
├ Geometrical – Internal
│ ├ Company (best) practice
│ ├ Rules of thumb
│ └ Calculation
├ Geometrical – Interface
│ ├ Requirements
│ ├ Wishes
│ ├ Company (best) practice
│ ├ Rules of thumb
│ └ Calculation
└ Environment
├ Laws
└ Life cycle calculation
Figure 3.3 - Example of design variable origins.

These variables must be classified by weighting the importance of each variable and the
information (underlying knowledge and rules) used to derive it. For example, some variables
are derived from company “know-how” (corporate knowledge) and might involve
information about the design process that should not be made common knowledge by
integrating the information in the CAD model. Reasons for separating this information from
the CAD model can, for example, be risk of unintentionally spreading the corporate
knowledge stored within a model and the risk of redundant or outdated rules. A strategy for
classifying these variables is discussed later in the paper (step 2.3).
3.4

Naming the design variables (2.2)

For an automated design, there is a need to identify the parameters and variables for easy
access and usage. Also, the transparency of the automated variant design process is affected by
how accessible the parameters and variables are and how they are represented both in the
CAD model and in the documented design process information.
The names of the different entities of a solid model govern the way the user is able to access
them, and when creating, editing, reusing or programming a solid model the designer must be
able to identify particular items within the individual design spaces. Names can either be
assigned automatically by the system or created manually for each new entity (Krause et al,
1988), (Encanação et al, 1999). To have names automatically assigned will result in names
that do not describe the properties of the entity and, therefore, complicate the further use of
the model. To manually assign unique names is a time consuming process if done for each
entity, but it results in a model containing meaningful entity names suited for the further use
of the model and its variables, such as programming of relations. For the designer and end
users of the models, the transparency will increase if the names are chosen with care and
meaningfully describe the entity to which it is assigned.
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The relation between two variables could, for example, look like d23=d8, if automatically
system assigned names were to be used. This can be acceptable when relation programming is
performed inside the CAD software and if a visual representation of the model is presented to
the designer. If the programming is more complex and involves relations between different
features or models, this type of naming quickly renders the relations hard to read and
cumbersome to work with.
By assigning names manually this can be prevented. For example, the same relation as above
could also be expressed as a length of one feature entity = length of another feature entity
(length=length), but since a unique name often is required, more information has to be added
to the name. For the designer to be able to do this, a systematic use of a common taxonomy is
needed. Without stringency, the names will be difficult to understand and impossible to work
with for complex or assembled products. Therefore, a way of creating such taxonomy is
suggested. This is achieved by deriving entity names from a database-like structure consisting
of predefined attributes such as entity classes and names. Table 3.2 shows the use of this
database structure (in compressed form) applied to the bulkhead stiffener described earlier
and how it generates the suggested names for some of the solid model variables. This database
approach was used in the submarine bulkhead project to derive names for the design variables.
Table 3.2 only shows names created with respect to the creation of the solid model
geometries, but the database can be extended to include operation attributes (example
included in Table 3.2), relations, material properties, etc. This will give a searchable database
fully describing the design on a parameter and variable level. The attributes in Table 3.2 can
be explained as:
•
•
•
•
•
•
•
•

•
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Type – Denotes if the solid model is a generic part or instantiated and is used for
database overview.
Identifier (key) – Unique number assigned by the system for database purposes. The
identification number is not included in the parameter/variable name.
Alias_1 – Parameter/variable name generated by abbreviating the key attributes.
Several aliases for different purposes can be derived from this structure.
Instance – Unique instance name generated by the system when the solid model is
instantiated. For database purposes.
Class – For this particular product (stiffener) the different classes are web, flange and
gusset. The distinction is made for ease of cataloguing and the ability for different
classes to share the same part and parameter/variable names.
Part – Part name describing the function or position of the part in a meaningful way.
The part names have to be accepted by the designers using the system and normally
there already exists a “design language” for describing known parts.
Feature – Like the parts, the individual features must be named in a meaningful way
in order to increase the transparency of the parameter/variable names.
Operation – Although the operation attribute is not included in the suggested
parameter/variable name, it is important for the understanding of the manufacturing
operation order. Separate features in the model can be separate manufacturing
operations, but many manufacturing operations are for modelling purposes divided
into several features.
Name – Like part and feature name, the parameter/variable is given an explanatory
name such as length, angle, radius, etc. Length could also be described as height or
thickness, but since it can cause confusion when writing the relation between different
parts, all such parameters/variables are in this example named length. They are then
followed by the coordinate direction, referring to a universal coordinate system.
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After creating the taxonomy database structure, explanatory names can be assigned to the
model parts, features and parameters/variables. The above example, where d23=d8, could now
be written as:
w_m_gusp_length_x = w_m_web0_length_x.
This would then read as: LENGTH in the direction X of the feature GUSset Preparation in the
part Main which is a Web = LENGTH in the direction X of the feature WEB number 0 in the
part Main which is a Web.
In this case, the two variables belong to the same part but different features. Another example
where the same entity name describes an angle belonging to a feature included and named
identically in two different parts could look like:
f_m_gusp_angle_x = w_m_gusp_angle_x
Table 3.2 - Name generating database structure in compressed form. The example part main_1_web has been entered as
an example of variable naming.
Type
generic
generic
generic
generic
generic
generic
generic
generic
generic
generic
generic
generic

3.5

Identifier
Alias_1
generic_main1_web
w_m_web0_length_y
w_m_web0_length_x
w_m_web0_length_z
w_m_gusp_offset_y
w_m_gusp_angle
w_m_gusp_length_y
w_m_gusp_length_x
w_m_not1_radius
w_m_epb1_a
w_m_epb1_gap
w_m_epb1_angle
w_m_asm1_xpos

Instance

Class

Part

Feature

Operation

Name

web
web
web
web
web
web
web
web
web
web
web
web

main1
main1
main1
main1
main1
main1
main1
main1
main1
main1
main1
main1

web_0
web_0
web_0
gusset_prep
gusset_prep
gusset_prep
gusset_prep
notch_1
epb_1
epb_1
epb_1
asm_1

cut1
cut1
cut1
cut2
cut2
cut2
cut3
cut1
cut3
cut3
cut3
asm

length_y
length_x
length_z
offset_y
angle
length_y
length_x
radius
a
gap
angle
xpos

Classifying the design variables (2.3)

Before choosing solution strategy, type of software to be used for documenting and executing
the automated design process information (algorithms, rules, relations and knowledge) and
addressing storage strategies, the identified and named variables have to be classified. This
means that type and origin (Figure 3.3) of the design process information governing the
variables have to be considered and categorised according to the following classes:
Type of information (algorithms, rules and relations):
•
•

Geometric dependencies and internal relations – Variables derived from relations
within the CAD representation. These variables can for example be derived from rules
or relations such as equal lengths of entities and parallel or orthogonal entities.
Algorithmic rules and external relations – Variables derived from calculations based
on algorithmic rules and dependencies or rules governed by other variables. These
variables can, for example, be derived from calculations of mechanical properties or
relations such as distances between different parts in an assembly.

Origin of information (algorithms, rules and relations):
•
•

Common know-how design rules – Variables derived from both structured
knowledge and rules that can be found in handbooks and standards, etc.
Corporate knowledge design rules – Variables derived from both heuristic and
structured knowledge, such as “best practice” and “rule of thumb,” or knowledge that
should be confidential such as experimental data, etc.
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When classified, the variables can be listed in Table 3.3 (as the example model variables)
and/or plotted in the storage strategy matrix (Figure 3.4) for a structured overview. From a
CAD perspective it is not always easy to see the origin of a variable and therefore two or more
columns are marked for the stiffener example.
For example, the calculations of the stiffener feature web_0 might at first be seen as
algorithmic rules based on common knowledge, but the calculations are in fact based on
several corporate knowledge design rules and calculations not immediately seen by the
designer. These sub-sources of information are as important as the main source (Table 3.3).
Table 3.3 - Classification of design variables.
● Main source from a CAD model perspective.
○ Sub-source. Variable origin from main source perspective
Part Main Web
Variables obtained/derived from:
Geometric
dependencies
Common
Feature
Variable
know-how
and
Internal
design rules
relations
Web_0
Length_x
Length_z
Length_y
Gusset_prep
Length_x
●
○
Length_y
●
○
Angle
●
○
Offset_y
●
○
Notch_1
Radius
●
○
EPB
a
○
Gap
○
Angle
○

3.6

Algorithmic
rules
and external
(inter-part)
relations
●
●
●

Corporate
knowledge
design rules
○
○
○

Explanation
Height
Thickness
Length
Angled cut for
gusset plate
assembly

○
●
●
●

Cut for weld
Weld prep.
Weld prep
Weld prep

Addressing solution strategy (2.4)

When the design process and all variables governing the variant design are known, the
algorithms, rules, relations and knowledge governing the process must be documented in
some way enabling design automation. There are many ways of documenting this
information, depending on its type and origin. There can, for example, be different ways of
solving the steps in the design process. Either a sequential approach is used to solve a set of
sequentially linked tasks or an arbitrary set of linked or coupled rules can be solved by logical
deduction performed with the use of declarative software (Amen et al, 1999).
The communication between the CAD model and design process information can be either
one-way or two-way, and depends on the type and origin of the information, in what way the
design process tasks are solved, and if there is a need for interaction with the CAD model
during the design process. For some products, there is no need for a CAD representation
other than for customer communication purposes. In these cases, it exists only for added
transparency of the design automation system. For other products where only parts of the
design process are automated (such as the example product), the CAD model is the final
output from the design automation system and is the basis for continued work and therefore
essential.
These aspects have to be addressed before choosing a suitable way of storing the design
process information.
3.7

Storing design process information (3)

If transparency and reuse of product knowledge and design rationale is of high priority, the
design process information should be kept outside the CAD software. As an example,
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consider the vertical stiffener. To control a geometry like this in the solid modeller
Pro/Engineer using Pro/E’s programming language, a file as long as 4-5 pages (when
simplified and without any explanatory text) is needed for geometry only (i.e. not including
mechanical property calculations, etc.). To write, debug, review, edit or reuse this information
becomes a difficult task.
For less complex components with only few changes or variants or with a set of standard
variations, programming of the geometry may be best and most time efficient if done inside
the CAD software. For products with several variants or large assemblies, there are a lot of
benefits to putting all governing information outside the CAD software and only using the
design variables to update the geometry.
Putting all design process information in a readable and executable document outside the
CAD software also separates any design rational and knowledge from the CAD
representation. This can be of great importance if the information needed for the product
design is regarded as important corporate knowledge. There is also an issue of company policy
of where to store information from and about the design process. For example, a separated,
readable and executable design handbook greatly enhances the transparency of the design
process as well as improving information accessibility. Storing information in only one place
(separated document) also prevents the risk of redundant, conflicting or outdated information
that could be the result of information stored inside different versions of the design CAD
representation.
The scalability of the design automation system is also important. Adding or replacing
algorithms, rules or solution strategies for a design is done in different ways depending on
where the information is stored. For example, adding new connections, rules and relations
between several parts in an assembly is a difficult task if the information is stored inside the
CAD representation. Again, there is a risk of redundant, conflicting or outdated information.
If the information is stored separately from the CAD representations, the updating or scaling
of the assembly is done in only one place and later connected to its CAD representations.
Another benefit of separating the knowledge from the CAD software is system longevity, as
CAD software can be changed without the loss of any information except for the parametric
CAD representation and its connection with the variant design process information.
For some products, there might be no need for an extensive documentation of the design
process for automation purposes. For configurable products like furniture, standardised or
modular equipment where the design process is not based on algorithms and rules but rather
on geometric dependencies the information (rules and relations) can preferably be stored
inside the CAD model as this gives a less complex design automation system comprised only
of customer order specifications (input) with connection to the CAD representation.
3.7.1 Support in choosing storing strategy
Table 3.3 together with Figure 3.4 suggests an aid for the designer in choosing where to store
the product design process information such as knowledge, rules, relations and algorithms for
deriving design variables. For algorithmic rules and relations involving corporate knowledge,
the information is suggested to be stored outside the CAD model. This is to prevent
information of value to the company from becoming public, as well as for the enhanced
transparency of the system. For standard products or products with only geometric
dependencies and internal relations involving common knowledge, the information is
suggested to be stored inside the CAD model for faster and easier execution of variant
creation. For the two combinations of the above, it becomes an issue of transparency and
company policy, but separating the CAD model and the design process information is
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suggested, i.e. storing all documented design process information in external software
supporting the solution method.
Type of
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Figure 3.4 - Type and origin of information for deriving design variables as support for strategy for storing the design
process information in a design automation system.

3.8

Connecting design process information and CAD representation (4)

Once output is derived from the automated design process it has to be linked as input to the
CAD representation. If the documentation is stored inside the CAD software, it becomes an
easy task. If stored outside, there is a need for some type of connection between the
documentation software and the CAD software. Most solid modellers today support
connection with spreadsheet software like Excel or incorporate an API programmer for
connecting to external software.
In the submarine bulkhead project, the connection between the documentation software
(Mathcad) and the solid modeller (Pro/Engineer) is done with a small Visual Basic program,
where the Mathcad output is fed to Pro/Engineer as a text input file containing the design
variables.
4 A SYSTEM EXAMPLE
The submarine bulkhead project was done as an industry demonstrator within the CoRPP
project (Coordinated Realisation of Products and Processes). The project was initiated in mid
2002 and aimed at finding methods for creating a design automation system for variant
creation with high transparency and longevity. To achieve a simple system with longevity that
companies could set up and maintain by themselves, standard software, COTS (Commercial
Off The Shelf), were chosen as building blocks.
The practical part of the project was done at Jönköping University and IVF Industrial
Research and Development Corporation together with a submarine shipyard and was aimed
at creating a system for automatic dimensioning of a submarine bulkhead mainly using
software already in use at the company. From a CAD perspective, there was a need for a
systematic approach to modelling and information storage. Dimension and feature driven
methods were used to model the different types of structural members (vertical stiffeners,
Figure 3.2) of the bulkhead, and rules, relations, design rationale and algorithmic calculations
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were both modelled inside and outside the CAD system. Since the design process contained a
lot of corporate knowledge and system transparency was of importance, it was decided that all
algorithms, rules and relations governing the geometry of the stiffeners were to be put in a
readable and executable document outside the CAD software. Geometrical modelling was
done in the parametric solid modeller Pro/Engineer, and the executable design “handbook”
was created in Mathcad.
Figure 4.1 illustrates the CoRPP system architecture from an information flow viewpoint. In
this system, the parametric solid modeller is seen as an engineering tool for creating CAD
models and later for redefining these with input variables from the Geometry modeller (in
this case, a set of Mathcad sheets).
Coordinated Realisation of Products and Processes
Customer input
Functional
specification and
customer demand

Knowledge repository
Library of parametric
CAD parts

(Pro/Engineer)

Production
specification

Production
resources

Design rules and
constraints.
Production rules and
constraints

(Mathcad)

Library o f standard
process plans

Customer output

Parametric solid
modeller

CAD model

(Pro/Engineer)

(Pro/Engineer)

Geometry modeller

(Product request)

Production
prerequisites

Engineering tool

Verified and
modified,
if necessary

(Mathcad)

Database for storage
of variables
and parameters

List of parameters /
Geometry control file

Drawings

(Pro/Engineer)

Process plans

(Access)
(.txt)

Operations and parameters
(Facility resources)

Production unit

(Excel)

Unit cost of:
identified cost drivers
& material,
equipment and labour

(Excel)

Cost estimate
Identified cost drivers

(Excel)
(Facility location)

(Excel)

Temporary storage and instantiations

Figure 4.1 - Information flow architecture of the CoRPP system with CAD geometry information handled and stored in the
Geometry modeller (Knowledge repository) outside the CAD system.

4.1

Workflow for creation of geometry representation in the CoRPP bulkhead system

In this paragraph, short descriptions will be given of how the submarine bulkhead system was
set up how the company in question uses it, and what results the system delivers.
4.1.1 System input
The customer specifies input parameters, such as operational depth and other requirements.
These customer specifications, together with functional specifications and constraints such as
fabrication facility resources and material properties, etc., are the input parameters to the
system (Customer input and Production prerequisites in Figure 4.1).
4.1.2 Executable design rules
The system input is fed to the different knowledge modules (Knowledge repository in Figure
4.1). Here the executable handbook, written in Mathcad, automatically calculates and
optimises structural properties with knowledge derived from the system input, company
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know-how, and case specific input such as layout type with specified plate thickness. The
communication between the different modules is controlled by a user interface, programmed
in Visual Basic, showing the needed tasks and their correlation as a Dependency Structure
Matrix and executing them sequentially (Figure 4.2).

Figure 4.2 - CoRPP system user interface showing the design tasks in a Dependency Structure Matrix together with listed
parameter values or design structure (right) and a system log (bottom).

4.1.3 CAD representation
Generic stiffener parts were modelled using the methods described in Cederfeldt and
Sunnersjö (2003) with the solid modeller Pro/Engineer. The final versions of the CAD
representations were modelled as dimension driven models. The main design parameters were
the stiffener length, web height and gusset plate angle derived from the stiffener position. The
parameters were given explanatory names according to Table 3.2. Because of the amount of
external geometric relations (between stiffener parts and bulkhead) and algorithmic relations,
the design process information was separated from the CAD model and put in a “knowledge”
module (Geometry modeller in Figure 4.1).
4.1.4 Geometry modeller
The Geometry modeller, a part of the executable handbook, was created as a Mathcad sheet
controlling the geometry of a generic stiffener. The geometry modeller adds to the
transparency of the system by allowing the designer/user to clearly see the intent of the
computational algorithms and if-then statements (Figure 4.3).
When the sequence of design tasks (Figure 4.2) is executed, the system iterates or loops tasks,
where necessary, creating instances of stiffener variants and storing the parameter values in a
database. Then regeneration of the CAD models can be executed from the main user interface
window. This is done by controlling the CAD models in Pro/E with a generative macro file
(trail-file in Pro/E), which loads the generic stiffener parts and then regenerates them
according to the design parameters imported from the database as a text file.
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Because of the systematically assigned parameter names, the connection between the stored
design parameters and the CAD models is simple, and again the system transparency
increases.

Figure 4.3 - Part of the Geometry modeller created in Mathcad as an executable design handbook with output design
variables that govern the CAD models.

4.1.5 System usage and output
The automated design system is to be used as an early cost estimation tool for the evaluation
of different product variants. It delivers a simplified but fully calculated layout of bulkhead
plates complete with assembled stiffeners. This layout can be optimised with respect to weight
and cost of both material and production. The designer is thereafter free to begin the detail
design of the generated bulkhead layout (Figure 4.4). The main benefit of system is the
dramatic decrease in time and effort required when producing a bulkhead layout. This task,
normally taking up to weeks when done manually, can now be done in about 3 minutes on a
desktop workstation.
The system makes cost estimates available to the designer the instant a design proposal has
been presented. It also allows for design iterations to be carried out in order to govern the
design work towards solutions with an optimal balance between product and production
properties (Elgh and Sunnersjö, 2003).

Figure 4.4 - Simplified bulkhead layouts consisting of single bulkhead plates assembled with 6, 8 and 10 type 1 stiffeners.
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5 CONCLUSION
When automating the design process for variant creation of mature products with the use of
standard off the shelf software, two main issues must be addressed:
•
•

The transparency of the intended system, and
the type and origin of design process information needed for the design automation.

The following checklist suggests tasks to be addressed when creating a design automation
system, as seen from a CAD representation perspective:
1. CAD representation.
2. Knowledge acquisition.
2.1.
2.2.
2.3.
2.4.

Retracing the design parameters.
Naming the design variables.
Classifying the design variables.
Addressing solution strategy.

3. Storing design process information.
4. Connecting design process information and CAD representation.
If transparency is of high priority and/or the product information is considered corporate
knowledge, the recommendation is to build a design automation system with the documented
design process information separated from the CAD model. Also, naming the design variables
with the use of a taxonomy ensuring easy identification for efficient reuse of the documented
design process information is recommended. As a support for choosing the strategy for storing
the design process information, Table 3.3 together with the storage strategy matrix in Figure
3.4 is advocated.
CONTINUED WORK
Future industry projects on design automation will be entered into the classification (Table
3.3) and the storage strategy matrix (Figure 3.4) for the evaluation and verification of their
general applicability.
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A DESIGN AUTOMATION
SYSTEM SUPPORTING
DESIGN FOR COST
UNDERLYING METHOD, SYSTEM
APPLICABILITY AND USER
EXPERIENCES
FREDRIK ELGH and MIKAEL CEDERFELDT
ABSTRACT
The fact that application software are getting more and more adaptable extends the possibility
of in-house developed design systems supporting design for cost. This calls for systematic
methods for system development that ensure system functionality, quality and longevity.
In this work, a method supporting the development of automated systems for product design,
process planning and cost estimation is introduced. The method has been the foundation on
which an automated system for variant design has been developed. The system applicability as
a means of gaining cost effective design is presented through studies of: multi-objective
optimisation, what-if scenarios and sensitivity analyses. The work is completed by an
evaluation of the three types of studies. This is followed by an evaluation of the variant design
system and its underlying method (that supports in-house development of automated
systems), with respect to a number of presented underlying general criteria supporting
realisation of systems meeting companies’ needs.
Keywords: Design Automation, Methods, Design for Cost, and User Experiences.

1 INTRODUCTION
For many products, the adaptation to customer specifications is essential and requires flexible
product design and manufacturing while maintaining competitive pricing by ensuring
enhanced producibility. Cost is one of the most fundamental criteria for the evaluation of
design proposals (French, 1999), but is often calculated late in the product development
process when most details are fixed. This means that cost information feed back often arrives
too late to be taken into account, guiding the design towards solutions which are costeffective and easily produced. Automation of product design, process planning and cost
estimation integrated in a system enable design proposals to be generated in a short time with
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minor effort. Different product variants can be evaluated while cutting delivery time off
products and offers (Elgh and Sunnersjö, 2003), and guaranteeing consistent design
calculations. Such a system can also facilitate the documentation and maintenance of
corporate knowledge, enabling designers to focus their work on problems that really need
skill, knowledge, experience, creativity, intuition and cooperation to be solved.
The development cost of automated design systems is seldom presented in publications. In
comparison with a small expert system (fewer than 100 rules), where the development cost
can range from €1,600 to €60,000 (Turban and Aronson, 2001), an automated system
including product design, process planning and cost estimation is considered to be in the
higher cost range. This includes the cost of application software and human resources needed
for the documentation of knowledge, system development and implementation. In the short
term, this can be difficult to motivate, but the long term advantages can be vital for the
company’s competitiveness on the market. Stakeholders have to consider the advantages of
the system, its applicability for the company and their products, and the initial and
maintenance cost. Other issues of importance are selection of suitable application software
(Amen et al, 1999), the strategy and procedure for handling and storing design process
information (Cederfeldt, 2004), how far to push the automation level, and the use of internal
and external expertise.
In this work, a method that supports the development of automated systems, including
corporate knowledge of design, process planning, and cost estimation, is introduced. The
method is based on a modular view that comprises a COTS-approach (commercial off the
shelf) and has been the foundation on which an automated system intended for submarine
bulkhead variant design has been developed. The system can be used as a means of gaining
cost effective design solutions through the possibility to study variations in cost, weight and
operation time for e.g. different customer specifications or manufacturing constraints. Three
different types of studies are presented and illustrated by examples from submarine bulkhead
cases. The work is completed by an evaluation of the three types of studies supporting the
strive for cost effective design solutions; the submarine bulkhead variant design system; and
the method supporting development of automated systems for product design, process
planning and cost estimation.
The overall objectives are: validation (are we building the right system?) and verification (are
we building the system right?) (Turban and Aronson, 2001) of the system intended for
submarine bulkhead variant design, and evaluation of the potential and practical usefulness of
the system as a means supporting design for cost. These two objectives contribute to the
validation of the proposed method.
2 A METHOD FOR AUTOMATED: DESIGN, PROCESS PLANNING AND
COST ESTIMATION
There is potential to combine software into systems that are tailor-made for companies’
specific needs, incorporating enhanced functionality by using the best suited software. This
can be an alternative to increasing a company’s computer support by implementing high
range or specialised systems provided by single software vendors. The fact that software are
getting more and more adaptable through API’s and open object models, extends the
possibility to build in-house systems. This approach has been used for different tasks in both
industrial and research systems but scientific publications often focus on system specifications,
leaving out principals, information models and methods for system realisation making it
difficult or even impossible for others to apply the work in development of applications. This
together with the fact that a system incorporating knowledge being vital for the company and

C-2

INTERNATIONAL CONFERENCE ON CONCURRENT ENGINEERING
ISPE CE05, FORT WORTH, JULY 25-26, 2005

that system implementation is often considered to be a large investment, calls for systematic
methods that support system development and ensure system functionality, quality and
longevity.
For in-house developed systems this can be expressed in a number of underlying general
criteria: effort of developing, level of investment, user readable and understandable
knowledge, transparency, scalability, flexibility, longevity, and ease of use. These general
criteria have been the foundation for the development of a method for automated design,
process planning and cost estimation, where the knowledge is “captured” in knowledge
objects grouped in separated modules (Figure 2.1). An important requirement for the
realisation of the different modules in a system application is that the knowledge can be
described and stored in a way that is human readable and computer executable to avoid a
“black box” system.
Graphical User Interface
Module

Module

Object

Object

CAD models

Database

Module

Geometry models

Module
Module

Object

Object
Object

Process
plans

Cost estimation
sheets

Product design
calculations

Figure 2.1 - An automated design system proposed to be built on a modular architecture. The product design knowledge is
captured in knowledge objects within different knowledge modules linked to a database.

One way of meeting this requirement is to apply a COTS-approach, benefiting from the fact
that systems can be, to some extent, developed by using application software already in use at
the company. This approach is anticipated to satisfy the general criteria as follows:
•

•
•

•

Effort of developing – Low effort of developing the system is achieved by allowing
users to utilise software they already use, eliminating the learning curve of new
software. A supposed drawback could be a demand for extensive programming of
information flow architecture, data storage, and a collective user interface.
Level of investment – can be reduced if standard available application software are
used. Also by, if possible, using software already in use at the company, cost can be
reduced further.
User readable and understandable knowledge – The method allows for the
utilisation of application software where the knowledge can be expressed in a user
readable and understandable format. The drawback could be slower execution of the
system than for one containing the knowledge in a compiled format.
Transparency – implying a clear and accessible documentation and visualisation of
the product and design knowledge used as well as for the control functions
implemented (design process). This is a very important requirement both for
developer (verify correct operation, allow maintenance) and user (designers do not
accept “black boxes” that govern their work). This can be achieved by building the
system in a way that allows the users to follow the execution process and understand

C-3

•

•
•

•

2.1

the interrelationships between knowledge objects as well as the knowledge being
expressed in a user readable and understandable format. If the transparency is high,
the knowledge base can function as a handbook for daily operations, as well as for
instructing new co-workers.
Scalability – implying a system architecture that allows the system to grow with
additional tasks to be performed, emerging details, knowledge to be added, and
additional knowledge modules to be implemented. This is achieved by using a COTSapproach, where the knowledge objects and modules can be replaced, extended,
rewritten and reordered.
Flexibility – implying system architecture that allows the system to grow with
additional variants and products. This is achieved by planning for variants and storing
knowledge modules in a structured way.
Longevity – implying a system that can evolve with the company and is independent
(or less dependent) on single system vendors or developers. Storing the knowledge in a
transparent as well as user readable and understandable format increases longevity. An
advantage of using standard and available software is reduced critical dependence on
specialised vendors.
Ease of use – The system should be easy to develop, implement, use, and maintain.
This can be achieved by using standard software, user readable and understandable
knowledge, and a user interface tailor-made for the specific company, task and
product.
Outline of system framework

The knowledge base (knowledge objects in the different modules) is executed on the basis of
different customer specifications. The product design module generates parameters that serve
as input to product geometry, process planning and cost estimation. Product geometry,
process planning and cost estimation consist of a number of interrelated knowledge objects
(generic templates) that are instantiated and then executed and configured in accordance to
the input parameters. The templates are part of the knowledge base, and they contain
additional data, rules and algorithms for their adaptation and internal calculations of output
data. The intended output is product variants with product geometry (CAD-models), process
plans and cost estimations. Figure 2.2 shows the outline of the intended information flow
architecture of the system.
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Figure 2.2 - System information flow architecture.

3 CASE APPLICATION SYSTEM
The described method was implemented in a pilot system for the automated design of heavy
welded steel structures, CoRPP (Coordinated Realisation of Products and Processes). The case
of application, a bulkhead part of a submarine escape section (Figure 3.1), is to a large extent
governed by a number of algorithmic rules of significant complexity, but also by heuristics.

Figure 3.1 - Submarine escape section and bulkhead (simplified).

The system generates design layouts of a submarine bulkhead and structural stiffeners with
complete calculation and optimisation. System calculated and optimised geometry output
results in: automated CAD model generation, using predefined fully parametric CAD models
in a standard solid modeller; automated generation of process plans, using standard process
plans; and automated cost estimations, generated in spreadsheet application software. Figure
3.2 shows the different workspaces in the CoRPP system.
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Figure 3.2 - The different workspaces (modules) in the CoRRP system. Database schema (top left), design manual (bottom
left), workflow manager (top centre), geometrical modeller (bottom second left) CAD model (bottom centre),
user interface (middle left), process plan (middle right), and cost estimation (top and bottom right).

The system was developed together with an industrial partner and a research institute using a
COTS-approach (comprised of MS Access, MS Excel, MS Visual Basic, Mathsoft Mathcad,
and PTC Pro/Engineer). Thorough descriptions of the system and methods supporting
system implementation considering parametric solid modelling, process planning and cost
estimation are presented in Cederfeldt (2004), Cederfeldt and Sunnersjö (2003), Elgh (2004)
and Elgh and Sunnersjö (2003). The system is considered to have many areas of use at a using
company: design calculations, design optimisation, geometry modelling, automated CAD
generation, knowledge repository, design manual, process planning, cost estimation,
operation time estimation, and weight calculations. The foremost purpose of the system is to
support the company in its effort to gain cost effective design solutions by studies of variations
in cost, weight and operation time.
4 STUDIES OF VARIATIONS IN COST, WEIGHT AND OPERATION TIME
The short execution time of the system (one run-through takes approximately 2 minutes)
allows for several runs with different conditions to be performed in a short time and with
minimal effort. This generates a large number of output data. To evaluate the practical
usefulness and potential of system, an examination of which types of analyses that can be
performed on the vast amount of information was conducted.
The basis for different analyses was established by executing 22 system run-throughs on the
bulkhead design case with different conditions, and a number of solutions with process plans
and associated cost estimates sheets were generated. The set of process plans and cost estimates
sheets for one solution are interrelated and associated to specified parameters regarding the
selected fabrication plant’s material and manufacturing resources. When the effects of changes
in these parameters are to be studied, the easiest way is to change their nominal values in the
system output (process plans and cost estimation sheets), which gives the same results as

C-6

INTERNATIONAL CONFERENCE ON CONCURRENT ENGINEERING
ISPE CE05, FORT WORTH, JULY 25-26, 2005

changing these parameters’ values initially and then run the whole system through. This was
done for three parameters, with a total of 25 changes, in the system output of one solution.
The generation of information and the studies, presented below, that were applied on it took
less than a day for one person to complete.
Three types of studies were performed:
•

•

•

4.1

Multi-objective optimisation – to lead the designer towards the best solution in the
individual case. In many engineering design problems, there exists no unique solution
that simultaneously optimises all the aspects of system performance. A solution is
pareto optimal if nothing can be improved without making the situation worse in
some other important aspect. In the bulkhead design problem this means, for
instance, that tradeoffs have to be made between weight, cost and operation time.
What-if scenarios – There are a number of what-if scenarios that the designer may
have to consider. In this case, there exist different fabrication plants with different
production resources, and the design has to be adapted to the fabrication plant that is
to be used. A design intended for highly automated fabrication will differ from one
intended for manual production due to the difference in manufacturing constraints.
One possible question is what implications a change of fabrication plants has on
design, cost, weight and operation time. Other issues of interest are changes in design,
material characteristics, manufacturing constraints, production capacity, and
production resources. These questions can be evaluated with an automated system of
the type described, and it has the potential to replace guesswork with solid facts.
Sensitivity analyses – for evaluation of the system’s sensitivity to the uncertainty in a
given variable or to study what impact changes in different variables have on the
different objectives. A sensitivity analysis involves adjusting model input values and
observing the relative change in model response. In this case, where the uncertainty in
the cost estimation is handled by the method of successive calculus (Lichtenberg,
2000), the sensitivity analysis is focused on the study of the relationship between an
individual cost driver and the total operation cost. The knowledge about main cost
drivers, i.e. design variables that have major effect on the result, is valuable, and design
guidelines can be established to guide the designers towards cost effective solutions. A
sensitivity analysis can be used to understand what effect future changes of cost
drivers’ rates (due to inflation, changed rate of exchange, or changes in material price
or wages) have on the profitability of the product that is an important aspect of
planning.
Multi-objective optimisation

A multi-objective optimisation was performed in order to evaluate different solutions and
select the most suitable one. By studying how cost, weight and operation time vary with the
input parameter “number of stiffeners” and the variable “plate thickness” for a specified hull
diameter and diving depth a series of parameter variations can be plotted (Figure 4.1).
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Figure 4.1 - Combinations of cost, weight and operation time for variations of number of stiffeners and plate thickness that
all fulfil customer specifications and manufacturing constraints. The span due to uncertainties of the cost
estimation is indicated.

As can be seen in Figure 4.1, a favourable combination in accordance with the objective of
low cost arises for sixteen stiffeners and a plate thickness of 0.018 m. But if the objectives are
low cost, low weight and short operation time, there is no unique solution; rather, a number
of pareto optimal solutions exists.
4.2

What-if scenarios

In the case of application, three fabrication plants with different levels of automation can be
under consideration for manufacturing. The question that arises is what the consequences are
if the product is to be manufactured at the different fabrication plants. This was studied by
looking at the influence of a manufacturing constraint on design, cost, weight and operation
time. A rule was declared in the knowledge base (product design calculations module) to
ensure welding accessibility. A constraint concerning the minimum flange distance (Figure
4.2) is the rule input. It ensures the accessibility by calculations of the stiffeners flange width
and stiffeners height. If the constraint is violated, no solution is generated.
Flange distance

Stiffeners

Bulkhead plate

Figure 4.2 - The flange distance is a manufacturing constraint concerning the welding accessibility, and its value is
considered to change with the level of automation as well as plant resources.

By studying how cost, weight and operation time vary with the constraint “min. flange
distance” and the input variables “number of stiffeners” and “plate thickness” for a specified
hull diameter and diving depth, a series of parameter variations can be plotted (Figure 4.3).
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The constraint is considered to decrease in value when the welding process shifts from manual
to a higher level of automation. As can be seen, the number of solutions decreases with the
increased values of the constraint “min. flange distance”. The most favourable combinations
in accordance with the objectives of low cost and low weight arise using a minimum flange
distance of 0.200 m.
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Figure 4.3 - Combinations of cost, weight and operation time for the manufacturing constraint regarding welding
accessibility. Three cases with a minimum flange distance of 0.400, 0.300, and 0.200 m are plotted in the
diagrams.

An additional example of what-if scenarios is the impact of investing in new machinery with
higher welding rate. In Figure 4.4 and Figure 4.5, the variations in cost and total operation
time for different welding rates are plotted.
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Figure 4.4 - Variations of cost for different welding rates.
1500.0

Welding Rate - Total Operation Time

1400.0

Min. flange distance 0.300 m
12 stiffners and plate thickness 0.023 m

Time (hour)

1300.0
1200.0
1100.0
1000.0
900.0
800.0
700.0
200

250

300

350

400

450

500

3

Welding Rate (mm /min.)

Figure 4.5 - Variations of total operation time for different welding rates.
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Sensitivity analyses
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To understand the effect that possible future changes in material price and wages have on the
profitability of the product, two sensitivity analyses were performed, with the purpose of
studying the behaviour of the cost level caused by changes in these parameters. As can be seen
in Figure 4.6, changes in material price have a constant influence on the cost level, while
influence by changes in wages increase exponentially in the studied ranges. The cost level is
more sensitive to changes in wages than in material price, and the sensitivity increases with
increased positive changes in wages.
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Figure 4.6 - Influence on product cost by changes in material price and wages.

5 EVALUATION BY USER EXPERIENCES
The system has been demonstrated to, and tested by, decision makers, programmers and
potential users at the company. Discussions have been held with the industrial partner and its
case application users continuously throughout the development of the system. To evaluate to
what level the underlying general criteria have been met, discussions were held with three
company representatives: a project leader with knowledge in areas of management, marketing,
production, and cost; a subsystem project leader with knowledge in the area of detail design;
and a structural engineer. Summaries of their views regarding the case application system
(CoRPP), as well as the underlying method, are presented below.
5.1

“Initial” need and usefulness

The initial need of the system was to support design calculations, create process plans, create
cost calculations, and create CAD layouts as means for decreasing lead time for product
development, improving producibility, and comparing different design alternatives and
production alternatives at an early development stage. Also, there was an interest in
comparing IT-solutions on the market today with an in-house developed system like CoRPP.
In respect to a, by the company, benchmarked system, the underlying method for the CoRPP
system successfully meets their initial need and anticipations, although the case application
system is far from a fully implemented application software (at this stage, a pilot system).
As for the support for design calculations, the system is perceived as very potent. The use of
the method for successive calculus is perceived as a good foundation for the cost calculations,
although some concerns were raised on the certainty of the calculations due to uncertainty in
the company provided production data. The quality of the generic CAD geometries was
perceived as “good enough” for its intended use, and they will serve as CAD design layouts on
which the design team can continue its work on detail design.
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5.2

Different analysis and what-if scenarios

When presented with the opportunity to perform multi-objective optimisation, what-if
scenarios, and sensitivity analyses, the company responded with optimism. They immediately
saw several advantages such as evaluating producibility based on several different aspects as
well as obtaining a powerful support for decisions in early stages of development. If a system is
to be used for early stage cost calculations of design layouts, a general question is the validity
of the calculated cost compared to the final cost of a detailed design. This was an important
concern and something the company felt needed more focus on their part.
5.3

System realisation and implementation

The company’s view of system implementation was limited to the case application system.
Being a pilot system developed in cooperation by three different parties (an industrial partner,
the university research group and a research institute), there was some difficulty for the
company to address issues regarding the complete system realisation and implementation.
Despite this, the open architecture of the system (and the underlying method) enabled the
company to fully understand the different system modules and their purpose.
The one most important aspect in the system implementation was the use of standard
available software for storing and handling knowledge, which according to the users is mainly
responsible for the openness of the system.
5.4

View of the general criteria

The three company representatives were asked to give their views of the underlying general
criteria and how they were met in the CoRPP system. A short summary of their comments is
presented below:
•

•

•

Effort of developing – The initial stages of system development, benchmarking,
deciding on system scope, etc., were perceived as time demanding. When the desired
system specifications were established, the company’s workload was drastically
decreased. At this stage, the other two system developers increased their contribution
to method and system development. They perceived the COTS approach to system
development as having several benefits, one of which was that the approach allowed
users to work in application software that they were skilful at. System development
was found to be the most time and resource demanding in its initial stages where the
product design process is mapped and the desired system scope, system characteristics,
and system output are defined.
Level of investment – The company estimates that the implementation, training and
evaluation of the CoRPP system took approximately 1000 hours and that they spent
around €1,000 on software acquisition (most of the software on which the system was
built were already used by the company). The university research group committed
approximately 900 hours to creating and implementing the different knowledge
objects and the research organisation committed 700 hours to creating and
implementing the database, develop some of the knowledge objects, and program user
interface as well as software and database connections. These efforts do not include
the development of the underlying method, since it is intended to be of general
applicability and not seen as part of this specific system development.
User readable and understandable knowledge – The openness of the system
provided by the use of user readable and understandable knowledge objects was
perceived as very important. The system rules, algorithms, calculations, and output are
easy to follow and understand. Using CAD models that are thoroughly explained is
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•

•

•
•

•

seen as positive. It was a shared view among the company representatives that easy
access to the knowledge modules and objects are provided by the underlying method
and the COTS approach.
Transparency – The company representatives strongly objected to the idea of a
system turning out as a “black box”. This was somewhat of the case with the
benchmarked system where, although easy to use, the actual design process was
perceived hard to follow. In the case application system this is not the case. The
company representatives found it easy to find, read and understand the knowledge
related to the design calculations and to follow the execution order of the knowledge
objects. The other knowledge modules (CAD, process planning and cost estimation)
have not been broken down into specific steps in the execution manager and are
therefore less easy to follow at a first glance.
Scalability – The company representatives thought that the level of complexity for
scaling the CoRPP system to incorporate detail design is too time consuming and that
choosing a cost-benefit balanced level of system complexity is one of the most
important questions to address when implementing a design automation system.
Flexibility – To scale the system to incorporate more design parts on a design layout
level was perceived as possible, as well as highly desirable.
Longevity – A system using an open architecture with standard available application
software was considered to have a longer lifespan than some single vendor systems
which may cease to exist for some reason, leaving its users without the possibility of
getting support or system updates.
Ease of use – The system was considered easy to learn, use and maintain. Although
not all users might be familiar with every system module, a system based on standard
application software allows single users to work in the modules (application software)
in which they are skilful or even considered experts.

6 SUMMARY OF RESULTS
The short execution time of the system allows for several run-throughs with different
conditions to be performed in a short time and with minimal effort. This generates a large
number of output data that can be used for multi objective optimisation of different product
variants, sensitivity analysis of cost drivers, and to study what-if scenarios in production.
Some of the aspects that can be studied include effects of product design, weld accessibility,
welding rate, materials cost, and labour wages, on cost, weight and operation time. This was
perceived by the company, as having several advantages, such as evaluating producibility based
on several different aspects and obtaining a powerful support for decisions in early stages of
development.
The openness of the system architecture provided by the use of standard available application
software for storing and handling knowledge, together with the use of user readable and
understandable knowledge objects, is perceived as the most important system aspect. Also, a
system using open architecture with standard available application software was considered to
have a longer lifespan than some single vendor systems that may cease to exist for some
reason. These benefits are all attained by the adoption of the COTS-approach of the
underlying method. The system development was found to be the most time and resource
demanding in its initial stages, where the product design process was mapped and the desired
system scope, characteristics, and output were defined. It was also considered that one of the
most important questions to address when implementing a design automation system is the
cost-benefit balance of the intended system complexity.
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7 KEY CONCLUSIONS
The method proposing a modular view is valid in the sense that the users are not presented
with a “black box”.
The COTS approach for system development seems to fulfil the general criteria, and the
CoRPP system is both validated and verified by the company as being a potent system for
design, process planning, and cost estimation.
The multi objective optimisations, sensitivity analysis, and what-if scenarios enabled by the
system are validated by the company as a valuable means of gaining cost effective design
solutions.
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DESIGN AUTOMATION
IN SMEs
CURRENT STATE, POTENTIAL, NEED
AND REQUIREMENTS
MIKAEL CEDERFELDT and FREDRIK ELGH
ABSTRACT
This paper presents a study on design automation at eleven small and medium enterprises
(SMEs). These have been interviewed on their need of, perceived potential for, current state
of, and requirements and wishes on, design automation, as well as their views of the
realisation and implementation of design automation applications. The companies’ answers
are presented together with an interpreted potential for design automation.
Keywords: Design Automation, Small and Medium Enterprises, and Interview study.

1 INTRODUCTION
To ensure and improve the competitiveness of SMEs acting in an environment of distributed
engineering and globalisation, four important factors are low cost, short lead-time, improved
product performance, and the possibility to adapt products to different costumer
specifications. One way of gaining these competitive advantages is to adopt an approach
where products are based on prepared design. If some of the work related to these products
and design tasks are automated, the design process can become more effective and efficient.
This allows for shortened lead-time of product designs, cost estimates (Elgh and Sunnersjö,
2003), more optimised product designs, and customer tailoring, while giving the designers
more time for creative problem solving. Companies have to consider the advantages of design
automation, its realisation and implementation, as well as its applicability. Other issues of
importance are: scope of implementation, how far to push the automation level, procedure for
development, identification of information needed, definition of information models (Elgh,
2004), strategy and procedure for handling and storing design process information
(Cederfeldt, 2004), selection of suitable application software (Amen et al, 1999), initial cost,
maintenance cost, and the use of internal and external expertise. To support companies in
choosing appropriate type and level of design automation, there is a need to address the
important questions about potential, wishes, requirements, constraints and actual need of
design automation. This paper addresses these questions from a SME standpoint. Other issues
addressed are the current state of design automation in industry and the companies’ views
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regarding some important aspects and criteria of design automation characteristics, realisation
and implementation.
2 FRAMEWORK OF DESIGN AUTOMATION
This framework is the basis for a broadened definition of design automation, and is proposed
as a means for analysing and defining companies’ potential for implementation of design
automation. The potential is evaluated by addressing the company’s wishes, requirements,
constraints, prerequisites, and actual need.
To define a contemporary definition of design automation, a design-for-manufacture
approach has to be adopted in contrast to the traditional design process approach (Figure
2.1).
Design automation in a traditional design approach

Computer
aided analysis

Experience

Previous
designs

Design
requirement
Design

Material
availability

Machines

Process
cost data

Manufacturing
requirement

Manufacturing
requirement

Design
requirement

Research and
development
Market
requirements

Detail drawing
Part listing

Machines

Experience

Market
requirements

Previous
designs

Computer
aided analysis

Design automation in a Design For Manufacture approach

Research and
development

Material
availability

Tooling

Design
Process
cost data

Plan for manufacture
Tooling

Detail drawing
Part listing
Product documentation

Process plan
Tool design
Operation sequence
Jigs and fixtures
NC preparation

Process plan
Tool design
Operation sequence
Jigs and fixtures
NC preparation

Figure 2.1 - Two different approaches to design, adopted and revised from Hannam (1997). The scope of design
automation (dashed rectangle) is extended in the Design For Manufacture approach (right).

2.1

Design automation

“Automation is the application of machines to tasks once performed by human beings or,
increasingly, to tasks that would otherwise be impossible.” – Encyclopædia Britannica (2004).
In this work, the term design automation refers 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. The scope of
the definition encompasses computerised automation of tasks that directly or indirectly are related to
the design process in the range of individual components to complete products.
Design automation can be divided into two types: information handling (storage with retrieval
and/or forwarding) and knowledge processing. An archiving system for the reuse of CAD-files
or a reusable spreadsheet for weight calculation of a prismatic object are examples of the two
types in their simplest form. A PDM system incorporating large amounts of knowledge, i.e.
thousands of rules and algorithms for variant design based on different customer
specifications, combines the two types and is an example of a high level of design automation.
The aim of design automation is to support one or more of the following areas: design
synthesis, design analysis, and plan for manufacture. According to Ulrich and Eppinger
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(1995), all three areas belong to the system-level design and detail design phases. Design
synthesis can encompass design analysis and plan for manufacture, using their results for
further synthesis in a loop towards refined solutions.
2.2

Need of design automation – objectives and motives

Four important general objectives of design automation are: to reduce costs, cut lead-time,
improve product performance, and to potentially adapt products to different costumer
specifications. The overall motive for implementing design automation is to gain an effective
and efficient product development process. This is typically done in the areas of making tasks
more efficient and effective, improve working practice, and enhance product characteristics.
In a study presented by Amen et al (1999), twelve Swedish companies were asked about their
primary motives behind the utilisation of, or interest in, design automation in the form of
Rule-Based Engineering. The answers were categorised according to Figure 2.2.
Laborious design task

9

Quality assurance

7

High repetition frequency

6

Lead time minimisation

6

Highly optimised design

6

Establish knowledge bank

2

Figure 2.2 - Primary motives for Rule-Based Engineering systems. Sum of answers from 12 companies. (Amen et al, 1999)

By refinement and expansion of the motives above, an extended number of reasons to address
the need of a more effective and efficient design process can be stated as: shorten lead time for
delivery, reduce labour intensive tasks, reuse prior case solutions, quality assurance (ensure
individual, time, and process independent design solution), reduce repetitive tasks, shorten
lead time for quotations, optimise design, enable customer tailoring, manage
design/manufacturing requirements and constraints, establish/guarantee a knowledge base,
enhance producibility, support process planning, enable cost estimates, and generate
documentation.
2.3

Product variant and variant design

Redesign of an existing product is a common design task in industry (Ullman, 1997), and
according to Encanação et al (1990) perhaps more than 90% of industrial design activity is
based on variant design. In this work, the term variant design in design automation refers to
solutions for the purpose of managing a number of pre-planned co-existing versions
(Casanova Paez et al, 2003), commonly called variants (implying presented products with
differently fixed attributes). The solutions can also be used to manage unplanned versions,
called revisions (Whitgift, 1991).
2.4

Customisation degree

According to Mesihovic and Malmqvist (2000), three design customisation concepts in the
sales delivery process are assemble to order, engineer to order, and custom engineered. A fourth,
more traditional way of meeting customer needs is to present a number of product variants
made to stock. The range of these variants can be based on company-defined values as well as
identified customer needs. These concepts for customer tailoring can all be supported by
design automation. The concepts are explained below and arranged in levels of increased
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delivery lead time in the delivery sales process and company ability to meet customer’s initial
needs and requirements:
•
•
•

2.5

Select to order – Catalogue selection where the customer modifies its demands. Close
enough solution according to the customer’s initial needs and requirements.
Configure to order – The company tries, to its best ability, to meet the customers’
demands by configuration. Good enough solution according to the customer’s initial
needs and requirements.
Engineer to order – The company meets the customers’ demands by original or
variant design. Optimal solution according to the customer’s initial needs and
requirements. (In this work, including the custom engineered concept.)
Design tasks

Tasks that are repetitive, time-consuming, and/or involve information handling, and which
do not involve creative problem solving, are suited for automation. An expanded list of design
tasks, based on different mechanical design problems as defined in Ullman (1997), is
presented below. Five tasks (1-5) belong to the system-level design and detail design phases,
all with the potential for design automation, and one task (6) belongs to the conceptual
design phase. All these tasks for mechanical design can be means for customer tailoring where
tasks 2-4 are considered variant design tasks. The six design tasks for mechanical design are:
1. Selection – Selecting standard components according to given rules.
2. Parametric design – Using design tables for variant design.
3. Parametric design with topology changes – Using design tables with additional preplanned changes in topology for variant design (product families).
4. Configuration / packing – Using a rule base to combine a set of given components
to meet desired product performance.
5. Redesign – Adapting, optimising and improving existing function or products to
meet new conditions and demands.
6. Original design – Development of a new solution, function or product according to
specification of requirements.
A specific product or variant development process can include one or more of the defined
tasks to a varying extent, all depending on the level of design task formalisation. Designing a
product variant can, for example, include 100% original design if the knowledge of an added
function is new to the involved engineers, or 0% original design if knowledge or experience
from an old solution exist, all depending on the level of design task formalisation.

D-4

INTERNATIONAL CONFERENCE ON ENGINEERING DESIGN
ICED05, MELBOURNE, AUGUST 15-18, 2005

2.6

Level of design task formalisation and process maturity

Crow (2004) has adapted the Capability Maturity Model (CMM), describing a framework of
the five stages of evolution, levels of capability, and levels of process maturity, to describe the
levels of maturity within the product development process. From this description, a shortened
list of design task and process knowledge formalisation is drawn:
1. Ad-hoc process (initial level) – The process is event, individual and need driven.
2. Implicit process (repeatable level) – The process and its comprised knowledge is not
documented, but exists in the minds of the users and is consequently followed.
3. Explicit process (defined level) – The process and its comprised knowledge is well
documented and followed.
The stages are arranged in a natural order of evolution towards the fourth level implemented
process (managed level), reached when task or process automation is implemented. A fifth level,
optimal process (optimal level), can be reached by refining the process.
2.7

Potential for design automation

According to Sunnersjö (1994), the potential for design automation increases with the
product maturity, expressed as known rules in relation to all rules in the development process,
and higher customisation degree, expressed as number of variants in relation to number of
deliveries. That potential can be visualised in a maturity-customisation and automation
potential diagram. The measure for potential can be expanded to include the design process
maturity for the purpose of capturing single tasks, in a specific product design process, suited
for design automation.
2.8

Scope and format of implementation

The scope of design automation is defined as either a support for, or a complete solution of a
single component, a group of components, a single product, or a group of products. There
exist a number of means for enhanced computer support and implementation of design
automation. Examples include CAD-macro, expert system, Case Based Reasoning (CBR)
system, configurator (and PDM system), computational template (e.g. spread sheet,
application software for technical computing), in-house developed application, coupled
application software (e.g. spread sheet linked to CAD system), standalone Knowledge Based
Engineering (KBE) system, and CAD system with integrated KBE functions.
2.9

Realisation, implementation and application characteristics

A method supporting planning, implementation and evaluation of open and user friendly inhouse developed design systems has been proposed. This method has been used for the
implementation and evaluation of a pilot system for variant design automation (Elgh and
Cederfeldt, 2005). The method recommends a modular system approach aimed at fulfilling a
number of general criteria of design automation characteristics, first stated in Cederfeldt and
Sunnersjö (2003), for the purpose of parametric solid model evaluation.
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These criteria, adapted for the purpose of implemented system evaluation in Elgh and
Cederfeldt (2005), are in this paper presented in a general context below:
•
•
•

•
•
•
•
•
•

Transparency – implying a clear and accessible documentation and visualisation of
the product and design knowledge used as well as for the implemented control
functions (design process).
User readable and understandable knowledge – implying a form of realisation
where the knowledge can be expressed in a user readable and understandable format.
Scalability – implying realisation architecture that allows the application to grow and
expand (be upgraded and further developed) with emerging details, additional or
refined tasks to be performed, additional knowledge to be added, and additional
application modules to be implemented.
Flexibility – implying a realisation architecture that allows the application to grow
and expand with additional variants and products.
Longevity – implying realisation that is not dependent on a single specialised vendor
and incorporates some level of transparent, as well as user readable and understandable
knowledge, allowing for easy application overview and maintenance.
Ease of use – implying a realisation that is easy to implement, use, and maintain.
Level of investment – implying an initially low cost of implementation.
Effort of development – implying a low effort in developing the application (if done
in-house) and the knowledge base, as well as expanding the application and the
knowledge base.
Integration – implying realisation architecture that enables sharing of information
with other applications.

Other important issues and external factors that can have a substantial impact on the general
criteria’s level of fulfilment are:
•
•
•
•

Independence – implying that the user is independent of a single vendor or creator
for maintenance, upgrade or support.
Help with implementation – implying total application and knowledge base
implementation by the vendor or creator.
Access to support – implying easy access to support (e.g. from a vendor or creator).
Access to education – implying existence of documentation and training courses for
implemented application.

3 STUDY OF DESIGN AUTOMATION IN SMEs
An interview study was selected to address companies’ views of potential, wishes,
requirements, constraints, actual need of design automation, and the importance of the
general criteria of design automation characteristics, as well as the current state of design
automation at their company. Some of the questions were intended, by interpretation, to lead
to an assessment of the potential for design automation. The interview was divided into the
six sections: company introduction, need, potential, implementation/realisation, current state,
and future prospects. Eleven companies were selected for the interview: ten companies
situated in a region with a long tradition of manufacturing SMEs and one additional partner
company (selected due to prior collaboration in the area of design automation). Two people
(one performing the actual interview and one taking notes) interviewed the companies’
representatives. The respondents had their main knowledge in the area of design. An
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interview form with a combination of multiple choice, order of precedence, and open
questions was used.
In the following paragraphs, companies’ answers on some key questions are presented in
tables and diagrams showing unaltered data. In some cases, these answers are followed by
respondent’s comments. The eleven companies are from here on denoted A through K.
3.1

Company introduction

In this chapter a short company introduction is given.
3.1.1 Company background
The respondents had their focus on design and/or production and sales. They ranged from
design engineers to company presidents, all with insight on the company status regarding
product range, design tasks and processes, as well as computer support and design
automation. The companies’ (or group of companies’) turnover ranged from € 2-50 million,
with companies’ export ranging from 10% to 98% of sales, with a majority above 60%. The
number of employees working with design and development ranged from 3-50. Four of the
companies saw themselves as subcontractors, one at system level and three at component level.
Nine of the companies saw themselves as product suppliers, three acting on a consumer
market, seven acting on a business-to-business market and two acting on an organisation (or
government) market.
3.1.2 Required product documentation
All companies’ representatives answered that there existed some demand of product
documentation either by the customers, the company itself or both, and were presented with
a list from which they were asked to identify required product documentation (Table 3.1).
Table 3.1 - Required product documentation of companies A through K and sum thereof.
A
CAD files
Drawings
Calculations
Analysis
Test results
Other

B

C

√

√

√

√
√

√
√

D

G

H

√

√

√

√

√

√

√

√

√

√

√

√

√

E

F

I

J

K

∑

√

√

7
7
6
5
10
10

√
√

√
√

√

√

√

√

√

√

√

√

√

√

√

√

√

√

√

√

√

√

√

Other examples of documentation added to the list were: manuals, technical documentation,
function documentation, general instructions and illustrations, educational and training
documentation, assembly documentation, safety certificates, quality documentation,
preliminary quotations, time schedules, application software and program printouts, and
spare part catalogues.
3.2

Need

In this chapter the companies’ needs are summarised.
3.2.1 Perceived need
All respondents saw a need for a more efficient and effective design process, and all but two,
who answered that they were not sure, thought that design automation could be a means of
achieving this. All but one of the respondents answered that the company had considered
implementing some form of computer support.
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3.2.2 Need for a more efficient and effective design process
The respondents were asked to choose five reasons they would like to address for the need for
a more efficient and effective design process from a refined and expanded list of primary
motives behind the utilisation of, or interest in, design automation (Figure 3.1). The
respondents did not identify any additional reasons to add to the list.
Shorten lead time for delivery

8

Reduce labour intensive tasks

7

Reuse prior case solutions

7

Ensure individual, time, and process independent design solution

7

Reduce repetitive tasks

6

Shorten lead time for quotations

5

Optimise design

3

Enable customer tailoring

3

Manage design/manufacturing requirements and constraints

2

Establish / guarantee a knowledge base

2

Enhance producibility

2

Support process planning

2

Enable cost estimates

2

Generate documentation

1

Figure 3.1 - Reasons to address for the need for a more efficient and effective design process. Sum of answers from
companies A through K.

3.3

Potential

In this chapter indirect questions regarding potential are summarised.
3.3.1 Design tasks
The companies’ representatives were asked to estimate percentage of time designers spent on
different design tasks (methods) associated with generating new products or product variants
in a general product development process at their companies (Table 3.2).
Table 3.2 - Percentage of time dedicated to different tasks. Answers and average from companies A through K given in
percentage.

Selection
Parametric design
Parametric design with
topology changes
Configuration / packing
Redesign
Original design

A
10
10

B
20

C
20

10

70

30
30
20

30
50

D

E

90

55

10

15
20
10

F
10

G
5
5

10
60
20

10
65
10

H
20

I
5
5

J
5
5
5

30

17.7

35
20
35

5
30
50

20
10
10

11.4
30.5
26.7

5
60
20

K
5
25

Average
8.2
5.5

3.3.2 Level of design task formalisation and process maturity
In addition to the question about time spent on different design tasks, the respondents were
asked to estimate the percentage of time spent on different design process approaches and
type of formalisation (Table 3.3).
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Table 3.3 - Percentage of time dedicated to different design process approaches. Answers and average from companies
A through K given in percentage.

Explicit process
Implicit process
Ad-hoc process

A
10
0
70

B
0
70
30

C
30
0
70

D
60
0
40

E
50
30
20

F
0
60
40

G
5
80
15

H
50
0
50

I
0
100
0

J
25
50
25

K
60
20
20

Average
27.2
37.3
35.5

3.3.3 Process maturity and customisation degree
The companies’ representatives were asked to plot some of their products in a modified
maturity-customisation and automation potential diagram (Figure 3.2).
Tackers

Increasing potential for automation
with increasing process maturity

Known rules
All rules

Sintered
journal bearings

Shop equipment

Sintered compressed
air silencers

Plane surface furniture
Fan ventilator
system

Vibration feeders
& conveyers
Heating elements
Granulators
Car rack systems

Heavy welded
steel structure

Outdoor play equipment
Sintered
formed products
Feeder and conveyor
systems

No. of
product variants
No. of deliveries

Figure 3.2 - Companies’ products plotted in the maturity-customisation and automation potential diagram.

3.3.4 Solution strategies
The companies’ representatives were asked if they could identify any solution strategies and
methods (tools) used in the design process. They were also asked if they continuously
structured their solutions (Table 3.4).
Table 3.4 - Identified solution strategies and methods as well as structuring of solutions. The sum of answers from
companies A through K is shown.

Creative methods
Literature studies
Patent search
Competitor analysis
Prior cases (own)
Use of experts
Design handbooks (internal)
Design catalogues (external)
Solution structuring

Always
2
1
9
1

Often
7
3
3
6
1
6
5
7
3

Seldom
2
7
6
5
1
5
2
2
4

Never
1
1
4
2
3

Other solution added were: trial and error, prototype testing, and discussions with customers.
3.3.5 Identified problems
The companies’ representatives were asked if they experienced any problems associated with
the design process. They were asked to choose common problems from a predefined list and
categorise the experienced problems as occurring or frequent (Table 3.5).
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Table 3.5 - Identified problems associated with the design process. The sum of answers from companies A through K is
shown with the individual company’s answer categorised as occurring (O) and frequent (F).

Time demanding task
Resource demanding tasks
Routine tasks
Lack of information
Individual knowledge (experts)
Fragmented knowledge (several individuals)
Information hard to find
Unsynchronised information flow
Iterative process
Quality deficiency due to unstructured process

A

B

C D E

F

G H

I

J

K

O

F

O

-

F

-

O

F

-

F

F

O

F

O

-

F

-

O

F

-

F

F

F

F

-

-

F

-

O

F

F

O

O

O

F

-

-

O

-

-

F

-

O

-

F

F

-

-

O

O

-

O

-

O

F

O

-

-

O

O

-

O

F

O

O

O

F

-

O

O

F

-

F

F

-

F

O

F

F

O

O

-

O

O

-

F

F

O

O

-

O

O

-

-

O

O

O

O

Occurring
3
3
3

Frequent
5
5
5

3
4
6
3
5
8

2
3
1
5
4
-

3.3.6 Perceived potential
On the question regarding perceived potential for enhanced computer support or design
automation, all but two of the companies’ representatives answered that they themselves saw
potential. One who did not see potential said that he was not sure if there was any or not, and
one simply stated that there was no potential at the time, but that there would probably be in
three years’ time. One of the respondents who did see potential continued saying that he was
unsure of how big the potential was. One respondent who also saw potential raised some
concerns about implementing enhanced computer support by asking the rhetorical question:
“Are we big enough?”
3.3.7 Use of experts
All but one respondent answered that their company had experts involved in their design
processes. Several said that they in fact had more than one and that they saw themselves as
being too dependant on individuals or that they did not perceive their staff as versatile
enough. Some of the areas of expertise included project coordination, products, components
and subsystems, method development, innovative product development, manufacturing and
assembly, tool design, safety issues and regulations, calculations, patent engineering, and CAE
coordinators.
3.3.8 Tasks for customer tailoring
All but one company representative answered that they in some way tailor designed products
for their customers. They were asked how they did this according to a predefined list of design
tasks (Figure 3.3).
Original design

8

Redesign

8

Configuration / packing

6

Parametric design with topology changes

5

Selection
Parametric design

4
3

Figure 3.3 - Design activities for custom tailoring. Sum of answers from companies A through K.
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3.3.9 Customisation degree
The companies’ representatives were also asked to choose from a predefined list as to what
extent they custom tailored their products (Figure 3.4).
Optimal solution

8

Good enough

5

Close enough

5

Figure 3.4 - Extent of custom tailoring. Sum of answers from companies A through K

3.4

Realisation/Implementation – requirements, constraints and wishes

The companies’ views of realisation and implementation issues are presented in this chapter.
3.4.1 General criteria of design automation characteristics
The companies’ representatives were presented with a list of general criteria of design
automation characteristics and asked to either delete unimportant criteria from the list or
place important criteria in order of relative precedence (Figure 3.5).
Ease of use

0.22

Integration

0.18

Flexibility

0.17

User readable knowledge

0.13

Transparency
Longevity
Scalability

0.11
0.10
0.09

Figure 3.5 - General criteria placed in order of relative precedence. Average comparative weight factor from companies A
through K, where higher is better.

Ease of use, integration, longevity, and scalability were each deleted as unimportant a total of
one time. User readable knowledge and transparency were each deleted as unimportant a total
of two times.
The companies’ representatives were then presented with an additional list comprised of
important issues and external factors and asked to either delete unimportant criteria from the
list or place important criteria in order of relative precedence (Figure 3.6).
Help with implementation

0.27

Access to support

0.26

Access to education

0.19

Level of investment
Independence

0.18
0.09

Figure 3.6 - Important issues and external factors placed in order of relative precedence. Average comparative weight
factor from companies A through K, where higher is better.

Help with implementation, access to education, and level of investment were each deleted as
unimportant a total of one time. Independence was deleted as unimportant a total of two
times.
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3.4.2 Scope of implementation – companies’ view
The respondents were asked to what extent computer support or design automation should be
implemented in order to be resource and cost efficient, and they answered according to Table
3.6.
Table 3.6 A
B
C
D
E
F
G
H
I
J
K

3.5

Extent of system implementation. Answers from companies A through K.

“Always begin with task solution. There is a relation between transparency, black-box and total product
solution.”
“Total solution. Interactive process support. If possible total automation but it feels somewhat science fiction.”
“Task solution for production layouts.”
“Task solution systems to begin with, which later are linked together. Total automation.”
“Have not yet given the extent of automation any thought. Task solutions for some products. Interactive process
support.”
“Interactive support. Task solution. I do not think it is possible to aim for total automation.”
“Aim towards product solution by implementing task solutions on the way, but I do not believe in total product
solutions.”
“Task solution. Interactive process support. To totally automate is a matter of cost.”
“Task solution to 80% of product design tasks. Process support.”
“Task solution. Interactive process support. I do not believe in total automation.”
“Task solution and process support to begin with and product solution as an aim.”

Current state

The companies’ current states are summarised in this chapter.
3.5.1 Format of implementation
The companies’ representatives were asked what type of computer support was in use at their
companies at the time of the interview (Table 3.7 and Table 3.8).
Table 3.7 - Type of computer support in use at companies A through K. Computer support focused on in the interview is
marked with an X.
A
CAD macros
Expert systems
Cased Based Reasoning
Configurators
Computational templates
Coupled applications
Stand-alone KBE systems
CAD integrated KBE
In-house developed systems

B

C

D

E

√

√

√

√

√

F

G

X

√

I

√
X

X

H

J

K

√

√

√
√

√

√

X

X

√

√

√

√

X

√

√

X

X

X

√

√

Table 3.8 - Focused computer support (marked by X in Table 3.7).

B
C
D
E
G
H
I
J
K

Systems focused on in interview
Computational template - Preliminary cost calculation spread sheet
Computational template - Quotation calculation sheet
In-house developed system - Product preparation
In-house developed system - Lisp-program linked to CAD for heating element layout
CBR - Selection of prior solutions for prototype testing and variant development (pilot system)
Coupled applications - ERP connected to CAD
Computational template - Calculation spread sheet for packaging design
Computational template - Design automation of ropeway for play system by calculation spread sheet
Coupled applications - Design automation of subsystem variants (pilot system)

3.5.2 Scope of implementation
The companies’ representatives were asked about the scope of their implemented computer
support (Table 3.9).
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Table 3.9 - The scope of implemented design automation.

Support
Complete

Single component
1
2

Group of components
3
1

Single product
2

Group of products
1

3.5.3 Reasons for implementation
The companies’ representatives were questioned regarding the reasons for implementing their
computer support (Table 3.10).
Table 3.10 - Reasons for implementation of computer support.
B
Reduce labour intensive tasks
Reuse of prior case solutions
Ensure individual, time, and process independent design solution
Reduce repetitive tasks
Shorten lead time for quotations
Shorten lead time for delivery
Manage design/manufacturing requirements and constraints
Optimise design
Establish / guarantee a knowledge base
Enhance producibility
Support process planning
Enable cost estimates
Enable customer tailoring
Generate documentation
Other

C

D

E

√
√

√

√

G

H

J

K

√

√

I

√

√

√

√

√

√

√

√

√

√

√
√

√

√

√

√
√
√

√

√
√
√
√

√

√

√

√

√

√

√
√

√
√

√
√

√
√

The respondent from Company I stated that they did not have any particular reason for
implementing their computer support other than the specific functions were enabled “as a
bonus” in the implementation of their CAD system.
3.5.4 Why selected realisation/implementation
The companies’ representatives were also asked about the reasons for the selection of
realisation/ implementation format (Table 3.11).
Table 3.11 - Systems focused on in interview. Systems from companies A through K.

B
C
D
E
G
H
I
J
K

3.6

Why the selected realisation/implementation
“Quick and easy implementation in a application software that everyone else is using.”
“We already had and knew the application software, but a database approach might have been better.”
“The designer should be able to work in a familiar environment - CAD, not programming code”
“Technology available at the time of implementation.”
“Research project where the opportunity was presented.”
“Other companies used the application software for the same problems on an international scale.”
“Bonus with implementation of their CAD system.”
“Because it was simple to accomplish and Excel is easy to use.”
“The need grew in a natural process. It was a conscious derision as we saw the opportunities.”

Future prospects

In this chapter the companies’ future prospects are summarised.
3.6.1 Planned future implementation and targeted areas
Five of the eleven companies answered that they planned an implementation of enhanced
computer support for the purpose of design automation. Three of the companies had thought
about implementation but had no current plans. Some of the areas planned to address were
automated: product design, variant design, FEM, cost estimates, cost calculations,
documentation, and sales support.
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3.6.2 Design automation as a competitive means
Ten of the eleven companies saw design automation as a competitive means, and several of
the respondents mentioned shortened lead-time as the most important factor. One mentioned
that: “If the company had not automated the design process to its present level, we would not
still have production here (in Sweden).” Another said: “It is important to reduce design cost
as it is becoming more difficult to get the asking price for a product.”
4 SUMMARY AND INTERPRETATION
The current state, need, and requirement are presented in this chapter, as well as the
interpreted potential for design automation.
4.1

Current state, need, and requirements

There is a varying state of design automation at the eleven interviewed SMEs to date. One has
the design knowledge fully integrated and coded in in-house developed design systems where
orders are automatically processed with generation of machine code for manufacture and
BOM-lists for assembly. Some have systems where applications are linked together, while
other companies use CAD macros or spreadsheets for specific design tasks. No applications
were based on either expert or KBE systems. The scope of implemented design automation
comprises both support for, and total solution of, design tasks within the design process of
single and groups of individual components or complete products.
Need for a more efficient and effective design process was expressed in areas of shorten leadtime for delivery, reduce labour intensive tasks, reuse of prior case solutions, quality assurance,
reduce repetitive tasks, and shorten lead-time for quotations. All but two thought that design
automation could be a means of achieving a more efficient and effective design process.
Of the general criteria of design automation characteristics, ease of use, integration, and
flexibility were rated highest. Scalability was rated the lowest. Issues and external factors
perceived as most important were help with implementation and access to support.
Independence was rated the lowest. One respondent mentioned the requirement of system
accessibility, adding that the system must not be perceived as an additional workload, and if it
is not easy to use, no one will use it. Another respondent stressed that it is important that the
process is transparent and that connection to (integration with) other application software can
sometimes make a system too complex, rendering it hard to work with. One respondent
stressed that a system built in the wrong way harms transparency, readability and ease of use,
and that there is a risk of losing the core competence if knowledge becomes hidden. The more
complex a system gets, the more knowledge about the system is needed (by the user), and
there is a risk of losing some degrees of freedom and the opportunity of being creative as well
as the grip on reality. Also, there is the risk of the company becoming dependent on some
individuals.
A common view among the interviewed companies was that design automation realisation
and implementation should start with task(s) solution(s) as an interactive process support.
Some expressed that the aim should be towards total automation, while others thought it to
be unrealistic. One said that a system intended to fully automate a design process is too
complex a task and not cost-benefit balanced. Concerns were raised on design systems ending
up as “isolated islands” or black boxes with the tasks and processes carried out by the system
implemented in a way that is not readable and understandable to the end user.
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4.2

Interpreted potential

There is an interpreted potential for design automation based on:
•
•
•
•
•
•
•
•

Demand for different product documentations, where automation can support the
generating of documentation.
Expressed need for a more efficient and effective design process in areas where
potential for design automation exists.
Large amount of variant design tasks suited for automation.
Explicit design processes that, if suited for automation, simplify the realisation of
design automation.
Relative high technology levels (product and process complexity) and high maturity of
processes suited for automation (and explicit processes).
Solution strategies with potential for automation, e.g. use of prior cases and internal
design handbooks.
Identified problems within the design processes in areas that can be supported by
automation.
Customer tailoring by design tasks suited for automation.

The interpretation of potential can be further supported by a comprehensive view of
interrelated companies’ statements:
The stated high share of original design tasks (27%) in new product or product variant design
may seem confusing in respect to the companies’ businesses and products. This could be
explained by high process maturity but low explicit task formalisation. In combination with
expressed problems concerning information accessibility, this leads to an unstructured process
from an individual designers’ point of view, and gives rise to unnecessary original designs. If a
designer has never seen a design solution (despite its actual existence) he/she has to invent (reinvent) it.
If the extent of explicit task and process formalisation had been higher, the potential for
design automation had also been higher. Working with formalisation of design tasks and
processes increases the potential for design automation. Conversely, working with design
automation leads to a more formalised structure of design tasks and processes. Where to begin
is a question of high relevance for companies considering design automation.
5 Conclusion
There is a varying state of design automation in the interviewed SMEs. The companies see a
need for design automation and express great interest in the subject. They also prefer to work
with design automation in a step-by-step approach, beginning with task support. The design
processes tend to be unstructured, and design automation can serve as an incentive to
structure the tasks and processes.
The overall conclusion based on the interviews and discussions with the companies’
representatives is that there is potential for design automation in varying areas of the design
process and that there is a need for a general framework, methods and tools, supporting
realisation of design automation. As an example, there is a need for general criteria for design
automation, supporting the choice of the right strategy for, and format of, design automation
realisation and implementation. Some criteria are presented in this paper together with their
relative importance addressed from a SME point of view.
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TOWARDS A STRATEGY FOR
MAPPING OF DESIGN
PROBLEMS TO
SUITABLE SOLUTIONS
A CASE OF DESIGN AUTOMATION
USING CBR
MIKAEL CEDERFELDT
ABSTRACT
In order to make the designing of product variants more effective and efficient by automating
the process, there is a need to break down and analyse the design process. In doing so, a
clearer picture of the actual process will emerge. From this, a problem definition and a system
specification can be outlined. This paper presents one such case of breaking down a design
problem, defining its process character and capturing its inherent domain knowledge. This is
then mapped to suitable tools and computer implementations. One of the tools chosen in this
work, Case Based Reasoning, is further addressed, together with some implementation issues
concerning CBR. Finally, advantages of a variant design approach to setting up CBR indexing
templates are presented.
Keywords: Design Automation, Solution Strategy, Case Based Reasoning (CBR), and
Variant Design.

1 INTRODUCTION
In order to make the designing of product variants more efficient and effective, there often
exists the possibility to automate the process, or at least implement some form of computer
support to aid the designers. Designing, though, is not a simple, single task. Instead, it often
consists of several interlinked sub-tasks that have to be performed either in some previously
known order, iteratively, or perhaps even by inference. Furthermore, the levels of knowledge
formalisation, task formalisation, and process maturity may vary from known and clearly
documented tasks (explicit) to known but undocumented tasks (implicit), or even to unclear
and unstructured tasks (ad-hoc) (Cederfeldt and Elgh, 2005). To address this, there is a need
to break down and analyse the design process meant to be automated or supported
(Cederfeldt, 2004). In doing so, a clearer picture of the actual design process will emerge.
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From this, a problem definition and a preliminary system specification can be outlined
(Cederfeldt, 2005). This will in turn give rise to new questions that need to be answered in
parallel with the setting up of a final system specification. Some of these questions address the
choice of solution approach related to the design process and its inherent knowledge.
This paper presents one such attempt at breaking down a design problem, defining its process
character and capturing its inherent domain knowledge. This is then mapped to suitable tools
and computer implementations. Also, one of the tools chosen in this work, Case Based
Reasoning (CBR), will be addressed further, together with some implementation issues
concerning CBR. Finally, advantages of a variant design approach to setting up CBR indexing
templates will be examined.
2 THE MAPPING OF PROBLEM DEFINITION TO SOLUTION STRATEGY
Product design is, according to Roozenburg and Eekels (1995), “the process of devising and
laying down the plans that are needed for the manufacturing of a product.” Andreasen (1991)
states that the design process encompasses all aspects from product and market planning to
the solving of individual tasks. This work is focused on finding computer support for mature
and repetitive design tasks (and processes) of “general problem solving” character (Andreasen,
1991). Here the aim is to free the designers by automating these processes. In this work, the
terms Computer Support (CS) and Design Automation (DA) (Cederfeldt and Elgh, 2005)
will be used synonymously, and refer 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. The scope of the
definition encompasses computerised automation of tasks that directly or indirectly are related to the
design process in the range of individual components to complete products.”
In order to create automated design systems, one must first categorise the process, design
task/s, and problem/s for which the system is intended. An appropriate computer
implementation can then be selected. The process of mapping a problem definition to a
suitable solution strategy (related to design automation and computer support) is divided into
four interlinked sub-domains of design automation (Figure 1) (Cederfeldt, 2005).
Design automation
Computer implementations

Tools

Solution strategy

Process character

Domain knowledge

Problem definition

Figure 2.1 - The sub-domains of design automation. In Cederfeldt (2005), adapted from the conference presentation of
Cederfeldt and Elgh (2005).

Addressing these sub-domains should, ideally, start by breaking down the design process and
identifying the domain knowledge linked to it. This is done in order to formulate a problem
definition. Examples of approaches suited for this purpose are the use of Dependency
Structure Matrices (described by Browning (1998), among others) and the use of principles
for the formal documentation and structuring of knowledge according to, for example, the
MOKA consortium (MOKA, 2001). When the process, its knowledge, and the tasks to be
performed are known, the appropriate tools have to be chosen. Following this is the
identification and selection of ways to perform computer implementation.
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The four sub-domains are, together with some examples, described in more detail as:
•

•
•

•

Process character – The design process and its handling of the domain knowledge
and design information. A design process is, for example, based on optimisation,
packing, configuration, choice, or reasoning. It can also be, for example, time
demanding, iterative, or ad-hoc.
Domain knowledge – The type of knowledge to be handled in the design process.
The knowledge, information, or data is, for example, explicit, implicit, structured,
unstructured, delimited, or aggregated.
Tools – Suitable tools (methods) that support the handling of domain knowledge and
information for the intended solution principles. Examples of tools include Design
Structure Matrix, Function Means Tree, inferencing, Cased Based Reasoning, Neural
Network, modularity, parametrics, and different computational approaches.
Computer implementations – Suitable computer implementations supporting the
identified process character, domain knowledge, and tools. The implementation of the
tools suited for an identified process character and its domain knowledge can be done,
for example, as total or part solutions, in different execution paradigms (sequential or
declarative), with Knowledge Based Systems or CAD macros, commercial off the shelf
(COTS) application software, or specialised (in-house developed) application
software.

The purpose of addressing these sub-domains of design automation is to find the best way to
combine process character and domain knowledge with appropriate tools and computer
implementations through the mapping of the problem (and task definitions) to the solution
strategies. “The best way to combine” implies finding combinations and implementations that
meet the requirements and prerequisites of the implementer, and preferably doing so in the
most cost-beneficial way.
3 DESIGN AUTOMATION
The case of application used in this paper for the purpose of mapping a problem definition to
a suitable solution strategy is the process of designing (dimensioning) components for roofmounted car rack systems. The mounting system for these racks consists of a rail, a locking
system, a main housing, a modular rubber mounting foot, and a car model specific fixturing
bracket (Figure 2).
Locking
system

Rail

Mounting system
housing

Rubber
mounting foot
Fixturing bracket

Figure 3.1 - Car rack mounting system (right) and a fixturing bracket variant (left).

This work focuses on the development of a design automation system for the variant design of
the fixturing brackets. The case DA system is defined and delimited by the following problem
description, problem definition, and its mapping to a suitable solution approach.
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3.1

Case of application

For every new car model, a new mounting system has to be designed. Unless a contract for a
car model-specific rack system exists between the company and the car manufacturer, the
mounting system is designed as an after-market system. This involves choosing the best suited
mounting foot from a set of variants and designing (dimensioning) a fixturing bracket variant
suited for the car roof profile. The design of the bracket is based on measurements made on a
physical car made available to the designers, and not on a CAD-model. Based on the
measured roof profile, the designer can sketch a profile for the bracket. The different bracket
variants include both topological and dimensional variations. If the sketched profile is found
to be similar to any prior bracket solution, that already existing bracket can be used for testing
and on-site modification for prototyping purposes.
The main problem is finding suitable prior solutions among up to 800 variants, documented
only in drawings. This task has to be performed by the designer based on his/her personal
recollection of earlier designs. Furthermore, finding a prior suitable solution does not
guarantee that that solution will be the most suitable one: several other good solutions might
exist. Not being able to find an existing prior suitable solution (or not finding the right one)
may result in designing duplicates. These unintentional duplicates result in a growing number
of variants that are increasingly difficult to manage. There is also an increase in workload, as
testing and verification of new bracket designs by simulations and physical tests are necessary.
In addition, new manufacturing tools are required, with unnecessary added product cost as a
result.
4 THE MAPPING OF THE CASE OF APPLICATION PROBLEM DEFINITION
TO A SOLUTION STRATEGY
According to the process of mapping the problem definition to a solution strategy, as
described in Chapter 2, the case of application (i.e. the designing of product variants of
fixturing brackets) is in the following chapters addressed in more detail. As a base for
decision-making, implementation criteria for design automation systems (Cederfeldt, 2005)
were used.
4.1

Process character

As in most cases, the main design objective is to optimise the solution. This, however, is not
always the character of the operative tasks in the design process. The process has to be further
broken down in order to specify the type and character of the process as well as its design
tasks. In this case, as the problem description outlines, the main problem is to design bracket
variants with minimal effort. This involves, if possible, selecting prior suitable solutions. This
is in order to simplify designing and prototyping and eliminate the risk of duplicate designs.
In summary, the objective is to find prior cases and to select the most suitable prior designs
for prototyping.
4.2

Domain knowledge

The knowledge needed to select the most suitable prior solution is documented in archived
drawings (explicit knowledge). The task of finding these drawings is based on the individual
designer’s “expert knowledge” and recollection of prior solutions. Decisions on which drawing
(and design) is the most suitable one are also based on the individual designer’s “expert
knowledge” and heuristics (“rules of thumb”, which can be seen as implicit knowledge).
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4.3

Tools

Based on the process character and domain knowledge, Case Based Reasoning (CBR) is
identified as a tool suitable for finding prior cases when there exists a vast amount of
structured and searchable data. The case data in this case of application existed in archived
drawing printouts (not immediately searchable without digital database archiving). For this
reason, the brackets were parameterised in order to obtain structured and searchable data.
When best suitable prior solutions based on heuristics and rules of thumb are to be selected,
CBR has its limitations. For this further selection, reasoning based on heuristic knowledge is
needed. For example, the best suitable prior solution might not be the one which has the
highest similarity based on geometry. Rather, it may be the one that will need the least, or
from a mechanical point of view the most beneficial, adaptation for prototyping purposes.
Some form of Expert System (ES) or Decision Support System (DSS) can be recommended
for selection among the most suitable prior solutions based on heuristics.
4.4

Computer implementations

To implement the identified suitable tools, system architecture was proposed according to
Chapter 6. In the first stage (CBR screening), a pilot system was set up for evaluating the
CBR-approach. This was done using open source CBR software, FreeCBR (Johansson, L.,
2005), together with an Excel sheet as a temporary database. The existing solutions’
searchable data was entered into the database. A student project then began development of
an operational system with a more graphical oriented user interface. This system incorporates
CBR functionality linked to a database containing all desired data about bracket designs. In
the not yet implemented second stage (ES/DSS selection), heuristics and rules of thumb will
be captured at the company. The selection of suitable ES/DSS software for implementation of
a second stage pilot system (see Chapter 6 and Figure 4) is performed parallel to this.
5 A VARIANT DESIGN APPROACH TO STORING AND RETRIEVING
DESIGN SOLUTIONS
CBR was chosen for its obvious advantages in quick identification of similarities between vast
amounts of data. Summaries, reviews, and examples of CBR in design can be found in,
among others, Maher and Pu (1997), and issues concerning difficulty in information retrieval
and indexing are presented in Li et al (2004). In this case, the problem definition singles out
the process of screening close to 800 already existing variants of fixturing brackets in order to
find the most similar and best suited previous bracket designs for prototyping purposes. To be
able to perform the CBR screening, the existing solutions were digitally documented and
stored in a database. The first task in this process was to decide on a proper approach for
indexing. In many CBR cases, searchable parameters have to be selected from a vast amount
of data. When searching for similarities between design solutions based on two-dimensional
drawings it is, for example, possible to search using information in the title block, number of
view perspectives, parts material, and main dimensions/parameters (Johansson, P., 2005), just
to name a few. However, in this case of application, there was no explicit standard for
dimensioning bracket designs. This makes searching for similar designs somewhat more
problematic, although geometrical similarities could be identified through, for example,
picture analysis. To solve this, a less complex and more straightforward approach was
adopted: the bracket design was to be parameterised. After cataloguing the different
topological variants, a pattern of an implicit dimensioning standard could be found. Once
this implicit dimensioning standard was defined and turned explicit, parametric bracket
variants could be created. Design parameters were decided upon for these brackets, enabling
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searchable data (and CBR indexing) for all future designs. However, for prior solutions to
conform to the new parametric bracket designs, the old designs had to be re-documented
using the defined dimension standard and parametric design variables.
5.1

Parameterisation of the bracket

The parameterisation of the fixturing brackets was based on a variant design approach and
divided among five topological main variants. The selection of these was based on the
designers’ description of different bracket functionality, such as number of bends and grip
angle direction. An arbitrary number of dimensional variants can be created from these
topological variants. Figure 3 exemplifies the parameterisation of one of the topological
variants, showing coordinates for bending the bracket as well as additional performance
parameters such as grip length and angle (derived and made searchable from the bending
coordinates). Dividing the bracket designs into several topological sub-variants simplifies the
process of parameterisation. It also renders the CBR indexing process fairly easy compared to
other, more complex designs.
Fixturing bracket

Topological
variants
Dimensional
variants (cases)

Figure 5.1 - The parameterisation of one of the five topological variants of the fixturing bracket.

5.2

Advantages of using a variant design approach

A commonly difficult task in CBR is to capture the knowledge needed for the retrieval of
prior cases. An even more difficult task is to decide on an indexing template for storing the
needed knowledge in a searchable format. In most CBR implementation cases, a knowledge
engineer (or someone with similar function) will try to capture the right knowledge and store
this in an indexing template suited for CBR. This may result in a case description not in
accordance with the designers’ way of describing the product and/or case. Therefore, it is
important that the designers participate in the case indexing process in order to gain an
understanding and familiarity with the process of CBR. Li et al (2004) highlight the difficulty
in using CAD/PDM/PLM systems for retrieving prior cases. There the authors find that prior
cases are often documented based on some company naming convention, pointing out that
retrieval should instead be based on function, intended use, or context information. This
design case, however, is fairly straightforward when broken down, as it involves designing
(dimensioning) variants that only change their topology (and function) in a clearly defined
number of ways. Further, by using a parametric design, case retrieval will be made based on
an explicitly defined geometry built up using a number of two-dimensional parameters.
The advantage of using a variant design approach to generating searchable documentation
comes from focusing on the parameterisation of the design. This is because search oriented
parameters are an inherent part of variant design when driven by the actual design parameters.
By focusing on the designers’ way of describing the product (Cederfeldt, 2004) and carefully
selecting design parameters for parameterisation, the usability of the CBR approach is
enhanced. This because an indexing template suited for CBR is automatically obtained.
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Furthermore, this indexing template can later be used to automatically generate variant
designs from adapted prior cases. Also, new variant designs (cases) automatically conform to
the CBR indexing template. This type of approach also has the potential of increasing the
level of transparency and understandability of the system and its documented knowledge
(Cederfeldt and Elgh, 2005). The only data missing from the geometrical parameterisation of
the design is information regarding designer, case and drawing number, date, and information
about performed physical testing (and links to test documentations). These are added to the
indexing template and stored with final designs in the case database.
6 PILOT SYSTEM
The pilot system’s architecture was divided into two stages, according to the mapping of the
case of application problem definition to a solution strategy (Chapter 4). One consisted of a
screening process using CBR. The other (not yet implemented) consisted of an ES or a DSS
for further logical reasoning. This reasoning is to be based on the relationship between the
prior solutions (found by CBR similarity), the proposed new bracket design, and the
designers’ captured and documented knowledge turned into explicit rules. Figure 4 depicts
the system information flow.
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Figure 6.1 - Architecture of the pilot system (where stage 1 is implemented).

The general principle of the system and its information flow (as depicted in Figure 4) are
described in the following steps. The designer enters the desired parameters based on a
measured roof profile in a graphically oriented user interface (1). The parametric data is then
compared to prior cases in a screening process by CBR (2), where the prior cases are retrieved
from a case database (3). A list of results from the CBR screening is then presented showing
the level of similarity with prior cases (4). This gives the designer valuable input for choosing
a prior bracket design for prototyping.
In the second stage (not yet implemented), logical reasoning will further support the
designers’ choice of prior bracket design. The reasoning comes in the form of either an Expert
System or a Decision Support System. In the system employed, the designers’ heuristic
knowledge will be captured and implemented (5). This will result in a report on the selected
bracket, how it compares to prior designs, and in what way the designer should proceed with
the new bracket design (6). When the design is accepted, the new case is entered into the case
database for future use (7).
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The main reasons for this two-stage approach combining CBR and an ES or a DSS is added
documentation of process decisions steps. This documentation is needed (or even required)
for the quality control and follow-up of different designs. An ES or a DSS ensures that
choices are based on the same rules each time, thus eliminating some level of uncertainty and
also adding some quality assurance.
6.1

Evaluation based on users’ experiences of implemented pilot system

Stage 1 of the pilot system has been implemented and extensively tested and evaluated by the
company designers, who also are the intended users of the system. Their main conclusions are
that the system solution approach is the right one and that the CBR implementation finds
suitable bracket designs among the almost 800 prior cases (each with about 15-25 search
parameters). It has even found near duplicate designs which might have been unnecessary and
avoided if such a system had been used in the past. With the addition of the more graphically
oriented user interface of the operational system, they also feel that the system will serve its
intended purpose for the foreseeable future. In terms of system maintenance and future
development, the designers stated that adding system functionality (added searchable
parameters, links to documentations, etc.) is seen as a much easier task than the already
performed parameterisation of the brackets. Therefore, it is perceived as highly achievable.
6.2

Pilot system performance

The time saving from using the CBR system is clearly noticeable. There is an estimated time
saving of up to 50% in finding suitable candidates for prototyping, and this is without the
added user friendliness of the intended operational system’s user interface. No apparent
positive effects on solution quality could be seen. This is mainly because a final “manual”
decision involving which previous design should be used is still needed. The one possible
source of error that was identified is in the data manually entered into the database. If there
are any parameters incorrectly entered for any of the previous brackets, those brackets will
show up with a lower level of similarity. Thus, they will not qualify for prototyping. However,
this problem should not arise for any new designs, since they are entered into the database
using the design’s parameterisation for indexing (i.e. the designs are entered into the database
based on their actual (physical) geometry).
7 OPERATIONAL SYSTEM
The operational system (under evaluation) is based on a graphically oriented interface
incorporating CBR functionality linked to a database containing all data desired about
bracket designs (Figure 5) (Artursson and Petersson, 2006). The designer is thus presented
with a graphical representation of the proposed bracket as he/she is entering the design
parameters. The system incorporates editing functionality where the designer can retrieve and
edit old cases (if necessary), propose new designs, perform CBR screening, and add new
designs to the database. The system also allows the designer to save images of the proposed
bracket design, together with similar prior brackets, for superimposing on drawings or
sketches of the car roof profile for further manual control of the design.
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Figure 7.1 - Two user views in the operational system: Topology chooser and CBR screening (left) and presented
screening results and database editor (right).

8 CONCLUSIONS
Carefully breaking down a process and mapping it and its inherent knowledge to suitable
solution strategies can present a system specification. Although there exist in this case several
plausible solutions that could meet the problem definition of designing brackets with minimal
effort, the choice of CBR is based on the identified main problem of screening prior solutions.
An automated variant design system (for example, a CAD system incorporating bracket
design rules) could just as well have been implemented. However, the risk of duplicate designs
would then still exist. The development of a pilot system for CBR showed that the chosen
approach fulfils the problem definition as well as the company’s requirements. Furthermore,
the pilot system development and the work of capturing knowledge needed for CBR showed
that a variant design approach is a powerful way of adding CBR functionality to common
variant design. Finally, it also showed that by creating a design parameterisation (intended for
variant design), CBR indexing templates that conform to the way the designer describes the
designs are acquired automatically. As a result, some CBR indexing complications are
eliminated.
9 FUTURE WORK
The model for mapping process character and domain knowledge to tools and
implementations will be further developed and linked to the criteria for design automation
development (Cederfeldt, 2005). The next phase in the case project is linking an ES or DSS
to the CBR system for added quality of decisions on fixturing brackets for prototyping (briefly
described in Chapters 4.3 and 6). In order to do this, the designers’ heuristic knowledge has
to be captured and documented. Also, a second pilot system will be implemented.
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PRODUCIBILITY AWARENESS
AS A BASE FOR DESIGN
AUTOMATION
DEVELOPMENT
ANALYSIS AND SYNTHESIS APPROACH
TO COST ESTIMATION
FREDRIK ELGH and MIKAEL CEDERFELDT
ABSTRACT
The demand on the level of reliability and accuracy of cost estimation increases in a
competitive environment and as products become more and more optimised. When different
courses of action are to be evaluated, small changes in customer requirements, design features
and parameters, and production properties have to be handled with caution. Even small
changes can imply the following: a low level of conformability with the production system, a
highly increased cost, and an extended manufacturing lead-time. It is of paramount
importance for the product success and the company’s profit that a system for automated cost
estimation be sensitive and able to reflect these effects. Design automation systems
incorporating producibility and cost estimations support either analysis driven or synthesis
driven producibility estimation or both. The latter is an approach that allows for decreased
recourse and time demand. This is because the system only generates design proposals the
company can produce with its manufacturing resources. This work presents some of the views
on which a design automation incorporating producibility and cost estimations should be
developed. In addition, it presents the concepts of analysis driven and synthesis driven
producibility estimation, giving examples of their use.
Keywords: Cost Estimation, Design Automation Development, Producibility Evaluation,
and Variant Design.

1 INTRODUCTION
With the steady growth of a global market that now affects all businesses, and where
companies mainly compete through the use of product sales prices, every step towards saving
time and money in product development and production preparation, as well as in
manufacturing, is of paramount importance. Christopher (2005) refers to the “Three Cs”
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model (Figure 1.1) in explaining the difference between cost advantage and value advantage.
The cost advantage of a product is determined by the cost differential between a company and
its competitor, based on manufacturing costs and (often) company size and sales.
Value advantage, on the other hand, is based on how the customer perceives the product and
how well it fulfils the customer’s requirements. Companies can compete in this area by
providing high quality, customer-tailored products, with short lead times and competitive
prices. Because of this, there is a need to target lower costs and add product value by focusing
on manufacturing and production preparation, as well as product development.
Customer
Needs seeking benefits
at acceptable prices

ue

Va
l

ue

l
Va

Assets and
Utilisation

Cost
differential

Company

Figure 1.1 -

Assets and
Utilisation
Competitor

Company, its customer and its competitors, the “Three Cs” (Ohmae, 1983).

Much research concerning cost estimation in product development focuses on the early phases
(Shebab and Abdalla, 2001; Weustink et al, 2000; Giannoulis and Welp, 2003), where the
problem is lack of information about product and production properties. For many
companies with mature products and automated production, the lack of detailed information
is not the main issue. What they need are methods and tools for fast cost estimates with high
precision, little manual effort, and low cost.
One such tool is design automation. It can be a powerful tool in the continuous endeavour to
cut lead times, workloads, and, ultimately, costs in order to become more competitive. Also,
cost estimations incorporated into design automation can lead to enhanced producibility. The
demand on the level of reliability and accuracy of cost estimation increases in a competitive
environment and as products become more and more optimised. When different courses of
action are to be evaluated, small changes in customer requirements, design features and
parameters, and production properties have to be handled with caution. Small changes can
imply the following: a low level of conformability with the production system, a highly
increased cost, and an extended manufacturing lead-time. It is of paramount importance for
the product success and the company’s profit that a system for automated cost estimation be
sensitive and able to reflect these effects.
There are three approaches to incorporating cost estimations in an automated (or computer
supported) design process, thus enhancing producibility: analysis driven producibility
estimations; synthesis driven producibility estimations; and a combination of the two. These
approaches will be further discussed throughout this paper.
2 WHY COST ESTIMATION IN DESIGN?
The estimation of product costs has been pointed out as a central, nontrivial activity in the
design process by a number of authors:
“One of the most difficult and yet important tasks for a design engineer in developing a new
product is estimating its production cost.” – Ullman (1997).
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“Rapid cost-estimating systems are necessary to enable design teams to take good, sound decisions
early in a design task….” – Pugh (1990).
“(C)ost is an extremely important factor in choosing a concept, because it is one of the factors
determining the economic success of the product.” – Ulrich and Eppinger (1995).
“It is important to identify cost factors as early and as accurately as possible in the design process.”
– Pahl and Beitz (1996).
“(I)t is not always easy for a company to determine the exact costs of components used in products.”
– Cross (2000).
“What is needed are reliable techniques for costing much earlier on in the design process, and these
are not yet widely available.” – (French, 1999).
According to French (1999), cost is one of the most fundamental criteria for the evaluation of
design proposals. This is probably the main cause for cost estimation in engineering design.
But there are other purposes, such as (Rask and Sunnersjö, 1998): the evaluation of the
market opportunity of a new product concept, the identification of cost drivers with a
subsequent analysis of their added value to the product, and improving the designers’
awareness and knowledge of how the product cost is affected by their decisions. On a
company level, the continuously increasing focus on cost can be seen as resulting from a shift
from a local to a global market and a change in the shareholders’ view of ownership. This can
be illustrated as follows:
•
•
•

In a market with no competitors, the price is set by the company, i.e.:
Cost + Profit = Price)
In a market economy with well established competition, the price is set by the market
and the profit depends on the company’s cost, i.e.:
Price – Cost = Profit
A market economy combined with a focus on satisfying the shareholders’ demand on
return on investment results in a focus on cost as a constraint, i.e.:
Price – Profit = Cost

Design to cost is based on the fact that a substantial portion of the product’s cost is
committed during the design phase as a result of decisions made regarding its design. The
objective is to make the design converge to an acceptable cost and achieve an affordable
product. A cost goal is set based on the price the customers are willing to pay and the level of
return on investment demanded by the shareholders. The cost goal is allocated to the
elements of the product, and the designer must generate solutions within this constraint. To
achieve this, designers need a tool to determine the impact of their decisions. According to
Roy (2003), a tool that can be used to predict and estimate the cost with acceptable accuracy
requires different types of input, as depicted in Figure 2.1.
COMMERCIAL FACTORS
Production
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Material
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Labour
rates
OUTPUTS

INPUTS
Part features/geometry
Feature attributes
Planned process

Cost by part

Cost estimation methods

Material

Design guidance
Input to risk
Producibility

Design
rules

Prodicibility Process selection
rules
rules
RULES

Figure 2.1 -

A design to cost model (Roy, 2003).
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3 PRODUCIBILITY AWARENESS
Decisions made early in the product development process have significant impact on
producibility, quality, cost, time-to-market and, thus, the ultimate success of the product in
the market place. All the information related to a product’s life cycle should be used to
enhance the knowledge in the upstream phases, thereby allowing proper decisions to be made.
This is achieved by paralleling the different tasks and the support of information exchange.
Concurrent engineering (CE) has been recognised as a philosophy that tears down the walls
between organisational functions (e.g. marketing, product design and manufacturing) within
the traditional sequential product development process. The approach is not entirely novel,
but the constantly increasing need for company improvements calls for new methods and
tools to be developed in this area.
Design for X-abilities (DFX, such as design for manufacturability, affordability,
maintainability) is a set of metrics that can be used as measurements focusing on different
lifecycle functions. According to Prasad (1997), most DFX metrics are based on heuristics or
some type of scoring method. Fully adopting a concurrent engineering approach requires that
all lifecycle issues be considered in the design stage. Besides the use of different metrics, a
proactive approach is necessary.
3.1

Design for Manufacturability

Design for manufacturability is an approach to design that, according to Venkatachalam et al
(1993) “…fosters simultaneous involvement of product design and process design” and is
performed in the design phase of a product. This implies a flexible manufacturing system,
comprising a number of different manufacturing processes that can be adapted or even
changed. Many of the DFM/DFA guidelines and metrics are applicable for a specific average
type of manufacturing processes (e.g. machining, die casing, and metal stamping (Boothroyd
et al, 2002; Bralla, 1999; Poli, 2001)). For most companies, the manufacturing system is a
valuable asset that is more or less fixed and allows only minor modifications. Therefore, the
product design has to be adapted to the manufacturing system to a larger extent. Hopefully,
this will not affect the product’s functional and performance objective. But sometimes
tradeoffs are necessary.
To make these decisions, the designer needs knowledge about the existing (and planned
future) manufacturing systems and an insight about the system’s implication on the product
design. Besides the methods, tools and metrics in literature, the companies have to develop
their own working practise.
3.2

Design for Producibility

Design for producibility (DFP) is design for manufacturability taken a step closer to the
actual manufacturing of a product. As with manufacturability, there exists no universal
definition of producibility. According to Best Manufacturing Practices and Center of
Excellence (1999), producibility is: “The relative ease by which a product can be
manufactured as measured in yield, cycle times, and the associated costs of options in product
design manufacturing processes, production and support, and tooling.” In this work, design
for enhanced producibility is the striving for the optimisation of product functionality within
manufacturing system constraints and tradeoffs between product and manufacturing system
properties while focusing on enhancing the ease of manufacturing.
If production costs and lead time could be automatically calculated based on a process plan
generated in accordance with the properties and constraints of the manufacturing system, and
the process plan is based on a variant design generated by an automated system for variant
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design, a decision base for enhanced producibility is obtained. Due to missing information
architecture (standard) for design support, existing tools cannot be linked together to
accomplish this task (van Vliet et al, 2000). One solution for the companies that want to
incorporate this approach is to develop their own systems. If they wish to do so, the view of
DFP as depicted in Figure 3.1 should be adopted.
Design automation in a Design For Producibility approach
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Design automation in a DFP approach, adapted from the view of DFM according to (Hannam, 1997).

4 DESIGN AUTOMATION
We argue that design automation based on producibility awareness can work as a means for
quick and suitable producibility (e.g. cost) estimations of product variants. In this work, the
terms Computer Support and Design Automation are used synonymously and refer 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. The scope of the
definition encompasses computerised automation of tasks that directly or indirectly are related to the
design process in the range of individual components to complete products.” – Cederfeldt and Elgh
(2005).
4.1

Automated design, process planning and cost estimation

The aim of design automation is to support one or more of the following areas: design
synthesis, design analysis, and planning for manufacturing.
Design synthesis involves computerised templates for calculations/optimisation of design
parameters, applications for calculation/optimisation and generation of product geometry,
applications that ensure producibility, database systems supporting the reuse of previous
solutions, information systems for requirements or manufacturing constraints, configuration
systems, etc.
Automated design analysis can be performed as finite element analysis, geometry preparation
for finite element analysis, evaluation of producibility, cost estimation, etc., based on a
geometry description and/or design characteristics.
Planning for manufacturing include computer aided process planning for the generation of
e.g. operation sequences, production parameters, machine control commands, fixtures and
jigs designs, etc., based on a geometry description and/or design characteristics.
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Design synthesis can encompass design analysis and planning for manufacturing, using their
results for further synthesis in a loop towards refined solutions.
4.2

Design Automation Development

In order to create automated design systems, one must first categorise the process, design
task/s, and problem/s for which the system is intended. Then an appropriate computer
implementation can be selected. The process of mapping a problem definition to a suitable
solution strategy (related to design automation and computer support) can be divided into
four interlinked sub-domains of design automation (Cederfeldt, 2006). Addressing these subdomains should, ideally, start by breaking down the design process and identifying the
domain knowledge linked to it. This is done for purposes of formulating a problem
definition. When the process, its knowledge, and the tasks to be performed are known, the
appropriate tools have to be chosen. Following this is the identification and selection of ways
of computer implementations.
The four sub-domains are described in more detail as:
•
•
•
•

Process character – The design process and its handling of the domain knowledge
and design information.
Domain knowledge – The knowledge that is to be handled in the design process.
Tools – Suitable tools (methods) that support the handling of domain knowledge and
information for the intended solution principals.
Computer implementations – Suitable computer implementations supporting the
identified process character, domain knowledge, and tools.

Design automation systems based on this model are mainly subject to being enhanced by
analysis driven producibility estimations, where design proposals are evaluated after the
proposals are made.
In order to perform synthesis driven producibility estimations, where production (and cost)
prerequisites are incorporated into the design process, system creation has to be based on an
extended model of design automation development. The model needs to also incorporate the
company “prerequisites and constraints”. This is based on a foundation of producibility
awareness as well as on company organisational structure (Figure 4.1).
Design automation

Figure 4.1 -
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The sub-domains of design automation development, based on a foundation of producibility awareness.

To support the development of design systems, some general criteria that serve as a decision
base by weighing system characteristics can be used (Cederfeldt, 2005). Examples of these are:
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effort of developing, level of investment, level of user readable and understandable knowledge,
transparency, scalability, flexibility, longevity, and ease of use. Some of these criteria relate to
(or even depend on) knowledge of the entire product development process and, especially, its
production aspects (i.e. producibility awareness).
5 PROCEDURE FOR SYSTEM DEVELOPMENT
When creating a design automation system including cost estimation, one must determine the
variables and parameters that govern the design. By breaking down the design process, the
designer is able to find the design parameters that govern the product and from where these
parameters originate. These design parameters are extensively transformed through the design
process (Sunnersjö, 1994) as they are turned into design variables (design process output).
Factors that affect the product design and limit the “infinite” design space are: physical
limitations, product variant (modularity) limitations, customer specifications, and company
production and assembly limitations.
With these limitations (or constraints), the main steps suggested for building an automated
design system enabling synthesis driven producibility estimations (as well as analysis driven)
focus on customer and product values as well as on fabrication plants values. The steps are:
1. Define customer variables (e.g. force, speed, material, colour, and lifetime) and clarify
to what extent they can vary. – Customer space (Fig. 5).
2. Define a resource model containing company variables (e.g. fabrication plant,
resources for manufacturing and assembly, and production volume) and clarify to
what extent they can vary (Elgh, 2004). – Company design space (Fig. 5).
3. Define product model variables (e.g. model parameters, topology, and configuration)
and clarify to what extent they can vary (Harlou, 2005). – Product design space (Fig.
5).
4. Formulate design algorithms, rules and relationships that transform costumer and
company variables to product model variables and check the design space (Sunnersjö
et al, 2006). – Actual design space (Fig. 5).
5. Define a cost model with a detailing level appropriate for the product and the
company, identify cost drivers, and estimate the cost rate for each (Elgh, 2004).
6. Define a process plan model incorporating the assembly sequence, the operations, the
operation sequences for manufacturing and assembling of the product, and the
manufacturing resources (e.g. work groups and labour) that will be used for the
specific product (Elgh, 2004).
7. Create a product geometry model (representation) that will incorporate the identified
information needed for an automated system (Elgh, 2004; Cederfeldt, 2004).
8. Build the system with application programs and data repositories (Elgh and
Cederfeldt, 2005).
9. Evaluate and improve.
5.1

Design Spaces

To be able to effectively decide how a product and its design process are to be modelled and
represented, and which parameters are to be considered design variables, the system
developers must have knowledge of the entire design process. In addition, it is important to
have an understanding of how the product is to be manufactured. This is an important aspect
if the automated variant design system is going to incorporate process planning and synthesis
driven producibility estimations.
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These design variables and parameters are all connected to different constraint spaces (Figure
5.1). Within an “infinite” design space, laws of nature limit what is actually possible to create
and produce within the physical design space. Somewhere within these spaces is the customer
space representing customer demands and wishes. Limiting the physical design space is the
product design space, which depends on company configuration of product designs. Finally,
the company design space based on manufacturing and resource limitations further constrains
and limits the number of relevant design proposals within the actual design space.

Customer space

Company design space

Actual
design space

Product design
space
Physical design space
"Infinite design space"

Figure 5.1 -

The different design spaces limiting the number of relevant design proposals.

6 Analysis and Synthesis Approach
A traditional and generalised view of the product development process focuses on two main
phases of the process at a product solution level, synthesis and analysis. From an engineering
perspective (Johannesson et al, 2004), the phases are defined as follows:
•
•

6.1

Analysis – is the phase in which the product or product part solution is evaluated
based on its (intended) physical representation and characteristics.
Synthesis – is the phase in which an identified engineering task or problem definition
is addressed in order to find a satisfying solution (optimal at best) based on previous
knowledge and expertise.
Analysis Driven Producibility Estimations

Analysis driven producibility estimations can be applied both manually and automatically to
virtually all design proposals. A design automation system that is not based on a foundation of
producibility awareness will be subject to this approach, as producibility and cost assessments
will be performed on design proposals in the entire product design space (Figure 5.1 and
Figure 6.1). When applying the company design constraints (production prerequisites) to
perform a cost and producibility estimation, several of the design proposals that fall outside
the actual design space will be eliminated. Since such a system generates both producible and
non-producible design proposals that have to be analysed and evaluated (often by a
production engineer), this approach can be time consuming. The workload also increases in
relation to the level of product complexity and company constraints.
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Company design space

Intersecting
design
constraints

Actual
design space

Product design
space
Product design
space

Figure 6.1 -

6.2

In analysis driven producibility estimation, designs throughout the entire product design space are proposed.
The number of producible design solutions is limited within the actual design space by applying the company
design constraints afterward.

Synthesis driven producibility estimations

In a design automation system based on the foundation of company prerequisites and
constraints, the producibility values (or constraints) are an intrinsic part of the design process.
That process results in a limited number of design proposals, all possible to produce within
the actual design space (Figure 5.1 and Figure 6.2).
Company design space

Intersecting
design
constraints

Actual
design space

Product design
space

Figure 6.2 -

In synthesis driven producibility estimation, company design constraints limit the number of producible
designs within the actual design space.

7 Example
An example highlighting the difference between the adoption of analysis and synthesis driven
producibility estimations is the CoRPP system (Sunnersjö et al, 2006; Elgh and Cederfeldt,
2005), which implements both approaches. The system generates variants of submarine
bulkhead sections in a short execution time (one run-through takes approximately two
minutes). This allows for several runs with different conditions to be performed in a short
time and with minimal effort. The system did not initially incorporate manufacturing rules
(constraints/requirements). Therefore, the results (different product variants) had to be
evaluated by production engineers to ensure the different solutions’ conformability with the
manufacturing system. This requires collaboration and information sharing, which in turn
implies higher development costs caused by the use of more time and resources. A manual
analysis can also be afflicted with personal judgments, and the result of the evaluation can
vary from time to time due to the persons involved. To overcome this, adopting the approach
of producibility awareness further enhanced the system. The opportunity to incorporate
manufacturing rules in the system was investigated by studying the influence of a
manufacturing constraint on design, cost and weight. A rule was declared in the knowledge
base to ensure welding accessibility, one of the high impact cost factors. A constraint
concerning the minimum flange distance (Figure 7.1) is the rule input. It ensures the
accessibility through calculations of the stiffeners’ flange widths and heights. If the constraint
is violated, no solution is generated. This constrains the company design space. Nonetheless,
the solutions generated by the system conform to the manufacturing system, and a
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production engineer need not evaluate them. This saves time and reduces costs. Furthermore,
the result is not dependent on personal judgment, leading to a quality assured design process.
Flange distance

Stiffeners

Bulkhead plate

Figure 7.1 -

The flange distance is a manufacturing constraint concerning the welding accessibility.

The principal workflows for the analysis driven and synthesis driven approaches are illustrated
in Figure 7.2.

Figure 7.2 -

System input in the form of customer demands and manufacturing constraints are feed to the design
automation system. In the analysis approach, several iterations for manufacturing evaluation have to be
made. The synthesis approach, on the other hand, generates design proposals already based on the
company producibility constraints.

In the analysis driven approach, without the manufacturing constraints, the number of design
proposals in the product design space is large, and they need further evaluation by applying
the producibility constraints (Figure 7.3A). In the synthesis driven approach, the design
proposals all conform to the actual design space and need no further evaluation (Figure 7.3B).
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Weight

A

Cost
Weight

B

Cost

Figure 7.3 -

7.1

The difference in the number of design proposals depending on the application of producibility constraints.
Graph A illustrates design proposals within the product design space. Graph B illustrates design proposals
within the actual design space.

Investment What-ifs

If the number of product variants the company can offer is restricted by the manufacturing
constraints and the production capacity, a synthesis driven producibility estimation tool can
be used as support for decisions regarding investments in new production resources. What-if
scenarios can study the implications on the product variety of different alternative
enhancements and machines. By changing the rules or the input parameters in
correspondence to the characteristics of an intended course of action, the effect on the
product variety and the market opportunity can be studied and the cost-benefit evaluated.
This can be illustrated as going from Figure 7.3B to Figure 7.3A. First the manufacturing
resources limit the product variety to four variants. However, with an investment in new
production resources, the product variety is expanded and comprises, in this illustration,
fifteen solutions.
8 Key Conclusions
To implement a design automation system that supports early cost estimations and generates
producible design proposals, the system development must be based on producibility
awareness following a formalised procedure to determine the variables and parameters that
govern the design (Paragraph 5). Such a system would conform to the principle of synthesis
driven producibility estimations that proactively limit the number of design proposals within
the actual producible design space. This allows for saved time and resources that would
otherwise be spent on analysing design proposals that fall within the product design space but
outside the company design space due to producibility capacity limitations. Finally, a system
incorporating producibility awareness and synthesis driven producibility estimations could
also be used as a tool for strategic decisions on resource investments through the use of what-if
scenarios.
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