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Preface

This is one of four books resulting from the contributions to the 13™ International
Conference on Engineering Design (ICED 01). The conference was held in August
2001 in the Scottish Exhibition and Conference Centre located on the River Clyde
in Glasgow — the ideal place to hold the first ICED of the new millennium.

The ICED conference series was initiated by Workshop Design-Konstruktion
(WDK) in 1981 with the first conference in Rome. From the very beginning, the
aim of ICED was to offer a platform for the discussion of new trends,
developments, and research findings in the areas of new product development,
design support techniques, design processes, design science, and design education.

The conferences have been held in eleven different countries and have become one
of the most pre-eminent conferences in the field of Engineering Design, with the
last two conferences being held in Tampere, Finland, in 1997 and in Munich,
Germany, in 1999. Both these conferences attracted well over 500 delegates from
both academic institutions and industrial organizations. Nearly all the leading
authorities in the field of Engineering Design attend to report their latest findings
and exchange current ideas with colleagues.

All conferences have focussed on the process of planning, developing and
designing technical systems and products. ICED covers all aspects and disciplines
of engineering design, from general product devclopment and innovation to
feature-based geometric reasoning and design for later life-phases. As engineering
design is a process to which many disciplines are contributing, an additional
emphasis has been placed on design management, organization, teams, and
individuals. Over the years ICED conferences have become the forum for
establishing, maintaining, and improving contacts and co-operation between
researchers and engineers from countries all over the world.

It is self evident that the engineering design process has changed to meet the
challenges of globalization, increasing international competition, and the need for
sustainable development. Equally the performance and quality of engineering
products have improved in many aspects, time to market, performance, reliability,
reduced environmental impact, etc. If the improvements are to be maintained, the
elements that contribute to the product development process must continue to be
studied and enhanced.

Improvements in the engineering design and its process have been supported by
theories and methods developed by research groups around the world. The
research is beginning to mature into an overall and consistent understanding of
engineering design as will be seen in the pages of the four books. However the
results are still fragmented and there is a nced to unify the findings, and to ensure
that these findings are transferred into industry.

The theme chosen for ICED 01 was Unifying Engineering Design — Building a
Partnership between Research and Industry.

The organizing team received 664 Abstracts and this resulted in some 325 full
papers. All papers arc eight pages in length and went through a double blind review
of the abstracts and a double review of the full papers. The books consist of
contribution papers from some 35 countries.

Xv



DESIGN RESEARCH

This book consists of some 17 topics and has an overarching theme of what can be
considered research frameworks and representations. It commences with an invited
paper by Professor Mogens Andreasen that reviews the contribution of ICED
conferences to engineering design research and practice. It then focuses on the
theory and methodology issues associated with research in the Engineering Design
area. It also covers the research and development issues associated with product
and system modelling.

Books in the series

Book 1 Design Research
Book 2 Design Management
Book 3 Design Methods
Book 4 Design Applications

A large number of people and organizations have helped with the conference. The
organizing team would like to express their thanks to all who have contributed to
the content and execution of ICEDO1 in whatever way.

Steve Culley Alex Duffy Chris McMahon ~ Ken Wallace
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INTERNATIONAL CONFERENCE ON ENGINEERING DESIGN
ICED 0} GLASGOW, AUGUST 21-23, 200!

THE CONTRIBUTION OF DESIGN RESEARCH TO INDUSTRY -
REFLECTIONS ON 20 YEARS OF ICED CONFERENCES

M M Andreasen

1 Introduction

The ICED conferences have been arranged since 1981 in a biannual pattern and performed at
different locations, hosted by local teams or institutions, (see the reference list [1]). The
conference ownership has now been transferred from WDK [2] to the Design Society (DS).
The author has been involved in the planning of all of these ICED conferences (and a couple
of intermediate national ICED conferences), and has been asked to comment on the design
and development over time of the conferences, in order to make a balance before the next 20
years of challenges for DS's ICED conferences.

The ICED conferences have been described by WDK as a "supermarket for exchange of
ideas". But I have always believed, that ICED gave a trust-worthy picture of state-of-the-art in
design research, methodology and teaching engineering design. A difficult question to answer
is to what degree ICED has influenced industry and has been influenced by industry.

It is easy to see the shifting set of topics of the ICED conferences over time, but also to sece
the fixed core of themes. I believe this shifting focus is mirroring the changing industrial
situation and agenda. But also the shifting technology push, influencing what researcher takes
up in their research, for instance in the IT area.

The main influence from ICED and from design research is, I believe, through candidates and
direct cooperation between academia and industry. But this influence is, as stated in several
ICED papers, unfortunately low, as far as the use of methodics is concerned.

This paper focuses upon the changing direction and content of the ICED conferences over
time. Do these rather industry-independent conferences mirror the industrial agenda? To what
degree does ICED influence industry's way of designing? Shall we change so that ICED is
designed on industry’s premises?

The paper will introduce some facts about the design and content of the past conferences and
try to consolidate some of the beliefs, seen as hypotheses, above.

2 Designing ICED conferences

Each ICED conference is designed by a relatively small team of 2-6 people. The design task
consists principally of the following activities:

ICED 01 — C586/665 3



+ Formulating the mission, vision and topics of the conference
e  Articulating topics and criteria for papers in the 'call for papers'
e  Selecting abstracts and evaluating papers

e  Tentatively building abstracts, and later papers, together into a programme of streams
and sessions.

e Registering and acting upon the audience's participation in sessions.

What is influencing the final result, i.e. the programme executed and the sessions selected by
the audience? The following factors are relevant:

e The team behind the conference
e The call-for-paper articulation
o The papers coming in

o The configuration of the conference

Let me comment on each of these factors.

The conference design team. ICED conferences are arranged by local groups in cooperation
with WDK core group members (and from now on from the Design Society). Hereby the
WDK mission and vision are mixed with a certain national flavour, a conference mission and
believed important, sellable actualities, into the conference's call-for-paper articulation.

Even if the planning of a conference has been proceeded with a balance of the last con-
ference's goal and result, each new conference has been designed with an optimism of being
able to bring "new papers on new topics”, showing the believed direction of designing's state-
of-the-art. It is interesting to register each ICED conference's sparse response from authors to
"new and modern" topics in the call for papers, showing that there seem to be other and
stronger forces directing design research and state-of-the-art.

The call for papers. Even if the core and identity of the ICED conferences has been
maintained by a set of characteristic ICED topics, the number of papers per topic has varied
substantially over the years, showing changing response. New topics have been taken up by
the authors, determined by their current research, mirroring the market pull on the conference
to much higher degree than a conference design push.

The papers submitted. ICED has a loyal group of customers delivering papers and at each
conference a substantial group of newcomers. Only to a certain degree, and mostly by natio-
nal efforts, have the authors, actively been requested to deliver contributions. But even if the
pattern seems relatively static, the topics covered are moving.

The configuration of the conference. An absolute evaluation of each paper based upon the
criteria is nearly meaningless. There is a necessity to bring the papers into groups showing if
there is something substantial so that a stream or sessions can be configured based upon the
papers. If a stream topic is taken up, there needs to be strong and complementary papers;
singular papers are difficult to join into a pattern.
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It is obvious to those who follow ICED, that the configurating is a difficult activity often
ending up with a messy programme. Several facts make it difficult:

e Each paper has many viewpoints. The seemingly primary topic may, for instance, be
‘evaluation methods', but the author has used 'computer-implementation’, and the author
insists that the considerations are valid for 'civil engineering'. Shall the paper belong to
'design methodics', 'computer applications' or 'special design theories'?

o The authors do not help by their own classification. The authors' classification is seldom
in accordance with the reviewers' classification. It is a fact, the ICED authors use an
enormous number of keywords for identifying their papers, i.e. the keywords are not
used to show kinship, but derivation or uniqueness.

Concluding this section about conference design, I postulate, that the influence on the design,
(i.e. topics, streams) from the people behind the conference is quite sparse. The conference
topics have their own development and the foci take their own direction.

3 Method of analysis

My analysis consists of classifying and finding patterns in contributions from the 1CED
conferences based upon the list of contents from each conference. The classification should
establish the following types of results:

o (Classification by topic

¢ Identification of changing topics and new topics

¢ Identification of main approach or Zeitgeist of each conference
o Classification by research agenda or industrial agenda.

The information necessary for these classifications and identifications is only partly available
or derivable from the lists of contents. This means that my insight and interpretation
influences the analysis. The classification is also subject to fuzzyness related to design topics.
It is my experience from the many tasks as programme organiser and reviewer that the use of
terminology in the design area is soft and contradictory and the words used seem to change
meaning over time. For instance Design for Manufacture has been defined by some authors as
the synthesis of a solution with focus on manufacturing aspects, while others see it "only" as a
set of manufacturing criteria.

For the analysis a list of topics is established, based mainly upon the conference themes
(ICED'91 taken as a main reference), but the allocation of the papers to these topics are
revised:

e Many papers (more than 30%) are incorrectly placed in the topics and sessions. The
reasons for this include a false interpretation of the topics by the authors; or the chair-
man present in the planning, who "construct a conference within the conference".

o There has been a strong tendency to separate papers related to computers from the rest
of the conference, even if the main topic has been, for instance, evaluation (supported
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by software). I have redefined the allocation of these papers. Therefore the analysis here
shows a much lower number of computer-related papers than the proceedings.

o The papers investigated are oral, poster and workshop-papers.

4 Patterns found in the ICED conferences

In the following, four main trends are identified and commented related to: design research;
the relation between engineering design and product development; the role of computers and
information technology; and the delimitations of ICED topics.

The articulation of a design science concept

The early conferences identify the methodics of designing and bring it to practice, showing
that it works in singular cases. The concept of a scientific basis and a research methodic was
gradually developed and in several areas the contributions gradually (therefore making them
difficult to isolate) turn from generalisations and prescriptive statements to descriptive state-
ments.

Emerging empirical studies in the 90's give us valuable insight into discrepancies between
theory and industrial practice. Papers on testing methods and analysing their usefulness in
practice are growing in number, and in '99 we suddenly have several papers on design
capability and measurement.

At ICED '97 a pamphlet [3] is published on design research, underlining the emerging
paradigm of design research and the necessity of a scientific rigour in our research. Figure 1
shows the relevant analysis for the statements above.

1FromMethodicstoDesign Science 81 183 |8 [ 8 89 1911939597199 | ot

Design Methodics (Design process

31 |30 | 26 | 14 | 44 | 41 | 42 | 44 55
theory and methods) 19 38

Methods in Practice 2 13 7 2 9 16 8 20 | 15 8 5

Theory Contributions (Design

Science, TTS, neighbour theories) 10 4 7 T as 3414006

Research Methods 1 2 1 1 5 4 9
Testing, usefulness of methodics 2 4 2 2 5 4 4 7 8 6
Capabilities, measuring 136
Total 22 1 58 145137133179 6492 105| 85 | 87

Relative to total number of papers % 25 150 13913034 (33124 (26]29]| 22127

[ Total number of papers ] 86 | 1151141123 ] 97 |235[267 | 347 ] 361 [ 390 [324 |

Figure 1. The changing focuses from development of methodics to scientific verification
and proper research methodics from 1981 to 2001. DFX is omitted in the methodics
balance, see below.
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From engineering design to product development

The first ICED '81, in Rome, mirrors clearly the purpose of WDK and the focus on the
profession of the engineering designer (German: Konstrukteur). Figure 1 shows the focus on
the methodics and the design process, and there is a balance between papers on conceptua-
lisation, layout and detailed design.

In the "Design for X"-area, i.e. the methodics for fitting design to different product life areas
and different important product property classes, the majority of papers are related to manu-
facture and cost in the early ICED conferences. Later the scope broadens to several areas and
Design for Environment shows a high increase, see Figure 2.

rITe;sign for X 81 83 | 85 | 87 | 89 | 91 93 | 95 97 | 99 | 01
Manufacture, Cost 3 3 10 9 6 21 24 32 20 11 5
Quality, Reliability, 1| 8| 7|56 |1B|20/15]|16] 8|1
Maintenance
Environment, ecology 2 14 15 19 16 | 20
Others 2 3 11 4 4 S 6
Total 4 11 17 16 12 1 39 | 69 | 66 | 59 | 40 | 42
Relative to total number of 4 9 15 13 12 16 26 19 16 10 13
papers %

Figure 2. The emergence of DFX areas and growth of papers from the initial focus on
manufacture and cost.

In the eighties there is a growing understanding of the role of product development as the
context for emerging design and the changing role of the designer from a profession to a more
integrated and total role as a team member. This development is mirrored in the paper classes
shown in Figure 3.

' From Engineering Design to

| Product Development 81 |8 (8 |87 (8 |91 |93 (95 |97 |99 |01

| Product Development,
concurrency, simultaneity, Life |5 3 4 7 S 18 (15 |18 17 |9
Cycle Design

Design Management, planning,
strategy

Teams and Human Resources 1 1 2 2 3 1 7 6 5 12 120

Coordination and cooperation 2 2 2 6 8 5
Total 7 4 4 11 |13 {12 |36 |27 |35 (39 |43
Relative to total number of

8 3 3 9 13 |5 13 |8 9 10 |13

papers %

Figure 3. The inclusion of Product Development topics to the ICED conferences.

This understanding of the context of engineering design confronts us with several neighbour
research areas, bringing insights to the proper role and conditions of design and leading to a
more total and mature understanding of designing.

ICED 01 — C586/665 7




The role of computers and information technology

As mentioned above I have "reduced" the number of papers on computers by allocating the
papers to the design area, which are manipulated by the computer. Therefore the proceedings
have many more papers allocated to the computer area than shown here.

Until '93 the use of CAD-systems for engineering design is presented in the papers, but later
these papers have to do with more powerful systems for design and product development.
Computers play just as important a role for handling knowledge, information and data (KID),
and in the late nineties the number of papers on networking grow immensely, see Figure 4.

The role of computers and IT 81 | 83 | 8 | 87 | 8 | 91 | 93 | 95 | 97 | 99 | 01

Computers for engineering 14 8 13 1 19281251 20 23 8

design and product development

Computers for KID 3 1 4 7 6 7 17 | 18 17 17 7

Networking 1 21 | 16

Product Modelling, Data 7 8 4 11 7

Management

Knowledge Management 7 4

Modularisation, Configuration, ﬂ

3 7 10 | 14 | 20 | 21

Re-use, Platforms

Total 3 17 | 12 | 20 7 29 | 59 1 62 | 76 | 94 | 51

Relative to total number of

papers % 3 15 | 10 | 16 7 2 22 | 18 [ 21| 24 | 16
| Theory of Technical Systems 7 1 1 2 1 1 7 3

Structuring, Laying out 2 2 10 k 2 1 9 12 6 1 1 1
| Modelling 2 2 4 1 4 1 8 11 | 34 | 18

Figure 4. The change from CAD to broader IT application, and the theoretical areas
supporting the handling of products as data.

One of the peculiarities and strengths of the ICED conferences is the emphasis on Theory of
Technical Systems (TTS), i.e. the artefact theory, which creates the basis for several types of
research. The balance of TTS papers on its own (see Figure 4) is not showing the areas’
importance, but its role for the areas product modelling, data management, knowledge
management, modularisation, configuration and product structuring should not be under-
estimated. Figure 4 shows the explosive growth of papers on some of the areas, mirroring
their importance in industry. In the same way TTS plays a role in modelling area, where
property modelling is put in focus.

The delimitations of engineering design research

How do the ICED conferences show the reflections on their own role, validity and power? As
mentioned above, the scientific enhancement and research rigour has been in focus in the
nineties. Also the societal role and importance and visions of the design area have been
treated, see Figure 5.

Most contributions to ICED come from participants with an engineering background. Only a
certain part of the design phenomena can be explained and understood from an engineering
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research viewpoint. Therefore it is crucial, as pointed out in numerous papers on design
research and in the mentioned ICED pamphlet from 1997, that design research shall be
arranged as multidisciplinary research. Some of the core areas include the understanding of
the human designer, of cognition, creativity and attitudes, see Figure 5.

Modem industry's agenda is demanding dynamic change and a stream of competitive
products, individually fitted to the customers. Only recently have the ICED conferences
shown papers on innovation, understanding customers' needs, and studying change of the way
design is organised, see Figure 5.

The delimitations of ICED 81 | 83 | 8 | 87 | 8 |91 |93 95|97 | 99|01
Societal role, importance and visions 2 2 2 2 3

Cognition, Creativity 6 1 5 2 7 4 3 3

Reflective practise 5

Attitude, Ethics, Liability 2 1 4 1

Innovation, Invention 2 S 6 17 3

Needs, customers, competition 1 6 1 3

Study of change 3 2
Total 8 3 2 6 4 16 | 20 | 30 | 17
Relative to total number of papers % 7 2 2 3 1 5 6 8 5

Figure 5. Some of the topics on the borderline of the ICED conference topics.

5 Conclusion

What can we conclude concerning the ICED conferences' relation to industrial agendas? Let
us try to identify a main ICED pattern. There seem to be four distinct time periods:

* A machine design, industrial practice, design profession period, where design methodology
based upon experienced practice is the main source of insight. Very few are actually
carrying out design research.

¢ A CAD-oriented period with emerging understanding of product development as context
of engineering design and the design profession. Integration is carried by different DFXs,
reduction of lead time is in focus.

e A period, where the focus turns away from the design to the management of the designing
activity and the teams performing design. Product development is now seen as a new
profession with focus on team competences. Design is studied with multiple views and
empirical methods.

o Today's situation, where very many are performing design research, and a multifold of
approaches and views are studied in what seems an explosive expansion. The role of
scientific rigour and the necessity of multidisciplinary research are understood, but the
theoretical foundation is not strengthened through the papers from this period. IT is setting
the agenda for design practice. Efforts are done to understand the human operator.
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Is this pattern of four time-periods of overlapping focuses, mirroring industrial agendas? 1
believe, that the industrial situation has changed radically throughout this period, showing the
following steps:

e Product development was engineering oriented, CAD-based and managed by proce-

dures in the early 80's.

e The focus was changing to market-orientation. Demand for dynamics led to integration

and concurrency; team based design is evolving. This was the situation around 1990.

¢ Today, industry's agenda is dynamics and leanness, carried by IT-support, Product Data

Management, and Product Modelling, and networking is emerging. Managers focus on
human resource management.

The image of ICED conferences seem to be a mix of two things: "a market pull" i.e. interest
in arcas where needs are articulated (environment, DFX, teamwork, workbenches, data
management etc.) and "a technology push”, i.e. interest in areas emerging in industry (CAD,
PDM, Configuration systems, Networking, etc.). It is only in the market pull area that ICED
secems to be setting the agenda.

This analysis may hopefully serve as an inspiration for better understanding the role of ICED
and what should be solved outside ICED by networking, discussion groups, workshops,
research programmes and cooperation, especially with industry for understanding industry's
agenda.
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1. Introduction

Engineering design is a distinguished discipline since it (i) synthesizes new information for
product realization, (ii) establishes quality through defining functionality, materialization and
appearance of artifacts, and (iii) influences the technological, economic and marketing aspects
of production. By generating knowledge about design and for design, discipline-oriented
(scientific) research is instrumental to the development of engineering design. By now, the
notional research into engineering design has grown to a significant complexity. For this
reason, it is not easy to see the trends of evolution, to identify the landmarks of development,
to judge the scientific significance of the various approaches, and to decide on the target fields
for investments. Orientation in the jungle of discipline-oriented research of design is difficult
not only for specialized researchers, but also for research managers and science policy
makers. On top of the managerial aspects, understanding the holism, coherence and
robustness of the results, comprehension of the interactions of parts of the aggregated
scientific/technological knowledge, and recognition of the status of the theories is important
from a gnoseological point of view. What we need in this situation is a comprehensive but, at
the same time, sufficiently articulated vision that reflect the current state-of-the-science and
project ahead to the near future. Accordingly, the intent of the author in this paper is to collect
and study the knowledge and facts about engineering design research. He has been inspired
by the fact that these kinds of studies are less frequent than it would be needed.

As it can be seen in the literature, enormous efforts have been and are being made towards
scientific understanding, technological underpinning and practical exploitation of engineering
design. Research approaches design from several aspects such as governmental, industrial,
historical, technological, educational, scientific, sociological, and practical. Researchers
usually focus on a target application field (e.g., architectural, mechanical, electrical
engineering) and narrow down their scope to problem areas such as conceptualization, detail
design, computer support, and product realization. Thus, the number of scientific publications
on technical issues of engineering design has been growing exponentially in the last four
decades. At the same time, the number of papers addressing philosophical, epistemological
and teleological issues of design research does not seem to grow so fast. Some authors have
provided outstanding (systematic) surveys about the fields of attention and approaches of
academic and/or company research [3], [5], [6] and [7]. In order to arrive at a systematized
discussion, they introduced various reasoning schemes. The basis of these schemes ranges
from a simple chronological principle, through a phenomenological classification. to a
contextual taxonomization.
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Rather than dealing with particular technical problems of engineering design, this paper
intends to present a classified survey about the status of research that intends to create
notional, or even scientific, foundation for engineering design. Like Archer [1] and Beheshti
[2], the author applies a content-driven approach. He explores the boundaries of attention in
engineering design research, classities the domains based on their contents, and gives a
concise summary on the recent advancement. The main difference between this survey and
the other ones following taxonomic cataloging is that the author introduces a reasoning
model. Tt enables him not only to define a domain of discourse, but also to explore intrinsic
relationships.

2. The reasoning model

Engineering design research manifests as a platform for exploration, description, structuring,
rationalization, and application of design knowledge and technologies, in combination with
the designed artifacts and processes. This inherent complexity makes it inevitable to apply a
multi-level, contextual structuring. Being aware of it, the author proposed a gnoseology-
oriented approach [4]. It postulates a conceptual scheme that arranges (and explains) the
universe of engineering design research. The fundamental observation is that the global
discipline of engineering design is naturally rationalized and directed. The knowledge is
transferred from scientific/theoretical inquiry and comprehension to technical/pragmatic
application. Hence, the underpinning idea behind the conceptual scheme is the natural stream
of knowledge through design. The analogy of the source, pipeline and sink of a material flow
has been used to support the idea of a formal model. The advantage of this approach is that it
covers the whole discipline of engineering design. The basis of demarcation of the fields of
attention in research is the studied subject matter. The postulated scheme throws light upon
the highest-level contextual categories, promotes a contextual decomposition (structuring),
and brings the contextual relationships (interactions and dependencies) into the limelight. This
formal conceptual model lends itself to an integrated view on the observable world of
engineering design research and facilitates a comprehensive reasoning about it. For this
reason, it has been referred to as a reasoning model.

sink
calegories

Figure | The natural stream of knowledge in engineering design

The conceptual scheme can be represented graphically as a chart of source-pipeline-sink
categories, which can be particularized for contents on various levels (Figure 1). The source
categories of engineering design research are the categories that endow with the fundamental
mental capacity for engineering design. The pipeline categories establish links between
scientific/theoretical knowledge categories and pragmatic/technical knowledge categories by
structuring, deriving and dedicating knowledge. The sink categories are concerned with
eliciting knowledge that is necessary for the ultimate utilization of the entirety of engineering
design knowledge. As specific to engineering design research, the author inaugurated nine
contextual research categories in the reasoning model. Within each contextual category,
research domains are identified. In order to help distinguish particular research approaches
and treatments of rescarch issues in the research domains, research trajectories are
introduced. They can be seen in Figure 2, which shows the contextual reasoning mode! so as
it is decomposed to research domains level. In certain cases, the author could not find a better
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solution than to apply the same name to a contextual category and to a research domain that is
fundamental to the concerned category. However, a name used to indicate a category has
broader meaning than the one used as a marker of a domain. Due to space limitations, the
design trajectories level decomposition of the reasoning model cannot be included and
discussed in this paper.
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Figure 2 The gnoseology-oriented reasoning model showing the research domains in the contextual categories

3. Research in human assets
In spite of the fact that there have been efforts towards a kind of mechanization

(computerization and/or automation) of engineering design, it remains one of the most
human-related activities featuring intellectualism, creativity and ingenuity. The research in
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human assets focuses on the people who come into view as (i) scholarly originators of
general and specific design knowledge, (ii) design problem solvers, and (iii) target benefiters.
The goal is to study and understand the human aspects of engineering design, investigate all
kinds of relationships of humans to design, enrich problem solving knowledge, and enhance
the mental potentials. Within this category, design psychology research studies the humans
who design, and who are affected by designs. In the former case, the mental processes and
behavioral characteristics are investigated, in the latter case, the attitude towards designing
and having designs are in the focus. Design cognition research has made its first steps towards
the understanding of knowing, perceiving and conceiving design knowledge, and towards the
comprehension of intuitions, hypotheses, feelings and beliefs regarding design. The research
in design ethnography focuses on distillation of culturally relevant knowledge, and on the
development of methodologies for an ‘open to cultural differences’ product development.
Design aesthetics research achieved moderate progress with understanding emotional
reactions of humans to aesthetic impressions caused by designs and the rules of creating
designs with intended appearance through form giving, materialization and decoration.
Design ergonomics has progressed in accumulating knowledge for optimizing the connection
between clusters of humans and products/environments, especially from the aspects of
physical and informational ergonomics. Supported by the general knowledge of marketing,
design-marketing research progressed in understanding customer behavior, product policies,
life cycle engineering, customization and globalization under the pressure of competition on
product markets.

4. Research in design knowledge

Contemporary research in designing-related knowledge targets three generic issues, (i) the
roots and the nature of engineering design knowledge, (ii) the contents and the characteristics
of design knowledge, and (iii) the exploitation of design knowledge. Figure 2 shows the
pertinent research domains. Having recognized the importance of an epistemological
understanding of inquiring, generating, possessing and utilizing design knowledge by
humans, researchers brought to existence design epistemology as carly as the first part of the
seventics. Knowledge of engineering design is fundamentally empirical in nature, although
efforts have been made to theorize it by structuring, reasoning, abstraction and generalization,
and mathematical processing. Descriptive formalisms are used for synthetic design
knowledge, and prescriptive or predictive forms for the analytic part. Design intelligence
research is interested mostly in (i) understanding human design intellect, (ii) study of abilities.
creativity, intuition, thinking, common sense and formal reasoning, (iii) apprehension of
specific problem solving capabilities, (iv) extension of design knowledge, and (v)
reproduction of design knowledge in/by artificial systems. Also studied are (i) generation of
synthetic knowledge by means of cognitive senses, and (ii) deriving analytic knowledge by
mental reasoning. Closely related to these, design logic studies (i) the principles of common-
sense, plausible and non-deterministic design reasoning, (i) the foundations of design
thinking, with the aim of deriving principles for procedural inference and criteria for design
appreciation, and (iii) handling informational complexity, associations and constraints. Design
representation research studies the alternative forms of externalization and epitomizing of
general, artifact and process knowledge. A relatively new domain, design ontology research is
directed to the conceptual understanding of all kinds of design *worlds’, providing very high
levels of specifications, and finding extracting principles and structures for knowledge. In the
future, ontology research may play an important role in implanting knowledge structures to,
for instance, knowledge-intensive design systems in the form of very high-level languages.
The main interest of design pedagogy research is to (i) provide an enabling ‘cache’ for
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engineering design, (ii) find up-to-date design education methods, (iii) develop new tutorial
means and materials, and, (iv) train for engineering design research.

5. Research for knowledge about artifacts

Knowledge related to artifacts (also referred to as technical systems or products) represents a
specific subset of design knowledge. Looking back to a long history, the research into
artifacts intends to understand the rules, forms and relations of processing substance, energy
and information in designs. In close relationship with the technical sciences. it studies
physical, functional, morphological, structural, behavioral, realization and use aspects. The
current theories understand the artifactual systems as goal-implied, synergetic arrangements
of organs and place the emphasis on the laws of transformations, causality of changes, and
optimization of operation. The aims of design taxonomy research are the teleological study of
manifestation of purposeful artifacts in various categories and the exploration of general
principles for orderly classifications of designs and their relationships. Having much in
common with general system research, part of artifact research is interested in the holism of
artifactual systems and their decomposition. Design materialization research deals with (i) the
interrelation of materialization of artifacts and their manifestation, behavior, implementation
and use, (ii) principles and laws of using various materials in artifacts, as well as with (iii)
optimization of material use, (iii) ecological design and powering, and (iv) recycling issues.

6. Research for knowledge about processes

Knowledge related to processes is the other specific subset of design knowledge. Research
concerns the artifacts/systems-related processes, involving (i) mental, virtual and physical
creation processes, (ii) operational/behavioral processes, and (iii) processes accompanying the
existence of products. It also covers processes of designing from aspects such as (i) defining
the contents and organization of design processes, (ii) optimization of transformations in
design processes. (iii) use of resources in design processes, and (iv) automation of design
processes. Presently. research efforts are spread over both quantitative and qualitative
processes. The research in guantitative processes to a large extent focuses on observable
natural and artificial processes. On the other hand, qualitative process research concentrates
on mental processes of design and qualitative reasoning with natural (physical) processes in
artifacts/systems. An emerging research domain, design logistics is engaged with the issues of
(i) distributing information in geographically distributed design environments, (ii) optimal
organization of design processes, and (iii) managing complexity of design knowledge
associated with artifacts and processes. Being a maturing domain, research in life cycle
processes aims at observation. definition, modeling, and analyzes of product-related processes
in a holistic way. It also looks for methods to incorporate life cycle (conceptualization,
creation, behavior, use and recycling) knowledge into product models and products.

7. Research in design philosophy

Research in design philosophy tries to explain the nature and essence of engineering design
based on logical arguments. It pursues a general understanding of design in a speculative,
rather than in an observational way. By introducing general hypotheses, conjectures, concepts
and ways of thinking about designs and/or designers, it affects the generic theory underlying
design thinking. It investigates the scientific nature of design, the validity of design theories,
the notions relating design. It also proposes teleological explanations of the relationships of
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humans and designing. Recently, emphasis was given to the strategic role and societal aspects
of engineering design. Design axiology research is spontaneously developing to study the
nature and the measures of the technical, economic, moral, social and aesthetic values created
by design. Design history research focuses on (i) chronological developments of design
knowledge and the subdisciplines, (ii) advancement of some philosophical/theoretical
frameworks (paradigms), (iii) ontological, methodological and technological evolution of
design, as well as (iv) political, social, cultural, and economic factors influencing the trends in
designing and product development. Design policy research concerns the knowledge about (i)
utilizing design on society level, (ii) embedding design in production environments, (iii)
strategic issues and goals of design, (iv) outsourcing policies for design projects, and (v)
planning collaborative design processes. Research in design ethics studies the ethical
dimension in engineering design, including the man-made changes of nature, principles of a
product to be useful for the society as well as the rules of designing considering all moral,
social, political, cultural and personal aspects

8. Research in design theory

Research in design theory connects general and specific design knowledge to design
methodology and practice. More specifically, it intends to (i) explain, generalize and/or
abstract observed design processes, (ii) organize engineering design knowledge beyond the
level of craftsmanship, (iii) develop formal design theories for an algebraic representation of
designs and processes, (iv) introduce idealized models for the evolutionary design process,
and (v) derive theorems, rules and procedures for solving design problems in synthetic
environments. Global and local, empirical, descriptive and prescriptive theories have been
considered. Research in design semantics targets meanings and intentions in design. Among
the goals are (i) contextual understanding of the designing and designs, (ii) explicating design
intents, (iii) clarification of functions and functional relationships, (iv) comprehension of
shape perception and shape morphing, (v) grasping function to form transition, (vi) clarifying
relationships of shape and behavior, and (vi) study of design evolution. Design axiomatism
strives for developing formal reasoning frameworks from self-evident truths (axioms),
propositions (conjectures) and/or facts (evidences). Various systems of axioms have been
proposed to support global and local design theories. The domains discussed above
interweave design automation research, which asserts that engineering design is a computable
function. It studies computer-based problem solving strategies, methods, heuristics, creativity,
learning, and reasoning. The ultimatc aim is formal design inference, automated problem
solving, and transplantation of design capabilities.

9. Research in design methodology

Current design methodology research is involved with (i) methodological systematization of
design processes, (ii) exploration of the mechanisms of design decision-making, and (iii)
improvement of design modeling, representation, analysis, simulation, evaluation, and/or
physical testing techniques. Process monitoring and protocol studies are used to understand
the human methods of designing, design knowledge requests and processing, collaborations,
use of methods and tools, and design communications. Design innovation research creates a
scientific basis for rationalizing multidisciplinary product development and facilitates solution
finding for design problems. A booting-up research domain, design decision-making,
investigates the cognitive and logical mechanisms behind finding solutions, selection of tools
and methods, and weighted consideration of the factors. It also deals with the dependencies of
design decisions on awareness, intents, situations, conditions, and constraints. Design
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semiotics studies the symbolism applied in the key functional activities in design, and in the
related activities. Being an extremely wide area of interests, research in design modeling aims
at generating, processing and using mental, cognitive, formal and symbolic models of
humans, artifacts, processes and knowledge. It also investigates the role of models in
externalization, communication and testing of design ideas. Closely related to design
languages research, design syntax research specialized itself in the understanding of rules,
structures and expressiveness of design grammars.

10. Research in design technology

In the broadest sense, design technology is associated with the use of (i) applied science and
design-specific knowledge, (ii) human and informatics resources as well as of (iii) methods,
techniques and means to solve well-defined design problems. Some 30 years ago, pulled by
the industrial need and pushed by the rapidly evolving computer technology, design
technology research showed an unexpectedly rapid progress. As indicated in Figure 2, it has
developed into a well-articulated set of research domains. The two governing problems have
been processing design knowledge by computers, and development of systems supporting
design. Research in design informatics aims at studying all design-specific aspects of
handling data and knowledge related to humans, products and tools. The premier issue has
been processing visual and spatial information, which is enabled by the methods and
techniques offered by interactive computer graphics and image processing research. Computer
internal representation and processing of numerical, textual, symbolic, graphical and
geometric information have become the key issue of research in design environments. The
attention is put on computer processors, peripheral devices and networks that are dedicated to
design tasks. It also endeavors to organize design and image catalogues in the context of
design activities. Research in computer-aided conceptualization systems has become very
active in the last two decades and it is still rapidly progressing. The efforts are to support (i)
collecting and processing user needs, (ii) exteriorization of human concepts, and (iii)
producing initial (possibly incomplete) models of products. The research in design modeling
systems has focused both on simplified design representations and on true modeling of the
geometry, structure., materialization, behavior, appearance and realization of products. For
instance, a wide variety of multi-dimensional modeling techniques have been availed for
representation of the shape such as wireframe, solid, surface, parametric and constraint-based.,
feature-based, deformable, fuzzy and vague geometric modeling. Being theoretically well
supported, they lend themselves to the development of various types of so-called downstream
modeling systems, such as analysis, manufacturing, assembly, and simulation systems. As far
as behavioral modeling is concerned, noteworthy results are achieved with finite element
modeling/analysis and kinematics simulation systems. Research in design support systems
intends to discover new principles for product data management systems. design decision
support systems, design knowledge- and databases, design optimization and design
reengineering systems. The intentions to apply artificial intelligence techniques in design
support systems have gradually weakened since the end of eighties, although this paradigm
had seemed to be very popular earlier. The emphasis shifted to knowledge-intensive systems
without built-in problem solving capabilities. Typical design support systems are the design
for manufacturing and assembly systems, following specific methodologies. Research in
design communication systems focuses on (i) video-conferencing-based collaborative
techniques, (ii) network-based collection, organization, classification, transformation,
visualization, retrieval and use of design knowledge, and (iii) network-based management of
designing. Research in design languages targets formal product definition languages, and
product description languages of neutral format.
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11. Research in design application

Design application research extends to research domains, which make use of design theories,
methodologies and technologies in solving concrete design problems. Design praxeology
studies the nature, manifestation and instruments of design in the practice. Following the
ever-increasing industrial expectations towards engineering design, research in design
management investigates the methods of low-level organization of designing, exploitation of
design tools for particular products, and creating efficient design environments. Significant
steps have been made during the years in the domain of design standards research, which
investigates the principles of standardization, normative regulations and qualitative aspects of
measurement. Generating design codes, norms and standards is a domain with pronounced
relationship to design technology. In the last ten to fifteen years, design quality research
attained distinguished attention. It orientated itself to creation of reasoning models about
quality, and pursued studying all factors that influence the resultant quality of artifacts and
related processes, to support optimal execution of product development and production
processes. Design sustainability research is involved in issues of (i) ecological design. (ii)
(de)materialization and (de)powering of products, and (iii) reuse and recycling.

12. Conclusions

A gnoseology-oriented reasoning model is applied in this brief survey, which facilitates
identification of contextual research categories, domains and trajectories, and analysis of the
interrelations. Future research will focus on getting deeper insight into the definition, intrinsic
characteristics, relationships, merits and advancement of the research trajectories.
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1 Introduction

The genetic analogies in design use the same model like the Darwinian evolution theory, i.e.
the law of the “survival of the fittest”. In [1] GERO showed the presence of these genetic
analogies in design. The fundamental aspects of these analogies are:

e The design description maps onto the phenotype level. The phenotype describes the real
existing product.

e Design processes map onto selected genetic operators (mainly crossover and mutation) at
the genotype level. The genotype is the representation pattern created for the product.

¢ The difference of the representation at the genotype level from that of the design descrip-
tion (phenotype) level.

e Design performances (behaviours) map onto fitnesses, which describe the conformance of
the product.

e Genetic operations are carried out with populations of individuals (design variants).

Our goal is to show that, based on these theoretical aspects, genetic analogies are present in
the basic design activities of process and product modelling. Furthermore, we show examples
and concepts of the adaptation and the use of these genetic analogies in order to increase de-
sign efficiency.

At first, the chosen design activities are analysed to point out the genetic analogies. The sec-
ond chapter concentrates on the development of design variants and the evolutionary behav-
iour of these emerging objects. Afterward the analogies found on the product modelling level
are discussed.

2 Process modelling

The design process can be regarded as a set of intuitive shifts between the different design
phases. In each design phase, different alternatives "competing" with each other are com-
pared. So the design process model must consider this "mixed" process of searching, adopting
of existing knowledge, leaming, evaluating, selecting, and combining [2]. These properties
can also be found in the natural evolution process. That is why an evolutionary approach
could be useful to understand, model and describe the design process.
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By using obvious and hidden analogies between natural evolutionary processes and design
processes the so-called Autogenetic Design Theory (ADT) has been developed [3, 4]. 1t is
based on the idea that the design process can be described as an evolution of a specific nature
in which new or adapted solutions (i.e. individuals) can be developed with the help of evolu-
tionary methodologies as described in chapter 1. Different versions of a solution — which are a
product of the symbiosis of evolution and human intuition — compete with each other. Under
the pressure of selection (i.e. requirements and boundary conditions) "good" properties (i.e.
properties which provide a better fulfilment of the requirements and conditions) of the pre-
ceding solutions (parents) are passed on to the succeeding solutions (children). Thus genera-
tion by generation the solution is subsequently improved, getting closer and closer to the
given requirements and boundary conditions. This autogenetic behaviour can be observed in
all variants of a solution as each emerging solution passes through a self-development proc-
ess. This phenomenon repeatedly occurs within and between the individual design phases.
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Figure 1. Structure of the VDI 2221 guideline [5]

Figure 1 shows the VDI 2221 guideline that realises a kind of autogenetic behaviour by of-
fering the possibility of iteration cycles between the design phases. Although the possibility to
fulfil this genetic analogy is present, the prescriptive layout of the methodology does not force
the designer to follow the iteration cycles. The guideline emphasises a sequential process with
only a few necessary iteration cycles. Nowadays these types of design approaches are inte-
grated into company development processes as guidelines or standards, which is no doubt a
great breakthrough in terms of managing the design process, but they are too abstract or too
inflexible on the level of the daily work of most of the designers.
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To present the power of ADT, we have a look at the working style conform to it and compare
this with the aforementioned quasi-sequential methodology and their working style. Figure 2
shows the working style of two designers; both conform to the VDI 2221 guideline. The
practical designer — more conform to the ADT - tests the variants on different abstraction lev-
els in order to choose the most appropriate solution (black and white arrows). The more me-
thodical, sequential working style tests the variants without making too many steps between
the different abstraction levels. Naturally there are many influencing factors like design tools,
education experience of the designer etc., which influences the efficiency of designing. In
short, there seems to be a difference between the conventional design theories and the nature
of the practical, real-life engineering design.
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Figure 2. The difference between a “methodical” (upper) and “practical” (lower) designing styles {6]

After analysing GUNTHER’S work [6], it could be established that a design process with an
evolutionary-like layout is more efficient than the methodical quasi-linear layout. The evolu-
tionary type of designing is not so transient like the conventional process but nowadays with
e.g. efficient process management tools more complex processes can be monitored to avoid
possible errors. VAINA and WEBER showed in [7] that most of the tools are available today
that are already able to manage successfully such a "sequenceless”" procedure, even in the
early stages of design.

In addition to pointing out the evolutionary analogies we must also point out the significant
difference between natural evolution and the ADT. Both are directed processes towards an
objective, but designing is a consciously directed process while natural evolutions is an un-
consciously directed process.

The tool of a designer for consciously direct the design process is the intuition. By dialecti-
cally solving conflicts between product requirements and real product behaviour - which are
influenced by design characteristics - the designer creates new design variants which hope-
fully better fulfil the requirements.
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The natural evolution is directed by the fact, that the fittest solution has more chance to sur-
vive the evolutionary design process. Natural evolution uses random design changes without
any rational directing. On figure 3 are the different working styles (conventional, evolutionary
driven and combined) are demonstrated.

Figure 3. Conventional (a.), evelutionary(b.) and combined working styles (c.)

The conventional working style (figure 3/a) tests many design variants, continuously enlarg-
ing and narrowing the actual search space, restricted by the requirements. The evolutionary
design style (figure 3/b) creates random variants by taking the best overall variant. A possible
combined working style according to the ADT is demonstrated on figure 3/c. The designer
dialectically creates variants invoking "wild" variants (random points) created by random
changes and combinations of those wild variants (chopped arrows). This could be useful, to
widen the search space and to find new alternative variants in the case of changing or new
boundary conditions.

Within the ADT the evolutionary approach is realised by evolutionary algorithms, which
simulate the natural evolution process by creating artificial populations using mathematical
expressions for replication, crossover and mutation. A population consists of versions of a
solution competing with each other.

A predefined fitness function (containing the evolution goal) is used to assign a quality value
(fitness value) to each individual of the population. This value in conjunction with a fixed
population size generates a selection pressure such that "improved" solutions get a greater
chance to reproduce themselves. In this way, new generations of populations develop con-
tinuously.

With a search and optimisation tool described in the next chapter, we realised an autogenetic
designing system conform to the ADT for the later phases of the design process. The future
goal is to combine the ADT with modern process management tools in order to enable the
utilisation of the genetic analogies in all design phases. In this way we can unite the most
powerful designing techniques with a complete process transparency and control.
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3 Product modelling

In the second chapter we showed that the product development process is analogous with the
evolutionary process. This analogy can also be found on the product modelling level. Genetic
analogies in product modelling are formulated, related to the phenotype (which maps to the
object itself) and to the genotype level (which maps to the characteristics of the object).

3.1 Problem formulation

To set up the development of a new product the followings are required:

e The formulation of the problem,

e The search target and the appropriate requirements.

The difficulty when formulating the problem is to establish the connection between the real
existing product (phenotype) and the representation pattern created for it (genotype). After
this set-up, a search-optimisation is performed in order to find solution variants related to the
problem. Firstly, with a search process the characteristic features of the problem must be
found, and possible solution spaces should be identified. At next the formulation of possible
parameters and the restriction of the search spaces, an optimisation process is carried out. Af-
ter the optimisation is done, new requirements could be invoked or alternative new parameters
could be integrated. This cyclic process shows a typical autogenetic behaviour; it evolves new
solutions, combining search and optimisation processes.

3.2 Solution technique

To choose a proper search-optimisation strategy or method, the following significant factors
must be considered:

e exploration,
e cxploitation and

¢ universality.

Like the ADT, evolutionary algorithms could be used as search and optimisation technologies
for product modelling. There are existing solutions using evolutionary algorithms as search
and optimisation tools, but almost all of them are isolated solutions to special sub-problems,
like special optimisation applications.

Fitting the solution technique to the problem formulation, the fact must be noticed that

e atoo deep adaptation to the problem disturbs the universality of the system, i.e. it cannot
be applied for other design problems,

e but a too rough adaptation is likely to be ineffective in search.
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Evolutionary algorithms are in balance between exploitation methods like Hill-Climbing and
exploration methods like Monte-Carlo. They "learn" by stochastically searching in the design
space. In order to achieve quick and viable results, the separation of the phenotype and geno-
type level is very important. In this way the universality of the evolutionary optimisation sys-
tem combined with the power of the natural evolution process can be ensured.

Based on the above-mentioned points, an optimisation system was developed using evolu-
tionary algorithms with a modular build-up, as shown in figure 4. This system facilitates in-
tuitive variation of geometrical product variants of growing complexity during their develop-
ment.

Parameters

Figure 4. Modular search and optimisation system

3.3 Practical applications

The system was successfully applied to different types of geometrical design and optimisation
problems like:

o Spiral spring design (3 optimisation parameters): the helix diameter, the wire diameter,
and the spring length were optimised in compliance with the linear spring characteristics.

e Joint mechanism (12 parameters): A general four-joint mechanism was developed for a
given trajectory.

¢ Inlet ports of a passenger car engine (23 parameters): On the basis of a geometrical model
of the port channel, a geometrical parameter optimisation was performed using computa-
tional fluid dynamics as an evaluation tool [11]. Figure 5 shows the geometrical model of
the optimised inlet port.

A big advantage of the genetic approach is the dynamical handling of the requirements. Thus,
if the solution advances in time and possible new conclusions about the problem can be made,
new requirements can be included in the evaluation procedure.
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Figure 5. Geometric optimisation model of an inlet port

In the practical application, the inlet port was at first optimised for throughput and tumble
scale. After having found an appropriate solution for these starting requirements, new aspects
like fuel injection, emission, and temperature conditions can be added into the list of require-
ments. This means that with the change of the requirements on the phenotype level, the
genotype level can be changed dynamically, i.e. new evolution methods and other possible
non-geometric parameters can be included.

Further developments of this system (which realises a continuous monitoring of the pheno-
type level) will allow

e to search for the dominant genes (parameters) beside the variants, i.e. to look for the exis-
tence of a super scheme, and

e the semi-automatic generation of conclusions on the basis of the super scheme.

4 Conclusions

Genetic analogies can be found on the design process and on the product modelling level. To
raise the effectivity of processes and methods, methodical and practical examples where dem-
onstrated to each topic area. By an extended and improved use of genetic analogies and be-
haviour in design, new possibilities open up which offer quality improvement for both the de-
sign activities and the resulting products.

We also admit that the change to the practical use of genetic analogies is not always economic
if one focuses on one special design problem only, but the situation is different considering
the whole product life cycle. The employment of a new technique always drags some realisa-
tion problems with itself. But for complex non-linear systems with changing boundary condi-
tions, the genetic analogies always provide good solutions.
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1 Introduction

If compared to other branches of engineering, engineering design research sets itself apart
from a number of perspectives. Among these, one can mention its relative youth, the
involvement of researchers with different disciplinary backgrounds and the fact that there is
no specific field of the natural sciences of which it can be viewed as a natural offspring, and
from which research methods and tools have been inherited. It is therefore no simple matter to
define the contents, the research approach or the community behind research in engineering
design. Gaining insight upon such matters is useful for the “governance” of research, be it in
organizing events, in refereeing papers, or in supervising the work performed by students.
This paper aims to provide a first step in this direction by proposing a quantitative analysis of
the papers contributed to the two previous editions of the ICED conference.

2 Background

Literature provides a number of attempts to defining the field of design research. Design and
science have traditionally been viewed as separate fields, with the latter producing knowledge
upon nature and the former using such knowledge to perform actions upon nature itself. Such
a perspective is close to the Aristotelian distinction between “episteme” producing “theoria”
and “techne” aiming to “poiesis” (i.e., producing new things). Modern students of technology
[1-2] showed that, even if technology is indeed related to science, technological knowledge is
something different and richer than simply “applied scientific knowledge”. Other authors,
such Simon [3], suggested the development of a “science of design™ as “a body of ... analytic,
partly formalizable, partly empirical, teachable doctrine about the design process”. Simon
considered design broadly, as a process defining a course of action “aimed at changing
existing situations into preferred ones”. During the ‘80s and ‘90s, prominent figures of the
design research community have tried to relate design to science in a more complete manner.
Hubka and Eder [4] viewed “design science” as a comprehensive body of knowledge which
includes four underlying categories (i) theory of technical systems, (ii) design theory and
theory of design processes, (iii) special technical information and applied knowledge from
natural and human sciences, (iv) design methodology. Cross [5] distinguished among (i)
“scientific design” (i.e., when design is a subject that uses scientific knowledge), (ii) the
“science of design” (i.e., when design is viewed as a phenomenon and is a passive object of
scientific analysis), (iii) “design science” (i.e., when one makes design happen in a scientific
way through methods and tools, and design is an object to which scientific knowledge is
applied). Finally, Finger and Dixon [6,7] survey the many streams of design research.
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The panorama offered by design research, as it appears in scientific journals or in conferences
such as ICED, or as described by the previously mentioned taxonomies, is therefore extremely
varied. A number of factors suggest that such variety is bound to increase in the future. In first
instance, there is a trend towards a broader concept of “design” and “technology”. While
design research has initially been quite close to the area of mechanical engineering, it has
progressively widened its attention to products based upon heterogeneous technology,
including software. The design of products is now being integrated with that of systems and
services (e.g., one priorities of the Growth research Workprogramme of the European Union
consists in the development of “product-services”). Second, there is a growing number of
design researchers coming from disciplines different from engineering, from management to
operations research and from the different streams of Information Technology to psychology.
All such variety is not an evil in itself, of course. When dealing with the design of
heterogeneous artifacts, researchers are forced to focus upon the more abstract themes of
design that are common to different application areas, therefore cutting loose from field-
specific aspects. At the same time, the various disciplines enrich the research field by
providing multiple perspectives and methodological approaches. So, no one would like design
research to be a sort of a monolith. On the other side it must be remarked that, while variety
has the potential of delivering value, this is not a certainty . If left to itself, there is a risk that
research may end up in a set of unconnected streams and in a sort of methodological anarchy
where anyone can come along and claim the scientific validity of his work.

In Kuhnian terms, the objective of this paper is to investigate the extent to which design
research may be considered to be an identifiable research paradigm. In [9], a paradigm is
broadly defined as the set of research problems, background theory and research methods that
become widely accepted within a scientific community in between scientific revolutions. The
power of the paradigm is that, by conforming to it, researchers don’t have to “go back to
fundamentals” every time and can build upon each others’ work, thus leading to a rapid
sequence of incremental improvements. The process goes on until the limits inherent to the
paradigm’s theory and methods make it incapable of solving new problems. At this point, the
old paradigm is confronted with new competing and “revolutionary” ones, based upon
different theory and methodology, and the one that best manages to solve research problems
eventually wins. From this perspective, design research may be seen as a relatively young
discipline that has indeed emerged out of revolutionary visions and proposals. What should be
studied is therefore the extent to which it has moved into a paradigm or whether it still is in a
pre-paradigmatic stage. Instead of the usual historical methods, this paper proposes an
empirical approach and uses the two past editions of ICED (ICED97 and ICED99) as “cross
sections” of the research work being performed by the community.

3  Research approach

The research papers in the ICED proceedings offer a wide variety of objectives, which makes
them rather difficult to compare, especially because of the different criteria used at the two
events for creating presentation streams. A new classification has therefore been developed,
based upon the objectives of research with respect to the design process. Five groups have
been formed (i) empirical research (ES in the following), (ii) experimental research (EX), (iii)
development of new tools and methods (NT), (iv) implementation studies (IS) and (v) other
(OTH). The rationale of such classification is that the first four categories, which cover more
than 80% of the papers, may easily be related to one another, as shown in Fig. 1. This helps to
stress the idea that, if the design research community executes different forms of research, this

ICED 01 — C586/546



should be in view of exploiting their complementary nature. In Fig. 1, the world is split into
the realm of industry and that of research. The “end product” is assumed to be the industrial
implementation of tools and methods within the design process. Such tools may be derived
directly from research efforts or, indirectly, through commercial development. The
development of methods and tools depends on knowledge upon the design process and this, in
turn, comes from experimentation or empirical observation.
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Figure 1. A model of research approaches in engineering design

Data collected from the papers presented at the two editions of ICED include descriptive
variables upon authors, their nationality and affiliation, research objectives and methodology,
references to previous literature, industrial involvement and the degree to which research is
related to other complementary branches of research. Some of these variables are judgmental
and related values have been determined by a panel of graduate students operating with a sort
of Delphi procedure. When evaluations were unanimous they were not discussed. When
conclusions differed they were subject to discussion and, if a consensus could not be
achieved, the author would act as referee. This procedure does not totally exclude subjective
bias, but it gives confidence that measurement error, though present, is reasonably reduced.

4  Findings
4.1 Descriptive statistics

At both ICED97 and ICED99, the development of new methods and tools appeared to be the
dominant research theme. Table 1 shows that little less than half the papers were related to
this kind of research, with little change across the two events and no significant effect by
presentation type (oral vs. poster).

Table 1. Distribution of papers by research type

ICED97 ICED99
Oral Poster Total Oral Poster Total
IS 24 32 56 25 26 51
EX 8 12 20 17 5 22
EM 37 16 53 32 26 58
NT 71 70 141 80 110 190
OTH 22 37 59 37 31 68
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Concerning the affiliation of researchers, there is some degree of concentration. As fig. 1
shows, the largest 20 % of institutions produced 60 % of papers. A weight index for research
centers has been developed, in which oral papers weight double the amount of poster papers.
By observing the histogram of this index, research centers have been classified in small (index
< 24.8), medium (24.9 < index < 49.6) and large (index > 49.7). Table 2 shows paper
distribution by geography. The fact that ICED97 took place in Finland and ICED99 in
Germany causes some concentration, but anyway at a reasonable level.

02

0.4

0.6

0,8

% of research centers

Figure 1. Pareto analysis of research paper production by research centers.

Table 2. Distribution of papers by geographical regions

D, A, CH|UK, IRL]S, FIN, N, DK [USA, BR | Other |
Oral papers 175 129 60 65 114
Poster papers| 106 91 67 56 183

Research type shows a statistically significant degree of association with authors’ affiliation
and geographic origin and, to a minor extent (Table 4). Such evidence isn’t particularly
revealing, but it does suggest that, to some degree, determinants of “specialization” do exists.

Table 3. Association between research type, research center size and region (figures within parentheses give
the number of papers that would be expected if the two categorical variables were statistically independent)

Weight of research center
(G-K Tau p<0.032 w/ research type

(G-K Tau p<0.001 w/ research type dependent)

Region

dependent)
Small Medium | Large | D, A, | UK, | N,DK, | USA, | Other | Cross
CH IRL FIN, S BR region
IS 97 13 3 34 27 12 8 26 6
(90.3) (16.8) (5.9 | (269 | (22.7) | (127 | (10.6) | (33.1) | (7.0)
EX 29 12 2 9 8 2 9 11 4
(34.49) 64 (2.2) | (10.2) | (8.6) 4.8) 4.0) | (12.6) | (2.6)
EM 84 26 6 15 26 23 6 31 14
92.7) (17.2) (6) 274 |23 | 129 (108 [ 33D | (7D
NT 274 44 23 92 66 31 36 101 15
(272.6) (50.6) (17.8) | (81.3) | (68.5) | (38.3) | (32.0) [(100.0)| (21
OTH 114 16 5 28 23 16 11 50 7
(107.9) (20.0) (7.0 [ (322) | (27.1) | (152) | (12.7) | (39.6) | (8.3)
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4.2 Use of previous literature

In science, it is customary for researchers to build upon colleagues’ results. Giving reference
to previous work is the means with which this relationship is signaled to the community. It is
therefore quite common to measure referencing patterns and to use such figures for different
applications. Specifically, references may be used as a metric for evaluating the degree with
which researchers feel their current project to be related to their own previous work or to that
of others. This may be seen as a proxy of the cohesion present in the community, which is an
important feature of a research paradigm. ICED papers have been checked for references
made to previous work by the same author and for the references made to papers appeared in
previous editions of ICED (Table 4). The figures have been compared with the corresponding
data obtained from conferences from other fields (three are rather specialist branches of
engineering, while a fourth comes from an operations management background and is very
close to the domain of ICED). The referencing pattern exhibited by papers in the ICED
proceedings is similar to what can be found in work presented by other research communities.

Table 4. Use of previous literature in [CED and other conferences (OMAE = 10" Int. Conf. on Offshore Mech.
and Arctic Eng., IEPG = 6" Int. IEE Conf. on “Opportunities and Advances in Int. Electric Power Generation”,
PCSM = 4™ Int. IEE Conf. on Power Control Systems and Mgmt, PDM = 10th EIASM Product Development

Mgmt Conf.)
ICED | OMAE | IEPG | PCSM | PDM
Ref. made to papers None 683% |456% | 65% |77.8% | 74%
appeared in previous At least one 317% (544 % | 35% |222% | 26%
editions of same
conference
" Ref. made to None 472% (375% | 55% |592% | 51.9%
previous work by Appearedinother | 351% | 346% | 30% |27.8% | 33.8%
author(s) journals or
conferences
Appeared in previous | 17.7% | 279% | 15% 13% | 143 %
editions of the same
conference

Finally, tighter referencing patterns are associated with research type and with authors’
affiliation (tables 5-7). This can be viewed as preliminary evidence that shows the existence
of different writing “traditions” or habits across regions or disciplinary areas.

Table 5. Association between use of previous literature and research type (figures within parentheses give the
number of papers that would be expected if the two categorical variables were statistically independent)

IS ER EX NT OTH
Ref. made to None 46 64 19 143 76
previous work by (52.6) | (54.0) | (20.0) | (158.6) | (62.8)
author(s) In other journals or 45 35 16 132 38
(G-K Tau p < 0.034 w/ conferences (40.2) | (41.3) | (15.3) |(121.3)| (48
reference dependent) [y previous editions of 22 17 8 66 21
the same conference (20.2) | (20.8) | (7.7) | (61.1) | (24.2
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Table 6. Association between use of previous literature and research center size (figures within parentheses
give the number of papers that would be expected if the two categorical variables were statistically independent)

Small Medium Large
Ref. made to papers appeared in None 415 (409.3) | 77 (76) 20 (26.7)
previous editions of ICED At least one | 183 (188.7) | 34 (35) 19 (12.3)
(G-K Tau p < 0.061 w/ reference dependent)

Table 7. Association between use of previous literature and region (figures within parentheses give the number
of papers that would be expected if the two categorical variables were statistically independent)

D, A, UK, S, N, USA, | Other |Cross region
CH IRL |FIN,DK| BR
Ref. made to None 141 86 56 47 149 32
papers appeared in (121.8) |(102.6)| (57.5) | (47.9) |(149.8)| (31.5)
previous editions At least 37 64 28 23 70 14
of ICED one (56.2) | 47.4) | (26.5) (22.1) | (69.2) (14.5)
(G-K Tau p < 0.003 w/
reference dependent)
Ref. made to None 94 61 52 30 97 14
previous work by (82.9) [ (69.9) | (39.1) | (32.6) |(102.0) (21.4)
author(s) In other 60 60 18 27 79 21
.| (G-KTaup <0.006 W/ | journals or | (63.1) | (53.2) | (29.8) 24.8) | (77.7) (16.3)
reference dependent) conferences
In previous | 24 29 14 13 43 11
editions of | (31.9) | (26.9) | (15.1) (12.6) | (39.3) (8.3)
ICED

4.3 TIssues specific to the four types of research

Empirical research

In ICED papers, empirical research is performed through case studies (46.9 % of papers) and
surveys (43.5 % of papers), while in 9.6 % of cases the research approach is not clear. The
unit of analysis, when declared, may be the firm, the project or the designer (Table 8). The
sample size is declared only in 59 % of papers. Implications of findings, which are assumed to
be useful to researchers involved in the development of new design methods and tools, are
present in 74.6 % of cases, and absent in the remaining 25.4 %. This can be contrasted with
the PDM conference, which has a firmer tradition in empirical research. In the PDM
conference the research approach is declared in all papers and sample size in 83 % of them.
While sample size, when declared, is not substantially different from ICED, managerial
implications are present in 85.9 % of papers.

Table 8. Distribution of empirical research according to research approach and unit of analysis

Firm | Project | Individual Not clear | Average sample | Average sample
designer size size in PDM
Case studies | 19 21 8 6 15.6 50.6
Survey 15 9 13 11 150.6 112.6
Not clear 0 1 3 9 - -
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Experimental research

Experimental research is a numerically small part of research presented at ICED conferences.
Units of analysis may be the individual designer (39.55 % of cases), groups of designers (55.8
%) or customers (4.65 %). Conclusions and implications are present in 81.4 % of cases and
absent in the remaining 18.6 %.

Development of new tools and methods

It is possible to classify the work performed within this research stream in new methods (45.5
%), software tools (35.5 %) or methods embedded in software (19 %). Authors define precise
motivations for their research, eventually through references to previous research, in only
32.6 % of instances. Such motivations are vaguely defined in 20.2 % of cases and absent in
47.2 % of cases. Papers dealing with the development of new methods and tools generally pay
little attention to implementation issues within an industrial setting (37.5 % of papers address
the topic but 62.5 % do not). They seldom relate the tool to the current state of the art in
commercially available solutions (such relationship is discussed in 32.1 % of cases and
neglected in 67.9 %), and they generally do not discuss the issues related to integrating the
new method or tool within the current commercial offering (40 % do, while 60 % do not). Not
surprisingly, the degree of industrial involvement is associated to a statistically significant
degree with the above mentioned issues (table 9).

Table 9. Association between industrial involvement and aspects of research in the development of new tools
(figures within parentheses give the number of papers that would be expected if the two categorical variables
were statistically independent)

None Present One
industrial
author
Implementation issues (G-K Tau p < Neglected 161 (148.7) | 24 (30.5) | 21 (26.8)
0.008 w/ implementation issues Considered 78 (90.3) 25(18.5) | 22(16.2)
dependent)
Relationship with commercial Neglected 93 (89.8) 15 (14.1) [ 14(18.1)
state of the art (G-K Tau p < 0.019 w/ Considered 41 (44.2) 6 (6.9) 13 (8.9)
state of the art dependent)
Issues related to integration within Neglected 82 (76.4) 12 (12.1) | 10 (15.5)
commercial state of the art (G-K Considered 51 (56.6) 9(8.9) 17 (11.5)
Tau p < 0.063 w/ integration dependent)
Industrial needs for new tool or Not specified 116 (111.1) | 24(23.1) | 14 (19.8)
method (G-K Tau p < 0.005 w/ Vaguely specified | 55 (49.8) 10 (10.3) 4(8.9)
industrial needs dependent) Well identified 70 (80.1) 16 (16.6) | 25 (14.3)

Implementation studies

Implementation studies vary widely as far as generality of results is concemed. 21.2 % of
such papers contain a generic discussion upon the topic. In 36.3 % of cases they report upon a
single implementation project. Only in 14.2 % of cases one can find an attempt to generalize
the findings, and in 28.3 % to develop a methodology. Implementation studies are rather
evenly split as far as the object of the study is concerned (46 % deal with methods and 54 %
with software tools ). Reference to relevant empirical research is made by 45.1 % of papers.
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5 Conclusions

The conclusions that can be drawn from the evidence thus gathered are “impressionistic” and
certainly not conclusive. From a methodological perspective it should be noted that this paper
has had the objective of discussing patterns, if present, and has not followed the more
rigorous approach of formulating hypothesis and then using data to validate or refute them.

Generally, speaking, research presented at ICED conferences appears to be rather well-
founded. Comparisons with other engineering conferences and the stability shown over the
two editions of the conference show that, in general terms at least, the identity of design
research is by now established. At the same time, a number of weak spots emerge from data,
even though this is a typical situation in which one could debate whether the glass is “half
empty” or “half full”. One problem which is quite apparent is that the different streams of
research are rather loosely coupled. Authors are probably not accustomed to studying and
referring to the literature from other streams of research that could help them in directing their
efforts more effectively. Particularly significant is the relative “isolation” with which authors
engaged in the development of new tools appear to work with respect to industrial needs, to
the current state of the art, and to implementation issues. In such cases, industrial involvement
appears to be beneficial, and should probably be actively backed in order to ensure a closer
connection to reality. Other weak aspects occasionally emerge concerning research
methodology within individual streams of research, as in the tendency not to declare the
research approach explicitly in empirical projects. This fundamental solidity, coupled with a
few weak aspects should not be seen as a negative fact but, rather, as the sign that design
research still has room for improvement.
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1 Introduction

In his book on “Sciences of the Artificial”[1], Herbert Simon notes:

“Historically and traditionally, it has been the task of the science disciplines to teach about
natural things: how they are and how they work. It has been the task of engineering schools to
teach about artificial things: how to make artifacts that have desired properties and how to
design.”

In this chapter on “The Science of Design” Simon deplores the way in which teaching
institutions progressively moved away from the study of sciences of the artificial (design)
towards the natural sciences. Simon also notes that while the natural sciences were perceived to
be “intellectually tough, analytic, formalizable and teachable”, while design was perceived as
“intellectually soff, intuitive, informal, and cookbooky”.

Simon then goes on to define the core activity of design as:

“The artificial world is centred precisely on this interface between the inner and outer
environments, it is concerned with attaining goals by adapting the former to the latter. The
proper study of those who are concerned with the artificial is the way in which that adaptation of
means to environments is brought about- and central to that is the process of design itself.”

The object of this paper is to open discussion about the formal study of the design activity in its
various forms. Research and doctoral programmes in engineering design have received some
attention in the past (see for example [2], [3], [4], [5]), but we would argue with undue emphasis
on application to industry and on industry take-up of research results [6], rather than research
driven by a need to generate fundamental design knowledge.

2 Research in the sciences and design

Research in the sciences is generally associated with the observation and explication of physical
phenomena, also human behaviour if people are part of the system being observed. This raises the
question as to the types of knowledge gained by research. As set out below in Table 1, knowledge
exists at varying levels of abstraction and engineering design research may be conducted at one or
more of these levels.
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Table 1 - Broad comparison of research in the sciences and design

Research deliverables in the sciences | Research in engineering design

Laws, theories none hypothesised

Principles some proposals have been made, [7]

Models, simulations some severely constrained work on encapsulated design
examples;

Empirical relations, rules, guidelines “received wisdoms” as noted by [7], need compilation
and categorisation

Methods and procedures considerable body of work on prescriptive and descripti
methods;

Concepts some identified — refer Table 2

Facts subsumed in above

A variety of research techniques is available for advancing knowledge about engineering design, a
situation very similar to that in management science, and in the past it has not been uncommon for
significant design research papers to be published in management science journals.

3 Conceptual frameworks for design research

There are various conceptual frameworks in which engineering design research may be conducted.
We give some examples, together with citations of papers relevant to the established field of enquiry
nominated.

Table 2 Conceptual frameworks for design, with examples

Conceptual framework Examples of studies conducted

Psychology and cognitive science | Design strategies, styles of problem solving, [8]; Intellectual
skills of designers, [9]; Creativity [10]

Human information processing general —[11] ;specific—[12]

context free— [13]

Study of design methods in context- [14]

Computer science Collaborative design via computer networks, [15]

Social psychology Interactions between designer(s) and client(s), [16]

Incremental innovation, [17]
Extrapolatory design, [18]
Judgement, subjective probabilities, [19]

Decision making

Design process, [20]
Concurrent engineering ,[211
Product development, [22]

Management science

This table is not intended to be comprehensive but to indicate the wide-ranging nature of engineering
design research.
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4  Engineering Design in Context

Engineering design is not an isolated phenomenon. It operates in an industrial environment as part of
the processes of mediation between engineering expertise and the needs of society at large. Research
in engineering design therefore encompasses matters such as:

Innovation and policies for encouraging innovation |23}

Technology transfer, mechanisms for its facilitation. [24]
Engineering design research should help governments formulate appropriate policies for industry and
industrial development. If engineering design research does not encompass these matters, the result
will be inappropriate or non-existent government policy.

The social and environmental context for engineering design includes the following factors, among
others.
»  Ifaproduct is being designed, whether that product is made to stock or to order. [25]
+  Ifthe agency or organisation responsible is a company, then the history of the company -
whether it is a start-up or emerging firm or a mature organisation, its position in a supply
chain, its association with other related companies in a formal or informal industry cluster [26]

Research papers relying on empirical evidence of industry practices should be careful to identify all
relevant factors. In our observation the context of design research is not always adequately described
in the research literature. This is a distraction to readers and other researchers who find it difficult to
assess the relevance of the work reported to their own programmes.

5  Curiosity Driven Research in Design

There are many drivers and barriers to research in general. In the natural sciences research is
driven by a need to understand the “status quo”, or why nature behaves the way it does. The
results of this type of research are embodied in sypotheses about natural phenomena. Two
unalienable laws of scientific research as well as some clear guidelines bind these hypotheses to
their generation. The laws are expressed in general terms as:

* to test the validity of an hypothesis it must be clearly refutable. Well known examples are
hypotheses about conservation of mass or energy;

» of all the proposed hypotheses about natural phenomena, the one relying on the least number of
untested conjectures (assumptions) should prevail (Occam’s razor or the “law of parsimony™).

The most valuable guideline to developing hypotheses is that they should be, as far as possible,
all embracing, or portable to the widest range of applications.

We need to establish the basic difference between research in the natural sciences and research in
design. In natural science we are concerned with existing phenomena and our curiosity about the
laws that govern these phenomena and how to predict such phenomena drive our research effort.
In the practice of design we are most commonly faced with the need to achieve a goal. Our
concern is to find the best or perhaps the least worst way to reach our goal. We are not driven by
curiosity, but by our goal. This “goal-seeking” behaviour is the one studied most intently by
design researchers. While the process of “best design” is a valid research objective, it is not a
subject that will easily yield testable hypotheses..

In design, as in any human operation based discipline, we face the need to study the most
complex of natural phenomena, that of human behaviour and human cognition. While there are

ICED 01 — C586/595 39



many guidelines and conjectures in these two sciences, design has yet to formulate any clearly
refutable hypotheses. Yet, complex as these phenomena are, they present a fertile field of study
for testable hypotheses. Gunther and Ehrenspiel (1999)[27] propose serval hypotheses about
design behaviour, but they offer no strategy for testing these.

The overwhelming feature of research papers presented in design journals or conference
proceedings is that research in design:

« is many stranded - the keywords suggested for [CED 2001 list under the notional heading of
“Design theory and research methodology” 24 items ranging from the clearly understandable
descriptive models of the design process, to the confusing, such as design philosophy’.
Unfortunately there is no keyword that deals with hypotheses, conceptual frames of reference or
the most basic of research planning issues, namely research strategy;

« lacks focused streams of activity- apart from descriptive models of design methods and design
education there are few recurring themes in design research publications. This is not a criticism,
as much as an observation about the nature of our emerging discipline. The distinctive feature of
mature disciplines is that there are streams of research activity that lead to the in-depth study of
phenomena. Typical examples are the study of turbulence in fluid mechanics, the study of
particulate emissions in environmental research and the study of just noticeable differences in
research on haptics®.

» lacks clear organisation - We conjecture that design researchers are yet to properly grapple with
the overwhelming complexity of the discipline. Consequently the approach of dedicated
researchers has been to simpl;/ “chip away” at the parts of the problem that are accessible. In his
keynote address at EDC1998°, Andreasen remarked that the internal thinking processes that lead
to the creation of new products is inaccessible to us. However, the observable responses of
designers, novice and expert, to well organised stimuli are clearly worthy of study ([27], [28],

[29D).
» often lacks any performance metrics-there have been several attempts at defining such metrics
(see for example [30], [31])

It is the presence of these features in the study of design that has made it almost impossible for
research funding bodies to calibrate the value of design research.

Yet, as Simon has pointed out, the study of design involves many unanswered questions
including the general ones of “how to make artifacts that have desired properties” and “how to
design”. There are many articles dealing with the procedural aspects of designing. This
represents one of the recurrent themes in design publications. However these articles invariably
deal with ipso facto descriptions after the design event has taken place. Human behaviour suffers
from the additional complexity of what may be termed the “Heisenberg’s Uncertainty Principle
of Behaviour”. This uncertainty is generated by the influence of human observation on behaviour
we try to observe. This complexity has been dealt with adequately in many behavioural science
studies, but has been largely ignored in engineering design research.

One of the most recent articles on design research is that by Culley [5]. Culley’s article he
explores the various dimensions of design research, but essentially as a product generating

! philosophy is etymologically the love of thinking
2 haptics is the study of touch and feel in humans and primates
* Engineering Design Conference held at Brunel University
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process. The issue of human cognition and human behaviour is not addressed in that paper.
Clarkson and Hamilton [9], study human cognition applied to design, but they do not formulate
hypotheses in a clearly refutable way.

6 A Strategy for Research in Design

Our theses in this article are that :

o formulating hypotheses is a distinctive feature of mature scientific disciplines;

e we can address “pre-hypothesis” research by studying and identifying patterns of behaviour
and factors influencing such behaviour; Some of this work has already been addressed ([9];
(27]; [32], [33]);

e there are many interesting phenomena in design cognition and behaviour that should be
addressed in our research programmes;

Some questions that might engender some curiosity driven experimental or theoretical studies
follow:

¢ what type of background or training might enhance the construction of three-dimensional
spatial objects, a skill so important to design visualisation?

e what are the received wisdoms (rules of thumb, heuristics) that govern various knowledge
domains where design has an application?- can they be catalogued?

e what cognitive content is provided by project based design learning?; how are changes in
cognitive behaviour influenced?

e what cognitive enhancement takes place in moving from novice to experienced designer? is
this transportable between knowledge domains?

e can cognitive mapping (concept mapping) of design enhance the design process?

e what aspects of design cognition can be modelled in a computer?

e can negotiating behaviour be modelled in the computer? (see for example [34], [35] on
semantic information processing)

e can the social dynamic of group design be modelled adequately?; Can we identify appropriate
criteria for a “successful” model?

As an example hypothesis we might consider :

“experienced designers are more sensitive to sub-problems than novice designers”.

Hypotheses could be considered in the context of Guilford’s “cognition of implication”, that
formed part of his studies of human intellectual capabilities [36].

Human behaviour and cognition have received substantial study in psychology, education and
cognitive science. We strongly advocate that design researchers adapt these research studies to
our discipline (see [28]).

7  Long-term Impact of Design Research

An essential part of research of any kind is its ultimate impact on the knowledge base it seeks to
advance. In the natural sciences the most common metric used to measure impact is citation
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index of archival publications. In engineering design research a citation is not an appropriate
metric of performance, because archival publications in design appear in such a wide range of
journals and conference proceedings, that citation measures are either not available or are
unreliable. Journals such as Journal of Engineering Design, Research in Engineering Design,
Artificial Intelligence in Engineering Design and Manufacturing and Design Studies are
relatively recent phenomena (approximately one decade). The lack of a consistent archival build-
up of design research knowledge over a longer period has added to the rather confused state of
design research. Perhaps a database of design research results of wide applicability over a longer
time-frame could be generated as a means of addressing this difficult issue.

8 Conclusion

Recent influential reports and studies of engineering design research have emphasised industry
take-up and the generation of results which can be useful in specific applications. To redress the
apparent imbalance we have argued in this article for an all-embracing approach to engineering
design research covering fundamental knowledge and policy issues as well as industrial
applications. To conclude we summarise the points made.

e Engineering design rescarch is multi-faceted. It draws on the conceptual frameworks of a
variety of established scientific disciplines and delivers results at varying levels of generality
and specificity. [sections 2 and 3]

¢ Engineering design research is not confined to studies of technical problem solving per se; it
encompasses the political, social and economic environments in which engineering design
researchers work the needs of clients and through them society at large. [section 4]

e As engineering design matures as a discipline, the nature of the associated research activity
will shift from a pre-hypothesis stage of organised data collection to a higher stage requiring
enformulation and verification of hypotheses. Proposals for advancing engineering design
research in this way have been put forward. [sections 5 and 6]

e To ensure the impact of the results of engineering design research in the long term, a
comprehensive, archival database needs to be established, cataloguing research results in an
accessible form. [section 7]

The danger for us, the engineering design research community, in concentrating our efforts on the
practical and professional training aspects of design is that we will continue to be perceived by
the natural science community and granting bodies as a “soft discipline” with no clearly testable
hypotheses, or clearly identifiable deliverables. This article is intended to engender earnest
discussion of research programmes and research streams that are driven by curiosity about the
social and cognitive behaviour of engineering designers and the contexts in which they work. In
the process we hope to encourage the deployment of substantial bodies of knowledge available
from the behavioural and cognitive sciences.
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1  Abstract

The degree of coupling between design modules affects design quality: designs with high
coupling are generally more complex to adapt, while uncoupled designs are simpler and their
adaptation requires fewer iterations or even a single pass. The design process of products
involving a high degree of coupling is consequently inefficient and often many iterations are
required to complete it. In order to assess and compare the level (degree) of design coupling
it is necessary to specify a general quantitative measure. Two such measures — Reangularity
and Semangularity [Rinderle, 1982 (10)] — are already being used for this task [Suh, 1990
(13)]. This paper proposes a new method based on measuring the direct consequences of
coupling.

The analysis is based on the Axiomatic Design framework which assumes that a design can be
described formally as a matrix representing the relationship between Functional Requirements
and adjustable Design Parameters. This paper also intends to demonstrate that the degree of
coupling approach to the choice of a possible design solution is faster than the classical
method based on the information content.

We will analyse and optimise the design of a water pump to show how coupling functions are
to be used

2 Axiomatic Design

The primary goal of Axiomatic Design (AD) is to establish a systematic foundation for the
design process by means of two fundamental axioms and a set of implementation methods
[Suh, 1990, 1999 (13) (14)]. The axioms are:

Axiom 1: The Independence Axiom: maintain the independence of Functional Requirements
(FRs).

Axiom 2: The Information Axiom: minimise the information content in design.

Guided by the design axioms, AD maps the Functional Requirements FR; to the Design
Parameters DP;. The FR; and DP; sets can be interpreted as two vectors FR and DP whereas
the mapping instructions form a matrix called Design Matrix. The possible matrix structures
(diagonal, triangular or full) produce three types of design: uncoupled, decoupled and
coupled, represented in order of the extent to which coupling is present. In the first case the
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FRs are independent of one another, in the second only if the FRs are in a certain order they
are independent, while in the third case they are dependent. The information content of the
proposed design has to be computed to enable the search for the best design to be carried out.

3 Coupling Functions

The degree of coupling criterion measures to what extent the design is coupled. Two functions
are developed: one for decoupled designs and another for coupled designs; in fact, as will be
explained later, the coupling for these two design types is defined in different ways. We seek
an alternative for Reangularity and Semangularity functions because these measures do not
capture some aspects of coupled designs [Campatelli, 2001 (3)]. With the introduction of the
proposed coupling functions it is possible to pass from a crude and discrete scale of coupling
to a continuous scale, as shown in Figure 1 and Figure 2.

Degree of
Coupling
A

Full matrix: COUPLED

Triangular matrix: DECOUPLED

Diagonal matrix: UNCOUPLED

>

Figure 1. Representation of the coupling for a set of proposed designs; each proposed technical solution that
satisfy the design is represented by a star.

Degree of
Coupling

# Full matrix; COUPLED

Triangular matrix: DECOUPLED

Diagonal matrix. UNCOUPLED

—>

Figure 2. Degree of coupling scale using the coupling functions.
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The proposed functions also have the advantage that they require less computing time than the
information content does; in fact, as will be explained later, they require less data.

4 Coupling function for coupled designs
In the case of coupled designs the system is represented by a full matrix (Figure 3). Since

elements of the matrix all have different physical units, DP values cannot be found in a single
calculation step using linear algebra, but require an iterative process.

FR, a, a, 0 a4 DA

s FR, _| G Gn Gy dy 5 DPF,
FR, @ ay ay 0 Dp,
FR, An Gy Gy Ay DF,

Figure 3. Representation of a coupled design

Elements of the design matrix represent sensitivities of DPs to FRs, according the following
formula

a, = 6FR, (1)
/"~ aDP,

In the case of coupled designs the definition of the degree of coupling is defined by the
difficulty of adjusting the DP values to meet the FR specifications. This difficulty is measured
as a function of the number of iterations required to solve the system. Smith (1997) has
applied a similar approach to calculating functional coupling in the DSM (Design Structure
Matrix) method [Smith, 1997 (12)]. The calculation of the system’s rate of convergence is
simpler as it is inversely proportional to the number of interactions. Firstly the calculation of
the rate of convergence requires the best iterative method to be chosen from among the
possible alternatives. Jacobi’s method, which is single stepped and not over-relaxed, was
chosen for its simplicity.

The system can be represented with the following notation:

b=A-u @

where b is the vector of the FRs and u is the vector of the DPs. Equation (3) updates vector u
at every calculation level:

W =G-u +c 3)

where G and ¢ are expressed by the following formulae
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0 diagonal )
G = al/

. and c=-—
extra — diagonal a

i

It is therefore possible to obtain the rate of convergence using the following equation [Young,
1971 (8)]

Re = —log"(SG) (5)

where Sg is the spectral radius of the G matrix i.e. its maximum eigenvalue.

S; = max(eig(G)) (6)

To evaluate this function, the design matrix [A] (Figure 3) must be expressed numerically.
However, it is not always possible to resolve equation (1) numerically especially for the first
levels of the decomposition. It is therefore necessary to ascertain the extent of the interactions
between the FRs and the DPs in another way, for example using Functional Analysis
[Campatelli, 2001 (3)]. In this example the normalised value (=1) was assigned to the
diagonal elements. The off-diagonal elements were calculated comparing them with the
previous ones. The best possible matrix is usually the one with the dominant diagonal. In the
following figure four different cases of coupled matrices are analysed. As mentioned before
the fourth case is the worst, because the iterative loop involves all the DPs. In this case it is
essential that the numerical values of all the matrices considered are known. In the second
case the worst rate of convergence of the two sub-matrices' has to be considered.

x 00 0 0 X 0 0 0 o]
x 0 09 0 Case 1 x 04| 0 o Case 2
¥ 02N 0 0 Re=1236 *O2N1 0 01 Re=1263
x 10,1 OINU1] O x X x 1 01
X X X X \X X X x b\l 1
03 01]0 0 0 0 0,
0 05| 0] Case3 0 0 oll Case4
0,2 010 Re=0745 0 02 0 Ol Re=0359
03 01 0IN1]0 03 01 0] 0
x x X x\x 10.2..05 03 07

Figure 4. Possible design matrices

! The best coupled design is the one with the greatest possible rate of convergence. It can be easily obtained by
following these general rules:

» Reduce the number of off-triangular elements

» Reduce the ratio of the value of the off-triangular and diagonal elements in the same line

» Reduce the length of the calculation loops, i.e. move the off-triangular elements closer to the diagonal.
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5 Coupling function for decoupled designs

In the case of decoupled designs the system is represented by a matrix which is at most
triangular (Figure 5).

FR) [a, 0 0 07 [DP

FRy| _|ax an 0 0| |DP,

FR,( lay, 0 a, 0]°|DP

R, Ay Gp Gy Gy DP,

&

i

Figure 5. Representation of a decoupled system

Unlike the previous case iterations are not required to find the DP values which meet the
requirements of the FRs of the system. The definition of coupling will therefore be different
from that applied in the coupled case. The extent to which each FR is influenced by an
individual DP will be adopted as the degree of coupling. This characteristic of the system can
be quantified by numerically calculating the angles between the axes of the FRs and the axes
of the respective DPs. It is intuitive to think that the smaller the angle between an FR and a
DP (zero in the most favourable case) the more significant the influence of that DP on the FR.
Consequently, the other DPs will have less influence on that FR and the system will therefore
result less coupled. The coupling function® of a system containing n FRs will therefore be as
follows:

> FR ZDP, @)
i=1

Jeourr, =
n

The vectors of the DPs axes are made up of the rows of the design matrix while the FRs axes
are the rows of an identity matrix’. The angle between two vectors, each composed of n
elements, can be calculated using the geometric formula:

FR,£DP, = acos(FR," - DP) )

6 Case study: a water pump for an automotive engine

An automotive engine water pump is considered as a case study (Figure 6), with the object of
demonstrating and applying the coupling functions proposed.

2 The general rules to decrease the coupling are the following:
» Reduce the number of off-diagonal elements

> Reduce the value of the off-diagonal elements

? By definition the FRs have to be independent
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Figure 6. Section of the pump unit being considered

For the sake of simplicity only the first AD break-down level of the pump unit is considered
(Table 1).

FR1 Guarantee performance ] 0 103]| 0 | 0.7 |DP1 Centrifugal impeller
FR2 Guarantee sealing 0 1 106 0 0 |DP2 O-ring and gaskets
FR3 Guarantee pump life 0 0 1 0 0 |DP3 Materials

FR4 Allow installation 0 0 0 1 | 0.2 | DP4 Positions of the screws
FRS Allow maintenance 0 0 0 0 1 |DPS Removing components

Table 1. First AD breakdown level of the pump unit

In this case the design is decoupled, so the equation to be applied is the (7). This provide the
following outcome: fooup=0.2440. As mentioned in note 2 a decoupled design can be
improved by reducing the degree of coupling so eliminating (or at least reducing) the off-
diagonal elements. If the design would be coupled the equation to be applied would be the (5)
and the improvement would be reducing the off-triangular elements. So the next step will be
the analysis of which off-diagonal element could be affected by some different technical
solution. These are suggested by the AD representation of the product, in fact that clarify the
problems that are present in a design, so it’s easier to produce a solution that solve them. For
example the coupling element between FR; and DPs can be eliminated if the duct through
which the water passes is shaped differently. From cross analysis between the AD
decomposition and Functional Analysis it is possible to trace the causes which determine the
existence of each off-diagonal coupling element [Campatelli, 2001 (3)]. This analysis in fact
is able to identify the causes for the coupling of the upper levels starting from the analysis of
the lower ones. In this way we have a very focused description of the reason that produce the
coupling with all the components related to the specific coupling element that we want to
eliminate. In this particular case the element came into being from the contrasting
requirements of avoiding cavitation, i.c. having the water entry canal as rectilinear as possible,
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and the need for reduced over-all dimensions. The problem in fact arise from the sharp edge
near the vertical part of the canal that arrive to the rotor. This solution is proposed in Figure 7.

Figure 7. The design solution to improve the project

This solution provided the following design matrix:

FR1 Guarantee performance bi 0 103] 0 DP1 Centrifugal impeller
FR2 Guarantee sealing 0 1 o6 0 0 |DP2 O-ring and gaskets
FR3 Guarantee pump life 0 0 1 0 DP3 Materials

FR4 Allow installation 0 0 0 1 | 0.2 | DP4 Positions of the screws
FRS5 Allow maintenance 0 0 0 0 1 |DP5 Removing components

Table 2. Design matrix of the improved solution

The value of equation (7) becomes fooypL=0.1577, lower than the previous situation, that
means a less coupled design. During this analysis more solutions have been proposed with the
result to reduce the general coupling of the design and consequently to improve its quality.

7  Conclusions

The direct consequence of coupling in a design is the introduction of an iterative adjustment
process. But the degree of coupling may be different in alternative decoupled and coupled
designs. It can be computed from the angle between the subspace (decoupled cases) or from
the rate of convergence (coupled ones). This measure of coupling may be dependent not only
on the diagonal or triangular form of the matrix, but also on such issues as the relative
magnitude of elements, dominance of the diagonal, location of non-zero elements within the
matrix, and the size and nesting of loops created by the iterative process. While exact
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prediction of the degree of coupling of a general design process can be difficult, this paper has
proposed several factors that may assist in initial quantification and provide guidelines for
design practice. The process of reducing the coupling for a design, using the given measures
and guidelines, is shown in the application to the automotive water pump. The technical
solutions proposed (for paper length constraint only one of these is shown) have reduced the
coupling of the design increasing so the general Quality level of the product.
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1 Introduction

The concept of use of physical laws is based on the fact that no technical system can function
contrary to physical laws. The principle of chaining is illustrated in Figure 1. At first glance
this may appear trivial, since a chain of physical laws can be created by analysing the existing
technical systems. However, it is our assumption that chaining enables the synthesis of
conceptual design chains for technical systems.

This paper has two objectives. First we would like to explain the reasons for assuming that a
combinatorial explosion may occur, and then we will show that chaining of physical laws
does not produce a combinatorial explosion, even though it would be reasonable to expect it,
taking into account the algorithm design, and its occurrence would mean that the existing
algorithm of chaining is generally inappropriate for the conceptual design of technical
systems.

Figure 1. Illustration of chaining of physical laws (var.-variable)

INPUT \_S¥Stem J QUTPUT
Figure 2. Schematic of the unknown input / known output pattern

In the second part, an example of a conceptual design chain for a voltage generator will be
illustrated, which is generated by chaining with the use of the unknown input/known output
pattern. The schematic of this pattern is shown in Figure 2. This will be followed by a partial
analysis of the generated conceptual design chains and a description of the advantages of such
an approach in designing technical systems.
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1.1 Review of basic terms
The purpose of this subsection is to review and briefly explain terms used in the paper.

Function: The purpose of the future technical system expressed in a neutral manner, j.e.,
without indicating any solutions. Examples: sound detection, torsional moment transfer,
maintenance of a certain liquid level, etc.

Physical law: The term is here used in its widest sense; it represents the functional relation
between variables, geometrical parameters, material and basic constants.

Base variable: The term is taken from physics, in which it is postulated that all parameters
(with the exception of the basic ones) can be defined by the basic ones, which are: length,
time, mass, electrical current, temperature, amount of substance and luminous intensity [1].

Binding variable: Variable common to a physical law and its successor in the conceptual
design chain.

Chaining: Searching for a successor physical law in the conceptual chain using the binding
variable. The binding variable may be used to find a physical law that contains such a
variable, but it needs to be of the opposite type, e.g., variable-cause can find variable-effect or
vice versa.

Conceptual design chain: A chain of physical laws that fulfil the required function.

2 Algorithm

The algorithm is based on the idea of binding physical laws (in fact: their abstractions,
presented only by parameters, without operators) and their complementary basic schematics
through the binding variables (Figure 3), assuming that it is possible to design technical
systems by chaining physical laws [2]. The physical laws in the chain and the corresponding
complementary basic schematics represent the conceptual design of a technical system [3].

physical | Var-
law

var. {physical | Va-
N S taw JouT

physical | VaC |
IN (law  fouT

TECHNICAL SYSTEM

Figure 3. Idea of binding physical laws and their complementary basic schematics (var.: variable, b.s.: basic
schematic)
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Similar ideas are dealt with in work of Ulrich and Seering [4] where synthesis of single-input
single-output dynamical systems are treated, Chakrabarti et al. [S] where basic approach to
automated synthesis of solution principles for micro-sensor designs is presented, Welch and
Dixon {6] where behavioral reasoning for guiding conceptual design is used, Bracewell et.al
[7]1 where design aid for the conceptual design is described, Sushkov et al. [8] where
innovative design based on sharable physical knowledge is treated and in work of Bratko [9]
where an idea for innovative design based on a function that is given through examples of
behaviour of a future technical system, and a description of the functioning of technologically
available components is described.

The basic algorithm is as follows [3]:

Step

1
Deduce the characteristic variable from the function of the technical system to be
designed;

Search for all abstractions of physical laws that contain this characteristic variable,
and then use them to generate the successors of the root node such that they contain
the remaining variable from the found abstraction of the physical law.

CONDITION:

IF
the generated node contains a variable from the sets of geometric,
material and base variables

THEN
STOP the generation of successors of this node;

For other nodes that do not fulfil the CONDITION, search for all abstractions of
physical laws that contain the variable of an individual node and generate their
successors such that they contain the remaining variable from the found abstraction;

Repeat step 3 until all leaf nodes fulfil the CONDITION.

The following limitations need to be considered:

¢ Only variables of the opposite type can be used to search abstractions (variable-cause can
be used to find the physical law abstraction containing variable-effect, and vice versa).
The variables in the database of abstractions of physical laws have type designations
(cause or effect), which serve to indicate causal relations.

2.1 Combinatorial explosion

One of the basic challenges encountered in researching various approaches to the conceptual
design of technical systems is to prove their wide applicability. Combinatorial explosion
generally occurs in chaining (on which the presented algorithm is based), so many researchers
have doubts regarding the appropriateness of any approach to the designing of technical
systems which is based on chaining. When the problem of chaining is discussed, search-
related problems are mainly addressed, because the problem of generating conceptual design
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chains is generally a problem of searching for a path from the initial node to the goal node,
where the initial node is the input/output variable and the goal node is the output/input
variable of a technical system. Physical laws (i.e. their abstractions) represent the rules for
connecting two nodes, while the path from the initial node to the goal node represents the
conceptual design chain of a technical system.

Two basic search strategies are available in the Al domain: depth-first search and breadth-first
search. Both belong to the group of blind searches, since in the case of several successors the
path is not continued in the direction of the best one (whatever this may mean in a particular
case; here also lies an opportunity to improve the conceptual design algorithm for technical
systems in order to be able to take certain specific design requirements into account and use
them as heuristic guidance (one of possibilities to improve the algorithm is Analytic
Hierarchy Process-AHP)), but all the possible paths permitted by the rules are generated.

A typical problem associated with searches is a problem of combinatorial complexity. For
non-trivial problems, the number of alternatives is so high that the problem of complexity is
frequently critical — let us see why. If each node has b successors (i.e. branching factor b),
then the number of paths with length | from the initial node is b, The set of paths thus grows
exponentially with path length, which leads to a combinatorial explosion. Naturally, the
previous explanation is based on a simple case of a uniform branching factor. If abstractions
of physical laws are chained, the branching factor varies between the nodes (each input/output
variable can generate several output/input variables with several physical laws, Figure 4) and
the length of conceptual design chains also varies. However, the risk of a combinatorial
explosion remains.

Figure 4. An example of non-uniform branching factor for chaining of conceptual design chains

Considering the actual possibility of the occurrence of a combinatorial explosion, it was
decided that the generation of conceptual design chains would be tested using three sizes of
sets of physical law abstractions. With a computer program based on the algorithm,
conceptual design chains were generated for the available output variables in the unknown
input/known output pattern.

A set of 30 abstractions were used for the first test, 60 for the second and 139 for the third.
The set of physical laws was made on the basis of Koller’s catalogue [10] and certain other
sources of physical laws [1]. The results, i.e. the number of generated conceptual design
chains depending on the size of sets of physical law abstractions for a basic and a
supplemented algorithm, are shown in Figure 5. The number of conceptual design chains for
some of the available variables (the result for force is shown in Figure 5 — force-basic) is
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actually large (only if a set of 139 abstractions is used; for sets of 30 and 60 this number is
small), but one cannot speak of a combinatorial explosion here. Results show that branching
factor is non-uniform (as expected) and it varies from 1-18, while length varies from 1-19.

1]
o .5 150.000
& 5] A
5= 135.782
L
E & 100,000
g Z ’ A force-basic
= T
E ?S; 50,000 ® force-supplemented
g &
g § 14 42 759

g 0 - £ 3 £ 3 T ° |

30 60 139

pumber of abstractions in a set

Figure 5. Number of generated conceptual design chains vs. set size for force as known variable in the unknown
input / known output pattern

A more detailed examination of the generated conceptual design chains shows that in many
chains individual variables are repeated several times. This means repeated fulfilment of a
part of the function, which is completely unnecessary. An additional condition was therefore
introduced in order to prevent this:

o No physical law may be repeated in any individual conceptual design chain (i.e.
generated path).

The basic algorithm was supplemented (it resulted in supplemented algorithm) with the above
limitation and the program was corrected accordingly. This condition considerably reduced
the number of chains designed (again, only for a set of 139 abstractions, while for sets of 30
or 60 abstractions the number of generated chains remained the same), as can be seen in
Figure 5 for force as the known output variable (force-supplemented). Results also show that
length varies now from 1-9, while branching factor variation remains the same. Such a
reduction in the number of generated conceptual design chains is characteristic of all the
available output variables (voltage, for example - see the revealing Figures 7 and 8), which is
an empirical proof that the designing of technical systems with the presented algorithm is not
problematic from the viewpoint of combinatorial explosion. A non-uniform branching factor
and length make theoretical proving more difficult. The authors have not found such
theoretical proof, yet. Since empirical proving is commonly used in artificial intelligence, we
accept the approach (i.e. empirical proof) as appropriate.

3 Conceptual design chains for unknown input/known output
pattern

As far as the input and output variables of technical systems are concerned, we distinguish
between three general patterns [3]. The most frequently used is the known input/known output
pattern, in which the designer is required to determine the input and the output variable of a
technical system in advance. However, this method also narrows down the range of
alternatives, because not all physically possible solutions and combinations of the input and
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output variables are known in advance. The two other possible approaches are the known
input/unknown output pattern and the unknown input/known output pattern. In contrast with
the first pattern, the latter two offer greater possibilities for innovations. If one of the variables
(input or output) of a technical system is unknown in advance, the generation of a larger set of
conceptual design chains is possible. Subsection 2.1 also shows that there is no real risk of a
combinatorial explosion.

Figure 6 shows one of the examples of a conceptual design chain for a voltage gencrator with
the complementary basic schematics, generated for voltage as known output variable in the
unknown input/known output pattern.

Car 4

p=fid..) hem---~
YYVYVVYYY

S

p

U=1(p, ..

Figure 6. Schematic of chaining a conceptual design chain for a voltage generator (variables (d - deflection, p -
pressure, U - voltage), abstractions of physical laws (y = f(x, ...)) and complementary basic schematics)

number of generated
conceptual design chains

1 2 3 4 5 6 7 8 9

number of abstractions of physical laws

Figure 7. Histogram of a family of conceptual design chains (sum =752) for voltage as output variable
(unknown input/known output pattern; supplemented algorithm)

Figure 7 is a histogram presenting the distribution of conceptual design chains with respect to
the number of contained abstractions of physical laws for voltage as the known output
variable (unknown input/known output pattern). The histogram was created on the basis of the
results obtained with a supplemented algorithm of chaining physical law abstractions (with a
set size of 139). With a view to checking whether there is a possibility of a combinatorial
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explosion, Figure 8 shows a histogram crcated using the results obtained with a basic chaining
algorithm,

A comparison with the results presented in Figures 7 and 8 shows that the supplemented
algorithm generates chains with a maximum length of 1=9 (i.e. the number of abstractions per
chain), while the basic algorithm generates chains with a maximum length of 1=18. The
number of conceptual design chains of certain lengths is also smaller. The same pattern of
reduction (shorter maximum lengths, smaller number of conceptual design chains of certain
lengths) is characteristic of all the available output variables.
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Figure 8. Histogram of a family of design chains (sum = 144.732) for voltage as output variable (unknown
input/known output pattern; basic algorithm)

The database of abstractions of physical laws is created on the basis of a set of known
physical laws (and complementary basic schematics), and not only those extracted from the
tcchnologically available components — the majority of known systems is also limited to so
extracted physical laws and complementary schematics. Complementary basic schematics are
cssentially schematics of components, which enable the embodiment of individual physical
laws also with the use of natural components, such as light ray, water drop, liquid level ctc.
The same applies to components whose planned use is only one of several physically possible
uses (c.g. metal spring (planned use: accumulation of potential cnergy) also conducts
clectricity (physically possible)). These two facts cnable increased innovativity of designed
technical systems. Designing at the level of physical laws also prevents a designer’s fixation

on adaptations of the existing solutions or composition of solutions only from the existing
components.

4  Conclusions

The basic algorithm for chaining physical laws was supplemented with an additional
requirement, which prevents repeated use of the same physical laws. This limitation makes
sense, since repeated use of the same physical law would mean that one and the same function
is fulfilled several times. Using a computer program through which the algorithm is
implemented, and various sizes of sets of physical law abstractions (30-139 physical laws), it
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was empirically proved that the combinatorial explosion does not occur. However, the
assumption of a risk of a combinatorial explosion occurring is reasonable, since chaining is in
essence a search problem, which is characterised by combinatorial complexity. It was also
established that a supplemented algorithm reduces the number of generated chains, which
strongly facilitates later evaluation of the generated conceptual design chains.

Conceptual design at the level of physical laws enables greater innovativity, which is a result
of a rapid generation of new combinations due to the use of an algorithm, especially if known
input/unknown output and unknown input/known output patterns are used. Greater
innovativity is also enabled by the use of physical laws (and the complementary basic
schematics), which are not extracted merely from technologically available components.

On the basis of our results it can be concluded that the algorithm provides an appropriate basis
for the conceptual design of technical systems (taking into account the Koller’s reference set
of physical laws).
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1  Introduction

In line with diversification and complexity of user needs and also with very short product life
cycle, automatisation of design and manufacturing has been advanced in recent years. It is a
fact, however, that the vast majority of techniques and tools developed and used in design
research are only to be as a computer aided drawing or a computer aided analysis, not to be as
a system supporting design “processes” in relation with designer’s thought processes.

Research into human behaviour, both as individuals and as groups has developed in recent
years from its foundations in psychology and sociology. Notable among efforts from the
engineering community has been work at Cambridge [1] and Munich [2] into the
classification of the behaviour of designers in the early stages of creative design. Work at the
Tokyo Institute of Technology has made use of graphical representations of design thought
process [3][4] and statistical techniques in the evaluation of process planning methods.

However, it has not previously been attempted to put these in the context of designer
characteristics and hence understand the variation in approach to design [5]. Furthermore,
based on the context, there haven’t seen any proposals to visualise the design thought
processes, evaluate them in a quantified fashion and also remodel representative processes in
terms of designer’s classification such as experience, nationality and others in consideration
of the variation.

In this paper, three main objectives are hung out. One is to relate the characteristics of a
designer to the characteristics of their design process. The influence of experience and
nationality are to be sought in this process based on structured interview style investigation
conducted machine tool companies in Japan, Germany and the United Kingdom. The second
is to propose a method to visualise and estimate the thought processes of designers in a
quantitative fashion. A newly proposed concept, “Importance Factors Connectivity Map” is
to display connectivity between importance factors in checking a detail drawing in a three-
dimensional space graphically and quantitatively. The last is to reveal similarities and
differences of thought processes developed based on the proposed method in terms of
experience and nationality.
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2 Experimental method

The investigation took components of a machine tool spindle system as a case study and
focused on engineers who had design experience specifically related to the machine tool
industry. The exercise was conducted with a total of 38 designers from 13 companies in
Japan, Germany and the United Kingdom. Of these, 7 had less than 5 years experience, 10
had between 5 and 10 years experience and 21 had over 10 years. 20 are Japanese, 10 are
Germany and 8 are the United Kingdom. Instructions were provided that in the native
language of the subject, but the same drawings, containing Japanese text, were used in all
cases. The part drawings used are (i) internal spindle, (ii) external spindle bearing collar, (iii)
pulley fixing nut, (iv) quill and (v) external spindle bearing retainer.

The exercise consists of the following activities.

1. Proposal and ordering of important points in the checking procedure without viewing
drawings.

2. Presentation in the form of Directed Graphs of checking procedures when viewing detail
drawings.

A Directed Graph is a graphical method used to represent concepts (vertices) and directional
links (arrows) between them and is used here as a format, in which the designers are asked to
visualise their thought processes. The time frame and details of the response format were left
open so as to impose the minimum of artificial constraints and to encourage the designer to
behave as naturally as possible. In practice the exercise lasted between one and two hours in
the majority of cases. Notes were made of the behaviour of each of the subjects during the
exercise.

The results were received in the form of hand-written notes on the prepared response blanks.
In order to provide meaningful comparisons, different phrases with the same meaning were
identified and all the data were translated into English, and presented on common sheets
coded for easy identification of designer characteristics.

3 Characteristics of the response data without viewing a drawing

3.1 Difference of the most important factor by the designer’s experience

As a result of aggregating the response data by the designer’s experience without viewing a
drawing, the most important factors in checking a drawing are clearly observed to be different
by experience.

- Low experienced designers: Drawing indication, Size
- Middle experienced designers: Tolerance and fitting

- High experienced designers: Function and purpose, Material

It can be said that low experienced designers are apt to pay much attention to the information
which may be found written directly on the drawing. On the contrary, high experienced
designers are apt to pay much attention to the information which is not specifically contained
within the drawing but is implied by the drawing.
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3.2 Difference of the most important factor by the designer’s nationality

Despite the fact that the exercise sample was unbalanced in terms of nationality and also that
some notifications and identifications on the provided drawings are written in Japanese, we
may make some observations as a result of aggregating the response data by the designer’s
nationality without viewing a drawing.

- Japanese designers: Tolerance and fitting
- English designers: Tolerance and fitting
- German designers: Function and purpose

Nothing can be concluded here regarding the difference.

3.3 Difference of the thought process pattern by the designer’s experience

The directed graphs given by the designers are analysed by shape. Our study of the shape of
the directed graphs suggests that those can be classified into six patterns (Fig.1): (a) linear, (b)
simple branching, (c) simple converging, (d) branching and converging, (e) branching,
converging and looping, (f) distributed. It is observed that the patterns become simpler and
more linear with experience. Furthermore, the number of importance factors to be checked by
low and high experienced designers is found to be smaller by observing each answer sheet. It
suggests that low experienced designers have generally few importance factors because of
their less knowledge. It is also explained that high experienced designers synthesise their
more knowledge into compact one.

One category of designers is the linear pattern that suggests a structured but linear flow of
ideas. This is the characteristic of more experienced designers. Another category of
designers is the distributed pattern that demonstrates no consistency in approach. We
differentiate this category, the flair-based designer who truly uses no structure, from the
highly experienced designer who knows subliminally the likely problems to search for
without any apparent procedure.

(a) Linear (d) Branching and Converging

(b) Branching (e) Branching, Converging and
:i Looping

(c) Converging (f) Distributed

aom
"RDE M : importance factor

Figure 1. Patterns of thought processes
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4  Characteristics of the response data with viewing a drawing

4.1 A concept of “Importance factors connectivity map”

Directed graphs provided by the designers generally have so complicated patterns and so
many nodes that it is very difficult to identify their characteristics and similarity. Then it is
hypothesised that a connection between importance factors would represent (1) a
technological relation between factors and also (2) a local pattern of a designer’s thought
process. Supposing that there are two connections, A to B and B to C, a local thought process
could be structured as A -> B -> C. And thus, when all connections between two importance
factors are statistically processed and the frequency of each connection is estimated as a
connectivity strength between the two factors, a representative connection pattern could be
extracted.

In the Fig.2, X and Y-axis represent importance factors and Z-axis represents connectivity
ratio or connection frequency between two factors. We call the three-dimensional space as
“Importance Factors Connectivity Map”. Differences of connectivity represented by its
contour map can be made clearer than those by the directed graph representations.

When selecting connections with a large connectivity and tracing them on the contour map, a
representative thought process could be modelled as shown in Fig.2. Each connectivity has a
value representing a connectivity strength. So the designer’s thought processes can be
handled quantitatively as well as qualitatively. Visualisation of the thought process can be
realised easily by some computer algorithm and their similarity can be also proposed easily.
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Figure 2. A concept of “Importance factors connectivity map” and representation of thought processes

Table 1. Importance factors

1. Drawing indication 2. Drawing name 3. Cross section view 4. Detailed drawing 5. Size

6. Overall length 7. Detailed length 8. Overall shape 9. Detailed shape  10. Taper shape

11. Key way shape 12. Hole shape 13. Screw shape 14. Chamfer 15. Function 16. Machining
17. Precision 18. Finish 19. Tolerance 20. Heat treatment 21. Material  22. Rigidity

23. Weight 24. Cost  25. Assembly 26. Notification 27. Others
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4.2 Visualisation of the thought processes between three nationalities

Figure 3 shows an importance factors connectivity map among three nationalities. The
numbers on X and Y-axes indicate importance factors as listed in Table 1. The thought
patterns between three nationalities can be visualised based on the connectivity map concept
as shown in Fig.4. Despite the different nationalities, there can be found a common thought
pattern as from “material” to “heat treatment”. The differences and characteristics between
the three nationalities are depicted as follows:

- [Germany] : It is obvious that German thought process has a clear linearity. A strong
connectivity from “tolerance” to “machining” can be observed. Such link cannot be found

1
E Y

| Endnods @ XA 57 | Endnode \J¥A 27 | Endnode A
(a) Germany (b) The United Kingdom {c) Japan

Figure 3. Importance factors connectivity map between three nationalities
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Figure 4. Thought pattern between three nationalities
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in Japanese and English designers’ thought processes.

- [The United Kingdom] : There can be found two main thought flows. One is to check
“tolerance” and is based on the information shown on the drawing. The other is to check
“machining” and “assembly” which are not explicitly shown on the drawing. There is a
strong connectivity from “tolerance” to “indication check” or “cross section view”.

- [Japan] : There are many patterns having “finish” as an end node. It is observed that
Japanese designers pay much attention to factors such as “tolerance” and “precision”
factors related to “finish”.

4.3 Visualisation of the thought processes between different experience levels

Figure 5 shows importance factors connectivity maps between different experienced levels.
Flgure 6 shows v1suahsat10n results of the thought processes between different expenenced
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Figure 5 Importance factors connectivity map among three experience levels
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levels based on Fig.5. A thick line means a strong connectivity between nodes and a dashed
line means a weak connectivity.

First of all, there can be found a similarity between the thought processes with viewing a
drawing and that without a drawing. Namely, low experienced designers are apt to pay much
attention to the information explicitly written on the drawing as mentioned in 3.1. In Fig. 6(c),
main factors are “size”, “tolerance” and “finish”. Furthermore, many factors are linking with
“size” factor. On the contrary, high experienced designers are checking factors not shown
explicitly on the drawing such as “heat treatment” and “machining” which are linked strongly

with other factors.

Second, although the same factor is listed as important, designers with different experience
level link different factors with it. For example, in Figure 6, important factors linking with
“tolerance” are as follows:

- [Low experienced] : “size” (explicitly shown on a drawing)
- [Middle experienced] : “size” , “precision” and “machining”

- [High experienced] : “function” (not explicitly shown on a drawing)

Third, because of the drawings for components of a machine tool spindle system, “tolerance”
is a common main factor in the thought processes of all designers.

By the way, in the section 3.2, it was mentioned the number of importance factors to be
checked by low experienced designers is smaller. However, as shown in Figs.5(c) and 6(c),
there are more factors and nodes listed by low experienced designers than those checked by
middle or high experienced designers. To explain this inconsistency, we propose a concept
named as “Design Perception”. Without viewing a drawing, low experienced designers
cannot touch their memory in their head successfully. With viewing a drawing, however, they
can associate their design knowledge by perceiving more design information on the drawing.

5  Conclusions

In this paper, to give the cue for development of a design tool to support design processes
which are different among designers who may have different thought patterns,

]In order to model a designer’s thought process, “Importance Factors Connectivity Map” has
been newly proposed. Based on the concept, designer’s thought processes can be visualised
and modelled in a quantitative fashion. Taking a checking procedure of a detail drawing of
spindle system as a case study, the designers’ thought processes have been visualised and
estimated so that some findings have been acquired very clearly.

Extensions of the research based on the proposed concept should reveal designer’s thought
process and contribute to development of “real” computer aided design environments. In this
sense, the understanding of the thought processes involved in design and the behavioural
characteristics of designers that has been investigated in this paper is very valuable. Because
it should give the cue for development of a design tool to support design processes which are
different among designers who may have different thought patterns.
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For example, the design tool will be able to guess how the designer will behave at the next
step corresponding to his experience, nationality and others. Then, the design tool can
provide necessary information to the designer during design processes. That should improve
the ease of use corresponding to the designer’s characteristics. For another example, if the
design tool tracks the designer’s behaviour by means of eye mark tracking system, audio and
visual recording system as well as capturing the actions on the design tool, then the design
tool can learn how the designer’s thought pattern in the connectivity map proposed.

The proposed concept and other concrete results regarding designer’s thought process should
contribute to opening the door to our final research goal of giving the cue for the design tool
development,.
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1. Introduction

Many forms of methods-based systematic designing employ functions and function structures.
Nevertheless, there is much confusion and misunderstanding about definitions, usage and utility
of functions and function structures. Clarification should help to make designing more rational.

According to Design Science [1-8], systems may be divided into process systems and technical
(real) systems (TS). The technical (real) systems are normally the main operators of the process
systems. In designing a technical system (mechanical, electrical, chemical, architectural, societal,
etc.), whether it is a radical new design or a redesign (variant, revision, etc.), at some critical stage
in the process the functions of that system will normally be considered.

The primary condition for obtaining a near-optimal solution to any design problem is that the
solution field is searched as widely as possible (within the constraints of time and cost for
designing) to establish the alternative candidates. If this search can be accomplished at various
levels of abstraction, a closer approach to optimality can usually be made. The minimum number
of levels proposed for novel design problems in Design Science [1-8] is: (1) requirements and
constraints in functional, economic, societal and other aspects, functionality, (2) transformation
processes and operations, (3) technology of operating a process, (4) TS-internal functions, (5)
organs or solutions-in-principle, (6) preliminary constructional parts in layout, (7)
definitive/dimensional constructional parts in layout, (8) details and parts lists. This may be
compared to the notional two levels of ‘functional requirements’ (FRs) and ‘design parameters
(DPs) proposed by Suh [9]. Each of the steps in designing should allow generation of alternative
solution proposals, a sequence of goals—means searches. They are, in this form, an intermediate
step in designing that allow physical means — constructional parts, connection regions, action
zones, assembly groups, etc. — to be allocated and arranged. They cannot be traversed in such an
apparently linear fashion, but must be iteratively established.

Searching for alternatives in this way would soon lead to combinatorial complexity, the numbers
of possible combinations would become far too large for human comprehension. Control of
combinatorial complexity is achievable by evaluating all the alternatives at each level of
abstraction, selecting only the (one or two) most promising, and continuing the search at the next
more concrete level. The discarded alternatives should be kept in the records, in case (a)
difficulties require back-tracking to a different alternative, or (b) a technical development renders
a sufficient improvement to a different alternative to change the order of preference.

2. Functions

Functions (as defined in Design Science [1-8]) describe the required or desired (internal and
cross-boundary) capabilities of a (future) real system that (will) make it possible for that system
to perform its (external) duties, its intended goal tasks. Some of these functions will describe
inputs and outputs of the real system, the tasks of the receptors and effectors. Other functions will
describe how the desired and secondary inputs may be (or are) transformed within the real system
into the desired and secondary outputs. Functions are normally formulated in words, as a
combination of a verb (or verb phrase) and a noun (or noun phrase) — similar to the usage in
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Value Engineering, but with a different, more precise definition of ‘function’. The formulation
is normally chosen by the designer to allow several candidate solutions to be proposed — searched
for by reviewing existing systems and literature, and inventive imagination using the human
capability of mental association. Functions in these formulations can be combined (and
abstracted) or sub-divided (decomposed and concretized), which may lead to further alternative
candidate solutions to the design problem. As an example, a spindle with 6 degrees of freedom
is brought into the state of one degree of freedom (rotation) by the function ‘hold the spindle in
bearings which can react radial and axial forces’.

The function structure is defined by a set of its elements (functions) and a set of relationships of
these functions to one another. The function structure gives the engineer a means to evaluate the
operational states of a (future or existing) technical system (TS).

The capability of using a function is a property of the technical system, class 1 in the classes of
properties defined in Design Science [1-8], figure 1. A function describes the ability of a TS to
tulfill a purpose, namely to convert an input measure into a required output measure under
precisely given conditions. The TS function can be understood as a unique (but usually not 1:1)
coupling of the elements of a set of independent input measure to the elements of a set of ourput
measure. This interpretation shows some similarity to the concept of a mathematical transfer
Jfunction as defined for dynamic systems.

Functions in this definition, as one set of the essential properties of technical systems, are
absolutely dependent on the design characteristics of the system being designed, listed in the
properties of technical systems as class 12 in the Design Science scheme, figure 1. Functions are
used as elements, and together with their relationships (mainly connections, couplings among

All properties of technicol systems may be completely (wilhout remoinders) included
(clossified, cotegorized) in a hierarchically superior set of classes (selected occording
to various viewpaints).

Fach such classification serves o particular purpose, for instance the classes of
properties most suited for the purposes of designing (design wark) are:
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Figure 1 Classes of Properties of Technical Systems
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individual functions) form a structure that should describe (at an abstract level) the capabilities
for action of a technical system. The functions as formulated should ‘scan’, i.e. the input to any
one function should be equivalent to the output from its preceding function(s), and should form
a ‘chaining’ with a reasonably logical flow of materials, energy and information from TS-inputs
(receptors) to TS-outputs (effectors). Functions may be arranged in series or in parallel, and may
show branching or combining of paths.

As a solution proposal is developed through these (abstract to concrete) steps, several additional
problems arise — they in turn need to be solved through (for that design problem) newly
discovered (evoked) functions, organs and constructional parts.

The number of steps, iterations, sub-divisions, etc. that are used in an actual design sequence
depends on the complexity and difficulty of the task. A design task may be sub-divided into
smaller, more easily solved problems, and solution candidates re-combined at a more concrete
level — a recursive working mode. The different sub-problems are usually at different states of
concretization — which leads to an apparent confusion of steps to a casual observer. Only by
searching for alternatives at each (abstract or concrete) step can designers be sufficiently certain
of obtaining a near-optimal solution — which may need to be (mathematically) optimized for its
performance.

There are two main ways to work out a function structure. One way starts by concretizing from
a ‘TS black box’, and implies that the functions and their relationships are to be found or
synthesized, as the means by which the output effects that will drive the technical process (as the
aims) can be realized. This path leads through establishing the inputs and modes of action of the
TS, and can take place at the various levels of abstraction listed above, and achieve differing
levels of completeness, as explained above.

The second way starts by abstracting from an existing constructional or organ structure, and is
analytical. This way is more useful for redesigning an existing system. It results in either a very
comprehensive function structure with many types of function (resolution or decomposition), or,
by neglecting those functions that are not essential for the direct transformation process, a
function structure similar to the one established from the ‘black box’ can be obtained.

Good and complete consideration of functions (and consequently of organs and of constructional
parts) during designing is frequently decisive for the quality of the resulting system. Therefore
the types of possible functions should be defined, to provide a check-list for designers to use in
verifying that they have considered all necessary functions in their design process.

3. Classification of Functions

Many different kinds and classifications of functions appear in the literature. Here we will only
define a few basically important types (as used in Design Science [1-8]) which will be used in
the further discussions. Of the many classifying viewpoints, three are particularly meaningful:

(a) Complexity of the function. Each function may be assigned to a certain degree of complexity
in a hierarchy of complexities (several levels from ‘most complex’ to ‘simplest’). The lowest
degree is occupied by the elementary functions, those that cannot (usefully) be resolved into
more limited functions.

(b) Degree of abstraction of the function. Each function may be described at various levels
between ‘concrete’ and ‘abstract’. This in turn influences the number of possible or available
organs (function carriers) that can be found (as means) to realize the function (as the goal).
If, for instance, the given description refers to the function ‘change motion of ...’, then the
range of available means is very broad. With an increased number of additional data about
the function, selected from the ranges of effects, conditions, operations or working means, the
range of available means of fulfilling a function is progressively narrowed, until a single
concrete TS remains. The additional data mentioned here are the design properties, properties
class 12 in the Design Science scheme, figure 1.
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The degree of abstraction is derived from the design properties for the given ranges. Functions
may be designated as ‘functions with i conditions’. The order in which these conditions
appear is not determinate, the behavior of a real TS can also be attained by a different
ordering. For systematic work in engineering design it is essential that a certain ordering
arrangement is selected and agreed, and used consistently.

The connection between the degree of abstraction and the degree of complexity should also
be noted. Resolving the functions into partial functions (i.e. functions of lower degree of
complexity) is only possible and sensible when a certain more concrete level of abstraction
has been obtained. In our recommended procedural scheme this is true only when an action
principle and/or a mode of action has been established. Designers who are familiar with
systematic design methods will recognize an analogy to the morphological chart [4,10], in
which the path of progress leads from a function (preferably starting with the most important),
by considering one or more action principles and/or mode of action, to the organs (function
carriers) able to fulfill that function. Others of these characteristics are unconsciously
neglected, either because they are implicit in the statement of the task, or they are assumed
by tradition to be ‘fixed variables’.

Categories of purpose of the functions. The various sorts (classes and categories) of
functions that can be useful in designing a system include (see figure 2):

the purpose function (PuFu) of the proposed system, its essential capabilities, which
include those outputs that are needed from the technical system, the effects it applies, the
chosen technology, and the technical process (changes in the operands in the
transformation process under the influence of the technical systems) — this is a composite.
For systematic designing of a novel system, it is preferable to separate these elements, and
to consider each on its own: first the transformation process, then the technologies, then
the needed effects, etc., with possibilities for variation and search for alternatives at each
step;

the working effects (WE() as intended output via the technology to the operand,

the working functions (WFu) internal to the TS as means to fulfill the purpose;

The working functions and working effects, with the selected mode of action, that fulfill
the purpose of the TS are necessarily accompanied by a series of additional functions.

These are essential, and serve to ensure that the purpose function can be realized, or its
operation supported. These additional functions are:

assisting functions (AssFu) that allow the working functions to fulfill their tasks, which
may further be sub-divided into:

(4a) the auxiliary functions (AuFu) that deliver assisting materials within the technical

system,

(4b)  the propelling functions (Pfu) that deliver energy;

(4c) the regulating and controlling (RCFu) functions that deliver information (data,

commands, etc.), perform measurements and comparisons with standard quantities,
and give feedback for use within the system; and

(4d)  the connecting and supporting functions (CnFu) that keep the technical system

%)

(6
Q)

72

together in one unit and connect it to the fixed system;
functions that provide the connections across the boundary — recepfor functions (RecFu)
and effector functions (EffFu)
the life functions (LfFu), properties-generating functions, e.g. those that permit life-cycle
actions and achieve reliability or stability of the system,

production functions (ProFu) that permit manufacture and assembly (and concurrent
engineering of the product and its manufacturing processes), but also disassembly for
maintenance and disposal (e.g. recycling) of the system — these are mostly evoked
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. Working effects needed to implement, drive, operate the technical processes
.. Working functions (active and passive) needed to generate the working effects

Assisting Functions (active and passive) needed to directly support the working
functions, including:
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PFu

RCFu
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Auxiliary functions
Propelling functions (energy converting and delivering)
Regulating and controlling functions

. Supporting and connecting functions, TS—internal and to external (fixed or

environment) systems

[rans —boundary Functions:

EffFu

RecFu ...

Effector functions
Receptor functions

Evoked Functions, needs for properties recognized during designing:

LfFu Life functions needed to suppert cleaning, storing, transporting, safety,
reliability, maintainability, etc. of the technical system
ProFu ... Constructional functions needed to enable manufacturing, assembling, testing,
adjusting, servicing, commissioning, etc.
EstFu . Esteem and other functions to enhance human, social, economic and legal
acceptance.
. i c
Figure 2 Comp!e’re Model of Function Structure of a
Technical System
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functions that are discovered during designing in the more concrete structures (organ, or
constructionat).

(8)  esteem functions (EstFu) that enhance human, societal, cultural, economic, legal and other
acceptance of the completed TS.

These categories of function can act as check-lists to verify that the considerations during
designing have been as complete as possible, leading to ‘right-first-time’ designing.

During designing, the primary considerations are establishing the means to fulfill the working
functions, as main means to achieve the working effects, and thus the purpose functions. Whilst
these considerations progress, especially during the process of establishing the organ and
constructional structures (i.e. in arrangement and preliminary layout) the assisting and other
functions are successively brought into the considerations to bring the solution proposals towards
completion.

If for a particular family of technical systems the formulations of functions can be standardized,
computer assistance (e.g. in the form of petri-nets) can be developed to search for known
solutions. Analysis for redesigning an existing system may not need to reach the abstraction of
the function structure, unless a substantial degree of innovation is required.

Figure 2 shows a representation of the function structure as a ‘block schematic’ that shows the
important relationships as connecting lines, and conforms to the general arrangement of elements
of the transformation system. A typical arrangement of the functions within such a function
structure should reflect the general model of function structures, see figure 2 (and figure 8—4 in
[4]) and should include the assisting (auxiliary, propelling, regulating, supporting and other
evoked) functions, and the receptor and effector functions at the TS boundary.

In designing, it is probably best to only include the more important functions, i.e. the working
functions and the main assisting functions, completeness may not be necessary.

This representation is by no means the only possible form. Many examples of other forms are
described in the literature [11,12,13,14,15]. Especially noteworthy is the form used for the
‘general function structure’ according to Roth [12]. It uses the ‘general functions’ as defined
below and can be regarded as a form of logic flow or switching schematic.

Another form that is similar to the function structure is that of the ‘hierarchical function tree’
[13,14,15]. It shows the functions with only their immediate dependent relationships, but cannot
easily show all other relationships, especially between functions in different branches of the tree
structure. Nevertheless, because it is a clear and simple representation, it finds frequent use.
Examples are given in the literature, for instance figure 8-5 in [4].

4. Other Definitions

Apart from the three types of functions discussed in sub-sections (a), (b) and (c), a few other
terms that frequently occur in the literature should be defined. They are not a part of the Theory
of Technical Systems [2], but show a connection to other theories and methodologies of
engineering design.

(d) Logical function. This type transforms one or more independent variables into a single
dependent variable that can only take on two measures (e.g. 1 and 0, + and -, or true and
false).

(e) General function [12]. This is an elementary function that results from coupling a general
operation (storing, conducting, transforming, translating, and summative or distributive
associating) with a general ‘value type’ (material, energy, information).

(D) Basic function [16] is an elementary function (combining, dividing, conducting).
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(g) Physical elementary function (or basic operation) [17]. This term has been applied to 12
elementary functions: emitting, conducting, c