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Preface

Design is ubiquitous, yet universal; it pervades all spheres of life, and has been
around ever since life has been engaged in, purposefully changing the world
around it. While some designs that matured many centuries ago still remain in
vogue, there are areas in which new designs are being evolved almost every day, if
not, every hour, globally. Research into design and the emergence of a research
community in this area has been relatively new, its development influenced by the
multiple facets of design (human, artefact, process, organisation, and the micro-
and macro-economy by which design is shaped) and the associated diversification
of the community into those focusing on various aspects of these individual facets,
in various applications. Design is complex, balancing the needs of multiple
stakeholders, and requiring a multitude of areas of knowledge to be utilised, with
resources spread across space and time.

The collection of papers in this book constitutes the Proceedings of the 4th
International Conference on Research into Design (ICoRD’13) held at the Indian
Institute of Technology Madras in the city of Chennai, India during 7-9 January
2013. ICoRD’13 is the fourth in a series of biennial conferences held in India to
bring together the international community from diverse areas of design practice,
teaching and research. The goal is to share cutting edge research about design
among its stakeholders; aid the ongoing process of developing a collective vision
through emerging research challenges and questions; and provide a platform for
interaction, collaboration and development of the community in order for it to
address the challenges and realise the collective vision. The conference is intended
for all stakeholders of design, and in particular for its practitioners, researchers,
teachers and students.

Out of the 201 abstracts submitted to ICoRD’13, 175 were selected for full
paper submission. One hundred and thirty-two full papers were submitted, which
were reviewed by experts from the ICoRD’13 International Programme Com-
mittee comprising 163 members from 127 institutions or organisations from 32
countries spanning five continents. Finally, 114 full papers, authored by over 200
researchers from 91 institutions and organisations from 23 countries spanning five
continents, have been selected for presentation at the conference and for
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publication as chapters in this book. ICORD has steadily grown over the last three
editions, from a humble beginning in 2006 with 30 papers and 60 participants,
through 75 papers and 100 participants in ICoRD’09, and 100 papers and 150
participants in ICoRD’11. This is also the first time that ICoORD has taken place
outside Bangalore, with the Indian Institute of Technology Madras and Indian
Institute of Science Bangalore jointly sharing the responsibility for its
organisation.

The chapters in this book together cover all three major areas of products and
processes: functionality, form and human factors. The spectrum of topics range
from those focusing on early stages such as creativity and synthesis, through those
that are primarily considered in specific stages of the product life cycle, such as
safety, reliability or manufacturability, to those that are relevant across the whole
product life cycle, such as collaboration, communication, design management,
knowledge management, cost, environment and product life cycle management.
Issues of delivery of research into design, in terms of its two major arms: design
education and practice, are both highlighted in the chapters in this book. Foun-
dational topics such as the nature of design theory and research methodology are
also major areas of focus. It is particularly encouraging to see in the chapters the
variety of areas of application of research into design—aerospace, healthcare,
automotive and white goods sectors are but a few of those explored. The theme of
this year’s conference is Global Product Development. The large number of
chapters that impinge on this theme reflects the importance of this theme within
design research.

On behalf of the Patron, Steering Committee, Advisory Committee, Local
Organising Committee and Co-Chairs, we thank all the authors, reviewers, insti-
tutions and organisations that participated in the conference and the Conference
Programme Committee for their support in organising ICoRD’13 and putting this
book together. We are thankful to the Design Society and Design Research Society
for their kind endorsement of ICORD’13. We thank the Indian Institute of Tech-
nology Madras and the Indian Institute of Science, Bangalore for their support of
this event. We also wish to place on record and acknowledge the enormous support
provided by Mr. Ranjan B. S. C., Ms. Kumari M. C. and Ms. Chaitra of IISc in
managing the review process, and in preparation of the conference programme and
this book, and the group of student-volunteers of Indian Institute of Technology
Madras led by Swostik, Suraj and Sahaj in the organisation and running of the
conference. Finally, we thank Springer India for its support in the publication of
this book.

Amaresh Chakrabarti
Raghu V. Prakash
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Design Theory and Research Methodology



How I Became a Design Researcher

Gabriela Goldschmidt

Abstract No one trajectory leads to becoming a design researcher. This paper is
an interim overview of one case of a designer who became a design researcher.
Through concerns derived from experience as a designer and a design teacher, and
learning from observations of children designing, some fundamental questions
were formulated under the common theme of design cognition. Two major lines of
research were undertaken over the years: first, modeling and measuring design
reasoning. This is done with linkography, which is a system for the notation and
analysis of design activities based on protocols. With linkography light can be
shed on the structure of the design process and its quality, especially its creativity.
Second, visual thinking in design and primarily the generation of sketches and the
use of visual stimuli are investigated. Experimental work confirms the importance
of visual thinking in designing.

Keywords Cognition - Creativity - Linkography - Sketching - Visual thinking

1 Introduction

When I was an architecture student, in three different schools, I was absolutely
certain that my future is in architectural design. I saw practice as the only career I
would ever want to follow. Once out of school I first worked in established firms,
later in my own small independent practice. Little by little I realized something
was missing. Practice was exciting but also very tiring and frustrating, and work
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posed too many practical difficulties and too few intellectual challenges. I started
teaching architectural design part time and found it rewarding, in that students
dealt with hard core issues that forced me to struggle with those same dilemmas
myself. My frustrations as a designer and observations of students’ progress and
difficulties started raising fundamental questions: how do we actually think when
we design? How do we learn to design? What does it mean to be a ‘good’ designer
and why isn’t every designer’s performance excellent? How and what does
experience contribute? What is visual about our thinking in design, and why is that
important, if it is? Questions of this nature occupied my mind but I was not sure
how to go about answering them until I decided one day, quite intuitively, to look
at children designing. Much to my surprise I discovered that children could design,
and some of what they do does not seem to differ greatly from what my students or
I do when we design. This was when I started talking to psychologists and soon I
made two discoveries: First, I learned that cognitive psychology deals with some
of the questions I was interested in, though it does not focus on designing. Second,
I found there were a handful of others in the design world who were interested in
the same questions and who had already started researching them. It was then that I
turned into a design researcher; first in parallel to my design activities and later in
their stead, although I continued to teach design for a long time thereafter. Certain
insights regarding design thinking and its research have matured over the years and
this paper presents them and traces the trajectory that led to them—a personal
journey toward design research, which has become more than a career: it is a love
and a passion.

2 Experiences as a Designer

Ever since I was a student design was not something that came easily to me. Every
new project, at school and later in practice, required a fairly long and sometimes
tortuous search until a good enough idea crystalized. Even though the final result
was usually satisfactory, I envied those of my peers who were visibly more relaxed
and easy-going about developing their design ideas. I wanted to be like them but
did not know what would make that possible. Things got better with time and I
concluded that having accumulated experience helped. But I still did not know
what about that experience was responsible for a more direct path to a good
solution. Have I become a better thinker? How so? Or was it just a matter of self-
confidence? And then there were design reviews. How was it that for the most part
reviewers agreed on what constitutes a good project and what was a less successful
project, even when reasons were not elaborated?

When I started working with my own clients I had to convey design ideas to
them. Things that now seemed obvious to me turned out to be far from obvious to
them and sometimes I failed to gain their understanding of why something was
important. Why couldn’t I reach out to them? How could one ensure seeing design
issues eye to eye with someone else, whether a professional or a layperson?
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Once again this boiled down to design thinking, to what we know, to the nature
of expertise and the contribution of experience to it. It also posed questions about
creativity, communication, and what I was much later able to label as the nature of
one’s design space, and shared mental models. But these terms—and their sig-
nificance—were not part of my terminology and my agenda until many years later.
In the meantime I just continued to struggle and tried my best to connect with
clients; some would call it: educating the client.

3 Experiences as a Design Teacher

When I started teaching architectural design studios I was a practitioner with a few
years of experience in reputable international architectural firms. I was enthusiastic
and wanted all of my students to produce wonderful work. As it were, some did but
others did not do as well. I would spend hours on end with weaker students with
the hope of assisting them; I tried all strategies, such as citing examples and
precedents, modeling and discussing alternatives with them, eliciting thumb rules
and conventions, and more. Sometimes it helped, sometimes it did not. I invented
exercises that were geared at seeing the task from a different perspective: starting
the design from sections as opposed to plans, starting from a whole to be divided
into components, as opposed to starting with components to be assembled into a
whole (or vice versa); continuing a project started by somebody else; developing a
story that the design would illustrate; and more. Again, this was helpful, but not
always and not as much as I had hoped it would be.

I wanted to know why some students ‘get it’ and others do not, although their
starting point was apparently the same. Why some students needed only a subtle
hint and could then leap forward on their own, whereas others were unable to
develop ideas even when they were shown explicit solutions. Why some students
were able to use feedback to make incremental progress from week to week and
others were unable to incorporate feedback and started anew after every feedback
session (‘crit’). These were burning questions and they arose with students of
different standing, from complete novices, i.e. first year students, to nearly
professionals, that is fifth year students. I started realizing that what had weighed
on me as a practitioner and what bothered me as a teacher were questions of the
same kind, but I still did not know how to begin to explore them.

4 Learning from Children’s Designs

One day I played with a young child who had spent the morning in a swimming
pool, or rather a toddler’s pool, as she did not yet know how to swim. This was an
extraordinary experience which she enjoyed a lot, as she came from a small new
settlement were there was no swimming pool. That afternoon she played with
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building blocks and a few other items and announced she was going to build a
‘model’ of her settlement. The settlement had a ring-road around which there were
two rows of houses; the back row was served by pedestrian access paths, leading
from the road to each second-row house. These paths were favorite play areas for
young children. Other than single-family houses and a small number of commu-
nity facilities, the settlement had semi-underground bomb-shelters scattered
among the houses; their sloped roofs touched the ground and children used them as
slides.

The child’s model consisted of houses and a row of wooden blocks—“the
path”, leading to a circle of wooden blocks, “a swimming pool”. Nearby there
were a few bigger wooden blocks designated as “shelters”. A few small plastic
human figurines were scattered about, “children”. I realized that the child was
using her knowledge of the familiar home environment—houses, paths, shelters, to
which she added a desired feature—a swimming pool, a newly acquired concept
that she considered appropriate and desirable as an addition to the existing envi-
ronment. It dawned on me that what this child was doing was not essentially
different from what we designers do. Don’t we introduce new features to old and
existing ones to produce new syntheses?

With this insight in mind I conducted a workshop with older children (aged
9-10), who were given a big crate full of materials and were reminded of a
children’s story they all knew and loved, Pippi Longstocking. In the story Pippi
and two friends run away from home, with a horse and a monkey, and have various
adventures as runaways. Since they have no home now, the children’s task in the
workshop was to design a house for them, which they did by building models from
the materials in our magic crate (cardboard sheets and rolls, wooden blocks and
round pieces, wire, paper, and so on, plus glue, tape, scissors etc.). The workshop
took place at school and the children were so enthusiastic that the principal
decided to cancel the remaining classes for the day to allow them to complete their
projects. They worked alone or in groups of two or three, and got adult help only
with technicalities like cutting a piece to their specifications with a sharp cutting
knife. At the end of the day they were interviewed about their projects wherein
they were able to explain their acts and their choices [1]. Amazingly enough all
children completed the task. It was again apparent that they used knowledge about
the concept of ‘house’, which they were familiar with of course, and synthesised it
with knowledge about Pippi’s personality that was available to them because they
knew the story. They were able to translate personality traits into design features
(for example: Pippi is very strong and playful so she can enter the house by
jumping from a seesaw and grabbing a rope hanging from the window). The main
lesson from the workshop was that different children construed the task differently;
the main focus was either on ‘house’ or on ‘Pippi’, leading to different design
priorities.

The same workshop was repeated with first and fourth year architecture
students, with far less interesting results. The first year students were held up by
the fact that they were not given a ‘program’ and were not told at which scale they
should work. Some fourth year students thought this was not a serious enough
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exercise. In addition to confirming the ability to use knowledge that is not design-
specific, we learned about design education and pedagogy, on which we shall not
dwell here.

5 Questions that Beg Answers

Having had the experiences described above in both the professional arena and the
educational studio, it became clear that there are some persistent mega-questions
regarding the process of designing that were wide open and invited exploration.
Some of them were outlined above, and in addition the contribution of visual
thinking to design, at least in some fields (e.g., architecture, industrial design,
graphic design, mechanical engineering), became intriguing. Rudolf Arnheim’s
seminal Visual thinking [2] was a major influence that in addition to shedding light
on visual thinking also served as an introduction to Gestalt psychology. With
hindsight, the main questions I was able to formulate ran approximately as
follows:

e How are different knowledge items synthesised into a design solution?

e How do we reason on the fly about issues, knowledge and acts related to a
design entity that is in the process of being generated?

e How do we construe ill-defined design problems, and turn them into solvable
problems? Why are there individual differences in this process?

e How are design skills acquired? What is teachable and learnable about such
skills?

e How can we characterize creative designing? Can we measure creativity?

e What is the role of visuals in designing? This question may be divided into two:

e On the one hand, there is the ‘consumption’ of external visuals which act as
inspirational agents. What mechanisms are involved in being ‘inspired’?

e On the other hand there are self-generated sketches. Why do designers sketch?

When the accumulated questions gained enough coherence it became obvious
that they are all of a kind; in fact they can be grouped under the heading of design
cognition. This was a new concept that required some clarification.

6 Design Cognition

I had already written a few papers on the process of designing [3-5] drawing
primarily on my own experiences when I felt ready to become a ‘real’ researcher. I
realized that to succeed, I needed to belong to a research community, but which
community? I was not yet aware of other designers who were interested in
questions similar to the ones that intrigued me, but I found that psychologists were
in fact quite interested in discussing the questions I asked. First, through the
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children’s design study, these were developmental psychologists; through them I
met other psychologists who were more interested in certain cognitive issues, in
particular creativity. I started to educate myself in the field of cognitive psy-
chology and in parallel I came across writings by designers that echoed my
interests; I was delighted to find out that indeed a community of design thinking
researchers was coming into being and within this community there were some
prominent design thinking students like Nigel Cross, Bryan Lawson, Omer Akin,
John Gero and others, whose pioneering work was of great value e.g., [6-9]. Schon
[10], in essence not really a design researcher, was of great influence in that
community. I eagerly joined those forerunners and before soon many more young
researchers joined in: a community of design thinking researchers, interested
mostly in design cognition, became an established fact.

I put together a course for graduate students called Cognitive Aspects of
Architectural Design, which was taught for many years during which it continually
changed and grew. This led to students knocking on the door, wanting to work on
theses and dissertations in the area of design thinking. It was time to learn how to
conduct empirical research and exposure to cognitive psychology paved the way to
experimental work. Protocol analysis became the major methodology for our
work, and it continues to serve us well to this very day. Two main and compli-
mentary research directions emerged: modeling and measuring design reasoning,
and visual thinking in design.

7 Modeling and Measuring Design Reasoning

When I first discovered protocol analysis I tried to apply it as prescribed [11, 12] to
protocols we have generated. I failed to find coding schemes of categories that
could reveal anything of value or interest and thought that there must be another
way to use protocols of on-line design session recordings to derive information
that would lead to new insights regarding the design process. My interest in
cognition led to the wish to find out not only what designers were thinking about,
which coding protocols aptly reveals, but also how they think, that is, how do they
form ideas and concepts. This prompted the notion that what we should be looking
at is links among units of verbalization, into which protocols are parsed. These
units, also called segments, can be anything from a few words to long stretches of
verbalization. If the thinking scale one is interested in is cognitive, the units should
perforce be rather short, in the order of approximately one sentence. I decided to
borrow the term move from chess, and here it means a step, an act, an operation,
that transforms the design situation somewhat relative to the state in which it was
prior to that move. The protocol is now transformed to a numbered, sequential list
of design moves. These moves represent the universe in which the designer acts
during the vignette that is captured in the protocol.

Design theories tell us that the crucial outcome of the preliminary design process
is synthesis. A synthesis is manifest in a partial or complete design proposal that
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reflects the best possible balance among considered options, given requirements
and goals, analysis of the givens and the situation (constraints, opportunities), the
designers’ knowledge and experience, and their values and personal propensities. A
synthesis cannot be arrived at ‘in toto’ in one go: a synthesis, that is, a candidate
solution, is constructed step by step in a search process that is typical of ill-
structured/ill-defined problem solving, of which design is a paramount example. At
the cognitive scale we equate the search steps with design moves. To arrive at a
synthesis design moves must be integrated in a network such that the ensuing
solution would be sure to take into account all relevant aspects of the situation and
the problem. My suggestion was that this process is captured in a network of links
among design moves, based on contents and arbitrated by common sense, using
disciplinary knowledge. Once this understanding was reached, the task became
clear: we need a system of notation and analysis of links among design moves.

Such a system was developed in the framework of /inkography, which consists
of the theory behind the relevance of links among design moves and the technical
method of notating and analyzing such links e.g., [13, 14]. The linkograph is where
a link is notated, if one exists, between every pair of moves in the sequence, if one
exists. For n moves, the number of possible links is n*(n-1)/2. For each pair of
moves, consecutive or far apart, we ask: is there a link between these two moves?
The answer is yes, or no; if positive—a link is notated in the linkograph. There are
two types of links: backlinks and forelinks.

Backlinks: Starting with move 2, we ask about a possible link with each of the
preceding moves; therefore such links are designated as backlinks.

Forelinks: If move 2 links back to move 1, then we may say, with hindsight,
that move 1 links forward to move 2. This is a virtual link of course as at the time
move 1 is generated we cannot know whether or not it will link to move 2 (and
subsequent moves). However, we are interested in forelinks because they are
indicative of steps that future design activities refer back to.

Critical Moves: Not all design moves are of the same magnitude; some are
more significant than others in terms of developing the final outcome. We call the
most important moves critical moves (CM) and distinguish between CMs due to a
large number of backlinks (<CM) and CMs due to a large number of forelinks
(CM>). For each investigation we determine a threshold that indicates the mini-
mum number of links necessary to qualify a move as critical. If, for example, the
number is 5 links, the threshold of 5 is indicated (CM"). Figure 1 depicts a link-
ograph of a short design vignette (20 moves).

We carried out a large number of linkographic studies and other researchers
joined us in using linkography, primarily in order to investigate the structure of
design reasoning e.g., [15-18]. The linkograph shows clearly where moves are
concentrated and where they are sparse and far between. In as far as a linkograph
displays fairly autonomous chunks of interlinked moves, with few links to
neighboring chunks, we may refer to such chunks as micro-phases and the initial
and last moves of a chunk are of particular interest, especially if they are critical
moves (as they often are). In a way, looking at critical moves—their positioning in
the sequence of moves and their contents—gives us a very good overview of the
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Fig. 1 Linkograph. <CMs and CMs> are indicated at thresholds of 3 and 4 links

design process is question. I propose that moves with more forelinks are roughly
reflective of divergent thinking: new ideas come up in them, which further moves
refer back to. Similarly, moves with primarily backlinks represent convergent
thinking: they test, evaluate, confirm or question preceding moves in which a new
proposal had been put forth. If we accept this notion, then the proportion and
interplay among critical moves tell us something about the creativity of the process
under scrutiny. Needless to say, we are not talking here about creativity of the kind
that changes the world; instead, we detect acts of small-scale, quotidian creativity
(that Boden [19] calls P-Creativity), which are typically marked by shifts between
divergent and convergent thinking e.g., [20-22].

Linkographic studies have been able to establish a correlation between inde-
pendent creativity assessments and the proportion of critical moves, especially
CMs>, in a variety of settings. They also taught us a lot about problem framing
and problem solving reasoning which is noticeable in the structure of the link-
ograph. This served as a basis for comparisons between novices and advanced
students, which taught us something about learning and the role of experience.
Other linkographic studies looked at communication patterns in the design studio,
topic shifts in design, the dynamics of team work, and much more. Linkography
was also used to look at phenomena at non-cognitive scales such as prolonged
design periods and other problem-solving processes.

8 Visual Thinking

Architects and other designers are in the habit of making rough, free-hand sket-
ches. This habit continues since industrially produced paper became available in
Europe in the last quarter of the 15th century, and it persists today despite the
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digital revolution. The sketches we are talking about are not after-the-fact ren-
derings but quick freehand drawings made on the fly during the search in the
preliminary conceptual phase of the design process. Sketches serve a number of
purposes [23]: prescription, communication, and thinking. In the framework of
design cognition it is the latter we are interested in. In the hands of fluent sketchers,
sketching has many cognitive advantages: it off-loads memory; is rapid and
therefore requires minimal cognitive resources, stop rules are flexible, it is only
minimally rule-bound, it is reversible and transformable at any stage, it is tolerant
of incompletion, inaccuracy and lack of scale, it provides stimuli and cues, and
finally, it supports feedback loops between external and internal representation
(visual imagery).

Feedback loops are of particular interest, as they establish the ‘cooperative’
dynamics between imagery which we know is a valuable cognitive capacity in
creative work, and what is being laid down on paper. Thus sketching does not
merely record mental activity, it is part and parcel of it [24]. In fact designers
discover things in their own sketches [15], sometimes much more so than antic-
ipated. Since the early 1990s a host of studies have shown that sketching is a high
impact design strategy.

Our sketching studies led to a wider interest in the mode in which designers
exploit visual stimuli while developing design solutions. One of the conclusions
was that images in stimuli may serve as bases for analogy, unconsciously or
consciously, especially when one is explicitly instructed to use analogical thinking
[25]. Like visual imagery, analogy is a helpful cognitive strategy in creative
endeavors, and in both cases sketching aids the relevant cognitive operations. Of
course, stimuli may also cause designers to fixate on them, thus barring them from
developing original solutions. This is more likely to happen when the stimulus is
an actual example of a solution to the problem in hand. Generally we were able to
show that visual stimuli, with or without suggestions of analogies, are beneficial in
the design process.

I propose that visual thinking is so important in designing because when the
final outcome is a physical entity that needs to be considered in terms of form and
function, a good synthesis can be achieved only if in the process of reasoning
about candidate partial and whole solutions the designer shifts back and forth
between embodiment and rationale, such that all design aspects are covered in a
final well-integrated design outcome [26]. Visual thinking helps represent and
assess embodiments, and therefore it is invaluable, whether sketches are hand-
drawn or simulations are created digitally.

9 What Next?

Two important hallmarks of design cognition have been established in our studies:
the power of interlinking moves, and the need to shift between embodiment and
rationale. These traits of design cognition may not be unique to designing, but they
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are particularly important in this activity that deals with form and function, and
that must bring about a well synthesised artifact. Important as these findings are,
they are not enough; there is more to design thinking, and we must discover
additional fundamental characteristics of such thinking if we are to build tools to
effectively impact them. The design research community is invited to partake in
this valuable, exciting and rewarding project.
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Why do Motifs Occur in Engineering
Systems?

A. S. Shaja and K. Sudhakar

Abstract Recent years have witnessed new research interest in the study of
complex systems architectures, in domains like biological systems, social net-
works etc. These developments have opened up possibility of investigating
architectures of complex engineering systems on similar lines. Architecture of a
system can be abstracted as a graph, wherein the nodes/vertices correspond to
components and edges correspond to interconnections between them. Graphs
representing system architecture have revealed motifs or patterns. Motifs are
recurring patterns of 3-noded (or 4, 5 etc.) sub-graphs of the graph. Complex
biological and social networks have shown the presence of some triad motifs far in
excess (or short) of their expected values in random networks. Some of these
over(under) represented motifs have explained the basic functionality of systems,
e.g. in sensory transcription networks of biology overrepresented motifs are shown
to perform signal processing tasks. This suggests purposeful, selective retention of
these motifs in the studied biological systems. Engineering systems also display
over(under) represented motifs. Unlike biological and social networks, engineer-
ing systems are designed by humans and offer opportunity for investigation based
on known design rules. We show that over(under) represented motifs in engi-
neering systems are not purposefully retained/avoided to perform functions but are
a natural consequence of design by decomposition. We also show that biological
and social networks also display signs of synthesis by decomposition. This opens
up interesting opportunity to investigate these systems through their observed
decomposition.
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1 Introduction

This section gives an introduction to the field of our research and an overview of
insights proposed in this paper.

1.1 Complex Systems Architecture

Recent years have witnessed a growing interest in the study of complex systems
architectures, in domains like biological systems and social networks [1]. Unifying
principles have emerged [2]. Literature has commented on the hesitation of
researchers in complex engineering systems, to look at their problems, in the light
of emerging ideas in complex systems in general. “Engineering should be at the
centre of these developments, and contribute to the development of new theory and
tools” [3]; “Engineers seem a little bit indifferent as if engineering is at the edge of
the science of complexity” [4].

Architecture is the fundamental structure of components of a system—the roles
they play, and how they are related to each other and to their environment [5].
A layman definition of complexity refers to interconnected/interwoven compo-
nents. Complexity of a system scales with the number of components, number of
interactions, complexities of the components and complexities of interactions [6].
Complex engineering systems are synthesized from a large number of components
coupled to each other, giving them a physical architecture. Architecture of a
system (from any domain—say engineering, biology, sociology) can be abstracted
as a network/graph, where the nodes/vertices correspond to components in the
system and edges correspond to interconnection between them.

1.2 Literature Survey

In biology, over-represented motifs have led to interesting insights in the areas of
protein—protein interaction prediction [7, 8]. For instance, in sensory transcription
(protein—protein interaction) networks of biology the over-represented motif has
been theoretically and experimentally shown to perform signal-processing tasks.
This has led to the belief that over-represented motifs are simple building blocks of
complex networks and can help understand the basic functionality of a system [7].
Importance of ideas related to motifs has recently become research interest in other
domains.

Incremental ideas related to motifs have also been proposed in recent literature.
Paulino et al. [9] proposed a different type of motif named ‘chain of motifs’ (that
is, sequence of connected nodes with degree 2). They divided chains into
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subdivisions named cords, rings etc. depending on the type of their extremities
(e.g. open or connected). The main difference between these chain motifs and the
motifs by Milo et al. [7] is that the former may involve a large number of vertices
and edges. They calculated the statistics of chain of motifs for few biological
networks and reported the appearance of chain motifs in these networks [9].

Milo et al. [10] proposed an approach to study similarity in the structure of
networks based on the Motif Significance Profile (MSP) of their graphs. These
profiles are seen to be highly correlated across systems of the same family (i.e., MSPs
for all systems of same type are highly correlated, e.g. Sensory transcription network
of E. coli and Yeast of Biology family are highly correlated). Due to the distinct
motif signature indicated by systems, motif significance profile signatures have also
been proposed as a classifier for systems [11]. In this paper, we proceed to investigate
motifs and possible reasons for its occurrence in engineering systems [12].

1.3 New Insights

Unlike biological and social networks, engineering systems are designed by
humans and offer opportunity for investigation based on known design rules. We
show that over(under) represented motifs in engineering systems are not pur-
posefully retained/avoided to perform functions but are a natural consequence of
design by decomposition. We also show that biological and social networks also
display signs of synthesis by decomposition.

2 Theoretical Background About Motifs

“Motifs are recurring sub-graphs of interactions from which the networks are
built” [7]. If a graph/network representing a system has N nodes there are NC3
3-node ‘triads’ in it. Some of these triads need not be connected and the rest that
are connected are sub-graphs of the graph. Each 3-node sub-graph will correspond
to one of 13 possible motifs (Fig. 1).

Each of the VC; triplets, if a sub-graph, will assume the pattern of one of the 13
motifs and one can count the occurrence of each motif in a graph and define a
vector, of size 13 n = {n;, i = 1to 13}. In a network, the count for a particular
motif may be high, which by itself is not considered important. It is possible that
such high count for that motif is unavoidable for a network synthesized using the
N nodes that preserve the degree distribution of the real network. To investigate
this, randomized networks are created [7] using same N nodes, i.e., the number of
nodes and their degree distribution is preserved. A large number of randomized
networks (i = 1 to m) will define a vector of means, 4 = {y;, 1 = 1to 13} and a
vector of standard deviations of motif counts, ¢ = {a;, i = 1 to 13}. For the real
network one can check the motif significance profile (MSP) of all the 13 motifs by
avector Z = {Z; i=1 to 13}
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Fig. 1 All 13 patterns (motifs) for 3 node sub-graphs. The numbers are motif-ids and within
brackets are nomenclature

[Z = (0 — ) /oy fori=1to 13] (1)

In simple words, Motif Significance Profile (MSP) is the vector (of size 13 for
3-node motifs) of the extent of over(under)-representation of all 13 motifs in a
system. For a normally distributed random number, —3 < Z; < 3 implies a rare
occurrence (beyond +3¢ limit). Any motif with its Z; > 2 is considered an over-
represented motif and any motif with its Z; < —2 is an under-represented motif [7].

Milo et al. [10] argue that Z is influenced by the size of the network and propose
normalisation of Z to make it largely independent of network size. Thus, the
normalised significance profile vector, W is defined as W = {W;, i = 1 to 13}
where W; = Z/IZI.

3 Motifs in Engineering Systems

This section gives an introduction to the field of our research and an overview of
insights proposed in this paper.

3.1 Details of Systems

We have gathered architecture data for more than 100 diverse engineering systems
ranging from mechanical, software and electronic circuits. In this paper we con-
sider 38 arbitrarily chosen systems from literature and study their architectures.
Systems considered range from aircraft engine [13], softwares [14], electronic
circuits [15, 16], robot [17], refrigerator [18], bacteria E. coli [19], yeast S. cere-
visiae [19], language networks [19]. These 38 systems are of vastly different sizes
(ranging from minimum 16 components to maximum 23,843 components). We
extracted architecture data from these datasets by developing some tools for
parsing/filtering from the raw data. Table 1 briefly identifies each of the 38 sys-
tems for the data.
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Table 1 38 systems considered for study

S.no System name Nodes S.no System name Nodes
1 Digital fractional multiplier (s208) 122 20  Traffic control system (s400) 186
2 Digital fractional multiplier (s420) 252 21  PLD (s820) 312
3 Digital fractional multiplier (s838) 512 22 Traffic control system (s382) 182
4 E.coli 423 23 ALU (74181) 87
5  Yeast 688 24  PLD (s832) 310
6  Apword 1,096 25  ECAT (c499) 243
7  Linux 5420 26  ALU (c880) 443
8  Mysql 1501 27  ALU (c7552) 3,718
9  Vtk 778 28  PLD (s641) 433

10 Xmms 1,097 29  ECAT (c1908) 913

11 Traffic control system (s444) 205 30 ALU (c3540) 1,719

12 PLD (s713) 447 31 Traffic control system (s562) 217

13 ALU (c2670) 1,350 32  Aircraft Engine 54

14 ECAT (cl355) 1,355 33  Refrigerator 16

15  Forward logic chips (s9234) 5,844 34  Robot 28

16  Forward logic chips (s13207) 8,651 35  English 7,724

17 Forward logic chips (s15850) 10,383 36  French 9,424

18  Forward logic chips (s38417) 23,843 37  Japanese 3,177

19  Forward logic chips (s38584) 20,717 38  Spanish 12,642

In electronic circuits, nodes represent component gates and edges represent the
flow of digital signals between gates. In case of software systems, nodes represent
classes and edges represent directed collaboration relationships between classes. In
mechanical systems, nodes represent physical components and edges represent
exchange of energy, material or signal between components. In case of biological
systems, nodes represent genes and edges represent direct transcription interac-
tions. In case of languages, each word in a passage is a node and each edge
represents word adjacency in the passage.

3.2 Motif Experiment and Results

We create 1,000 random networks for each considered system using same N
nodes, i.e. number of nodes and their degree distribution is preserved (we have
proposed a method named ‘switching method’ for doing this. The details of this
method along with its comparison with existing method from literature are
archived in our website [20]). We estimate the yu and ¢ of motifs of these random
networks based on 1,000 random networks. For 10 arbitrarily chosen systems we
create 10,000 and then 1,00,000 random networks to confirm that ¢ and ¢ of motifs
counts based on 1,000 random cases are converged values. The further observa-
tions and analysis made in this paper is based on 1,000 random networks for each
system.
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For each real network we compute the significance of each of the 13 motifs of
3-noded sub-graphs, Zi = (ni—ui)/oi for i = 1 to 13. For example, the digital
fractional multiplier s838 has n = [860, 1100, 0, 401, 0, 0, 0, 0, 40, 0, 0, 0, 0],
u = [856.9, 1213.7,0,397.9,3.1,0,0,0, 1.1,0, 0, 0, 0], ¢ = [1.8, 3.6, 0, 1.8, 1.8,
0,0,0,1,0,0,0, 0] and therefore Z = [1.72, —31.89, 0, 1.72, —1.72, 0, 0, 0, 37.1,
0, 0, 0, 0]. One shall note the under-representation of motif id 2 and the over-
representation of motif id 9 in the above example. We found all the systems that
we studied had some or the other motif over-represented or under-represented. Z
vectors are in fact computed for 3-noded, 4-noded and 5-noded sub-graphs. The
results of 3-noded are available at [21] and the results of 4-noded, 5-noded are
available at our website [20]. (It may be noted that the size of Z vector for 4-noded
is 199 and for 5-noded is 9,364). Further study in this paper is restricted to 3-noded
sub-graphs only.

3.3 What Causes Over(Under)-Represented Motifs?

All systems studied, including engineering systems, display over(under)-
represented motifs; i.e., counts of some motifs in the real system are far in excess
or short of their expected counts (beyond +3¢) in random graphs created using the
same nodes. Such motif counts represent highly improbable events. In naturally
evolving biological or social systems such motif presence can be attributed to
deliberate retention to create useful functionality. But engineering systems are
designed and the design process does not address functionality through motifs. So,
why do over(under)-represented motifs appear in engineering systems?

4 What Causes Over-Represented Motifs

Engineering systems are designed by humans and offer opportunity for investi-
gation based on known design rules. All engineering systems display over (under)
represented motifs and they are rare events as per accepted interpretations. If
designers of engineering systems explicitly retain/avoid motifs for the purpose of
meeting system design requirements or system design objective, the rarity would
have got explained. But we know these motifs are not retained/avoided by
designers for any specific purpose. This prompts us to look for an interpretation
that renders the motifs counts in a system as probable events. Thus we look for
design rules that are responsible for the motifs counts in engineering systems. The
motif counts when viewed without regard to those design rules will appear as rare
events, but when viewed with regard to those design rules will appear as probable
events. Artzy-Randrup et al. [20, 23] have argued that motifs can arise by various
mechanisms other than evolutionary selection for function and highlighted for the
first time that a rule in synthesis can influence motif counts in a system. They
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showed that a rule like “the probability of preferential connection to other nodes
falling off with the physical distance between nodes” can explain the over-
represented motif in neural-connectivity map of a nematode Caenorhabditis ele-
gans. But that design rule was unable to reproduce the full motif significance
profiles [7].

One major design rule in complex engineering systems is ‘design by decom-
position’ that is invoked to conquer complexity. System is decomposed into sub-
systems (and recursively so for very complex systems) such that nodes within each
sub-system are densely inter-connected and nodes from across sub-systems are
sparsely inter-connected. We investigate impact of design by decomposition on
motif counts in engineering systems. Consider an arbitrarily chosen engineering
system—digital fractional multiplier s832 [16]. It has N = 512 nodes with each
node having specific in-degree and out-degree and has a motif count vector of n,
ie.n =n;, i = 1to 13 is the count of 13 motifs in s832. We first study expected
motif counts, of random graphs synthesized monolithically, i.e. without decom-
position, from these 512 nodes. This is referred to as single cluster configuration
and designated by ¢ = 1. Large number of such randomized graphs are created by
inter-connecting all node pairs such that the degree distribution of nodes and the
count of 2 node sub-graphs as in the real network are retained in the random
graphs. A vector of means of motif counts, u; = y;; where i =1 to 13 and a
vector of standard deviations, ¢; = ¢; where i = 1 to 13 are defined. Here the
subscript 1 of u and o refers to ¢ = 1. The motif significance profile (MSP) vector
[10] which we have defined in Sect. 2 as, Z; = (n—py)/o; is computed. Some
elements of Z; have values outside of =3 (From the picture (1) of Fig. 2 it can be
seen that Z;, < —3 is under-represented and Z;o > + 3 is over-represented).
With regard to these over(under) represented motifs we can take a stand that a rare
event is being witnessed. But such a stand becomes not justifiable when similar
rare events are witnessed for all systems. So we take the alternate stand, that the
event witnessed does not belong to configuration ¢ = 1 and proceed to investigate
other configurations.

We then create two cluster configurations out of same 512 nodes to represent
two sub-systems. Each cluster has roughly N/2 = 256 nodes. We create large
number of random graphs by inter-connecting edges of node pairs within a cluster
with higher probability (p = 0.9) than node pairs across clusters (p = 0.1) along
with preserving degree distribution of nodes and the count of 2 node sub-graphs as
in the real network. Vector of means of motif count, u, and vector of standard
deviations, 0, are estimated. We now define MSP as Z, = (n—pu»,)/o, for this

Z-Score
S8o035
SN N
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Fig. 2 MSP for Z, and Z, of digital fractional multiplier s§32
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¢ = 2 configuration. Motif significance profile vector Z, for clustered case (con-
figuration ¢ = 2) is significantly different from Z, (configuration ¢ = 1). Motif id
2 ceases to be under-represented, while motif id 9 is continues to be over-repre-
sented whilst all other motif ids continue to be near zero. We similarly study
cluster numbers ¢ = 3, 4, 5, etc. and observe a clear dependence of motif sig-
nificance profile vector, Z. to clustering.

Let us assume that the real system is synthesized by the designer with k sub-
systems. Since k for the s832 system is not known we use the following approach:
We first use Walktrap Community Detection algorithm by Pons and Latapy [23] to
find the best possible sub-systems grouping for a given k, fromk = 1 tok = N. In
order to choose the best k out of this, we use the system modularity index proposed
by Newman and Girvan [24]. The modularity index calculates how modular is a
given division of a graph into subgraphs. The system modularity index for clusters
k = 1 to k = N is computed and shown in Fig. 3.

When k = 1 all nodes are in one subsystem and have same probability to be
connected to each other. When k = N each node is a separate cluster and has same
probability to get connected to each other node. The similarity of modularity index
for k = 1 and k = N is explained. Modularity index is highest for k = 38 sug-
gesting that s832 is designed with k = 38 sub-systems. We show MSP for k = 38
as Zsg = (n—psg)/o3g, in comparison with Z; in the Fig. 4. Z;g has no over(under)-
represented motifs and hence no rare events.

We now repeat the process for aircraft engine [25] for which N = 54. The
number of clusters present is discovered as k = 5 (Fig. 5).

Sosa et al. [25] have reported the number of modular sub-systems in aircraft
engines as 6, which is close to what we discover here. Z; and Zs are computed for
aircraft engine and compared in the Fig. 6. It can be seen that extent of over(-
under)-represented motifs in Zs as reduced significantly compared to Z; We have
repeated this exercise for other engineering systems to confirm the above
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Fig. 3 System modularity index for various clusters sizes of s832
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Fig. 4 MSP for Z, and Z; (here k = 38) of digital fractional multiplier s832
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Fig. 5 System modularity index for aircraft engine [12] peaks at k = 5
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Fig. 6 MSP for Z, and Z (here k = 5) of aircraft engine

observation (the results are archived in our website [20]). We conclude that
over(under) represented motifs observed are merely an outcome of comparing
motif counts in a real system synthesized by decomposition to mean motif counts
of random networks synthesized monolithically. Over(under) represented motifs
do not show up if motif counts in the real system are compared to mean motif
counts of random networks synthesized by decomposition. Randomization does
not try to mimic exact nodes that go into each cluster or even exact number of
nodes in each cluster, but has roughly equal number of nodes randomly picked in
each cluster. But such randomization still shows remarkable likeness in motif
count to real system.

S Impact of Our Observations on Biological
and Social Networks

Engineering systems are invariably designed through decompositions and it is
evident that observed motif counts are a natural consequence of design by
decomposition. With this backdrop of understanding for engineering system we
now investigate biological systems and social networks.

We first investigate E. coli [19] for clustering and discover that it is not a
connected graph and actually a collection of 28 sub-graphs not connected to each
other. We investigate this collection of 28 sub-graphs to discover 49 subgraphs'
(Fig. 7). We estimate Z for k = 28 and 49 and compare it with Z; (Fig. 8) and
find a reduction in the extent of over(under) representation of the significant

' Out of the 28 sub-graphs, the big enough ones are decomposed further to discover 49 sub-
graphs.
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Fig. 7 System modularity index for E. coli [19] peaks at k = 49
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Fig. 8 MSP for Z; and Z (here k = 28, k = 49) of E. coli

motifs, though the reduction is not as dramatic as in engineering systems. There
could be other rules apart from clustering that are present in these systems that
may further reduce the extent of over(under) representation.

It is not clear why a bio-logical system must have sub-systems (clusters).
Previous researchers have studied the role of over-represented motifs in a bio-
logical system. We feel it could be more revealing to investigate role of clustering.
What function do clusters of specific nodes with dense interconnections perform in
biological system may lead to interesting and useful findings.

We finally investigate a social network, representing games played between
American (NCAA) college football teams during the year 2000. Radicchi et al.
[26] have reported the number of modular teams in football system under study as
9, which is same as what we discover here k = 9 (Fig. 9). We estimated Zy and
compared it with Z; (Fig. 10). It can be seen that extent of over(under)-represented
motifs in Zg has reduced significantly (almost close to zero indicating no rare
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Fig. 9 System modularity index for football [20] peaks at k = 9
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Fig. 10 MSP for Z; and Z,(here k = 9) of football

events) compared to Z,. This again implies that over(under) represented motifs
observed are merely an outcome of comparing motif counts in a real system
synthesized by decomposition to mean motif counts of random networks synthe-
sized monolithically.

6 Computational Aspects

All the code that we have developed as part of this research as a software
framework named CASMot. Some computational aspects about this framework

are mentioned in Table 2.

Table 2 Computational aspects related to CASMot

Features
Functionalities supported by CASMot
framework

Software

Operating system
Programming language
Lines of code

Main software paradigm

Hardware
CPUI

CPU2

RAMI1
RAM2
Hard disc

Computational effort

After harnessing the computing capacity of
both the hardware computational effort to
run motif experiments

Automated scripts to convert raw domain
specific data to network, discover
over(under)-represented motifs, create
MSP, Create CCP, perform decomposition
Analysis.

Debian Linux with kernel version 2.6

Statistical R, Erlang, Bash shell scripting

48539

Functional programming using map-reduce
architecture

Eight core CPU 2 nos with a processing speed
of 1.5 GHz

Dual core CPU 5 nos with a processing speed of
1.5 GHz

2 GB in the dual core machines

16 GB in the eight core machines

80 GB in the dual core machines 500 GB in the
eight core Machines

Computations required to generate MSPs of the
38 systems took roughly 850 h
(approximately 35 days)
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The reader is requested and encouraged to refer to our webpage [20] for the
algorithms used for producing clustered random graphs, how to use our distributed
software framework named CASMot for doing motif experiments etc.

7 Conclusion

Ideas related to complex system architectures may give insight into previously
complex and poorly understood phenomena in engineering domains. Barabasi [27]
argues that, “The science of networks is experiencing a boom. But despite the
necessary multi-disciplinary approach to tackle the theory of complexity, scientists
remain largely compartmentalised in their separate disciplines”. The application of
this complex system architectures theory is still in infancy and has very recently
entered into study of engineering systems or their design. We have shown that
over(under) represented motifs in engineering systems are not purposefully
retained/avoided to perform functions but are a natural consequence of design by
decomposition. We also have shown that biological and social networks also
display signs of synthesis by decomposition. This is shown by considering 38
arbitrarily chosen systems ranging from—biology systems, languages, electronic
circuits, software systems and mechanical engineering systems. This study has
thrown some new insights about Classification of Systems from Component
Characteristics.
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Thinking About Design Thinking:
A Comparative Study of Design
and Business Texts

Marnina Herrmann and Gabriela Goldschmidt

Abstract In the past 10 years design thinking has become a popular buzzword in
the design and business communities alike. While much has been written on the
subject in both academic and popular literature no consensus has been reached as
to its actual definition and nature. The following study employs a semiotic analysis
in order to identify lexical patterns that can provide us with insight into many
underlying principles of design thinking.

Keywords Design thinking - Language - Semiotics - Business

1 Introduction

It was in the 1960s that the stage was first set for the design thinking revolution.
Individuals such as Simon [1], McKim [2], Rittel and Webber [3] first introduced the
world to concepts such as design as a way of thinking and planning, systems
thinking, and the solving of wicked problems. As these ideas developed throughout
the second half of the last century and helped establish a practice of human-centered
design, they gained popularity and began to receive the attention of other disciplines.

Today a quick Amazon search of the term reveals its sudden burst of popularity in
the past few years. Unfortunately, reading the literature only reveals just how
ambiguous the term actually is. There are those who define design thinking in terms
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of its goals, others who define it in terms of process and methodology and others still
who define it in terms of ideology. While there does not appear to be a consensus as
to its meaning explicitly stated in any of the current literature, when one digs a little
deeper into the language design thinkers use to discuss their process, certain patterns
rise to the surface. A deeper understanding of these patterns is crucial in order for the
design thinking discourse to move forward in a meaningful way.

Design thinking has not only gained popularity in the design world, but in the
business world as well. Business leaders did not adopt a design thinking ideology
or methodology overnight. Rather, it was the result of a long process that began
with the acknowledgment that design had a positive impact on the bottom line, as
well as the more recent shift from designer as solitary practitioner to an integral
part of a collaborative business team [4]. This shift came about as a result of
business leaders’ realization that to stay competitive in the modern world, effi-
ciency was no longer enough. In today’s innovation-based economy consumers
want more varied options and richer experiences. Design thinking assists busi-
nesses in delivering these options and experiences [5].

With businesses turning to designers with new challenges and responsibilities,
designers have been given their long awaited permission to expand the reach of
their own practice. To effectively do this they used design thinking as a way to
expand their definition of design. In his book “Design Thinking” Lockwood,
president of the Design Management Institute describes design thinking as:

...a human-centered innovation process that emphasizes observation, collaboration, fast
learning, visualization of ideas, rapid concept prototyping, and concurrent business
analysis, which ultimately influences innovation and business strategy. [6, p. xi]

While none of these are new ideas, by combining these concepts and verbal-
izing them designers are able to more effectively communicate and exchange ideas
with collaborators from the business world. It is this exchange of ideas that will
help to bring design to the front and center of the business world and further propel
businesses into the 21st century.

While the term design thinking had no one single definition or description of its
nature it is clear from the literature that there are specific commonalities and
differences in how the two communities described it. This study brings those
commonalities and differences to light by examining the choice of language used
by authors of design thinking texts.

2 Methodology

The study employed an in-depth literature survey, semi-structured interviews with
design thinkers from various different fields, a modified semiotic analysis of design
thinking texts and a comparison of the results garnered from the analysis using a
two factor design—factorial analysis. The examination of both formal and infor-
mal sources of information will allow for a broader understanding of the evolution
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of the term design thinking. Because the study is primarily qualitative it can take
on a more flexible nature. Rather than develop a hypothesis and try to prove it, the
conclusions presented arose inductively through the classification and examination
of the gathered data in a manner similar to grounded theory.

2.1 Semiotic Analysis

The bulk of the study consists of a modified semiotic analysis. Semiotics is a
branch of linguistics that seeks to understand how signs convey meaning in context
[7]. Semiotics can be applied to anything which signifies something [8] be that a
word, picture, gesture, etc. Semiotic analysis uses various analytical tools to
determine the meaning of signs in different contexts. Semiotic analysis enables
texts of all types of media to be analyzed in the same way. For this study the
primary tool used was syntagmatic analysis, which refers to the contextual rela-
tionship between two or more linguistic units.

An assortment of both business and design texts from a variety of media were
collected. The inclusion criteria were that the texts were written no earlier than the
year 2000 (as it was only after 2000 that the term design thinking gained its
popularity in the business world), that their primary purpose was to discuss design
thinking as a whole and that the term design thinking was actually used. Texts
were categorized by community (business or design) and medium. The community
was determined primarily according to the background of the author, but content
was taken into account as well. Exact definitions for the term design thinking
(when explicitly stated) were extracted from the texts. Terms that were syntag-
matically related to the term design thinking were then extracted from the text and
categorized according to their use as describing: goals and outcomes, process,
ideology, comparable terms, qualities, and context. Not all texts contained terms
that fit into all six categories. As well, some texts had words that fit into multiple
categories. Each list of terms was then alphabetized and repetition of terms within
the individual lists was removed. Then, all terms were combined into two lists:
design and business, and the terms in each of these lists were counted and orga-
nized according to frequency of appearance.

2.2 Factorial Analysis

Following the semiotic analysis a two factor design—factorial analysis was
applied. 50 terms were used that were most prominent in the semiotic analysis.
Texts were then reviewed for the appearance of these 50 terms. Each term was
then given a value representing the proportion X/N where X is the number of times
a term appears and N is the number of texts in each category (in our case 9). This
information was then graphed.
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3 Results

Results were culled from an analysis of 18 texts,! nine design and nine business.
Within each category there was two journal articles, three magazine or newspaper
articles, one book, one essay and two blog posts. The number of extracted terms
was not limited to a specific number and the final number of terms was somewhere
in the hundreds.

3.1 Semiotic Analysis: Commonalities

Over all the design thinking process looks fairly similar within both communities.
Both communities see design thinking as a repetitive (Fig. 1), collaborative
(Fig. 2) and fast (Fig. 3) process. Both employ an expansive toolbox of method-
ologies and ways of thinking (Fig. 4) toward reaching multiple solutions.

Hiterate
Hrepeat
business mreframe
H rethink
redesign
revisit

reprototype

urestate
design reengineer
reinvent

Bre-formation

! ! 1 t H reorient
0 5 10 15 20 rebuild

Number of Appearances

Fig. 1 Design thinking is a repetitive process

! Texts include but are not limited to: Leavy, “Design Thinking—a new mental model of value
innovation”, Strategy and Leadership, 2010. Wylant, “Design Thinking and the Experience of
Innovation”, Design Issues, 2008. Teal, “Developing a (Non-linear) Practice of Design
Thinking”, The International Journal of Art and Design Education, 2010. Ward, Runcie and
Morris, “Embedding innovation: design thinking for small enterprises”, Journal of Business
Strategy, 2009. Brown, “Change by Design”, Harper Business, 2009. Martin, “The Design of
Business”, Harvard Business School Press, 2009.
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Fig. 3 Design thinking is a fast process
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Fig. 4 Design thinking has multiple methodologies (a) and ways of thinking (b)

The similarities visible within the design thinking community not only help to
bridge the gap between the design and business worlds but help give us a
framework within which to identify differences as well.

3.2 Semiotic Analysis: Differences

Designers tend to look at design thinking as more of an experiential and immersive
process (Figs. 5, 6 and 7) whereas business sees it as more of a knowledge based
process (Fig. 8a). This difference in perspective has various practical implications.
To designers, design thinking is more about what you do not know than what you
do. It is a process guided by curiosity and asking questions which places a strong
emphasis on decision making through experimenting and learning (Fig. 8b). The
business community on the other hand favors a knowing and judging model
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Fig. 5 Design emphasizes a more experiential process (a) whereas business emphasizes a
process based on testing (b)
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Fig. 6 Design places a stronger emphasis on experience
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Fig. 7 Design emphasizes a playful process
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Fig. 8 Business emphasizes knowledge and intelligence (a) whereas design emphasizes a
process based on learning and experimentation (b)

(Figs. 8a and 9). Design’s leanings toward learning and experimentation explain
its openness to failure as a learning experience and an important part of the design
thinking process (Fig. 10).

An additional difference between the two communities is business’s preference
for verbal communication (Fig. 11a) as compared to design’s focus on visual
communication (Fig. 11b). This in mind, it is no surprise that the design com-
munity also puts a strong emphasis on complexity and patterns while the business



Thinking About Design Thinking 35

business

design judge

H decide
0 5 10

Number of Appearances

Fig. 9 Business emphasizes judging while design emphasizes deciding
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Fig. 10 Design puts a stronger emphasis on failure as part of the process
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Fig. 11 Business emphasizes verbal communication (a) whereas design emphasizes visual
communication (b)
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community does not (Fig. 12). Another significant difference is the business
community’s emphasis on innovation. While both communities give equal weight
to creativity and imagination, the term innovation appeared much more frequently
in business texts (Fig. 13).

Many of the differences highlighted above are interconnected and follow
certain patterns that align with their respective communities’ various ideologies
and philosophies.
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Fig. 13 Both categories put a similar emphasis on imagination and creativity but business

emphasizes innovation

3.3 Factorial Analysis

For the most part the factorial analysis (Fig. 14) was not an independent data
source but rather a tool used to interpret the results of the semiotic analysis. The
results of the two forms of analysis were very different. This was because the
factorial analysis answered a yes or no question: “was (a form of) the term present
in the text at least once?” The semiotic analysis on the other hand examined the
terms in relation to form and meaning. Terms could be counted multiple times in
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Fig. 14 a, b Factorial analysis shows the percentage of texts in which the 50 most prominent

words from the semiotic analysis appeared
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individual texts if they were used to describe different aspects of design thinking or
if they were used in a different form (either grammatical or part of a larger term,
e.g., product and product design).

It is interesting to note the prominence of the words ‘design’ and ‘business’ in
both categories of texts (Fig. 14a) proving the interconnectedness of the two
industries. Additionally, the factorial analysis highlights the importance of the
problem solving process as part of the design thinking philosophy (Fig. 14b).

4 Discussion

Design thinking is comprised of many possible elements. Some of these elements
are unique to a particular individual, studio or organization; others are consistent
within a particular community (design and business being the ones examined
here), a few appear to be universal. The semiotic and factorial analyses resulted in
a variety of interesting findings that highlight various lexical patterns within the
design thinking literature that provide us with insight into these different elements
allowing us to pinpoint commonalities and differences between the two commu-
nities. These commonalities and differences are reflective of the philosophies of
the individual communities as well as their relationship to one another.

4.1 Commonalities

The disciplines of design and business are undeniably interconnected. Business
provides design with a platform for identifying problems and distributing the
solutions, whereas design provides business with added value and a way to connect
with users on an emotional level. In order to work together the two must have
some common ground. Design thinking provides this common ground by acting as
a vehicle for the creative process. It allows business people to be more imaginative
and adventurous in their work and allows designers to implement their strategies in
a more structured environment.

One of the reasons design thinking serves this purpose so well is because of its
emphasis on choice. Design thinking does not force one single methodology or
way of thinking on a person but rather provides a toolbox of various methodol-
ogies and ways of thinking (Fig. 4) along with a loose framework in which to
implement the chosen tools.

While different communities may favor different tools (for example design favors
observation whereas business favors questions) the framework enables the tools to
be used in a similar manner and for similar goals. The basis for this framework is
repetition (Fig. 1), collaboration (Fig. 2) and speed (Fig. 3). These three charac-
teristics allow design thinkers from either discipline to churn out and test multiple
solutions to any number of problems as quickly and inexpensively as possible.
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Additionally, this framework allows for the design process to be more interactive
giving people the opportunity to provide feedback and learn along the way [9].

4.2 Differences

It is when one starts to look at some of the underlying principles behind the
different communities’ use of design thinking that differences come out. Designers
tend to view design thinking as a learning-based process (Fig. 7b) whereas the
business community sees it as a knowledge-based process (Fig. 7a). This dichot-
omy results in designers having a much more immersive design thinking experi-
ence. For example, design texts tend to emphasize experience, exploration,
experimentation, play and failure (Figs. 5a, 6, 7b, 8b and 10) and business texts
emphasize a more passive approach using tools such as testing (Fig. 5b) and
intelligence (Fig. 8a). This dichotomy can also be used to explain business’
preference for judging (a more top-down, exclusionary action) over design’s more
active choice of deciding (Fig. 9).

For designers, the process of building, prototyping and trying things is the decision making
process. Instead of boiling down a problem to one large decision, designers make lots of
little decisions, learning as they go. As they build and learn, something interesting hap-
pens: through the iterations, the best option often reveals itself and the other less-
appropriate options fall by the wayside. [10, p. 36]

The debate between the learning-based model and knowledge-based model is
most likely related to what Martin, Dean of the Rotman School of Management,
refers to as the validity versus reliability debate. Designers tend to search out valid
solutions. Valid solutions are solutions whose success cannot be proved at the
moment, their success can only be predicted through experimentation and learning.
Reliable solutions on the other hand can be proved using statistics, facts and past
events. Traditionally, designers tend to search out valid solutions whereas business
people tend to search out reliable ones [11]. The learning-based model arose out of
the design community’s search for valid solutions, whereas the knowledge-based
model arose out of the business community’s search for reliability.

Another difference between the two communities is the design community’s
emphasis on visual communication versus business’ emphasis on verbal commu-
nication (Fig. 11). This could be because of design’s emphasis on complexity (and
in turn patterns) a theme that reoccurs in many design thinking texts but was not
present in the business texts (Figs. 12 and 14). Visualizations can be used as an aid
to understand complex problems and to search out patterns. Additionally, the
interviews conducted revealed that many designers found verbal language to be an
unclear communication method. One example is that many (even those who wrote
extensively on the subject) stated in the interviews that they did not like the term

2 Based on an interview with Nir in Moshav Bnei Ataroton July 18, 2011.
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design thinking, a possible reason for this being that design has always been able
to rely on the visual in order to communicate’ and so verbal communication
becomes less important.

Lastly, there is business’ focus on innovation. While both communities put
similar emphasis on creativity and imagination business places a much stronger
emphasis on innovation (Fig. 13). While the two words are often used inter-
changeably there are differences. For example, according to Bob Hambly, creative
director of Hambly and Wooly,” innovation is about moving forward and chal-
lenging what is out there while creativity can go in any direction (including
examining the past). According to Yariv Sade of Igloo Design® innovation is
external while creativity is internal. To be innovative one’s idea or product has to
be something new when compared to what is out there but to be creative one only
has to do what is new for them. According to Mark Leung, associate director of
Rotman Design Works® innovation is about doing something differently from the
status quo; it is applied creativity and therefore all businesses are creative. While
design texts gave the same prominence to both words, business texts favored the
term innovation. This could be for two reasons. The first being that the recent
fixation with innovation came about in the business world as a response to a need
to adapt to the 21st century consumer experience [5] whereas in the design world
innovation is less about a specific objective and more about something that just
goes hand in hand with practice. Another reason for this could relate to the fact
that innovation is itself seen as a buzzword, and that generally speaking business
people are more comfortable with rhetoric and dialog (Fig. 11a).

5 Conclusion

Despite differences in how individuals define and describe design thinking there
are definite linguistic patterns evident within the texts available from each com-
munity. These patterns can provide insight into how design thinking manifests in
the real world, as well as reveal certain truths about the design and business
communities. Additionally, the design thinking community as a whole does have
many notable similarities when it comes to their vision of design thinking. These
patterns are what will enable design thinking to become an effective communi-
cation tool among designers and business people, allowing design thinking to hold
a strategic role in the future of design and business not only as individual disci-
plines, but as collaborative partners. This collaboration will elevate the role of
designer to one that is more central in the business process as well as provide
businesses with better product offerings and a more integrated business process.

* Based on an interview with Hambly on April 28, 2011 at Hambly and Wooly.
4 Based on an interview with Sade on June 15, 2011 at the Technion.
> Based on an interview with Leung conducted on April 27, 2011 at Design Works.
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Advancing Design Research: A “Big-D”
Design Perspective

Christopher L. Magee, Kristin L. Wood, Daniel D. Frey
and Diana Moreno

Abstract Advances in design research representations and models are needed as
the interfaces between disciplines in design become blurred and overlapping, and
as design encompasses more and more complex systems. A conceptual framework
known as “Big-D” Design, as coined by Singapore’s newest national university
(the Singapore University of Technology and Design or SUTD), may provide a
meaningful and useful context for advancing design research. This paper is an
initial examination of the implications for scientific design research on using this
particular framework. As part of the analysis, the paper proposes a simplified
decomposition of the broader concept in order to explore potential variation within
this framework. It is found that many research objectives are better investigated
when the broader design field is studied than in a singular category or domain of
design. The paper concludes by recommending aggressive attempts to (1) arrive at
a coherent set of terminology and research methodologies relative to
design research that extend over at least all of technologically-enabled design and
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(2) perform epistemological and ontological studies of the relationship of engi-
neering science and technologically-enabled design science as there is more
overlap between them than is generally recognized.

Keywords Design research - Technologically-intensive design - Heuristics -
Principles - Design theory

1 Introduction

A novel concept central to future innovation economies and the fields of
engineering and architecture is “Big-D Design. As created by and used as a vision
for Singapore’s newest national university (the Singapore University of Tech-
nology and Design or SUTD), “Big-D Design” includes all technologically-
intensive design, from architectural design to product design, software design, and
systems design. It is design through conception, development, prototyping,
manufacturing, operation, maintenance, recycling, and reuse—the full value
chain. It includes an understanding and integration of the liberal arts, humanities,
and social sciences. In short, Big-D encompasses the art and science of design; for
more information about the university and its concepts, see references [1, 2].

The authors are all associated with the SUTD-MIT International Design Center
which is metaphorically seen as the cardiovascular system of SUTD. Our research
agenda aims to extend Big-D Design science and Big D Design practice through
new methods, theories, principles, heuristics, pedagogy, technologies, processes,
and the development of leaders in Design. This paper explores the implications on
ours and any design research agenda of taking a Big-D Design perspective. Three
elements of this Design perspective and the nature of the questions they lead to
about design research are:

1. All technologically-enabled design: what are the advantages and disadvantages
of committing to research across this breadth of fields?

2. Full Value Chain: What are the benefits and potential pitfalls of engaging the
full value chain in Design research?

3. Art and Science of Design: Does design research entail both of these? Must it?

In order to adequately address these questions, we examine prior design
research and establish criteria we are using in this examination. Our criteria are
twofold: the first is to continue building a cumulative research enterprise around
design so that future research builds upon a reliable base and has continually more
impact on Big D Design research communities, and Big D Design education.
The second criterion, which we consider equally important, is to impact design
practice favorably, in new and exciting ways. Research results can impact practice
favorably by development of new methods, theories, guidelines, heuristics and
principles that when applied directly lead to superior results for practicing
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engineers and teams. Design research output can also favorably impact practice
through results that point to superior education methods that can involve better
basic knowledge structure to support design and better exposure to methods and
experiences that are effective in design practice.

The next three sections of the paper examine, in order of the questions, each of
the three aspects of the Design perspective introduced here. Each section considers
the potential advantages and disadvantages based upon the criteria discussed in the
preceding paragraph, relying upon examination of a wide range of design research
and education literature. The final section (Sect. 5) draws together the separate
elements in the other sections examining interactions among the three separate
aspects of Big D Design. This section also discusses the relationship of “Design
Science” with “Engineering Science.” It is acknowledged that when exploring
Big-D Design Science, there is much overlap with engineering science.

2 All Technologically: Enabled Design

The first aspect of Big D design is that it includes “All” technologically-enabled
design; thus question 1 asks what are the advantages and disadvantages of com-
mitting to research across this breadth of fields. To address this question, it is
necessary to define what is not in Big D Design following this definition and also
about alternative ways to categorize the domains that are contained within Big D
Design. This construct for design, although broad, does not envelope fields that are
focused on aesthetics as the primary or exclusive criterion. It does not include
design of visual art such as sculptures or paintings, or design of music or poetry,
but does include technologically-enabled fields with a high aesthetic content such
as architecture or product design. There are some fuzzy boundaries to any defi-
nition, but for our purposes debating specific cases is not important to our overall
agenda. Design as used in the Big-D context is broad but does not include all
activities that are legitimately called design.

In order to examine what might be gained or lost as one performs design
research in the “Big D” perspective, it is useful to consider how one might
establish categories included within Big D Design. Categories are desired that
connect naturally with cognition and the cognitive science that pervades design as
a process, methods, and science. Since “Big D” Design includes all engineering
design and architecture, one approach is to think about design across all “typical”
departments in an engineering school plus architecture. Such a listing is shown in
the first column in Table 1. A second approach shown in the second column in
Table 1 comes from a paper by Purao et al. [3] which reports on a workshop where
a significant attempt was made to have presentations across a wide array of design
domains. The domains listed are those describing the presentation disciplines at
the workshop. We note only modest overlap between the lists in the first two
columns of Table 1 but believe both are fully within “Big D” Design. The listing
in the paper by Purao et al.—even though resulting from an attempt to encourage
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Table 1 Categorizations within “Big D” design

Typical university departments Disciplines listed in Simplified categorization
[1, 3] suggested here
Aerospace engineering architecture Computer science Software (algorithm and
program) design
Biological engineering Environmental design Electromechanical-architectural
Human computer artifacts and systems design
Chemical engineering interaction Socio-economic-technical
systems design
Informatics Materials and molecular-level
Information sciences design
Civil engineering Information studies

Information systems
Management science

Computer (software) engineering Production and
and science management
Electrical engineering Software engineering

Engineering mechanics

Environmental engineering

Industrial Engineering

Materials engineering and science

Mechanical engineering

Nuclear engineering

Systems and socio-technical
engineering

and obtain very broad design input—was organized by a MIS (Management
Information Systems) group and many of the disciplines are from the area where
management and engineering overlap—an area labeled systems socio-technical
engineering in column 1. Interestingly, this field is one not stabilized within typical
university engineering schools.

Although there is not uniformity in choices of departments or names within all
universities, the listing in the first column of Table 1 is the most objectively
defined partly because accrediting boards and fields of practice dictate some level
of uniformity in names and content. This stability is an argument for exploring
question 1 using this list. However, taxonomy criteria (and we are in fact
discussing taxonomy for technologically-enabled design) more importantly
express the desirability for internally homogenous categories and for the entire
taxonomy to be collectively exhaustive and mutually exclusive.

In our attempt to answer question 1, we want to know if homogeneous,
mutually exclusive categories are strong enough to support a set of homogeneous
principles or heuristics about design. In reality, categorization attempts rarely
arrive at homogeneous, mutually exclusive categories in a collectively exhaustive
set, but it is our judgment that the first two columns of Table 1 fail badly enough to
make further analysis using either approach potentially meaningless. Column 2 is
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clearly not collectively exhaustive based upon cursory analysis of design research
in an engineering school within a typical university. Because specific university
engineering departments engage in a broad variety of types of design and typically
have overlap in each type, the organizing approach in column 1 misses badly on
mutual exclusivity and internal homogeneity. Consider, for example, software
engineering that is carried out in nuclear engineering, aerospace engineering, civil
engineering and in other places beyond computer engineering or science in a
typical engineering school. Similarly diverse placement of materials invention,
systems engineering, structural engineering, fluid dynamics, and others indicate
that to consider design in any one engineering field could verge on equivalence to
studying it across all of “Big D” Design. Thus decomposition to categories at the
university department level—while useful for other purposes—does not seem
useful to analysis of design research. Perhaps a consolidation or purification of
these fields can yield categories more useful to our needs.

Thus, a further attempt to develop categories within technologically-intensive
design is undertaken. Technologically-intensive design is a very broad term
covering many types and types of design output. To name just a few specific
examples, the act and output of such design includes halogen light bulbs, a
personal water purification device for developing countries, LED lighting,
improved supercapacitors, nano-materials for water purification, a new soccer
robot, a new military aircraft, software for controlling air flow in a large building, a
new large—scale building, the Internet, and the road system in a large city.
Depending upon the specifics of the typology one might think about, it might be
possible to define hundreds if not thousands of technologically-intensive design
domains. For example, the US patent system has more than 400 classes of patents
in its highest classification category and more than 200,000 in its most granular
categorization. One must recognize that each of these hundreds and even thou-
sands of “domains” in fact has unique characteristics that might affect how design
is performed. Specifying these characteristics (or especially trying to teach or carry
out research in a cohesive fashion) for hundreds or even thousands of design fields
is not especially feasible and certainly not very useful.

For the purpose of condensation for this paper, our reading of the design lit-
erature—particularly the references given in the next subsections, our experience
with specific examples of design we have pursued, and our discussions with a
variety of technologically-intensive designers, is synthesized to suggest four
prototypical classes. These categories are our attempt to capture the breadth of the
field, while designating classes likely to contain similar design fundamentals and
methods. In other words, it is our judgment that these classes represent some of the
most important differences likely to have effect in terms of advancing research
fields and performing design. The third column of Table 1 gives the following
names to these four classes:

e Software (algorithm and program) design;
e Electromechanical-architectural artifacts and systems design;
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e Socio-economic-technical system design; and
e Materials and molecular-level design.

We now briefly discuss each of these classes in order to summarize what the
literature analysis suggests is homogeneous in each category. The brief descrip-
tions also are meant to support our contention that these four classes are to a large
degree mutually exclusive. It is also clear that no simple set represents a perfect
decomposition of “Big D” Design, but these four are more useful to us than any
identified alternative in considering question 1. Since we are attempting to include
all technologically-intensive design within the four categories, we are using the
terms more broadly than may be customary for most readers.

2.1 Software Algorithms and Program Design

Software design relates to the digital and not the material world, where the output
of this category of design are programs, or software systems, that accomplish
many different functions and have a range of sizes (usually characterized by lines
of code even as all recognize the imperfections of the metric). In cases where
control software is highly integrated with physical artifacts, there exists a clear
connection with our next class (electromechanical-architectural artifact and system
design). For very large scale software systems where the software, hardware and
the users are tightly coupled (for example, an air traffic control system), we
consider such design problems to be contained in our third category (socio-
economic-technical system design). Thus, the category we discuss here is for
relatively pure software but the descriptions connect, interact, and apply to soft-
ware subsystems in our other categories.

Software design is relatively new as a practice domain but nonetheless has
received a large amount of attention academically [4—10]." Pressman [4]
has summarized the “evolution of software design” as an ongoing process that has
spanned four (and now more) decades which early on concentrated on modular
programs and methods for refining software structures in a top-down manner.
Later work proposed methods for translation of data flow or data structure into a
design definition. In the 90s (and beyond) emphasis was on an object-oriented
approach to design derivation. Software architecture and design patterns have also
recently received emphasis in software design. Abstraction, complexity and re-use
are also fundamental concerns in software design whereas the basic knowledge
needed by designers in this category centers on discrete mathematics. Represen-
tation and possibly cognitive differences between this category of design and
others have not been demonstrated but would be interesting to pursue.

! These references are only a modest fraction of the books in this general area.
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2.2 Electromechanical-Architectural Artifacts
and Systems Design

Electromechanical-architectural artifact and system design produces output that is
generally the most visible and tangible of our four categories. As used in this
paper, it includes almost all of what are commonly called products (e.g., auto-
mobiles, home appliances and furnishing, PCs, cell phones, cameras, etc.) and
extends in scale and function beyond what is usually referred to as “products” to
include boats, air conditioning systems, elevators, cranes, houses, buildings,
locomotives, etc. In our definition, even quite large artifacts such as airplanes,
electric power generation turbines and plants, aircraft carriers and large buildings
are included in this category. When these large scale systems include a large
social, economic and human-enterprise component, they can be categorized within
the third category (socio-economic-technical systems).

In our definition, human-designed physical systems that process energy are also
classified as electromechanical artifacts. Thus the output of this category includes
much of the human-made physical world. Possibly because of the visibility and
prevalence of its output, much popular and academic thinking equates this cate-
gory with the totality of what is meant by technologically-intensive design.
However, Design, as defined within the Big-D Design concept and at SUTD,
recognizes a much broader domain of technologically-intensive design, so we do
not restrict “Big D” Design to this category. Two important sub-fields in the
electromechanical-architectural design field tend to, in most instances, even more
narrowly define design, using the term to focus on the actual kind of design they
do: those sub-fields are industrial design and architecture. These fields which are
leading areas in key sub-fields of electromechanical-architectural artifacts and
systems—for example, aesthetically and spatial sensitive electromechanical-
architectural systems—deserve special attention.

Electromechanical-architectural artifacts and system design has—not surpris-
ingly—resulted in a number of textbooks that are used in universities and by
practitioners. References [11-25] give a small sample of the many diverse pub-
lished books that treat this category of Big-D Design. Given the physical nature of
these systems, consideration of space (geometry) is fundamental to electrome-
chanical-architectural design. However, electromechanical-architectural design
goes well beyond space considerations to include energy and information feed-
back. Due to the wide variety of designed objects, the fundamental topics of
interest include function, materials, architecture and flexibility. The basic
knowledge that underlies electromechanical-architectural design is centered, in
part, on physics and mathematics. Practical knowledge in this domain often
includes visual representation from sketching to complex 3D geometric repre-
sentation systems, it also often includes knowledge of fabrication, materials and
manufacturing of discrete products and it often includes deep knowledge of
systems dynamics, modeling, making, and testing.
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2.3 Socio-Economic-Technical System Design

Of the four categories we define for this study, historically, recognition of the concept
of socio-economic-technical system design occurred latest. Although interest in
large-scale technical systems with major social and economic impact has existed for
afew decades [26, 27], it is only more recently that such a category was recognized as
critical in the world of design and needing to be addressed from an engineering/
technical perspective [28-34]. The boundary between socio-economic-technical
systems with both large-scale electromechanical-architectural systems and large
scale software systems is the inclusion within the design problem of complex social
elements. At times, technical designers leave these social aspects to others, such as
those from management or policy fields. Only if such problems are considered as part
of the design do we consider the example to be in the socio-economic-technical
design category. Here are two specific examples which might shed light on our use of
the term: (1) Some might consider design of an air-traffic control system as only
concerned with the radar sensing system and the software; (2) The design of a
corporate control and improvement system such as the Toyota Production System
(TPS) has been considered by some to only include the protocols, plant layouts and
technical heuristics. In our use of the term socio-economic-technical design,
however, these two examples also include: (1) the personnel, organizational and
communication problems (pilot to controller, controller to controller, pilot to pilot,
controller to supervisor etc.) and (2) the problem-solving approach, the redesigned
role of management, cooperative teams and personnel incentives. It is the nature of
socio-economic-technical systems [28-30] that if the complete design effort is
constrained within the purely technical domain, the system will be much less
effective than it would otherwise be.

Socio-economic-technical system design thus has prominently among its
concerns considerations of stakeholders, decision processes, protocols, and
standards. Because of their large scale and typically societal importance, archi-
tecture, flexibility, sophisticated design processes such as systems engineering and
re-use are also top concerns in design of such systems. Representation of various
types including process flow, as well as sophisticated programs for requirements
and stakeholders are generally associated with this category of design. Of the four
categories we have proposed, socio-economic-technical system designers have the
most need for fundamental understanding of operations research and social science
approaches and theories.

2.4 Materials and Molecular Level Design

Even though a relatively large fraction of technological progress [35-37] is due to
design (invention and improvement) of materials and fabrication processes, there
has been relatively little attention paid to materials design research and theory as a
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subject of enquiry. This lack of attention occurs despite (or perhaps because)
materials and molecular level design predates even engineering and science as we
know them. There have been a few papers describing the expanding knowledge that
underlies particularly exciting new materials [38—40], but only Olson’s contribution
[40] contains significant attention to materials design in a broader sense. In many
design textbooks [11-25], design of materials is not covered. In a few of these
books [11, 14], design with materials is discussed including the introduction of
Ashby diagrams [41] that systematize materials choice in a variety of design
problems. However, choosing the best available material for a given application is
not the focus of what we mean here by materials design. Instead materials design is
the process of changing fundamental materials, processes, and processing param-
eters to create novel and useful materials. Examples of these include new
nano-materials processing techniques for Li-ion batteries, vapor deposition of low
band-gap semiconductors on Si for solar photovoltaic improvement, new thermo-
forming techniques for polymeric materials, and literally many hundreds of other
specific novel useful materials and processes documented in the patent literature
each year. In the solar PV field alone (about 'z of one of the 400 categories in the
US patent database), there are about 75 “materials design” patents per year [42].

For consistency, we do not consider design of new materials systems such as
large scale materials manufacturing systems or photovoltaic arrays to be materials
design, but instead categorize these in either socio-economic-technical or elec-
tromechanical-architectural system design. Thus, our definition of materials design
positions itself at the relatively small end of a dimensional scale. Perhaps most
importantly, materials design always is intimately involved with processing
(fabrication of the material). Olsen [40] and others [35] are clear that when
materials designers undertake their creative steps, processing can come first:
concurrent consideration of making and creating is not a new procedure for
materials and molecular level designers. Materials are used as important elements
in other artifacts and systems so materials design often aims at improving prop-
erties that are known to be important rather than directly aiming to improve an end
user function. The fundamental knowledge important to materials and molecular
design includes physics, biology, and chemistry at multiple scales; important
practical knowledge includes deep and broad knowledge of material processing
approaches and understanding of functional requirements that link to properties of
various kinds.

2.5 Design Research from Narrower or Wider Perspectives

The fundamental knowledge and approaches used by the four categories of
technologically-intensive designers have clear differences even in the brief
discussions just presented. In addition, it seems quite reasonable to expect some
cognitive processing differences even though this subject has not yet been
researched. Thus, there is significant and strong rationale for conducting much
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design research within such domains and in even finer categories where specific
methods and approaches might have value. The benefits from a narrower focus can
be consideration of specific important problems (for example, flexibility—see
[29, 44, 45] or very specific design methods (for example, objects that transform as
part of their function—see [45]). Is there any evidence for value in research from
broader perspectives? In fact, there is much work that has produced valuable
output while taking a very broad view of design. Indeed, two of the most cited and
most important contributors to a cumulative design research agenda are Simon
[46] and Schon [47]. Both of these “founding fathers” of design research con-
sidered design quite broadly. Based upon their work, the benefits from a broad
agenda are deeper insights, improved generalizability and improved capacity for
differentiating fundamental from contingent aspects of design.

We also used two other approaches for input to answering the first of our
questions. The first additional approach was to review 56 design papers relative to
differences in “Type of Theory” from publications in different design domains.
The theory typology (or taxonomy) that we followed is from Gregor [48, 49] who
considers Information Systems design but argues for looking at design broadly.
Table 2 shows Gregor’s taxonomy and Table 3 shows the distribution of theory
types as a function of papers that are predominantly in the differing design
domains shown. Class IV of Gregor’s taxonomy is the theory type that is most
consistent with the establishment of a cumulative research agenda for design. It is
important that our classification of the reviewed papers shows a significant fraction
in this theory type and that those papers appear in all the different design
categories. Further research will extend this analysis and seek causality
connections and implications on cumulative Design theory.

Table 2 A taxonomy of theory in information systems research after Gregor [45]

Theory type Distinguishing attributes

1. Analysis Concerns what is.

The theory does not extend beyond analysis and description. No casual
relationships among phenomena are specified and no predictions are
made.

2. Explanation Concerns what is, how, why, when, and where.

The theory provides explanations but does not aim to predict with any

precision. There are no testable propositions.
3. Prediction Concerns what is and what will be.

The theory provides predictions and has testable propositions but does

not have well-developed justificatory causal explanations.

4. Explanation and Concerns what is, how, why, when, where and what will be.
prediction Provides predictions and has both testable propositions and causal
explanations

5. Design and action  Concerns what and how to do something.
The theory gives explicit prescriptions (e.g., methods, techniques,
principles of form and function) for constructing an systems, artifact
(product), or process.
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Table 3 Theory type distribution of analyzed papers (references are papers analyzed)

Theory type Materials and  Electromechanical- Software Socio-economic- Total

molecular- architectural (algorithms  technical

level design artifacts and and program) systems design

[38—-40, 50-55] systems design design [28, 37, 92-96]

[43-45, 56-85] [86-92]

Analyze 1 8 2 2 13
Explain 0 4 1 1
Predict 0 2 0 0 2
Explain, predict 6 10 2 4 24
Action, design 2 9 2 0 11

In addition to examining theory type distributions, we also briefly examined
design principles that have resulted from design research. In the spirit of design
science, much research and writing on design attempts to identify principles that
can be used beyond single cases. In some instances, these are called heuristics or
guidelines [94] and axioms [95]. In other cases [96, 97], researchers attempt to
describe overall systems of interlinked principles for invention (such systems are
of potential relevance here since the most novel design outputs are inventions).

Much of the work on design principles and heuristics has been carried out
within a particular design context. For two examples, we consider the 180 plus
heuristics given in Rechtin and Maier’s book [97] and the 201 principles discussed
by Davis [101]. In the former case, the principles are clearly framed in terms of
design of classes of large-scale complex technical (and socio-economic-technical)
systems, while in the latter case the principles are intended to guide software
development. Analyzing these carefully, one can identify a number that have
wider applicability but some—not surprisingly—are clearly not relevant in other
domains. Specific examples from each study—two that have potentially general
interest across domains (G) and one too narrow to be general (S) are:

e Rechtin and Maier (G): The first line of defense against complexity is simplicity
of design;

e Rechtin and Maier (G): You can’t avoid redesign. It’s a natural part of design;

e Rechtin and Maier (S): If social cooperation is required, the way in which a
system is implemented and introduced must be an integral part of its
architecture;

e Davis (G): The design process should not suffer from “tunnel vision;”

e Davis (G): The design should be structured to degrade gently, even when
aberrant data, events or operating conditions are encountered; and

e Davis (S): The design should “minimize the intellectual distance” between the
software and the problem as it exists in the real world.

Similar to these examples, most principles of design are framed within a limited
context and are often judged to be useful and instructive within that context.
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Most research papers published—dissimilar to the textbooks just discussed—
specify principles only for the intended problem and domain (examples are [42—
45]). There are clear overlaps with principles between the two texts just reviewed
sometimes with quite similar and sometimes dissimilar terminology (decomposi-
tion, integration, function and customer concerns are obvious ones that arise).
Thus, it is worth exploring if a good starting point to examine design principles
from a Big-D Design perspective already exists. As far as the authors are aware,
only two attempts have been made to define general design principles and these
will be considered next.

The first is the work done by Nam Suh and described in his book The Principles of
Design [98]. The book—as opposed to the references noted in the preceding para-
graphs—does not list a large number of principles or heuristics; instead it focuses on a
very small number of what the book terms axioms. In fact, the two key “axioms” are
the independence axiom (each functional requirement should be independent of
other functional requirements) and the information axiom (among the designs that
satisfy the independence axiom, the design that has the smallest information content
is the best design). Suh’s work in this book and other writings [67] uses these two
axioms to “derive” larger numbers of theories and corollaries. On one hand, the
independence concept is fairly widely applicable to thinking about designs across
our full range of design domains. On the other hand—despite the terminology—the
basic axioms are not as fundamental as this mathematical terminology implies.
Indeed, while independence has a number of advantages, many designs that do not
follow it are superior to alternatives that do. In this sense, it is much like the other
“principles and heuristics” that have been postulated and is not in any sense truly
axiomatic. The derived theories and corollaries are similar principles that can be
seen as implications of the two major principles (independence and information).
The strength of “axiomatic” design is that the principles apparently have wider
application than others. In addition, there have been a number of conferences and
workshops held on axiomatic design and some use in industry; however, at the
present time this is not a fully developed set of principles for use across all Design.

The second effort that apparently attempts to develop generally applicable
design principles is the work initiated by Altshuller [100, 101] in the 1940s and
still actively pursued today. This work, known both by its Russian acronym
(TRIZ) and by English terminology (Theory of Inventive Problem Solving or
TIPS), has its empirical basis in study and classification of patents. Four different
aspects of TRIZ include:

1. TRIZ identifies eight “laws” of technical systems evolution which are useful in
predicting the nature of desired future design changes;

2. TRIZ identifies thousands of “effects” that are characterized as domain
independent;

3. TRIZ identifies 40 design “principles” for resolving contradictions (TRIZ
hypothesizes that contradictions in existing solutions are the major way to
specify inventive opportunities for the future);

4. TRIZ identifies ~75 “standard solutions” that deal with identified problems.
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The translation of TRIZ to “Big D” Design is challenging because the TRIZ
literature does not discuss the breadth of applicability and tends to not recognize
what aspects of “technologically-intensive design” that it may be neglecting.
Moreover, most of the examples shown in the literature are from the electrome-
chanical-architectural design field which may be a result of the background of
practitioners and supporters of TRIZ.

The TRIZ laws of evolution are largely descriptive and some may seem difficult
to make operational. For example, evolutionary law number 2 (“increasing ide-
ality”) simply says that output per resource increases over time. This is better
stated by the exponential improvements seen in various output per resource as first
documented by Moore [102] and now known to be much more general [103, 104].
Nonetheless, many of the design principles appear quite general and can be
imagined to apply across all “Big D” Design domains. For example, principle
number 13 “the other way around” suggests the powerful heuristic to examine the
problem in a reverse (or with the inside out or in different temporal order or).
However, many principles appear to be more limited in their application across
domains (examples include #7 “Nesting”, #8 “counterweight”, #18 “Mechanical
vibration”, #28 “Replacement of a mechanical system”, #29 “pneumatic or
hydraulic construction”, #32 “Changing the Color”, #35 “transformation of the
chemical or physical states of an object”, #37 “Thermal expansion”). Although
these apparent limitations may relate to terminology and translation from the
theory’s source language, research and advancement of TRIZ are needed to
understand this system’s application for all technologically-intensive design.

Recognizing exceptions such as the relatively general #13, neither the TRIZ
principles nor the solutions appear to have direct application to software or socio-
technical design—perhaps because of the scarcity of such solutions in the patent
database that underlies the approach. It is also not clear how well the approach
covers materials design despite its prevalence in the patent database. The princi-
ples with clear materials content are about materials change or substitution, not
about inventing new materials (as examples, #30 “Flexible membranes or thin
films” and #31 “Use of porous materials”). Thus, despite some uptake in practice
and ongoing documented work [105], TRIZ is also not a fully developed set of
Big-D Design principles.

Overall, based upon this preliminary analysis, it appears that sets of broadly
applicable design principles are potentially derivable which gives tentative support
for a positive answer to question 1. However, the current general approaches do
not seem adequate. From the commonality seen in the lists examined, one infers
that by some work an overall listing might be developed giving principles in an
organized framework but doing this (or even proving its value) will require
significant additional work.
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3 The Full Value Chain

Question 2 in the first section asks: What are the benefits and potential harm of
engaging the full value chain in design research? There are clear practice benefits
from considering the full value chain in design as the extensive practice-oriented
work done on concurrent engineering signals. There are also clear educational
benefits both from a leadership education and understanding design in context
viewpoint. Thus, from a university such as SUTD, there is great value in defining
design as broadly across the value chain as it does. However, from a research
perspective, there may be only a few research objectives that benefit from the
wider lens—design for sustainability, value, manufacturability [106, 107] and
other DFX areas are examples. Since the full value chain differs in the categories
we consider (software does not have physical facilities or tools, materials
processing is mostly continuous vs. the discrete product or system manufacturing
in the other categories, the nature of customers, clients and stakeholders are
different), Design for manufacturability research naturally occurs in narrower
domains than all technologically-intensive Design. Based on these examples, care
must be taken in understanding how to develop and engage in design research from
the broader Big-D context in regard to the value chain.

4 Art and Science of Design

The question of interest in this section is whether design research must involve
both the art and science of design. Our criteria for assessing design research state
that such research must impact practice in order to be of value. Since the practice
of design is essentially about creating something that has not previously existed, an
irreducible element of art is involved in the practice of all technologically-
intensive design. This conclusion combined with our criterion for research value
and the fact that research is the process for developing new science dictates that all
design research includes both the art and science of design.

While almost no-one would disagree with design practice having at least some
artistic aspect, there are some [10] who object to a Science of Design (thereby
implicitly or explicitly arguing that design research is not viable). This position
seems indefensible given the progress that has been made in design research. In
our study of design principles (Sect. 2), we find some principles that apply quite
widely (modularity or independence of function) and much opportunity exists to
explore others. Moreover, there is much more understanding of the importance of
expertise [108] than there was when the cumulative design research agenda was
initiated almost 50 years ago. Similarly, the importance of analogical transfer in
design has been much more strongly established [109, 110] including some work
[111] that points towards the best “knowledge structure” for enabling this process.
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5 Concluding Remarks

Although we have chosen to discuss the three elements of “Big-D” Design
separately (1-all domains of technologically-intensive design, 2-full value chain
and 3-art/science combination), there are clear and important interactions among
these dimensions. One example of the interconnectedness of these elements is that
when research is performed that combines the art and science of design, valuable
work has been done that examines design in essentially all domains [46, 47] as
well as by looking at more specific problems within a domain [43—45]. A second
example of the interactions among the elements is that when research is carried out
on the full design value chain, more practical (or art content) is introduced as well
as more scientific content [106]. A third example—among many that can be
noted—is that as mentioned in Sect. 3, the full value chain has very different
content in the different domains that we have described.

Our consideration of the impact of taking a “Big-D” perspective in design
research has in all cases shown potential value for broader viewpoints while
clearly avoiding any requirement to do so. A 2008 paper by Kuechler and
Vaishnavi [93], that argues for broadening the scope of Information Systems
Design Research (ISDR), criticizes ISDR for missing important contributions from
the “designerly way of knowing” schools [112] and that the ISDR literature
contains little in citations to design work outside ISDR. This is not apparently so in
all design research domains, but a tendency to fragment might be working to
overcome the early start by Simon and others in a broader way. In addition, there
are valuable results in the literature that come from considering design beyond
technologically-intensive domains. In regard to combining art (practice) and
science (research), we have already argued that this is a natural outcome of
carrying out research with one objective being to impact the practice of design
favorably. However, we do not believe that all design research must involve
designing something new as this would amount to the methodological straight-
jacket (elimination of valuable research projects) noted by Purao et al. [3].
Research on the art of design can uncover theory that is at least partly scientific,
but this can be accomplished by a variety of methods beyond designing something
new—for example by systematic study of much design output (empirical studies)
[43, 113, 114] or by systematizing observed designer methods [59, 81].

Arguing as we have for a broader (technologically—enabled) perspective for
much design research introduces two issues that can limit the value of the work.
The first issue is one articulated well in Purao et al. [3] after participating in
presentations and extensive discussion among the fields of design shown in the
second column of Table 1; one participant said:

The lack of a common language constitutes a danger to the nascent design sciences. The
danger is that our joint efforts will dissolve into incoherence, as exemplified by the myth
of the ill-fated Tower of Babel.



56 C. L. Magee et al.

Analyzing a wide variety of literature from across design research domains
reinforces this point. As one example, many in software design consider design
only the creative core of the process so design as used by them does not include
specifying, coding or testing; whereas in most electromechanical-architectural
design literature, design includes specifying and testing and often manufacturing.
Multiplying this example by the many other words that are used quite differently
shows that the Tower of Babel danger is real and present (even within domains
there is surprising variety in terminology). Thus, one necessary step in pursuing a
broader and effective design research agenda is a serious attempt to arrive at a
more coherent terminology.

A second major issue in pursuing a research agenda across all technologically-
intensive design is the epistemological relationship of such design research to
“Engineering Science”—the reigning academic standard in engineering schools
worldwide. There is extensive discussion in the design science literature about the
epistemological relationship of design to natural science, and there is significant
discussion of its relationship to the social sciences. However, there is almost none
discussing the relationship of engineering science with technologically-intensive
design science. This silence is almost surely related to the fact that the episte-
mological basis of engineering science has not been considered very deeply. In
fact, the arguably best and perhaps only serious consideration of engineering
science—Vincenti’s 1990 book “What Engineers Know and How They Know it”
[114]—does not use the term engineering science despite discussing knowledge
that most engineering scientists would consider appropriate to the term. Most
interestingly, the major conclusion by Vincenti appears to be that the difference in
the science that engineers do compared with natural science, is that “[engineering]
science” is fundamentally oriented to make the findings of natural science useful
in design. Thus, one can probably consider “engineering science” and “design
science” intertwined and one possibly a sub-set of the other. An aggressive
attempt to clarify this relationship would have great value in setting an agenda for
pursuing design research—particularly over the broad spectrum of “all techno-
logically-enabled design.”

As a conclusion to this paper, it is clear that we have only examined a small
fraction of the issues and foundations needed to create a Big-D perspective of
Design research. At the core of our analysis is an understanding of technologi-
cally-intensive design as categories, as the study, identification, formalism, and use
of design principles and heuristics, as the full value chain, and inclusive of art and
science. While the supporting literature of this paper generally supports this view,
significantly more analysis is needed on this literature, in addition to integration
with design research methodologies and other segments of the design research
literature, including [115-124] and beyond.

Acknowledgments The authors thank Professor Robert W. Weisberg for many helpful
comments on an earlier and partial draft. This work is supported by the SUTD-MIT International
Design Center.



Advancing Design Research: A “Big-D” Design Perspective 57

References

1.

14.
15.
16.
17.
18.

19.

20.
21.
22.
23.
24.
25.

26.
217.
28.
29.
30.

31.
32.
33.
34.

35.

36.
37.

Wood KL, Rajesh Elara M, Kaijima S, Dritsas S, Frey D, White, CK, Crawford RH, Moreno
D, Pey K-L (2012) A symphony of designiettes—exploring the boundaries of design
thinking in engineering education. ASEE annual conference, San Antonio

. Magee CL, Leong PK, Jin C, Luo J, Frey DD (2012) Beyond R&D: what design adds to a

modern research university. Int J Eng Educ 28:397-406

. Purao S, Baldwin CY, Hevner A, Storey V, Pries-Heje J, Smith B (2008) The sciences of

design: observations on an emerging field. Commun Assoc Inf Syst 3

. Pressman RS (2001) Software engineering : a practitioners approach, 5th edn

. Somerville I (2011) Software engineering, 9th edn

. McConnell S (2004) Code complete: a practical handbook of software construction

. Pilone D (2008) Head first software development

. Braude EJ (2010) Software engineering: modern approaches

. van Vliet H (2008) Software engineering: principles and practice

. Brooks FP (2010) The design of design: essays from a computer scientist

. Dym CL, Little P (2009) Engineering design: a project-based introduction, 3rd edn

. Ulrich KT, Eppinger ST (1995) Product design and development

. Otto KN, Wood KL (2001) Product design: techniques in reverse engineering and new

product development. Prentice-Hall, Englewood Cliffs

Dieter GE, Schmidt LC (2008) Engineering design

Anderson J (2010) Basics architecture: architecture design

Legendre GL (2011) Mathematics of space: architectural design

Norman DA (2002) The design of everyday things

Lidwell W (2010) Universal principles of design, revised and updated: 125 ways to enhance
usability, influence perception, increase appeal, make better design decisions, and teach
through design

Cross N (2008) Engineering design methods: strategies for product design, 4th edn. Wiley,
Chichester

Ullman D (2009) The mechanical design process, 4th edn. McGraw-Hill, New York
Venturi R (1966) Complexity and contradiction in architecture. The Museum of Modern Art
Thackara J (2005) In the bubble: designing in a complex world. MIT Press, Cambridge
Brawne M (1992) From idea to building: issues in architecture. Butterworth Architecture
Addis W (2007) Building: 3,000 years of design engineering and construction. Phaidon, London
McDonough W, Braungart M (2002) Cradle to cradle: remaking the way we make things.
North Point Press, New York

Hughes TP (1983) Networks of power: electrification in western society, 1880-1930
Hughes TP (1998) Rescuing prometheus

Maier MW (1999) Architecting principles for systems-of-systems. Syst Eng

de Neufville RA, Scholtes S (2011) Flexibility in engineering design

de Weck OL, Roos D, Magee CL (2011) Engineering systems, meeting human needs in a
complex technological world (Chap. 6)

Simchi-Levi DS (2010) Operations rules: defining value through flexible operation

Hopp WIJ, Spearman ML (2007) Factory physics, 3rd edn

Boland R, Callopy F (2004) Managing as designing

Boland R, Callopy F, Lyytinen K, Yoo Y (2008) Managing as designing: lesssons for
organization leaders from the design practice of frank gehry. Desig Issues 24(1):10-25
National Research Council study (1989) Materials science and engineering for the 1990s:
maintaining competitiveness in the age of materials. In: Chaudhari P, Flemings MC (eds)
National Academy Press, ISBN: 0-309-57374-2

Magee CL (2010) The role of materials innovation in overall technological development. JOM
Magee CL (2012) Toward quantification of the role of materials innovation in overall
technological development. Complexity, 18:10-25



58

38.
39.
40.
41.
42.

43.

44,

45.

46.
47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.
60.
61.
62.
63.
64.
65.

66.

C. L. Magee et al.

Langer R, Tirrell DA (2004) Designing materials for biology and medicine. Nature
428:487-491

Ortiz C, Boyce MC (2008) Bio-inspired structural materials. Science 319:1053-1054
Olsen GB (2000) Designing a new material world. Science 288:993-998

Ashby MF (1999) Materials selection in mechanical design, 2nd edn

Benson CL, Magee CL (2012) A framework for analyzing the underlying inventions that
drive technical improvements in a specific technological field. Eng Manage Res 1:2-15
Keese DA, Tilstra AH, Seepersad CC, Wood KL (2007) Empirically-derived principles for
designing products with flexibility for future evolution. ASME international design
technical conferences

Tilstra AH, Backlund PB, Seepersad CC, Wood KL (2008) Industrial case studies in product
flexibility for future evolution: an application and evaluation of design guidelines. ASME
international design technical conferences DETC2008-49370, ASME

Weaver J, Wood KL, Crawford RL, Jensen D (2010) Transformation design theory: a meta-
analogical framework. J Comput Inf Sci Eng 10:013012-1-013012-11

Simon HA (1996) The sciences of the artificial, 3rd edn. MIT Press, Cambridge

Schon DA (1983) The reflective practitioner: how professionals think in action. Basic
Books, New York

Gregor S (2006) The nature of theory in information systems. MIS Q 30:611-642

Gregor S, Jones D (2007) The anatomy of a design theory. J Assoc Inf Syst 5:313-335
Mooney DJ, Baldwin DF, Suh NP, Vacanti JP, Langer R (1996) Novel approach to fabricate
porous sponges of poly(D, L-Lactic-co-glycolic acid) without the use of organic solvents.
Biomaterials 17:1417-1422

Bruet BF, Song J, Boyce MC, Ortiz C (2008) Materials design principles of ancient fish
armor. Nat Mater 7:748-756

Suresh S (2001) Graded materials for resistance contact deformation and damage. Science
292:2447-2451

Gao H, Ji B, Jager IL, Arzt E, Fratzl P (2003) Materials become insensitive to flaws at
nanoscale: lessons from nature. Proc Nat Acad Sci (US) 100:5597-5600

Kuehmann CJ, Olsen GB (2011) ICME: success stories and cultural barriers. In: Arnold S,
Wong T (eds) Integrated computational materials engineering, ASM

Han L, Grodzinsky AJ, Ortiz C (2011) Nanomechanics of the cartilage extracellular matrix.
Annu Rev Mater Res 41:133-168

Gunther J, Ehrlenspeil J (1999) Comparing designers from practice and designers with
systematic design education. Des Stud 20:439-451

Paramasivam V, Senthil V (2009) Analysis and evaluation of product design through design
aspects using digraph and matrix approach. Int J Interact Des Manuf 3:13-33

Sorenson CG, Jorgenson RN, Maagaard J, Bertelsen KK, Dalgaard L, Norremark M (2010)
Conceptual and user-centric design guidelines for a plant nursing robot. Biosyst Eng
105:119-129

Yilmaz S, Seiffert CM (2011) Creativity through design heuristics: a case study of expert
product design. Des Stud 32:384-415

Wu JC, Shih MH, Lin YY, Shen YC (2005) Design guidelines for tuned liquid column
damper for structures responding to wind. Eng Struct 27:1893-1905

Galle P (1996) Design rationalization and the logic of design. Des Stud 17:253-275
Joseph S (1996) Design systems and paradigms. Des Stud 17:227-239

Berends J, Reymen I, Stultiens RGL, Peutz M (2011) External designers in product design
processes of small manufacturing firms. Des Stud 32:86-108

Dorst K, Veermas PE (2005) John Gero’s function-structure-behavior model of designing: a
critical analysis. Res Eng Des 16:17-26

Magee CL, Thornton PH (1978) Design considerations in energy absorption by structural
collapse. Soc Automot Eng Trans SAE 780434

Matthews PC, Blessing LTM, Wallace KM (2002) The introduction of a design heuristics
extraction method. Adv Eng Inform 16:3-19



Advancing Design Research: A “Big-D” Design Perspective 59

67.

68

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.
84.

85.

86.
87.

88.

89.

90.

91.

92.

Suh NP (1998) Axiomatic system design. Res Eng Des 10:189-209

. Wood KL, Jensen D, Singh V (2009) Innovations in design through transformation: a

fundamental study of tRaNsFoRmAtIoN principles. ASME J Mech Des 131:8

Frey DD, Herder PM, Wjnia Y, Subrahmaniam E, Katsikopoulos K, Clausing DP (2009)
The pugh controlled convergence method: model-based evaluation and implications for
design theory. Res Eng Des 20:41-58

Frey DD, Herder PM, Wjnia Y, Subrahmaniam E, Katsikopoulos K, de Neufville RA,
Clausing DP (2010) Reply: the role of mathematical theory and empirical evidence. Res
Eng Des 21:341-344

Hirtz J, McAdams DA, Sykman S, Wood KL (2002) A functional basis for engineering
design: reconciling and evolving previous efforts. NIST technical note 1447

Stone RB, Wood KL, Crawford RH (2000) A heuristic method for identifying modules for
product architectures. Des Stud 21:5-31

Rajan PKP, van Wie M, Campbell MI, Wood KL, Otto KN (2005) An empirical foundation
for product flexibility. Des Stud

Hey J, Linsey J, Agogino AM, Wood KL (2008) Analogies and metaphors in creative
design. Int J Eng Educ 24:283-294

Qureshi A, Murphy JT, Kuchinsky B, Seepersad CC, Wood KL, Jensen DD (2006) DETC
2006-99583

Weaver JM, Kuhr R, Wang D, Crawford RH, Wood KL, Jensen D, Linsey JD (2009)
Increasing innovation in multi-function systems: evaluation and experimentation of two
ideation methods for design. DETC 2009-86526

Rajan PKP, van Wie M, Campbell MI, Otto KN, Wood KL (2003) Design for flexibility—
measures and guidelines. ICED03

Moe RE, Jensen DD, Wood KL (2004) Prototype partitioning based upon requirement
flexibility. DETC 2004-57221

Weaver J, Wood KL, Jensen D (2008) Transformation facilitators: a quantitative analysis of
reconfigurable products and their characteristics. DETC2008-49891

Singh V, Skiles SM, Krager JE, Wood KL, Jensen D, Sierokowski R (2009) Innovations in
design through transformation: a fundamental study of transformation principles. J Mech
Des 131:081010-1-081010-18

Chrysikou EG, Weisberg RW (2005) Following the wrong footsteps: fixation effects of
pictorial examples in a design problem-solving task. J Exp Psychol: Learn Mem Cogn
31:1134-1148

Weisberg RW (2009) On ‘out-of-the-box’ thinking in creativity. In: Wood K, Markman A
(eds) Tools for innovation, pp 2347

Rowe PG (1987) Design thinking

Luo J, Olechowski AO, Magee CL (2012) Technologically-based design as a strategy for
sustained economic growth. Technovation, to appear

Magee CL, Frey DD (2006) Experimentation in engineering design: linking a student design
exercise to new results from cognitive psychology. Int J Eng Educ 22(3):85-103

Gill GR, Hevner AR (2010) A fitness-utility model for design science research
MacCormack AD (2001) Product development practices that work: how internet companies
build software. Sloan Manag Rev 42:75-84

Kim H (2010) Effective organization of design guidelines reflecting designer’s design
strategies. In J Indus Erg 40:669-688

Hevner AR, Ram S, March ST, Park J (2004) Design science in information systems
research. MIS Q 28:75-105

MacCormack AD, Rusnak R, Baldwin CA (2006) Exploring the structure of complex
software designs: an empirical study of open-source and proprietary code. Manag Sci
52:1015-1030

Venables JR (2010) Design research post Hevner et al: criteria, standards, guidelines and
expectations. In: DESRIST proceedings

Shaw M, Garlan D (1996) Software architecture: an emerging discipline



60

93

94.
95.
96.
97.
98.
99.
100.
101.
102.
103.
104.
105.
106.
107.
108.
109.

110.

111.

112.

113.

114.

115.

116.

117.
118.

119.
120.
121.
122.

123.
124.

C. L. Magee et al.

. Kuechler W, Vaishnavi V (2008) The emergence of design research in information systems
in North America. ] Des Res 7:1-16

Poole S, Simon M (2007) Technological trends, product design and the environment. Des
Stud 18:237-248

Jarvinen P (2007) On reviewing of results in design research. In: ECIS, Proceedings of the
fifteenth European conference on information systems, pp 1388-1397

Indulska M, Recker JC (2008) Design science in IS research : a literature analysis. In: 4th
biennial ANU workshop on information systems foundations, 2-3 Oct 2008

Rechtin E, Maier MW (2009) The art of system architecting, 3rd edn

Suh NP (1990) Principles of design

Altshuller G (1984) Creativity as an exact science

Sickafus E (1997) Unified structured inventive thinking: how to invent

Davis AM (1995) 201 principles of software development

Moore GE (1965) Cramming more components onto integrated circuits. Electron Mag 8:38
Koh H, Magee CL (2006) A functional approach for studying technological progress:
application to information technology. Technol Forecast Soc Chang 73:1061-1083

Koh H, Magee CL (2008) A functional approach for studying technological progress:
extension to energy technology. Technol Forecast Soc Chang 75:735-758

The TRIZ Journal is published regularly, see http://www.triz-journal.com/

Boothroyd G (2005) Assembly automation and product design, 2nd edn

Boothroyd G, Dewhurst P, Knight W (2002) Product design for manufacture and assembly,
2nd edn

Weisberg RW (2006) Creativity: understanding innovation in problem solving, science,
invention, and the arts. Wiley, New York

Christensen CB, Schunn CD (2007) The relationship of analogical distance to analogical
function and pre-inventive structure: the case of engineering design. Mem Cogn 35:29-38
Markman AB, Wood KL, Linsey JS, Murphy JT, Laux J (2009) Supporting innovation by
promoting analogical reasoning. In: Markman AB, Wood KL (eds) Tools for innovation.
Oxford University Press, New York, pp 85-103

Linsey JS, Wood KL, Markman AB (2008) Modality and representation in analogy. Artif
Intell Eng Des Anal Manuf 22:85-100

Cross N (1984) Developments in design methodology

Baldwin CY, Clark KB (2006) Between ‘knowledge’ and ‘the economy’: notes on the
scientific study of designs. In: Kahin B, Foray D (eds) Advancing knowledge and the
knowledge economy. MIT Press, Cambridge

Vincenti W (1990) What engineers know and how they know it: analytical studies from
aeronautical history

Friedman K (2003) Theory construction in design research: criteria: approaches, and
methods. Des Stud 24:507-522

Collins A, Josepjh D, Bielaczyc K (2004) Design research: theoretical and methodological
issues. J Learn Sci 13(1):15-42

Horvath I (2004) A treatise on order in engineering design research. Res Eng Des 15:155-181
Eder WE (2011) Engineering design science and theory of technical systems: legacy of
vladimir hubka. J Eng Des 22(5):361-385

Ball P (2001) Life’s lessons in design. Nature 409:413-416

Dorst K (2008) Design research: a revolution-waiting-to-happen. Des Stud 29:4-11

Galle P (2008) Candidate worldviews for design theory. Des Stud 29:267-303

Farrell R, Hooker C (2012) The Simon-Kroes model of technical artifacts and the
distinction between science and design. Des Stud 33:480-495

Reich Y (2010) The redesign of research in engineering design. Res Eng Des 21:65-68
Andreasen MM (2011) 45 years with design methodology. J Eng Des 22(5):293-332


http://www.triz-journal.com/

Proposal of Quality Function Deployment
Based on Multispace Design Model
and its Application

Takeo Kato and Yoshiyuki Matsuoka

Abstract Due to the specialization and professionalization of the design work,
sharing the product information between the product development members has
been important in the product development process. Quality Function Deployment
is one of the effective methods that enables the development members to share the
information of the product using the quality matrices that describes the relation-
ship between design elements needed to be considered. This paper improves the
quality matrices by introducing the multispace design model and the Interpretive
structural modeling. The proposed quality matrices are applied to a disc brake
design problem, and their applicability is confirmed.

Keywords Design methodology - QFD - ISM - DSM

1 Introduction

Functions and mechanisms of products have been diversified and complicated
recently. Therefore, design work has been specialized and professionalized [1]. In
the situation, the members of the product development should share the product
information, including the concept and knowledge. However, the information tends
to be left in their mind (i.e. not to be transmitted to others), and this causes quality
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issues. Quality Function Deployment (QFD) is one of the effective methods to solve
these problems and used in many company throughout the world [2]. QFD is suitable
for the members to share the information using the quality matrices as shown in
Fig. 1 [3]. Quality matrices are composed by the deployment charts including allied
design elements needed to be considered in the design process and the relationship
matrices which represent the relationship between design elements in different
deployment charts. Using the quality matrices, design elements of customer
demands can be translated into that of engineering tasks (engineering characteris-
tics, product’s function, parts and etc.). This enables the product development
members (product planners, designers, manufacturing staff and etc.) to share the
product’s information and assist to implement the ideal product design free of the
quality issues. However, the quality matrices have some problems as follows:

1. Applying to a whole new product development is difficult because they are
assumed to be applied to the design for improving existing product [3];

2. Sharing the product’s information between the development members is
counteracted because the quality matrices are different depend on the design
process. For example, the relationship matrix between engineering character-
istics and parts is only used by the engineering designers or manufacturing staff
in the detail design process [4];

3. The circumstance of the developing product is not clarified in the detail design
process (i.e., the design elements meeting the circumstance cannot be extracted);

4. The relationship between design elements in the same deployment chart cannot
be identified because the relationship matrices represent only the relationship
between design elements in different deployment chart. However, the rela-
tionship of design elements in the deployment chart of engineering character-
istics is considered in some conventional study [5].

This study proposes new QFD including both the Multispace design model
(MDM) and the Interpretive Structural Modeling (ISM) method to overcome the
above problems. Section 2 describes a brief description of the MDM and the
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Fig. 1 Conceptual diagram of quality matrices used in QFD
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introduction of the MDM into the QFD. Section 3 describes the overview of the
ISM method and the introduction of the ISM into the QFD. Section 4 illustrates an
application of the proposed QFD to a disc brake, while Sect. 5 provides conclu-
sions and the future research direction.

2 Introduction of MDM into QFD

The MDM aims to comprehensively deal with design and is comprised of the
thinking space and knowledge space (Fig. 2) [6]. The thinking space includes a
reasoning model for four types of spaces and inter-spaces: value space, meaning
space, state space, and attribute space. These space are defined as follows:

1. The value space is a set of the value elements. The value elements are psycho-
logical elements relating to values that the user thinks about products. For
example, functional value, social value, and so forth;

2. The meaning space is a set of the meaning elements. The meaning elements are
psychological elements relating to meanings that the user thinks about products.
For example, function, image, and so forth;

3. The state space is a set of supposed circumstance and the state elements. The
circumstance is physical environment for which products are used. For
example, time, external force, users physique and so forth. The state elements
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Fig. 2 Conceptual diagram of multispace design model
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are physical quantity generated when products are in the circumstance. For
example, stress, acceleration produced when an external force acts on products
and so forth;

4. The attribute space is a set of the attribute elements. The attribute elements are
geometrical and physical property of the products. For example, dimension and
material like being shown in the technical drawing and so forth.

Value space and meaning space composes the psychological space, whereas state
space and attribute space composes the physical space. Knowledge space is com-
prised of objective knowledge and subjective knowledge. The objective knowledge
holds generalities such as theories and methodologies, including physical laws in
natural science, social sciences, and humanities. In contrast, the subjective knowl-
edge contains specialties that depend on individual contexts. The knowledge space is
the basis for identifying intra-space and inter-space models in the thinking space.

One of the features of the MDM is to describe whole design process (from the
early to late process). As a feature of design process, in the early process of design,
the designers focus both on the psychological and physical design elements, and
search design solution candidates by considering the relationship between the
elements through trial and error (bidirectional design). On the other hand, in the
late process of design, the designers derive a unique design solution by optimizing
both psychological and physical design elements systematically (unidirectional
design). The features of both design processes can be properly described by the
four space of the MDM (value, meaning, state, and attribute space). Conventional
QFD seems to assume the late design process because of its procedure in which the
designers deploy the design elements from the customer demands (psychological
design element) to the product’s parts (physical design element) systematically as
shown in Fig. 1. This causes the difficulty of applying QFD to a whole new
product development, which needs the bidirectional design in the early process of
design, described in Sect. 1. Therefore, to overcome the problem, the concept of
the MDM (four space) is introduced into the QFD. Specifically, the four space
deployment charts and three relationship matrices are put into the quality matrices
in order to bidirectional design in the early process of design (Fig. 3). The quality
matrices can also be used in the late process of design. This means that the
common quality matrices can be used throughout the whole process of design.
Hence, this also overcome the problem regarding the sharing of the product’s
information between the development members described in Sect. 1.

Another feature of the MDM is a clear definition of the product circumstance.
The MDM describes that the function of the product is generated not only based on
the product physical characteristics but also on the circumstance of the product.
Unless the circumstance is adequately considered or clarified, the following
problems have a potential to emerge:

1. The variance of the circumstance worsens the product’s objective characteristic;
2. In the redesign (improvement design) after the development, the product
information during the development cannot be utilized.
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Fig. 3 Proposed QFD include the concept of multispace design model

Therefore, the MDM divides the physical elements into state elements affected
to the circumstance and attribute elements and clearly categorizes the circum-
stance elements in the state space. In the conventional QFD, the information about
the circumstance does not tend to be carried to the engineering designers or
manufacturing staff in the late process of design because the circumstance
descriptions are in the customer demands or product’s function in most cases. This
study creates a category of the circumstance in the state deployment chart based on
the concept of the MDM (Fig. 3) and clarifies the design elements of the current
circumstance to overcome the problem as mentioned in Sect. 1.

3 Introduction of ISM into QFD

The ISM method is one of the design methods to visually express the complex
relationship between design elements by using matrix operation [7, 8]. In the ISM
method, the direct affective matrix X (Fig. 4a), which expresses the relationship
between design elements, is firstly constructed as following equation:

Xu o Xy o X
X = Xil ) (l)
an Xnn

where, n is the number of design elements and X;; are calculated as:
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X;

1 if ith element relates to jth element i=12,...n
0 else j=12,...n

Secondly, the reachable matrix Mg (Fig. 4b) is derived using the matrix
M = X + I, where I is a unit matrix, as shown in the following equation:

Mg=M (M =M"") 3)

Finally, the reachable matrix MR is transformed into the skeleton matrix M
(Fig. 4c) and the structural model (Fig. 4d) is constructed based on the relationship
in the matrix. Where, the skeleton matrix can represent the relationship of the
reachable matrix using minimum relationships [8]. This paper omits the detail
calculation of the skeleton matrix.

This study introduces the correlation matrix to each of the four space deployment
charts in order to overcome the problem of unclear relationship between them
described in Sect. 1. The correlation matrix is described as Fig. 5. In the matrices,
the unidirectional relations (i.e. element “A” causes “B” but “B” does not causes
“A”) are described as arrows, whereas, the bidirectional relations (i.e. element “A”
causes “B” and “B” also causes “A”) are described as “O”. In Fig. 5, design
element 1 (d,) affects both d2 and dn and is affected by d,. Additionally, this study
introduces the ISM method to figure out the relationships between design elements
in each deployment chart. This paper describes an introduction of the ISM method to
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the attribute (product’s parts) design elements, whose relationships are complicated
due to the greatest element number, in order to construct the parts design procedure.
The procedure is constructed by not only their relationships but also the state
(engineering characteristic) elements relationships. For example, the parts elements,
which are not related to each other but related to the same engineering character-
istics, assumed to have relationship and should be designed concurrently. In this
study, the sum of both direct affective matrices X derived from the attribute cor-
relation matrix (Eq. 1) and X’ derived from the engineering state correlation matrix
are used to construct the parts design procedure.

X, Xy anp
X+X X =1 X, : , (4)
X, X,

where n, is the number of the attribute elements, and X’ ; are calculated as:

i=1,2,.. . n,,
1 if both a; and aj relate to s i=1,2,...n
X« U if s (relating a;) relates to s; (relating s;) e (s)
Vo eise k=1,2,...,n,,
[=1,2,...,n,

where a; is ith attribute element and sy, is kth state element.

4 Procedure of proposed QFD

The proposed quality matrices including the deployment charts of the four space
and their correlation matrices are shown in Fig. 6. The procedure of the proposed
quality matrices is as follows. First, the design elements (including value, mean-
ing, state, and attribute elements) are extracted (Step 1 in Fig. 6). Second, the
relationship matrices between them are developed (Step 2). Third, the correlation
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Fig. 6 Procedure of proposed QFD

matrices of each space is constructed (Step 3). Where, Step 1-3 are repeated until
the product development members are satisfied. Fourth, the state and attribute
correlation matrices are transformed into the direct affective matrices using Eqgs. 1
and 5 (Step 4). Where, the value and meaning correlation matrices can be trans-
formed if the members need. Finally, the structural models of them are constructed
by the ISM method using the direct affective matrices (Step 5). Based on the
structural models, the designers can proceed the parts (attribute) design without
design change which is caused by the inadequate design procedure.

5 Iustrative Example

The proposed quality matrices were applied to a design problem of a disc brake to
confirm their effectiveness. The common disc brakes generate brake torque by
pushing the disc rotor (armature) to the brake pad (friction material) due to the
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spring force. Figure 7 shows a conceptual diagram of the disc brakes. In this
figure, the coil springs located between the coil case and armature push the
armature to the brake pad when braking. Whereas, when releasing the brake,
the armature is attracted to the coil case by electromagnetic force. To sense that the
brake is braking or released, the brake switch is installed on the coil case and
flipped by the striker bolt set on the armature. In the disc brake design, the
designers should consider a lot of design elements (e.g., the spring characteristics
related to the brake torque, the coil characteristics to specify the electromagnetic
force, the armature stroke which concerns both drive noise and brake switch
characteristics) to realize the ideal brake characteristic (e.g., high brake torque,
low drive noise, no brake switch glitch). However, there are trade-off relationship
between the characteristics. Hence, there is a high possibilities that design change
caused by inadequate design process is occurred.

Figures 8 describe the proposed quality matrices and structural model of the
disc brake. These figures shows the followings:

1. The quality matrices composed by the four space deployment charts can
describe both the design elements considered in the early process of design (e.g.
safety and comfort) and that in the late process (e.g. brake torque and coil
material). This enables designers to implement bidirectional design for a whole
new product development. Additionally, the matrices can be used through the
whole design process, and therefore promote the sharing of the product’s
information between the development members.

2. The structural model of the attribute elements simply describes the relationship
between them and contributes the construction of the ideal product design
process free of the design change. Additionally, the structural model of the state
elements describe the circumstance elements, and the designers can easily
extract and manage the elements related to the circumstance in redesign
(improvement design).

/ coil spring

-

armature

disc rotor

"

‘q*“

braking released

spacer

coil case brake pad

Fig. 7 Conceptual diagram of disc brake
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6 Conclusion

This study introduced the Multispace Design Model and Interpretive Structural
Modeling into the Quality Function Deployment (QFD). This introduction was
expected to have the following effect
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. Promoting the bidirectional design which enables the QFD to be applied to the

whole new product development;

. Increase the sharing information of the product between the development

members;

. Easier extracting and managing the elements related to the circumstance of the

design object;

. Assisting the construction of the ideal product design process free of the design

change.

Additionally, the proposed QFD was applied to a design problem of the disc

brake, and its applicability was confirmed. Future work should implement the

followings:

1. Application of both the proposed and the conventional QFD to the same
product development in order to confirm the effectiveness of the proposed one;

2. Many design application, including novel design, redesign, and improvement
design, in order to confirm the versatility;

3. Designer survey on user friendliness.
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Exploring a Multi-Meeting Engineering
Design Project
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Abstract This paper reports a case study of a multi-meeting engineering design
project lasting 5 months, unlike most design studies that focus on a single meeting.
The project involved an engineering consultancy for the design of a robot con-
troller. The design team consisted of engineers with different backgrounds. Eight
sequential design meetings were studied using protocol analysis. The video
recordings of these meetings were transcribed and then segmented and coded using
an ontologically-based coding scheme. The analysis of these meetings focused on
differences in the distributions of design issues and syntactic design processes
between adjacent meetings. Statistically significant differences between some
adjacent meetings were observed, which implies changes in design behavior
between those meetings.
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1 Introduction

The overwhelming majority of studies into engineering design, whether they are
conducted in the laboratory or in the office, are of single design sessions or
meetings. There are a few studies of engineering design that involve two meetings
(e.g., [1]). In practice most design projects are spread out over time and involve the
design team in multiple meetings. It is important to study such multi-meeting
projects both to determine differences in design behavior between multi-meeting
and single meeting design projects and differences in design behavior between
several meetings of one project. This paper reports on the results of comparing
adjacent meetings of a case study of a multi-meeting engineering design project.

Design meetings are considered as a sampling technique for investigating a
lengthy design projects [1]. In the field of design cognition research, protocol
analysis has been identified as the dominant methodology, aiming to explore
cognitive processes underlying designers’ behaviors [2—4]. This is a resource
intensive methodology with a high ratio of analysis time to observation time; the
observed design activities were usually of a limited duration, ranging from a few
minutes to 1 or 2 h [5]. It is thus inappropriate to directly apply the existing
methods focusing on the observation scale of minutes or hours on a lengthy project
lasting a few weeks or months. Some adoptions were made by reducing the res-
olution of observation, e.g., omitting the minute-by-minute details, to track a
longer design project [6—8]. This kind of approach fails to capture the transient
cognitive events and interactions/transitions between thoughts.

This paper uses eight sequential meetings to represent an engineering robotic
controller design project lasting 5 months. The remainder of the paper commences
by describing the engineering design project and providing an overview of the
eight meetings that made up the design sessions of the project with a qualitative
description of the activities in each meeting. This is followed by an outline of the
protocol analysis method used to produce the base data, which is in the form of a
sequence of design issues and design processes for each of the eight meetings.
These design issues and design processes are derived from an analysis of the
transcriptions of the meeting videos using the Function-Behavior-Structure (FBS)
ontologically-based segmentation and coding approach. The sequences of design
issues and design processes are then analyzed as statistical distributions and
comparisons between adjacent meetings are made.

2 An Engineering Design Project

In this engineering design case study, eight sequential meetings took place during
a period of 5 months for the design of a robot controller. This project was the
subject of a research project developed in collaboration with a design team of
engineers with different backgrounds in mechatronics, namely: software/hardware,
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Fig. 1 Prototype of the robot
hexapod

control, aerospace and electronics engineering. The design was based on a pre-
vious similar robotic controller, nevertheless the team faced several unexpected
situations and challenges. The robot prototype is illustrated in Fig. 1.

Table 1 provides an overview of the meetings, their lengths, topics, team
members’ attendance and qualitative division of the eight meetings into two
fundamental stages. Each of these meetings lasted approximately 1 h. In the first
month, three meetings were dedicated to analyzing and clarifying specifications
and production planning. In the second month a fourth meeting initiated the testing
and detailing tasks that lasted until the end of the observation period. The three
meetings in the last 2 months focused more on evaluations of problems, detailing
and testing. Issues of specification analysis, connection systems, power supply,
costs, and identification and analysis of problems were mostly discussed in these
meetings.

3 Ontologically-Based Protocol Analysis

Each these eight meetings was videotaped, the utterances in them were transcribed
and the transcriptions were then converted into a sequence of design issues using a
principled coding scheme developed from the Function-Behavior-Structure (FBS)
ontology [9, 10]. The FBS ontology models designing by three classes of onto-
logical variables: function, behavior, and structure. The function (F) of a designed
object is defined as its teleology, the behavior (B) of that object is either derived
(Bs) or expected (Be) from the structure, where structure (S) represents the
components of an object and their compositional relationships. These ontological
classes are augmented by requirements (R) that come from outside the designer
and description (D) that is the document of any aspect of designing, Fig. 2.

The FBS ontologically-based coding scheme consists of these six codes, each
represents a particular aspect of design cognition. Application of this coding
scheme can segment and encode the meeting videos (i.e., design conversations and
gestures, etc.) into a sequence of design issues denoted with semantic symbol, i.e.,
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Fig. 2 The FBS ontology (after [10])

the FBS codes. The transitions between adjacent design issues were then defined as
eight types of syntactic design processes, as numbered in Fig. 2 [9, 10].

The transformed data of these eight design meetings, namely eight sets of
design issues and syntactic design processes, became the foundational data for
subsequent analyses. Design cognition is multifaceted. Design issues and syntactic
design processes measure two orthogonal dimensions of design cognition,
respectively responding to the content-oriented and process-oriented analyses of
design cognition.

4 Method of Analysis

Each design meeting’s frequency distributions of design issues and syntactic
design processes summarize the overall characteristics of the design cognition
manifested in that meeting. The cognitive differences between two meetings can
be examined by Pearson’s Chi square test for independence. When a statistical
significance is identified (p < 0.05), Cramer’s V coefficient is calculated as the
effect size to describe the relative strength of the difference between two meetings’
issue/process distributions. The possible value of Cramer’s V varies from O to 1.
This study used the value of 0.15 as the threshold to indicate a substantive dif-
ference [11, 12].

The cross tabulations (here referred to as cross tabs) are then used as a post hoc
test to further investigate which specific design issue(s) or syntactic process(es)
contributes to the overall cognitive differences between two meetings. Adjusted
residuals in a cross tab provide an estimation of the differences between observed
and expected values (by assuming the distributions under comparisons are iden-
tical to each other). The design issues/processes with a high absolute value of
adjusted residuals (>2) indicate that designers are more engaged in those aspects
of design cognition in the meeting corresponding to the positive cells, than the
other one.
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5 Results
5.1 Coding Results

This paper presents preliminary coding results carried out by a single coder. The
frequencies of design issues and syntactic design processes were normalized by
converting them into percentages; this eliminates the different lengths of the
design meetings and the subsequent different number of segments in each meeting.
The design issues and syntactic design processes for all the eight design meetings
are aggregated and are plotted in Fig. 3 along with the standard deviations. The
means for the eight sessions shown in Fig. 3 provide an overall indication of the
design cognition of the entire design activity while the standard deviations provide
an indication of the variability across the meetings.

The distributions of design issues, Fig. 3(a), indicate that, in each meeting, the
majority of design issues were structure and behavior from structure. These two
solution-related issues represented about 85 % of total issues. The requirement
issues, i.e., input from outside of the design teams, on the other hand, were neg-
ligible in this project, only occupying 0.23 % of the total issues. The requirement
issue was thus excluded in the following Chi square analysis of design issue
distributions.

The most frequent syntactic design processes, shown in Fig. 3(b), were asso-
ciated with reasoning about the solution space, namely the processes of refor-
mulation I (M = 35.59, SD = 9.91), analysis (M = 32.59, SD = 4.96) and
evaluation (M = 16.65, SD = 9.54). Three problem-related processes, i.e., for-
mulation, reformulation II (of expected behaviors) and reformulation III (of
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functions), consumed less cognitive effort; each was less than 5 % of the total
processes. They were thus combined as a single category in the Chi square analysis
of syntactic process distributions.

5.2 Cognitive Shifts Between Two Adjacent Meetings

The analysis of cognitive progress during the 5 month observation was undertaken
by comparing the cognitive changes between two adjacent meetings. The Chi
square test results are summarized in Table 2. Two significant cognitive shifts
were identified in adjacent meetings: from Meeting 3 to Meeting 4; and from
Meeting 6 to Meeting 7.

5.2.1 Cognitive Transition Between Meetings 3 and 4

The comparisons of specific design issues and syntactic design processes between
Meetings 3 and 4 are presented in two cross tabs, Table 3. Meeting 3 was more
engaged in the generative aspect of design cognition, indicated by significantly
higher percentages of structure issue and the syntactic design process of refor-
mulation of structure (reformulation I). Meeting 4 then shifted to behavioral aspect
of design cognition, indicated by higher percentages of expected behavior and
behavior from structure issues, as well as the syntactic design process of
evaluation.

Table 2 Comparisons of issue/process distributions of adjacent meetings

Comparison Distr. of issue/process df Chi square statistics p value Cramer’s V
Meeting 1 vs 2 Issue 4 5.162 0.271 0.092
Process 5 5.835 0.323 0.123
Meeting 2 vs 3 Issue 4 12902 0.012%* 0.134
Process 5 5.704 0.336 0.112
Meeting 3 vs 4  Issue 4  19.712 0.001** 0.169
Process 5 27.161 0.000%**  (0.263
Meeting 4 vs 5 Issue 4 7.631 0.106 0.124
Process 5 11.739 0.039* 0.207
Meeting 5 vs 6 Issue 4 1.907 0.753 0.065
Process 5 0.973 0.965 0.060
Meeting 6 vs 7  Issue 4 20423 0.000*%**  0.173
Process 5  30.06 0.000%**  (0.282
Meeting 7 vs 8  Issue 4 9.522 0.049* 0.113
Process 5 12429 0.029* 0.187

p < 0.05, #p < 0.01, #%p < 0.001
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Table 3 Comparison between meetings 3 and 4, significant differences are highlighted in bold

(a) Comparison of the design issue distributions

Design issue Meeting Number 3 4
Function Count 17 10
% within the meeting 5.0 2.8
Adjusted residual 1.5 —1.5
Expected behavior Count 25 46
% within the meeting 7.4 13.1
Adjusted residual -2.5 2.5
Behavior from structure Count 123 163
% within the meeting 36.5 46.4
Adjusted residual —-2.6 2.6
Structure Count 166 124
% within the meeting 49.3 353
Adjusted residual 3.7 -3.7
Design description Count 6 8
% within the meeting 1.8 23
Adjusted residual —-0.5 0.5
Total Count 337 351
% within the meeting 100.0 100.0
(b) Comparison of the syntactic process distributions
Syntactic design process Meeting# 3 4
(Re-)formulation of function Count 17 10
and expected behavior % within the meeting 8.5 5.2
Adjusted residual 1.3 -13
Synthesis Count 9 12
% within the meeting 4.5 6.3
Adjusted residual —0.8 0.8
Analysis Count 61 55
% within the meeting 30.3 28.6
Adjusted residual 0.4 —-0.4
Evaluation Count 21 56
% within the meeting 10.4 29.2
Adjusted residual —4.7 4.7
Documentation Count 6 7
% within the meeting 3.0 3.6
Adjusted residual -0.4 0.4
Reformulation I (of structure) Count 87 52
% within the meeting 433 27.1
Adjusted residual 34 34
Total Count 201 192
% within the meeting 100.0 100.0
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Table 4 Comparison between meetings 6 and 7, significant differences are highlighted in bold

(a) comparison of the design issue distributions

Design issue Meeting# 6 7
Function Count 6 9
% within the meeting 2.0 2.4
Adjusted residual -0.3 0.3
Expected behavior Count 23 31
% within the meeting 7.7 8.1
Adjusted residual -0.2 0.2
Behavior from structure Count 111 202
% within the meeting 37.0 53.0
Adjusted residual —4.2 4.2
Structure Count 155 134
% within the meeting 51.7 352
Adjusted residual 4.3 —4.3
Design description Count 5 5
% within the meeting 1.7 1.3
Adjusted residual 0.4 —-04
Total Count 300 381
% within the meeting 100.0 100.0
(b) Comparison of the syntactic process distributions
Syntactic design process Meeting# 6 7
(Re-)formulation of function Count 11 6
and expected behavior % within the meeting 5.8 3.2
Adjusted residual 1.2 —-1.2
Synthesis Count 8 5
% within the meeting 4.2 2.6
Adjusted residual 0.8 -0.8
Analysis Count 58 83
% within the meeting 30.7 43.9
Adjusted residual 2.7 2.7
Evaluation Count 25 51
% within the meeting 13.2 27.0
Adjusted residual —-33 33
Documentation Count 5 4
% within the meeting 2.6 2.1
Adjusted residual 0.3 -0.3
Reformulation I (of structure) Count 82 40
% within the meeting 43.4 21.2
Adjusted residual 4.6 —4.6
Total Count 189 189
% Within the meeting 100.0 100.0
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5.2.2 Cognitive Transition Between Meetings 6 and 7

The cognitive shift between Meetings 6 and 7 is articulated in Table 4. Resem-
bling the previous cognitive change between Meetings 3 and 4, the latter meeting
shifted from an emphasis on generative aspect of design cognition (indicated by
higher percentages of structure issue and the process of reformulation I) to engage
more in the evaluative aspect of design cognition (indicated by higher percentages
of behavior from structure issue and the processes of analysis and evaluation).

6 Discussion

The engineers in this design project had previous experience in designing robot
controllers. Many robotic components, such as the microcontroller, and battery
were continuously discussed from the first meeting on. This may explain the
descriptive statistics result that solution-related design issues and solution-related
syntactic design processes constituted the majority of design reasoning in all the
eight meetings. The two significant cognitive changes identified in this case study
were shifting from a relative focus on the solution generation to an increased focus
on the analysis and evaluation of the proposed solutions.

The quantitative comparisons were then triangulated with qualitative assess-
ments of the individual meetings. Meeting 3 focused on the discussion of structure
components introduced in Meeting 1. Similar to Meeting 7, Meeting 3 did not
continue the topics raised in Meeting 2. The control aspects of the robot are
introduced in the next meeting. Meeting 4 seemed to be a “bridge meeting,”
discussing some design considerations more in depth, attempting to make con-
nections to other considerations. This may explain that, in this meeting, the cog-
nitive effort spent on reasoning about structure decreased, while the meeting was
more focused on the expected consequence of solutions.

Meeting 6 was mainly targeted at a particular technical problem “how to solve
the overheating of the board.” A number of alternative solutions were proposed
accordingly. Due to the focus on this topic, the percentages of the structure issue
and the syntactic process of reformulation I increased in this meeting compared to
the previous meetings.

There was a topic shift between Meetings 6 and 7. The latter meeting did not
continue the topics raised in Meeting 6. Rather, it reactivated the topics introduced
in Meetings 1 and 4, such as CPU and batteries, during the testing process.
Behavioral and evaluative aspects of design cognition thus became the focus of
this meeting. The cognitive shifts between generative and evaluative modes of
designing also indicate the iterative nature of engineering design activities. Later
studies will present detailed analyses of design cognition during the critical situ-
ations leading to design decisions.
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7 Conclusion

This paper presents a preliminary analysis of a multi-meeting engineering design
project lasting 5 months during which there were eight design meetings. Design
projects in practice regularly involve multiple meetings, and it is important in the
development of the understanding of designing that such multiple meeting design
projects be studied and comparisons made with single meeting design projects to
determine differences. The increased scale of observation, compared to a single
design session of 1 or 2 h in most design protocol studies, provides a more
nuanced understanding of designing as can be seen in the statistically significant
differences found between a number of the design meetings.

When the eight meetings are aggregated into a single set of measurements of
design issues and syntactic design processes, Fig. 3, the design issues and syntactic
design processes distributions follow the general behavior observed in the single
engineering design meetings/sessions used in studies of designing [13, 14]
masking any detailed behavioral differences that occur over time. This points to
the need for a more detailed study of multi-meeting designing.

Multiple meetings with time gaps provide opportunities for incubation that are
not directly available in single meeting design sessions [15, 16]. Incubation plays a
role in all areas of human cognition but insufficient is known about the design
cognition of incubation. Studies of multiple meetings of professional designers in
practice are an alternate to laboratory studies of the cognition of incubation. They
may provide the basis of insight into incubation in designing [17].

This paper has demonstrated that it is feasible to carry out a design cognition
study of a multi-meeting engineering design project in such a manner that the
results are commensurable with such studies of single design meetings. Multiple
meetings are the norm in professional engineering design practice. Studying them
is critical to the development of our understanding of engineering design. How-
ever, it may be that multiple meetings do not exhibit design behaviors that differ
from single design meetings but this needs to be tested empirically. If that
hypothesis is shown to be supported by the empirical evidence then design sci-
entists need only study individual design meetings.

Later papers will present detailed comparisons of design cognition derived from
multi-meetings with the behavior observed in single meeting design sessions. The
specific findings in this paper are based on a preliminary coding of the meetings
and need to be confirmed.
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Integrating Different Functional Modeling
Perspectives

Boris Eisenbart, Ahmed Qureshi, Kilian Gericke
and Luciénne Blessing

Abstract The paper proposes a modular functional modeling framework, which
aims at integrating the different functional modeling perspectives, relevant to
different disciplines. The results of two extensive literature studies on diverse
functional modeling approaches proposed in a variety of disciplines are consoli-
dated. These studies identified specific needs for an integrated functional modeling
approach to support interdisciplinary conceptual design. The presented framework
aims at fulfilling these needs. It consists of a variety of associated views, repre-
sented through different matrices. This matrix-based representation facilitates the
analysis of different functional modeling perspectives and their interdependencies.
Finally, the implications of the presented approach are discussed.
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1 Introduction

Functional modeling is proposed in systematic design approaches across disci-
plines. It is intended to support early concept development for a technical system,
i.e. the transition from a design problem to an early solution concept. Functional
modeling results in a first abstract representation of the technical system under
development. The term “technical system” encompasses both technical products
as well as product/service-systems (PSS) in this paper.

Across and within different disciplines a large variety of function models is
proposed and a common approach to functional modeling can hardly be found
[1-4]. As a consequence, diverse ways of representing functions are competing
when designers from different disciplines collaborate, potentially hindering the
exchange expertise [1, 5]. Approaches to bridge the existing diversity, so far, have
not been successful [2, 6].

This paper consolidates the results of two extensive literature studies on the
diverse functional modeling approaches, proposed in a variety of disciplines [3, 4].
The considered studies identified specific needs for an integrated functional
modeling approach linking the different functional modeling perspectives, which
are prominently addressed in the proposed function models from different disci-
plines. This paper presents the concept of an integrated functional modeling
approach, which aims at satisfying the identified needs.

2 Towards Integrated Functional Modeling

Eisenbart et al. [3] analyzed function models proposed in mechanical engineering
design, electrical engineering design, software development, mechatronic system
development, service development and PSS design. The particular content
addressed by individual function models is linked to different functional modeling
perspectives. Seven central perspectives have been identified, which are described
in Table 1.

None of the reviewed function models from the different disciplines addresses
all identified functional modeling perspectives [3]. In each considered discipline a
different set of functional modeling perspectives is prominently addressed. How-
ever, Eisenbart et al. [4] identified the transformation process perspective to be
prominently addressed in functional modeling approaches proposed across all
reviewed disciplines. It may, hence, serve as a common basis in an integrated
functional modeling approach. Based on the two literature studies by Eisenbart
et al." specific needs for such a modeling approach can be formulated. Accord-
ingly, an adequate integrated functional modeling approach should:

! Eisenbart et al. considered 70 function models (54 original models plus variants proposed by
different authors) and 41 systematic design approaches. The respective references may be taken
from [3, 4].
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Table 1 Functional modeling perspectives, after [4]

States Representation of the states a system can be in, or of the states of operands

before (input) and after (output) a transformation process. Operands
are typically specifications of energy, material, and information

Effects Representation of the required physiochemical effects, which have to be

provided to enable, respectively support, the transformation
process(es) changing one state into another state

Trans-formation Representation of the processes executed by stakeholders or technical

processes systems, which (from the designers’ perspective) are part of the
technical system under development in order to change the state of the
system or of operands. Technical processes are transformation
processes related to technical systems, while human processes are
related to stakeholders (thus, including service activities)

Interaction processes Representation of interaction processes of stakeholders or of other

technical systems, which (from the designers’ perspective) are not part
of a system, with stakeholders or technical systems, which are part of
the system under consideration

Use case Representation of different cases of applying the technical system. This is

typically associated to the interaction of stakeholders or another
technical system with the technical system under development, which
triggers, respectively requires subsequent processes to take place

Technical system Representation of the role of a technical system, which is supposed to

allocation perform or enable a (sub-) set of required effects or processes, either as
part of the technical system under consideration or by interacting with
it

Stakeholder Representation of the roles of different stakeholders, which may be users

allocation benefitting from a system or operators contributing to the system, e.g.
through executing required processes or providing resources, etc

...link the identified functional modeling perspectives, in order to relate between
information, which is relevant to the designers from the different disciplines.
...enable flexibly switching between considered functional modeling perspec-
tives, in order to facilitate adaption of the modeling approach to different design
approaches.

...provide a condense and clearly structured representation, in order to ease
comprehension of the modeled functions among collaborating designers. Often
multiple complementary models are proposed in a functional modeling
approach. Comprehensively capturing information distributed across different
models can be a difficult cognitive task. However, one model covering a large
number of functional modeling perspectives may quickly become confusingly
packed with information.

...facilitate linking functions in different ways, in order to be adaptable to
discipline-specific representations. Depending on the particular discipline,
functions may essentially be linked related to time (particularly prominent in
software and service development), input/output relations (particularly promi-
nent in mechanical engineering design) or hierarchy.
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e ...address impacts from, respectively on the environment, in order to facilitate
finding viable solution concepts [7]. Only few authors explicitly consider the
environment within functional modeling (e.g. [8, 9]). However, impacts from
the environment on a technical system may impair function fulfillment. In turn,
impacts from a technical system on the environment may be critical to e.g.
safety requirements or environmental legislation.

Beyond these needs, additional options are discussed by Eisenbart et al. [3],
which may considerably support the reasoning about functions within system
conceptualization; such as considering function-sharing, the inclusion of quanti-
ties, as well as a stronger link between the functional model of a system and its
structure.

3 Integrated Functional Modeling Framework

In order to meet the needs discussed in the previous section, this paper proposes
the integrated functional modeling framework (IFM framework), which aims at
supporting integrated modeling of the identified functional modeling perspectives.

3.1 Development of the IFM Framework

In the development of the functional modeling framework, different alternatives
have been generated. Firstly, an attempt was made to adapt existing functional
modeling approaches to satisfy the specific needs discussed above. For this, sev-
eral approaches have been selected, which already cover a large variety of the
different functional modeling perspectives. Each generated alternative has been
applied for re-modeling examples of existing function models from the literature
as well as an example from industry. The generated models and approaches have
been comparatively evaluated.

From the authors’ point view, merely expanding existing approaches has not
resulted in suitable integrated modeling approaches: The respective models fre-
quently seemed overburdened with the represented information and thus quickly
became very difficult to comprehend. Often, the dependencies between the dif-
ferent functional modeling perspectives in relation to the central transformation
process perspective could not adequately be addressed. Also, the link between
individual functional modeling perspectives often became fuzzy, with the result
that individual perspectives could hardly be reasoned upon disconnected from
others.

Existing function models typically use blocks or circles for depicting trans-
formation processes, states, effects, etc. These elements are typically arranged
circular or in vertical/horizontal flows. The functional modeling framework
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presented in the following, instead, uses a modular, matrix-based representation,
which allows modeling and retrieving information more clearly. The developed
approach is related to the concept of multi-domain matrices (MDM) proposed by
Lindemann and Maurer [10]. MDM map different design information, in order to
facilitate analysis and representation of interdependencies. Similarly, the IFM
framework aims at clearly representing information associated to the individual
modeling perspectives and their dependencies.

3.2 Outline of the IFM Framework

The IFM framework consists of associated modular matrices representing different
views onto the functions of a system under development. The central view (pro-
cess flow view) addresses the transformation process perspective, which is
prominent in functional modeling approaches across disciplines. Associated views
use matrices to represent information about the different entities and their inter-
dependencies in the modeling framework. The entities are directly linked to the
specific functional modeling perspectives discussed above (see Table 2).

The framework of modular, adjacent views provides a clearly structured rep-
resentation and allows taking different views on the functions of a technical sys-
tem. This modular structure allows addition or omission of views related to the
specific needs of the involved designers. The following sub-section describes the
entities and their relations, which form the basis of the IFM framework.
Section 3.2.2 describes the associated views, which form the representation of the
IFM framework.

3.2.1 Entities and their Relations

The class diagram in Fig. 1 represents the relations between individual entities in
the developed modeling framework. A technical system under development may
support one or more use cases. Each use case may be decomposed into sub-use
cases. Use cases may have dependencies among each other that may be bound by

Table 2 Entities in the IFM framework and addressed functional modeling perspectives

Entity Addressed functional modeling perspective

Use case Use case perspective

State States (operands and system)

Process Transformation process and interaction process perspectives

Effect Effect perspective

Actor Stakeholder and technical system allocation perspective; system state perspective

Operand Operand state perspective
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specific constraints (mutually exclusive, mutually inclusive etc.,). For all other
situations, in Fig. 1, the dependencies shown will be used to depict the similar
constraints.

A use case may have one or more transformation process associated to it. There
may be dependencies between individual transformation processes, which may or
may not be also composed of sub-processes. A transformation process results in
the transformation of one or more operand and/or actor from a given state into
another. Such state transformations are enabled, respectively supported by effects,
which are provided by actors. Actors, by providing the necessary effects, act as
operators in transformation processes. Actor is a super class which contains the sub
classes of stakeholder, technical (sub-) system, and environment. The actor sub-
class of stakeholder comprises (groups of) animate beings affected by or affecting
the technical system under consideration (including any related services). The
actor sub-class of technical (sub-) system encompasses technical systems which
are sub-systems to the technical system under development. It can also be com-
posed of more technical (sub-) systems. Actors also may have dependencies
among each other. Environment includes all active and passive parts of nature in
general surrounding the system under development.

3.2.2 Associated Views

The different views are strongly linked to each other through the adjacent place-
ment and the respectively shared header rows and header columns in the specific
matrices forming the individual views (see Figs. 2, 3, 4, 5). The aim behind this
specific set-up is to interlink all the different functional modeling perspectives (i.e.
the corresponding views), prominent in the different disciplines, via the trans-
formation process perspective (i.e. the central process flow view), which is

Use Case

1

Effect Operand

1o r System under
h development

Actors 1.

A T——J

Stakeholders| 1-° 1. [Environment| 1" 1.” [Technical (Sub-)System

T

Fig. 1 Class diagram of the developed functional modeling framework
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prominent across disciplines. The individual views and how they link to each other
are described in the following.

The Process flow view visualizes the flow of processes related to a specific use
case. In the view individual processes are represented as chronologically numbered
blocks. In the vertical direction, the process flow related to time is visualized. The
flow qualitatively illustrates whether individual processes are expected to be
carried out sequentially, in parallel or to be overlapping with other processes. The
process blocks are furthermore spread horizontally from left to right, so as to
enable a direct link to the actor view matrix, which is described further down. As
an option, quantities related to individual processes can be included to specify
processes further, as illustrated in Fig. 3.

The Effect view represents the effects, which enable individual transformation
processes and are provided by actors. For each process block in the process flow
view, a separate effect view may be created. Similar to the process flow view,
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Fig. 5 System states view associated to process flow view

effects can be modeled related to time or flow of operands. Hierarchical trees or
alternative models (similar to [7, 8]) may also be applied.

The Use case/process dependency (UPD) view indicates the involvement of
individual processes within different use cases. The individual use cases are listed
in the header column. The matrix is directly linked to the process flow view. The
individual—strictly horizontally ordered—process blocks build up the header row
for the UPD view (see Fig. 2). Dependencies between use cases and processes
could affect their operability. For instance, the processes of “heating water” in one
use case and the process of “cooling water” in another use case should not be
executed in parallel for the same water sample; hence, neither should the
respective use cases.

The Actor view indicates the involvement of specific actors in the realization of
transformation processes. Transformation processes are spread in the header row,
associated to the process flow view (see Fig. 2). Within the matrix, involvement
may initially be indicated with an “x”. As more information becomes available in
the design process, the particular role of actors (e.g. as either “affecting” or “being
affected” by a process) can be more concretely specified.

The actor view allows differentiating actors according to whether they—from
the designers’ point of view—are part of the system under development (e.g.
service operators as part of a PSS) or not (e.g. the targeted users or external service



Integrating Different Functional Modeling Perspectives 93

providers). This differentiation is particularly important in PSS design [11].
Through this differentiated allocation, individual processes are separated between
transformation processes (enabled by actors which are part of the system) and
interaction processes (enabled by actors which are not part of the system).

The States view represents the specific states of operands and agents as well as
the state changes caused by individual processes. The system states view consists
of the actor state matrix and the operand state matrix, and is a modular addition to
the process flow view (see Figs. 2 and 5). The adjacent placement of the system
state and process flow views, as shown in Fig. 5, allows the development of the
views and the verification of their consistency. Considering the required changes
from initial to final states of operands and actors facilitates the development of the
process flow view and vice-versa. The system state view also allows the indication
of operands supporting a transformation process without changing their states.

Figure 5 illustrates, e.g., that a process “heat water” (process 1) is linked to a
change of the technical system (actor 1) from switched-off (al-sl) to switched-on
(al-s2), supported by an operator (actor 2), as well as a change of the state of water
(operand 1) from liquid (state ol-sl) to steam (new state o1-s2). The steam may
then be used to drive a turbine (process 2), which may give rise to changes to other
operands and/or actors. During this process, the state of the water (i.e. steam) is not
changing, but supporting process 2.

The interaction view depicts the specific interactions between actors and
operands, as well as among each other, in the realization of processes. The view
uses operands and actors as both heading column and heading row, as illustrated in
Figs. 2 and 6. The specification of the interaction between actors or operands
includes the number of the respective process (to provide clarity, as numerous
interactions may occur related to different processes) and a short statement
specifying the interaction. Analysis of interferences between actors and/or oper-
ands may highlight problems with function fulfillment. Also, information about
how actors and operands may impact on each other facilitates the design of the
interfaces between them accordingly in later design phases.

Fig. 6 Concept of

interaction view matrix ACTORS | OPERANDS
- Interaction Impact of
¢ || between actors on
O || actors operands
Q
<

L imPAcT 3

Impact of Interaction
operands between
on actors operands

OPERANDS
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To give an example, a stakeholder (actor) may have an impact on a technical
system (actor) by pushing a button. Similarly, hot water (operand) may impact on a
technical system (actor) through transmitting heat or vise-versa. Finally, operands
may also impact on each other, as for instance, cold water (operand) may be used
to cool hydraulic fluids (operand) and vise-versa. In case, the specifics of an
interaction cannot be specified at an early point in the modeling process, the
respective cell may initially be marked with an ‘x’. Optionally, information about
how the interaction is embodied may be included; such as ‘mechanical contact’
between the stakeholder’s finger and the button being pushed.

3.3 Application

The presented framework may be applied in different ways, i.e. depending on the
specific approach taken by designers, alternative entry points and sequences of
steps may be applied. One potential sequence of modeling activities for an original
design project is described in the following. Starting point may be a comprehen-
sive requirements specification (or similar).

e Step 1—Use Case definition includes the consolidation of the different use cases
(and their sub-use cases, if applicable) the system under development is
expected to support in the different phases of its life-cycle. The use cases are
represented in the respective column in the UPD view.

e Step 2—Process flow modeling involves modeling separate flows of required
transformation and interaction processes related to each (sub-) use case.
A multitude of alternative process flows may fulfill a use case. As described
above, modeling and selecting an alternative process flow may be facilitated
through considering the required state changes of (supporting) operands in the
operand states matrix (as part of the state view). While modeling the process
flows, the involvement of processes in multiple use cases (represented in the
UPD view) needs to be considered.

e Step 3—Effect modeling involves modeling the required effects related to the
specific process flows. Considering the basic required effects enabling trans-
formation processes may considerably support the allocation of actors in the
following step.

o Step 4—Actor allocation includes allocation of the actors, which are involved in
the individual processes, either as affecting or being affected through the
delivered effects. Actor allocation may be supported through applying the
function-means pattern, morphological charts or similar approaches. Carefully
considering re-use of allocated actors in different processes and use cases may
facilitate function sharing.

e Step 5—State modeling includes modeling the state changes of allocated actors
in the actor state matrix (as part of the stare view) related to the chosen process
flows.
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e Step 6—Interaction specification involves analyzing and detailing the specific
interactions (i.e. the bilateral impacts) among actors, among operands, and
between actors and operands in the realization of processes.

There can be iterations within and between individual steps. For instance,
depending on the specific choice of realizing actors, the chosen process flows may
have to change, requiring iterations between steps 2—4. Actor allocation essentially
marks the transition from the problem to the solution. However, the final set of
process flow view and actor view merely represents one potential concept out of
large number of variants.

Modeling starts on a high level of abstraction defining the use cases, associated
processes etc. On the next level of detail, individual process blocks may then be
regarded as use cases comprised of sub-processes. These are enabled by technical
(sub-) systems (which may again be comprised of general function carriers or
“organs” [8], which are gradually concretized) including any related service
operator etc. Thus, the framework allows modeling the functions and actors of a
system under development from very abstract to very detailed and concrete.

4 Discussion and Conclusion

Functional modeling is proposed across disciplines to support early concept
development. The different functional modeling perspectives prominently
addressed in the different disciplines need to be integrated in order to support
interdisciplinary functional modeling. In this paper, an integrated modeling
framework has been proposed, which aims at linking the different functional
modeling perspectives. The proposed framework uses interlinked modular matri-
ces, representing different views on the functions of a system under development.
The different views represent individual functional modeling perspectives and/or
dependencies between them. It is expected to provide designers from different
disciplines with a valuable approach to functional modeling, as it.

e uses an established matrix-based approach for analyzing and representing in-
terdependencies between functional modeling perspectives, similar to MDM,;

e considers all identified functional modeling perspectives and their
interdependencies;

e is expected to ease communication across disciplines, as the different views are
linked via a central view, which is commonly prominent across disciplines;

e is modular, which enables addition or omission of views and related modeling
activities depending on whether these are needed in a specific design context;

e allows using different views separately; the designers may flexibly switch
between considered views, which allows focusing on specific functional mod-
eling perspectives;
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e the strong links between the modular matrices representing the different views
provide a clearly structured representation supporting comprehension of com-
plex systems;

e allows embedding existing (discipline-specific) function models?;

e is open for existing functional taxonomies to be embedded,;

e can address the functions of a technical system on different level of detail/
abstraction;

e is expected to be easily transferrable into a software tool;

e finally, integrated the consideration of the environment.

In summary, the proposed functional modeling framework aims at fulfilling the
formulated needs and—through its specific structure—is expected to support the
exchange of discipline-specific expertise during system conceptualization. The
explicit inclusion of the specific interactions between individual actors is further
expected to provide links to models used in subsequent design phases (e.g. system
structure, interface matrix, etc.,). Apart from the presented views, the framework
may be further expanded. For instance, additional views may address the depen-
dencies among different states (for both operands and actors), different use cases,
different processes (across use cases) etc.

Future research will address the practical application of the developed frame-
work by designers in industry. That will include workshops, wherein practical
designers from different disciplines apply the developed framework in conceptual
design of mechatronic systems and PSS. It will be of particular interest which
specific functional modeling perspectives are most relevant to designers from
different disciplines and how designers reason between the different proposed
views in different design contexts. The gained insights and feedback from the
designers will be used to develop the framework further, in order to improve its
applicability in different design contexts.
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and Optimization



Information Entropy in the Design
Process

Petter Krus

Abstract In this paper the design process is viewed as a process of increasing the
information of the product/system. Therefore, it is natural to investigate the design
process from an information theoretical point of view. The design information
entropy is introduced as a state that reflects both complexity and refinement, and it
is argued that it can be useful as some measure of design effort and design quality.
The concept of design information entropy also provides a sound base for defining
creativity as the process of selecting areas for expanding the design space in useful
direction, “to think outside the box”, while the automated activity of design
optimization is focused, so far, on concept refinement, within a confined design
space. In this paper the theory is illustrated on the conceptual design of an
unmanned aircraft, going through concept generation, concept selection, and
parameter optimization.

Keywords Information entropy - Design complexity - Product platform

1 Introduction

During the process of design, information is gradually increased as the design
progress, and the uncertainty of the design is reduced. Every design decision
reduces the uncertainty of the design, as well as parameter calculations do. It could
be argued that this is the central aspect of design. Design in general is about
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increasing the information of the product/system. This can be viewed as a learning
process, as described in [1]. Therefore, design theory should really be a theory of
design information. Although there is a rich literature regarding design process,
there has been little or no effort to describe the generation of information in
quantitative terms.

The classical information theory of communication was founded in 1948 by
C.E. Shannon with his paper “A Mathematical Theory of Communication” [2].
Subsequently it has been recognized that information is a key property of design,
and for describing and analyzing the design process. The notion of information
theory in design has been introduced by several authors. Notables are Suh [1, 3],
Kahn and Angeles [4] and Frey and Jahangir [5]. The two first are discussed later
in the text. Frey and Jahangir deals with the transformation of information content
in design parameters to information content in the functional characteristics, so is
Bras and Mistree [6] where robustness is defined from maximizing the signal to
noise ratio, which also deals with the relation between design parameters and
functional characteristics. Information theory was also used to analyze design
optimization in Krus and Andersson [7]. Information theory has also been used to
define complexity in software, and notably by Bansiya et al. [8] to describe
complexity in object oriented systems, which is very close to general design.

The notion of information is used in the second axiom of Suh’s Axiomatic
design, which states that the information content in a design should be mini-
mized [9].

2 The Characteristics of Design Information Entropy
2.1 Design Information

In a product, the design information x is transformed into functional attributes y

y=f(x) (1)

The design information could be the bit string in a CAD-file, and/or the set of
parameters in a design that at some stage are free. It could also be the genome in an
organism. The design information is the code of the design space D; every bit-
combination represents a unique design in the design space. At this stage it is not
necessary to separate design parameters from system architecture, it is all included
in x. If only little information is present, only parts of the design space can be
excluded, the design can be any of several unique designs. This introduces a
presence of uncertainty, since the design is not precisely known. An important
aspect of design information is that it can only be defined relative to a design
space. The design space need not, however, be static, but can be expanded if found
necessary. This is also the case in the genome in biological systems, where,
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different organism has different sizes of the genome. The definition of design
information used here is therefore:

Design information is the information needed to define a design, relative to a design space,
to within a certain precision.

As a consequence, information is the inverse of uncertainty since lower
precision results in less design information needed to describe a design.

2.2 Design Space

In order to generate a concept, a design space has to be established first. The
design space contains all the possible designs. A Lego'™ set is an example of a
design space. A large number (although finite) number of designs can be build
from a particular set. Another design space is represented by all the different Lego
pieces. Different finite design spaces are then represented by the different number
of pieces allowed in the design i.e. 1, 2... n pieces.

Figure 1 The design space of a set of Lego bricks represents all (discrete)
combinations of arranging these bricks, npgq... With a set of only two bricks with
four knobs on each there are 51 discrete possible arrangements (two of these
represents picking only one brick and one state is to pick no one).

The 51 different configuration (states) means that the amount of information
needed to specify a particular design is:

I, = log, npgare = log, 51 = 5.7 bits (2)

Another example is the design space provided by all standard components, or a
product platform i.e. a car platform that is used to generate different cars in a
product family. Design space generation is also made in parameterization of
models such as CAD models or simulation models. By coupling parameters to
each other to reflect different constraints in the design, a smaller more efficient
design space can be produced, where waste in the form of unfeasible designs is

Fig. 1 Design in a design
space of two Lego bricks
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minimized. This means that less information is needed to arrive at a particular
design from the design space.

2.3 Design Information Entropy

The definition of Information entropy for the discrete case is defined by Shannon [2]

Hy =" pilog,pi 3)
i=1

Here the system can be in n different states with probabilities p; for each of
them.

A more general definition than the information entropy for the discrete case is
the differential information entropy for continuous signals, defined by Shannon [2]
as:

H, — - / p(x) logy (p(x))dx (4)

This gives a measure of the average information content of a variable x. Here
p(x) is the probability density function. One problem with this expression is that it
does not make sense unless x is dimensionless, since the probability density
function has the unit of the inverse of x. If not, the differential entropy of the
probability density function p(x) needs to be related to another distribution m(x).
The result is called the Kullback-Leibler divergence [10] from the distribution
m(x). This is the relative entropy, and it is defined as:

Hy = 7 p(x)log, (%)dx (5)

This is the difference in entropy between having information that a random
variable is within m(x), and knowing that it is within the distribution p(x).
Furthermore, it represents a measure of information in bits. It can also be gen-
eralized to any dimensionality.

Hyop = /Oo / p(x1...x,)log, (M) dx;. . .dx, (6)

A rectangular distribution of m(x) in the bounded interval x € [Xmin, Xmax], With
XR = Xmax — Xmin, Would mean that the distribution m(x) of the design space is a
space of equal possibilities, where no particular region can be considered more
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likely than another a priori. Other distributions can also be considered but they can
always be mapped on a rectangular distribution by transforming the design space,
which can be very useful (this also includes infinite distributions), for i.e. design
optimization. Equation (5) can then be rewritten as:

L= Hal) = [ 50 log,(p(obxe)ds 7)

Xmin

The letter I is here used here to indicate relative information entropy related to a
rectangular distribution, and it has the unit bits. For the multidimensional case it
becomes:

X1, max Xn,max
I, = / e / p(x1...x,) 1logy (p(x1y .« X0 )XR1. . XR)dX1. . .dx, (8)
X1, min Xn,min

This can also be written in a more compact form as:

I - / p(%) log, (p(x)S)dx (9)

where D is the design space. I, is defined as the design information entropy where
the design x is defined within the design space D. S is the size of the design space
and is defined as:

S:/Dxdx (10)

If the range of one variable is divided into equal parts Ax that have the same
probability, the probability density distribution will be:

XR
X) =-—1X € |X0min, X ,max
PO =22 - x € [xomin Y] -
p(x) =0:x ¢ [xO,mimxoﬁmax]
where:
XR = X0,max — X0,min (12)

This yields the information content (in bits) for that variable as:

Xmax

_ [ g (0
IXA Axlogz(Ax)dx )

1
= log, % = 10g25— = —log, o,
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Fig. 2 Design with both p -
discrete and continuous |

variables : : ’fJ

where Ax is the uncertainty of the variable, and x its design range. J, is introduced
as the relative uncertainty in parameters. The same expression holds if the prob-
ability distribution is normally distributed. In that cases:

_ 20y

S, (14)

XR
Here o, is the standard deviation in x. In the following text it is assumed that
the uncertainty can be described by J,. If the lego™™ example is expanded with an
axis, the position of the inserted axis represents a continuous variables x. The
information entropy associated with that, is dependent on the accuracy Ax with
which it is specified, and the number of discrete positions (three) where it can be
placed Fig. 2.

X,
I, = 108, Ny ures + 1085 BR (15)

The axis can be in three positions (adding three discrete states) and if the
position of the axis within one hole is specified within 10 % the total information
entropy is:

1
I, =log,(51 +3) + logzm = 8.2 bits (16)
The concept of design information entropy hence provides a framework for
defining design information in very general terms. It is the information that causes

the uncertainty of the design to be shrunk from an initial state high uncertainty, to
another state with less uncertainty.

3 Design Information Entropy in the Design Process
3.1 Design Space Generation

In information theoretical terms the design space corresponds to the reference
distribution m(x) of the Kullback-Leibler divergence, or in this case the design
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3

Fig. 3 Subspaces of the design space

space Dy, with the size Sy, against which the design information entropy is defined.
Within the design space concepts s are generated. In general only part of the design
space falls within the constraints of the design D., with the size S, finally the
refined final design represents only a small fraction of a concept Fig. 3 s;.

3.2 Concept Generation

In concept generation, the design space is limited by selecting n, subsets of
possible concepts for further analysis. This represents an increase in information.
If the design space distribution m(x) is rectangular and uniform over the design
space Dy and each concept i occupies the region with the size s; the information
generated in this phase is:

no .
i=1 5i

I; = —log, S
0

(17)

In general the amount of information generated in this stage is quite large. It
involves selecting a few concepts from a highly dimensional multi modal design
space.

3.3 Concept Screening

In this phase concepts that have no or little possibility of being successful are
eliminated. If the concepts are reduced from n, to n concepts in this phase, the
information added is:
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>_in1 5500
Iy = —log, =5—~+ 18
1 08> S s (18)
For the special case that all regions are of the same size it becomes:
n
111 = —10g2— (19)
no

3.4 Aircraft Design Example

Aircraft design is a good example of a complex product that involves all the phases
illustrated in Fig. 6.

Design space generation constitute the process of collecting possible elements
needed for the design in response to functional requirements. Looking at existing
design there is a variety in concepts that can be dissected into components to
recreate a design space from where they all can be derived. From the example in
Fig. 4, there are various arrangements for wing and tail arrangements, engine
location, etc.

There is a tail at the end of the fuselage, or at a twin boom arrangements, there
are inverted butterfly tail and conventional tail. The engines can be mounted front
or rear. The horizontal stabilizer can be mounted aft or forward (canard configu-
ration) and

With these as example a design space can be defined some design elements can
be identified.

e The horizontal stabilization front, aft or integrated in the main wing. In the aft
configuration it can also be integrated with the vertical stabilizer in a butterfly
tail.

e Vertical stabilization can be central or at wing tip, or integrated with horizontal
configuration. It can be upwards or downwards.

e The tail arrangement can be located on a single fuselage or on twin boom
arrangements.

Fig. 4 Some UAV configurations
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Table 1 Morphological matrix for aircraft

Design elements Alternative solutions

Horizontal stabilization Front (canard) Aft Aft fin integrated Wing integrated
Vertical stabilization  Central Wing tip Integrated Upper

Tail mount Single fuselage Twin Boom

Propulsion Tractor Pusher

e Although these example all have pusher prop (in order to have a clear front view
for sensors), a prop in the front is of course also possible. The fuselage could be
a single or with a twin boom after section.

One popular tool for concept generation is the morphological matrix (or table).
It was introduced in [6]. Here a table is set up where, for each function, a list of
alternative solution elements is presented. A specific concept is obtained by
selecting one solution element for each function. The morphological matrix
represents a tool to display a design space of possibilities. Table 1 shows a
morphological matrix for aircraft configuration.

The total number of possibilities, n, is in the general case:

n i

ng = Hnm.i (20)
i=1
where n, is the number of functions. In the example this becomes functions:

ng=4x5x2x2=80 (21)

This represents information entropy of
I,=1.=—1o —SC =—1lo —1 = 6.32 bit (22)
w c . 1
[23) 23) ]0

That means that selecting one of the configurations in the design space repre-
sents 6.32 bits of information. An interesting property of the information entropy is
that it is roughly proportional to the number of design elements.

3.5 Concept Optimization and Selection

For making concept selection, it is really necessary to do an optimization of each
concept left, to investigate its properties at the optimal parameter set. The opti-
mization process then represents the contraction of the domain for each concept
down to a domain of specified tolerance ss. The increase in information for
optimizing all concepts and selecting one concept, k, is represented by:
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Fig. 5 Accumulation of information as a function of number of objective function evaluations

N
1111 = — Ingﬁ (23)
i=1°J0

An initial optimization of aircraft concept can be done using handbook formula
based on physics and statistics from existing designs as in [11], especially if the
concept is similar to an existing product.

For the aircraft example typical design parameters would be; wing span, root
cord, tapering, thickness, and sweep, structural weight, fuel weight, engine size,
wing position, span of horizontal tail, cruise speed.

Other parameters could be established using simple design rules, e.g. the
vertical fin. Here the Complex-RF method [7] is used for the optimization. It is a
method that is interesting because it is easy to estimate the information entropy as
the optimization progress as a function of the spread of parameter set, as the
optimization start with a spread the same size as the original design space (given
by the constraints of the parameters). In this example 11 parameters was used as
the accumulation of information entropy for one particular concept is shown in
Fig. 5. The information entropy is estimated as:

I, = —nlog, (max (d,,)) (24)
where J,; is the relative uncertainty in the ith parameter. It is defined as:
535‘1‘ _ Ximax — Ximin (25)
) X0,i;max — X0,i,min

Here the denominator represents the original design space for the optimization.
At about 1,200 evaluations there is a reduction in estimated entropy as the solution
moves away from a false optimum. In the end the entropy has increased about
75 bits.
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4 Discussion

The design information entropy should be seen as a measure of the design space
that has been under consideration during the design process. As such it provides
some measure of the effort that has been going into the design.

To be effective it is desirable to have a small design space, but that still contain
sufficiently good designs. A hallmark of a good design space is therefore that it is
easy to assemble viable designs from a limited set of design elements, where there
are ready to use sub systems and components that can be combined into new
products e.g. like in a Lego set, or a good product platform. It can also be applied
to parameterization of a design. In a perfect parameterization, all parameter
combinations should yield viable designs, or at least possible geometries. In fact
the fraction of viable parameter combinations can be seen as a quality of a
parameterization [9]. This means that a smaller design space needs to be searched
during design optimization.

The concept of design information entropy also provides a sound base for
defining creativity as the process of selecting areas for expanding the design space,
“to think outside the box”, it can also be the process of navigation in highly
dimensional multimodal design spaces for concept generation, which is simplified
by a limited design space, with few unviable designs.

5 Conclusions

A formal theory of design should be based on the generation and transformation of
information during the design process, and information theory provides a set of
tools that can be used in this context. In this paper it is demonstrated that intro-
ducing design information entropy as a state, can be used for quantitative
description for various aspects in the design process, both regarding structural
information regarding architecture and connectivity, as well as for parameter
values, both discrete and continuous. It is consistent with the view that the design
process is a learning process i.e. where information is gained as uncertainty is
reduced.

It is also clear that the design of the design space as such, is critical to promote
creativity by making viable design alternatives clear to the designer, not obstructed
among noise of a sea of unviable designs.
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Mitigation of Design Fixation
in Engineering Idea Generation: A Study
on the Role of Defixation Instructions

Vimal Viswanathan and Julie Linsey

Abstract Design fixation is considered to be a major factor influencing
engineering idea generation. When fixated, designers unknowingly replicate the
features from their own initial ideas or presented examples. The study reported in
this paper investigates the effects of warnings about the undesirable features on
design fixation. The authors hypothesize that if designers are given warnings about
the undesirable example features along with the reasons for those warnings, fix-
ation to those features can be mitigated. In order to investigate this hypothesis, a
controlled experiment is conducted with novice designers. The participants are
randomly assigned to one of the three experiment groups: a Control, Fixation or
Defixation. Participants in all the groups generate ideas for the same design
problem. It is observed that even when the warnings are present, designers rep-
licate the flawed features in their ideas. Further, this paper compares said result
with the findings in the existing literature.

Keywords Concept generation - Defixation instructions - Design fixation

1 Introduction

In the current competitive economy, introduction of novel products and services to
the market is necessary for any industry to exist and being profitable. Engineering
design attempts to satisfy the needs in the market through effective generation,
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development and implementation of novel and creative ideas. In this process, early
concept generation plays a very vital role. For the success of any engineering
design effort, generation of novel and creative ideas at this stage is highly crucial.

While considering creativity and innovation in early concept generation, it is
essential to consider design fixation. According to Jansson and Smith, design
fixation is the adherence of a designer to his or her initial ideas or features of
presented examples [1]. When design fixation is present, it limits the solution
space where the designers search for their ideas. This restricts the generation of
novel ideas to a great extent. In most of the cases, design fixation causes serious
threat to the early concept generation stage.

In recent times, many researchers have investigated the issue of design fixation
and potential ways of mitigating fixation [2—6]. In this paper, the authors inves-
tigate the role of defixating instructions in the forms of warnings in the mitigation
of design fixation to a flawed example. Building on the prior work [2, 5], the
authors hypothesize that with the help of proper warnings about the undesirable
features in a fixating example, design fixation can be mitigated. This paper outlines
a controlled between-subject experiment conducted to investigate this hypothesis.
The obtained results provide mixed support to the hypothesis. Further sections in
this paper summarize the relevant literature review, method followed and a dis-
cussion of the results obtained.

2 Background

The first set of experiments that revealed design fixation effects in engineering
design were performed by Jansson and Smith [1]. They found that when an
example was present, both expert and novice designers replicated the features of
that example in their solutions. After the publication of said study, many other
researchers successfully demonstrated fixation effects of pictorial examples in
concept generation. In a replication of Jansson and Smith’s study, Purcell and Gero
[7] found that design fixation effects varied across engineering disciplines. They
observed that industrial design students fixated less compared to mechanical
engineering students. More recent research showed that more realistic represen-
tations like photographs [8] and physical prototypes [9, 10] could also lead to
design fixation.

Many researchers have investigated the possible ways to mitigate design fixa-
tion. Incubation and provocative stimuli are two potential candidates for this
purpose. In incubation, fixated designers set their design problem aside tempo-
rarily. Many times, they can generate innovative ideas once they return their
attention to the problem [11-13]. In the cases of provocative stimuli, some
external stimuli provide a change of reference to the designers, in that process
breaking their fixation [14, 15]. Linsey et al. [3] demonstrate that design fixation in
faculty can be mitigated to a significant extent with the help of defixation materials
that include alternate representations of the design problem. These defixation
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materials include a list of potential analogies, some back-of-the-envelope calcu-
lations and a direct list of energy sources that the designers can use. However, a
more recent study shows that the defixating effect of these materials depends on
the level of expertise of the designers [6].

In a very recent study, Youmans shows that when the example is presented in
the form of a physical model and when the designers are allowed to test that
model, they do not copy the example features in their designs [4]. In a very similar
study, Viswanathan et al. [5] show that novice designers building and testing the
physical models of their ideas, identify the problems with fixation and mitigate
those gradually. Providing a physical example instead of a pictorial one also
causes an improvement in the quantity of non-redundant ideas generated [10].

A very interesting study on mitigation of design fixation is conducted by
Chrysikou and Weisberg [2]. They replicate Jansson and Smith’s experiments [1]
in extremely similar conditions. They observe that when the designers are warned
about the flaws in an example, they tend to fixate less to the features of the same.
These warnings also include explanations about why the features are flawed. Based
on this result, Viswanathan et al. [5] provide warnings to novice designers about
the flaws in a poor example, without specifying why those features are flawed.
Interestingly, it is observed that the designers fixate more when they are given such
warnings. One potential explanation is the curiosity of designers about the flawed
features, due to lack of explanation about the flaws. Building upon said studies,
this paper extends the investigations on the potential of proper warnings in miti-
gating design fixation to a more complicated design task. The hypotheses inves-
tigated further in this paper are the following:

Fixation Hypothesis: Designers fixate to the features of the flawed example
presented to them.

Defixation Hypothesis: The fixation of designers to a flawed example can be
mitigated with the help of warnings about the undesirable example features along
with the reasons for those warnings.

3 Method

In order to evaluate the hypotheses presented above, a between-subject controlled
experiment was conducted. This experiment was designed based on the some prior
studies on design fixation [3, 6]. In the experiment, the participants were randomly
assigned to one of the three experiment groups: Control, Fixation or Defixation.
All the participants generated ideas to solve a design problem. The materials
provided to the participants varied across the conditions. The occurrence of fix-
ating features across the conditions was analyzed to infer the effects of fixating and
defixating materials provided. The following subsections detail of the design
problem, experiment conditions, procedure followed and the metrics used for
evaluation of the data.
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3.1 Design Problem

All participants in the experiment solved a “peanut sheller” design problem. This
problem was successfully used in many prior studies dealing with various aspects
of design cognition [3, 6, 16, 17]. This design problem instructed participants to
generate ideas for a device that can quickly and efficiently shell a large quantity of
peanuts without using electricity. The device was expected to be used by the
farmers in West African countries. The device was expected to control the extent
of damage to the peanuts while shelling them. This problem presented the chal-
lenges of a real-life design to the participants. None of the participants were
familiar with this design problem before the experiment, but they all had expe-
rienced the routine task of shelling peanuts.

3.2 Experiment Groups

The participants were randomly assigned to one of the three experiment groups:
Control, Fixation or Defixation. The details of each group are described below:

3.2.1 Control Group

The Control Group generated ideas to the above mentioned design problem
without the help of any additional materials. They received a design problem
statement along with the instructions to record their ideas. They were instructed to
sketch and label their concepts along with one or two sentences describing the
working of the concept on plain sheets of paper.

3.2.2 Fixation Group

This group received the same design problem and instructions as the Control
Group along with the sketch of an example solution to the design problem. The
sketch of the example provided to the participants is shown in Fig. 1. This example
was developed originally by Linsey et al. [3, 16] and consisted of features that
commonly appeared in participant solutions. These common solution features had
higher potential to fixate designers [18, 19]. This example featured a gasoline
(gas)-powered press that crushed the raw peanuts to shell them. The raw peanuts
were imported to the system by a hopper and guided to the press by a conveyor-
inclined surface combination. After shelling, the shells and peanuts fell into a
collection bin at the bottom of the press. This system possessed certain short-
comings. A gas-powered system was too complicated and un-economical for
manufacture and use in a less industrialized economy. With a gas-powered press,
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it was very difficult to control the damage to peanuts. Also, after shelling, this
system did not necessarily separate the shells from the peanuts. Though these
shortcomings were not stated explicitly, all the participants had sufficient
mechanical engineering background to infer these.

3.2.3 Defixation Group

The defixation group received the same design problem and instructions along
with the sketch of example solution shown in Fig. 1. In addition to those, the
participants also received warnings about the flawed features of the example.
Specifically, the following sentences were provided to the participants along with
the example sketch: “Note that this system is NOT a good solution for peanut
shelling. The gas press is costly and complex for usage in rural parts of African
countries. This system does not have any control on the damage to peanuts from
the pressure applied. Also, the system cracks the shell, but does NOT necessarily
remove the shell from the nut.” These warnings specifically warned the partici-
pants about the flawed features in the example along with the reasoning for those
features to be flawed. According to the Defixation Hypothesis, these warnings
were expected to help the participants in the mitigation of their fixation to the
example.

3.3 Participants

All the participants in this study were senior undergraduate students attending a
capstone design course at Mechanical Engineering Department of Texas A&M
University. A total of 33 students (9 female) volunteered for this experiment and
they were equally distributed across the three groups. One to four students par-

Fig. 1 Sketch of the
example solution provided to
the participants
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ticipated in the experiment at a time, with their work spaces separated with dividers.
The participants received extra credit in their design class or monetary compen-
sation for their participation. In order to encourage generation of many ideas, a
prize was announced for the person with greatest number of concepts. However, in
order to ease the logistics, this prize was given to all the participants at the end of
their experiment. None of the participants possessed significant design experiences.

3.4 Procedure

As the participants entered the experiment room, they were guided to randomly
assigned work spaces. When the experiment began, they received the design
problem statement and instructions along with the additional materials (example
sketch or example with warnings about the flawed features), depending on their
experiment group. They were given 5 min to read and understand the problem and
instructions. Then they were instructed to generate as many concepts as possible
within the available time (45 min) for idea generation. Multiple colors of pens
were used to track the time interval in which a concept was generated. The pens of
the participants were exchanged at 5, 10 and then every 10 min. At the end of idea
generation, the participants were asked to mark any analogies they used to come
up with their concepts. Finally, the participants were asked about their prior
exposure to the peanut sheller design problem or its solutions.

3.5 Metrics for Evaluation

According to the hypotheses presented, the example sketch was supposed to fixate
designers to its own features and the warnings about the flawed features in the
example were expected to mitigate this fixation to some extent. For evaluating
these arguments, design fixation at two different levels were measured: fixation to
the example as a whole and fixation to the specific flawed features that the par-
ticipants were warned about. The fixation to the whole example was measured
using two different metrics: Quantity of non-redundant ideas and the percentage of
example ideas used. The fixation to said flawed features was measured using the
percentage of concepts with each flawed feature.

Quantity of non-redundant ideas was based on the metric originally proposed by
Shah et al. [20] and further developed by Linsey et al. [16]. For the purpose of this
study, an idea was defined as the one that solved one or more functions in the
functional basis [21]. A number of ideas constituted a concept, which was defined
as a solution to the problem in hand. Each concept generated by the participants
was broken down to a number of ideas with the help of the functional basis. For
calculating the quantity, repeated ideas were counted only once. For the Fixation
and Defixation groups, the ideas presented by the example were counted as
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redundant and hence were not included in the calculation of the quantity.
The number of example features used by a participant was normalized by the total
number of ideas in the example to obtain percentage of example ideas. This metric
provided a measure of the extent of fixation to example concept. These two metrics
were found to be reliable with high inter-rater agreements in the prior studies by
the authors [6, 10].

As specified by the warnings provided to the Defixation Group, the example
concept contained three flaws: the use of gas as power source, lack of control to the
damage of peanuts and the failure to separate the shelled peanuts from the shells.
In order to measure the fixation to these flaws, the occurrences of these flaws in
participants’ concepts were identified. The number of occurrences of these flaws in
a participant’s concepts was normalized by the total number of concepts generated
by that participant to obtain the percentage of concepts with flawed features.

4 Results and Discussion

This study aims to understand the usefulness of warnings about flawed features in
mitigation of design fixation to a flawed example. As stated in the previous section,
the fixation is studied in two different levels: fixation to the example as a whole
and fixation to the flawed ideas that the participants are warned about. The fol-
lowing subsections provide the details of the results obtained for each of these
categories.

4.1 Fixation to the Whole Example

4.1.1 Quantity of Non-Redundant Ideas

Variation of quantity across the experiment groups reveals interesting trends.
Figure 2 shows the variation of mean quantity across the experiment groups.
As evident from the figure, the Fixation Group produced a lower quantity of
non-redundant ideas, demonstrating that the participants in that group are fixated
to the presented example. At the same time, the Defixation Group produce a higher
quantity compared to the Fixation Group, showing evidence of defixation. Overall,
this metric provides support to the argument that designers can be defixated with
the help of suitable warnings about the fixating features.

A one-way ANOVA with a priori contrasts [22] is performed to analyze the
data statistically. The quantity of non-redundant ideas is not normally distributed,
but it is homogeneous in variance. As the sample size is large, ANOVA is robust to
the violation of normality. The results show that the quantity varies significantly
across the experiment groups (F = 5.13, p < 0.01). Further, the results from a
priori comparisons show that the Fixation Group varies significantly in quantity
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from the Control (F = 8.56, p < 0.01) and Defixation (F = 6.72, p < 0.02)
groups. At the same time, there is no significant difference between the Control
and Defixation groups.

These results provide support to both Fixation and Defixation Hypothesis. The
significantly lower quantity in the Fixation Group compared to the Control Group
provides evidence of design fixation. This indicates that the participants in the
Fixation Group are replicating more example ideas in their concepts thereby
reducing their overall quantity of non-redundant ideas. At the same time, providing
warnings about fixating features does help them in improving their quantity in the
Defixation Group, showing evidence for mitigation of design fixation.

4.1.2 Percentage of Example Ideas Used
This metric measures the extent of participants’ fixation to the example provided.

The results demonstrate interesting trends in the data. Figure 3 shows the variation
of mean percentage of example ideas used by the participants in their concepts.
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As evident from Fig. 3, both the Fixation and Defixation groups copied the
example ideas to the same extent in their concepts.

A one-way ANOVA with a priori contrasts shows evidence of significant dif-
ference of this metric across the experiment groups (F = 6.29, p < 0.01). These
data also violates normality of distribution, but are homogeneous in variance,
making ANOVA robust to the violation of normality. The a priori contrasts show
that both the Fixation and Defixation groups differ significantly from the Control
Group in percentage of example ideas used (Fixation: F = 10.69, p < 0.01;
Defixation: F = 8.00, p < 0.01). Meanwhile, the Fixation and Defixation groups
do not differ significantly from each other, statistically.

These results support the Fixation Hypothesis, but do not provide evidence
supporting the Defixation Hypothesis. Evidently, when participants are exposed to
the example solution, they replicate a higher percentage of ideas from the example
in their concepts. As observed from Fig. 3, the Control Group also generates some
ideas from the example. This is expected, as the example concept consists of most
common ideas generated by participants in the previous experiments. At the same
time, the Fixation and Defixation groups use the example ideas in significantly
more times compared to the Control Group, showing design fixation. According to
this metric, providing warnings about the flaws in the example concept does not
help participants in reducing their fixation to that overall example.

4.1.3 Discussion: Fixation to the Whole Example

Both quantity and percentage of example ideas metrics provide strong support to
the Fixation Hypothesis. They show that in the presence of an example, designers
fixate to the features of that example. This result is consistent with many prior
studies on design fixation [1, 3, 6-8, 10]. At the same time, these two metrics
provide conflicting recommendations about the influence of warnings about flawed
features on design fixation. The presence of warnings about the flawed features
does cause an increase in the quantity of non-redundant ideas, but the participants
still fixate to the same percentage of example ideas as the Fixation Group. It may
be possible that the warnings lead participants deliberately generate non-redundant
ideas for the flawed features leading them to higher quantity. At the same time,
they may be still fixating to the example features that they are not warned about. In
order to get a more complete picture, it is necessary to separately study the fixation
to the individual flawed features. The following subsection deals with this issue.

4.2 Fixation to the Flawed Features of the Example

As described in the previous section, it is interesting to see if the warnings have
any effect on the fixation to the flawed example features. Figure 4 shows the
variation of the mean percentage of concepts that use the flawed example features
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in them. It is observed that in two cases (usage of gas as power source and
separation of shells from the shelled peanuts), the warnings have some influence
the extent of design fixation. At the same time, in the case of controlling the
damage to the peanuts, there is no difference across the three experiment groups.

One-way ANOVA with a priori contrasts is performed on all these three metrics
for the statistical analysis. The results show that for none of the metrics, the
variation across the experiment groups is significant. Similarly, none of the a priori
pair-wise comparisons provide significant differences across the pairs of groups.

Though these data do not provide any statistically significant comparisons,
these do reveal interesting trends in the data. The Fixation Group generated more
percentage of concepts with gas as power source, showing evidence of design
fixation. At the same time, the Defixation Group generated lower mean percentage
of concepts using gas as power source, showing evidence of mitigation of this
fixation. At the same time, neither the presence of the example, nor the warnings
influence the percentage of concepts that do not control damage to the peanuts. In
all the three groups, only less than 30 % of concepts (approximately) provide
explicit means to control the damage to the peanuts. One possibility is that during
idea generation, the participants focus more on the novel ideas to shell the peanuts,
ignoring the constraint about the extent of damage to peanuts, as that constraint
limits their ideas. In the Defixation Group, the lack of control to the damage to the
peanuts is presented as a design flaw. Even the knowledge about that design flaw
does not help participants in eliminating that flaw from their designs.

The variation of percentage of concepts that separate shells from peanuts shows
another interesting trend. As evident from Fig. 4, when the participants are pre-
sented with the warning that a concept that does not separate shells from peanuts is
a flawed one, they generate more concepts that complete the said function. The
lack of variation of this metric across the Control and Fixation groups suggests that
the participants do not focus on this function, when they are not told explicitly
about it. In other words, the participants do not perceive the need of separating the
shells from the peanuts when they are not told that it is an important part of the
design.
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Overall, the results provide mixed support to the defixation effects of warnings
about flawed features. Similar to the study by Chrysikou and Weisberg [2], the
participants in the current study are provided with the warnings about the flawed
features of the example and the reason for considering those as flaws. However,
unlike [2], the warnings do not show any significant mitigation effect. The com-
plexity of the design problem can be a potential factor affecting the usefulness of
such defixation instructions. The design problem in the current study is signifi-
cantly complex compared to that from [2] and consists of more functions to be
solved by the designers’ concepts. Psychological inertia [23] may be another
contributing factor, because of which the designers are reluctant to change their
way of solving complex problems, even in the presence of warnings. In summary,
the effectiveness of such defixation tactics may vary across the levels of design
problem complexity.

5 Conclusions

Design fixation is considered to be a major challenge in engineering idea gener-
ation. Building upon prior studies on mitigation of design fixation, this paper
hypothesizes that the fixation to a flawed example can be mitigated with a help of a
set of defixating instructions in the form of warnings about the flawed features of
the example along with the reasons for those warnings. The results provide mixed
support to the hypothesis. The warnings cause an increase in the quantity of non-
redundant ideas; however, do not cause any reduction in the fixation to the
example features. An investigation of the appearance of flawed features in the
concepts generated by the participants further shows that the effect of warnings is
very limited on the fixation to those specific features. These results contradict the
prior findings in the literature. At the same time, this study uses a significantly
more complex design problem compared to the prior studies. Overall, it can be
argued that the defixation effects of warnings about flawed features in an example
depend on the level of complexity of the design problem.
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Multidisciplinary Design Optimization
of Transport Class Aircraft

Rahul Ramanna, Manoj Kumar, K. Sudhakar
and Kota Harinarayana

Abstract A 70-80 passenger transport aircraft has been designed using third
generation MDO technique. The MDO framework is used to parametrically explore
the design space consisting of variables from aerodynamics, structure and control
disciplines thereby studying the effects of alternative aerodynamics, structural and
material concepts. It employs a panel code for aerodynamic analysis of aircraft and
a finite element method for wing level structural optimization and weight estima-
tion. The outputs from these codes are used to perform mission analysis and per-
formance estimation. Stability constraints are implemented by calculating the
amount of control power required for static stability and design concepts that do not
fulfill the constraints are rejected. This integrated design environment is completely
automated. The aircraft is optimized for maximum range using genetic algorithm.

Keywords MDO - Optimization - Aircraft - Preliminary design
1 Introduction

1.1 Aircraft Design

Aircraft Design is an iterative process of amalgamating various disciplinary
knowledge to develop and analyze an affordable concept that can adequately
satisfy customer requirements. Aircraft design can be divided into three phases [1]:
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conceptual where a design configuration is generated and analyzed to meet given
top level performance requirements; preliminary where specialists from each
discipline analyze and optimize the configuration and detailed design where all
components are extensively analyzed and verified to meet required criteria,
redundancies are established to meet reliability levels for certification and pro-
duction plans are developed.

Aircraft design apart from being an iterative effort requires extensive knowl-
edge from disciplines such as aerodynamics, stability, controls, structures, pro-
pulsion, system layout, cabin interior planning etc. These disciplines are complex,
interdependent and require a large pool of skilled engineers and scientists which
makes aircraft design a highly complex task.

1.2 Multidisciplinary Design Optimization

Multidisciplinary Design Optimization (MDO) empowers a designer to simulta-
neously consider multiple disciplines and optimize the system as a whole. It has
the potential of producing designs that are superior to those obtained by discon-
nected sequential optimization because it addresses and exploits the interactions
between the disciplines. MDO performed at the conceptual to early preliminary
stages using sufficient fidelity, can also avoid costly design changes that invariably
occur at later stages. It also provides the decision makers more knowledge about
the problem early in the game so that the risks and uncertainty about the program
can be minimized. (refer to [2] for more information on MDO applications in
preliminary design).

There are three generations of MDO technology that can be found in literature
[3]. In the first generation all the disciplinary streams are integrated and analyzed.
This is acceptable for simple designs but for complex designs with large number of
interactions it becomes unmanageable and not viable. In the second generation
medium fidelity tools with more focus on distributed analysis and analysis man-
agement was used. In the third generation MDO, higher fidelity disciplinary codes
are used and more emphasis is provided to manage complexity and improving
efficiency. The current paper falls under third generation MDO.

The art of designing an aircraft involves finding the best compromise between
conflicting system level goals. In traditional sense, design is performed sequen-
tially with each discipline optimizing for their disciplinary goals without consid-
ering the impact their decisions have on the overall aircraft. For example, consider
a design interaction between aerodynamics and structures team. Aerodynamics
team optimizes Lift to drag ratio (L/D) which has a huge influence on fuel burn
and hence range and emissions of the aircraft. This is frequently accomplished by
increasing AR, but there are disadvantages. Increase in AR implies an increase in
the length of the wing resulting in increased bending loads. This means that the
wing has to be reinforced to absorb these extra loads. Thus more fuel has to be
burned to fly this extra weight along. Initially, with moderate increase in AR, the
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fuel burn is reduced because the weight increase is not that severe, but at some
limit, the opposite occurs. The increase in AR results in such a severe weight
increase that it actually increases fuel burn. This limit is difficult to establish
because the increase in weight due to increased bending load is not tangible until
the wing is analyzed by the structures team. An iteration loop thus ensues between
aerodynamics and structures. If L/D and weight that influence system level per-
formance metrics are not modeled with their strongly coupled nature, the resulting
design will not be the optimum.

There are several other design parameters like wing area, taper ratio (TR),
thickness to chord ratio (t/c) of airfoil, sweep angle, dihedral angle, tail area, tail
aspect ratio, tail taper ratio, fuselage diameter, seat pitch/arrangement, placement
of landing gear, fuel tank locations, placement of engines, location of wing on the
fuselage which affect final system level (aircraft) objectives.

2 Design

Air traffic is increasing globally and it is estimated that India needs about 400 medium
range aircraft in the next 20 years that can carry 70—-100 passengers. This will increase
the connectivity between tier-2 and tier-3 cities leading to all round economic growth.
In the current paper, a transport aircraft that can carry 70-80 passengers is designed
for maximum range. Three major disciplines: aerodynamics, structures and controls
are considered and the aircraft is designed with a known propulsion system. An MDO
framework is established where data flows freely between the three disciplines. More
information on MDO frameworks is available in Ref. [2]. In the current paper, a two
step optimization framework is used as shown in Fig. 1.

2.1 Integration Framework

An integrated environment is best suited for conceptual and early preliminary
studies as the design freedom available during these stages is better exploited to
obtain good designs early on in the design cycle. The tools used in this environ-
ment must have adequate fidelity to address design trades and automated to obtain
results within reasonable time limits. Further, the tools adopted have to be com-
monly used in the organization and be endorsed by disciplinary experts to promote
confidence among the engineers in the results obtained from the environment.

Commercially available integration frameworks ease the automation process by
supporting an extensive list of pre-built software interfaces and scripting languages.
They also provide frequently updated packages for design of experiments, opti-
mization algorithms, surrogate modeling algorithms and post processing options
which substantially reduce the time required to integrate disparate disciplinary tools
and automate the environment. In the current paper ESTECO modeFrontier is used
as an integration framework.
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2.2 Disciplines

2.2.1 Aerodynamics

Aerodynamics drives the shape of the aircraft. The main goal of aerodynamics is to
increase lift to drag ratio. Lift, mainly generated by wings, counters the weight of
the aircraft while drag acts opposite to thrust reducing the effectiveness of the
engines. Higher drag requires more energy to move the aircraft from point A to
point B.

In conceptual design, aerodynamic data for a given configuration is traditionally
estimated using empirical/semi-empirical relations or historical data. In current
paper, higher fidelity panel method [4] is used to estimate the aerodynamics of the
configuration. This methodology enables the designer to evaluate newer configu-
rations that do not have any empirical relations or historical data. The first step in
this approach is to discretise the geometry into panels (collection of surface
quadrilateral patches), which, in the current paper is accomplished by the pre-
processing software called Point wise [5]. The discretised geometry then forms the
input to Vsaero (the panel code). The lift and drag of the aircraft are thus estimated
at different angles of attack to arrive at the drag polar. The drag polar then forms
one of the inputs for the performance of the aircraft. The lift is also projected onto
the structural grid as loads for structural analysis.

2.2.2 Structures

The main goal of the structures discipline is to estimate the weight of the aircraft
while ensuring that the airframe is designed to meet the safety and airworthiness
requirements.

In the current paper, finite element methodology (FEM) [6] is used to analyze
the aircraft wing structure. This involves discretising the geometry into finite
elements (quadrilaterals and triangles) using Hypermesh software [7] and ana-
lyzing the structure for the aerodynamics loads projected onto it. The wing is then
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optimized using the software called Optistruct [8]. Advanced composite materials
are used to reduce weight of the wing and the whole process is automated. The
final weight, C. G and inertia information are the outputs from this module.

2.2.3 Controls

Controls ensure that the aircraft is capable of performing required maneuvers
within the flight envelope. There are three main surfaces to control the aircraft
along the three axes. Elevators (horizontal tail) control nose up and nose down
moments, rudders control nose left and nose right moments and ailerons control
rolling of the aircraft.

Trim drag is the incremental drag experienced in setting all the moments to zero
by application of controls. Reducing trim drag while providing adequate con-
trollability is one of the main goals of the stability and control discipline.

In the current design module control power required to perform 1 g Trim, basic
maneuverability, steady sideslip and single engine trim are considered. This is
compared to the control power available from the control surfaces of the current
configuration. Only those designs that have enough control power to perform the
maneuvers are considered for further stages [9].

2.3 Process

Figure 2 shows the design process. The arrows and boxes drawn using dashes
represent outputs and light shaded blocks with dotted outline represent constraints.

The design process is initiated with a user chosen design of experiments (DOE)
(full factorial, reduced factorial, Latin hypercube etc.). The number of cases in the
DOE represents the population in the first generation of the genetic algorithm.
Each case in DOE starts by invoking CATIA software to generate aero and
structural geometries reflecting the current design variables. Aero geometry is
processed through gridgen software and is analyzed by Vsaero. Structural geom-
etry is processed through hypermesh and the mesh is sent to Vsaero for load
mapping. The updated FEM model is analyzed in Optistruct and the thicknesses
are subsequently optimized. The controls module calculates the control power
required for the current DOE case using aerodynamic derivatives from aero
module and weights, inertia and C. G data from structures module. There are 4
constraints in the design process. CL(struct) < CLmax and CD > 0 are both sanity
checks to ensure physics of the problem is not violated. 1 < Pct/P < 1.01 repre-
sents that the critical buckling load should be higher than the current load.
Cpreqd < Cpmax implies that the control power required must be less than the
maximum control power available from this configuration.
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Fig. 2 Process flow diagram
2.3.1 Aerodynamic Analysis

In the current paper, aerodynamic analysis is performed on the full aircraft without
landing gear and propeller (Fig. 5, note: propellers are for illustration only and not
used in analysis).

Point wise software is used to mesh the geometry and the actions are recorded
using the journal option. The script file can then be executed for different cases in
DOE; provided the points, lines and surface numbers remain the same. This con-
dition is satisfied by drawing a parametric geometry in CATIA. The meshed
geometry is exported into Vsaero readable format and analyzed for a given flight
condition. The analysis is repeated for different angles of attack to obtain the drag
polar. Matlab scripts are used to extract the required values from Vsaero output file.

The structural mesh data obtained from the structures module is used to define
interpolation points in Vsaero where the pressure has to be quantified. This
pressure data is later applied on the mesh by the structures module for analysis and
optimization.

Aerodynamic derivatives are found by unit deflection of control surfaces. These
derivatives are fed into the controls module to calculate control power.

2.3.2 Structural Analysis
Structural analysis is performed on the aircraft wing. A sandwiched composite wing

structure is analyzed and optimized using the design framework for a single design
load case. The methodology is however amenable to be expanded to more load cases.
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The quality of mesh generated using any pre-processing software is dependent
on the quality of the CAD model. In the present paper, a parametric wing structural
model was created using CATIA. It was ensured that all the rib-spar, spar-skin and
rib-skin intersections were modeled correctly. Unnecessary fixed points were
removed and a clean geometry was exported into ‘.igs’ format. This geometry was
imported into Hypermesh and the surfaces were further cleaned. The wing
geometry was then meshed in hypermesh. The centroids of all elements in the FEA
mesh were exported for generating pressure distribution using VSAERO.

The FEA mesh is completed by adding thickness and material data and is
exported to Optistruct readable format. The aerodynamic loads are used to create a
load file that is read by Optistruct using the “INCLUDE” feature. This procedure
is integrated by ModeFrontier and is completely automated requiring no user
intervention.

Optistruct is used for performing linear static analysis, linear buckling analysis,
normal modes analysis and thickness optimization.

The composite structure was assumed to be composed of 4 types of plies (45, 0,
90 and —45 deg). The total thickness is a design variable and decides the number
of plies. This approach is viable in this case because the wing configurations are
compared with one another. The methodology is quite general and not dependent
on the above assumption. This assumption greatly simplifies the complexity and
reduces computational time. It is recommended that stacking sequence optimiza-
tion be performed later in the design stage.

Another assumption made to reduce computational time without affecting the
quality of results is to use parabolic thickness variation function. This reduces the
number of thickness design variables in optimization.

The optimizer controls the parabola parameters which are used to create
thickness zones on the wing and is analyzed by Optistruct.

2.3.3 Control Analysis

The control analysis was performed for 4 cases. 1 g trim, maneuverability, steady
sideslip, and one engine out trim (as per FAR-25 [10]). The Ref. [9] gives a
detailed description on the process.

The aerodynamic derivatives required to find the control power were found
using a panel CFD code rather than empirical relations. This provides the envi-
ronment to analyze novel and unconventional configurations while also providing
required fidelity.

2.3.4 Mission Analysis

The goal of mission analysis module is to estimate the range of the aircraft as per a
given flight profile and check whether the particular design meets all the con-
straints [1]. This was performed using an in-house code developed at ADA.
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2.4 Input and Output Variables

2.4.1 Design Variables

Global: Aspect Ratio, Wing Area, Taper Ratio
Local (structural): Parabola parameters (k and c) for spars (front spar and rear
spar) and wing skin, thickness of ribs, width and thickness of spar and rib caps.

2.4.2 Other Parameters

Number of thickness zones, number of ribs, sweep angle, dihedral angle, load
factor for maneuver, sideslip angle

2.4.3 Output Variables

L/D, wing weight, overall weight and range of aircraft.

2.5 Optimization Algorithm

A general description on different optimization algorithms and their applications
can be found in [11].

2.5.1 Non-Dominated Sorting Genetic Algorithm (NSGA-II)

The NSGA algorithm was developed by Deb et al [12] from Kanpur Genetic
Algorithm Laboratory (KanGAL) at IIT Kanpur and is available in public domain.
It is one of the algorithms included in modeFrontier and is widely used for
complex multi-objective problems.

2.5.2 Structural Optimization

Gradient based algorithms are generally employed in structural optimization since
they are quicker and provide satisfactory results for size optimization problems.
Optistruct automatically chooses the best algorithm for a given problem from the
following [8]:

Optimality criteria method
Convex approximation method
Method of feasible directions
Sequential quadratic programming
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3 Results and Discussions

A notional transport aircraft was designed for maximum range using the MDO
environment.

A family of designs is generated by varying AR, S and TR using a reduced
factorial DOE. This is used as the initial population for the genetic algorithm. The
objective function for optimization is to maximize the range of the aircraft. The
genetic algorithm chooses the fittest individual (maximum range) among the initial
population and propagates them to the next generation. Crossover and mutation
operations are performed to provide a variety of designs for the next generation.
As the optimization progresses, only those designs that give higher range are
retained. The optimization is stopped when the populations of successive gener-
ations remain same or the maximum number of generations is reached.

Figure 3 shows a plot of wing weight, Range, L/D v/s AR of the aircraft. The
wing weight and L/D increases with increase in AR. However Range depends on
both Weight and L/D. Range is higher for lower weight and high L/D. Therefore
Range first increases and then reduces with AR.

All of the designs considered in the MDO environment were of composite wing
structure. This reduces the weight of the aircraft. A plot of wing weight for both
composite and an Aluminum wing is shown in Fig. 4 for comparison. The alu-
minum wing has more weight and hence lower range.

The final aircraft configuration is shown in Fig. 5.

In the current paper a single objective function is chosen to provide more
emphasis on the design process rather than on the results. However in reality there
are a multitude of design objectives which are conflicting in nature. The best
compromised design in such cases can be chosen using multi attribute decision
making tools such as TOPSIS and AHP. The reader is referred to [13] for a good
discussion on TOPSIS, AHP and other decision making tools.
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Fig. 4 Weight of wing made of aluminum and composite

Fig. 5 Final optimized aircraft (Propellers: not used in optimization; for illustration only)
4 Summary and Future Work

A 70-80 passenger transport aircraft was designed using multidisciplinary opti-
mization technique using a two step optimization process. Three disciplines were
considered, of which, aerodynamics and structures were included into the opti-
mization while controls was used only as a constraint. It was found that to max-
imize range of the aircraft, a wing with medium aspect ratio, lower area and higher
taper ratio is preferred.

Our next goal would be to use multiple objectives, include controls and fuselage
into the optimization loop and to prove the current design methodology for an
unconventional configuration such as flying wing.
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Using Design-Relevant Effects
and Principles to Enhance Information
Scope in Idea Generation

Zhihua Wang and Peter R. N. Childs

Abstract This paper explores the use of a database of effects to facilitate generative
activity and access to information. Some design challenges involve applications
with which designers or design teams may not be familiar. This can readily be
addressed by consultations with subject experts. A challenge associated with this,
however, is access to expert and effective dialogue and information. Key to dialogue
between a specialist expert and designer is framing of questions and understanding
context. In order to improve access to expert information, a database of effects, call
the Effects Database, arising from TRIZ, has been extended to enhance use across a
wide range of domains by including psychological and design principles. It includes
over 300 design-relevant technical effects and principles from physics, chemistry,
geometry, design, and psychology. The aim of the database and associated proce-
dures is to provide ready access to expertise at any stage within the design process.

Keywords Design - Idea generation - Knowledge accumulation - Effects

1 Introduction

Itis a common view that innovation is essential in both updating original products and
designing new products [1]. Based on empirical studies, innovation tends to begin with
the generation of creative ideas [2, 3]. Thus, creative idea generation plays a key role in
fundamentally determining the type of products which prosper modern business [4—6].
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The ability of designers in generating creative ideas is determined by many
factors. Knowledge accumulation, also known as expertise, is one of the main
factors [7]. Accumulation of fundamental knowledge in a field is important for the
promotion of new insights in that field. This is implicit in the systems model of
creativity where expertise as well as resources, motivation and communication are
all essential components for creativity [2, 8]. Therefore, if a designer wants to
generate creative ideas that have originality and appropriateness to a design
problem, it is important for the designer to have a certain level of knowledge
accumulation in the related fields.

In real design processes and opportunities, designers often face a design task
that relates to fields they are relatively unfamiliar with and the knowledge accu-
mulation they have is not specific to the design task [9]. In this situation, in order
to compensate for shortages of knowledge accumulation in problem related fields,
designers may learn the related knowledge by themselves or consult experts for
guidance. However, with the development of science, the quantity and complexity
of knowledge has led to increased diversity in the category of fields [9]. Moreover,
the amount of attention in everyday life is limited [8]. Therefore, once designers
face a problem that lies in unfamiliar fields, they may spend a long time on
obtaining a basic accumulation of knowledge. Meanwhile, experts may be stymied
by ineffective dialogue with limited understanding of subject subtleties or design
context. In modern business, because time pressures for product design progress
often dominate, both of these approaches are challenging and can be ineffective.

In this paper a creativity assistance tool called the Effects Database is proposed to
help designers cope with the situation, and its performance is partially evaluated.
A survey to investigate the reasons for time pressures in the design processes is
reported in Sect. 2, along with the principle for the establishment of the database. In
Sect. 3, the proposed Effects Database is illustrated. Based on a case study in Sect. 4,
the effectiveness and efficiency of the Effect Database is explored in Sect. 5.

2 Theory
2.1 Survey

In order to explore approaches to design amongst novice designers, a survey was
undertaken with the Innovation Design Engineering double masters students. This
is a joint programme run by the Royal College of Art and Imperial College
London. In this survey, there were 21 male and 10 female participants. The intake
of participants is diverse with approximately one-third of the students coming from
product, industrial and graphics design backgrounds, one-third coming from
engineering backgrounds and the rest from diverse backgrounds. The average age
on the programme is between approximately 27 and 29 years, depending on the
cohort, and all of them have over 3 years design experience.
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The survey results are listed in Table 1. For a 6 month project in an unfamiliar
field, over 60 % of participants used over 1 month on information gathering. A
significant proportion of time budget was used on problem related information
gathering. The designers acquired knowledge by self-study with over 90 % of
participants reporting that the time available for knowledge gathering was not
enough, and over 70 % of them believed that if they had more time for knowledge
gathering, their design outputs will be more creative. For situations where
designers consulted experts for knowledge guidance, around 80 % of participants
agreed that the consultant experts improved their work performance. Nearly 30 %
of participants, however, were sometimes unsure which kind of experts they
should approach when their design problems were related to unfamiliar fields.
Around 88 % of participants admitted that there were communication problems
between them and the experts who they consulted. According to the survey results,
two principal indications are concluded as follows:

Indication 1: When designers face a design problem related to unfamiliar
knowledge fields, they have to spend a significant proportion of time budget to
define the correct knowledge scope for the problem, which causes time pressure
for knowledge gathering.

Indication 2: When designers consult experts for help in knowledge gathering,
experts may provide ineffective guidance because of limited understanding of
subject subtleties or design context.

2.2 Basic Theories

One of the purposes of knowledge accumulation is for the generation of creative
ideas. Creativity can be described as “the ability to invent or develop something
new of value” [10]. For a design problem, a creative idea can be regarded as an idea
that brings “new value” which can be of societal or financial benefit or indeed both
of these. There are usually two approaches to add “new value” for design products:

Approach 1: A new design that has never appeared before is proposed.

Approach 2: Improvement updates have been undertaken on an existing design,
such as integrating new functions, or improving the performance of some
components.

As the majority of designs stem from new incorporations of earlier inventions [11],
Approach 2 is more widely used than 1 as the main route to achieve “new value” in
products and systems. The description of Approach 2 suggests the requirement that
designers have to understand and be able to explore earlier inventions before making
improvement updates on existing designs. Therefore, it seems valuable to have, or to
build, a database that includes all earlier inventions in a field. Once designers face a task
that relates to this field, they can directly receive task related knowledge assistance
from the database. Thus, the first hypothesis principle for the establishment of the
database could be as follows:
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Table 1 Selected survey results from the IDE1 cohort

Survey question Results (31 participants in total)
For a 6 month project in a domain which ~ Within ~ 1-3 weeks  1-3 months Over
you are NOT familiar with—normally how 1 week 3 months
much time do you allow for information 1 T 18 1
gathering?
Strongly Agree Undecided Disagree Strongly
agree disagree
The time for information gathering is 4 16 8 3 0
normally NOT enough
If you had more time for information 4 20 2 5 0
gathering, would your output be better
Do you know which kind of expert you 5 17 6 3 0
should approach for knowledge
guidance?
If you go to an expert for knowledge 5 12 7 6 1
guidance on information gathering, the
work will be MORE efficient than if you
work alone
If you go to an expert in a domain that you 1 18 8 4 0

are unfamiliar with and the expert is
unfamiliar with your design question,
there are communication problems
between you

Principle 1: The database includes all earlier inventions in a field.

However, there are many reasons to doubt the feasibility of this principle.
Because the categories of fields are extremely diverse [9], it is hard to cover all
earlier inventions in all fields. Moreover, because of the specification of each
database, the more fields the design task is related with, the more inventions
designers have to analyse, and the more time the analysis process would cost.
Therefore, the principle of the database should consider the complexity of the
fields and the time cost for information analysis.

It was indicated that an invention in one field can be transformed as the inte-
gration of coordinated fundamental technical effects in that field and other asso-
ciated fields [12]. A technical effect is defined as any influence, transformation,
phenomenon, or function that is used as a principle of a technical system for the
development of the system itself. Based on this theory, Principle 1 could be
upgraded into Principle 2 as follows:

Principle 2: The database includes all known effects in all fields.

Since the majority of designs are new incorporations of earlier inventions, the
effects used in a new design may inherit from effects used in earlier inventions.
Therefore, the total number of basic effects in a field is limited and it is possible to
build such a database to include all known effects in all fields.



Using Design-Relevant Effects 141

3 Effects Database
3.1 Effects Conclusion

Based on the investigation from [11], effects should be collected from the con-
clusions from existing domains or from design knowledge from existing designs.
A successful design demonstrates the conclusion of design thinking. Principles
from each subject domain are readily available in handbooks and reviews. Inter-
disciplinary research has also augmented knowledge in this area. In addition the
research that led to the development of TRIZ identified patterns in the use of
specific physical, chemical and geometric effects in successful inventions [12].

As these effects come from various fields, it may be difficult for designers to
understand all of them and select problem relevant ones quickly. To provide
reliable and solid definitions for effects, reference books, websites and journal
papers were studied. 128 physical effects, 78 chemical effects and 28 geometric
effects were selected for this initial phase of activity. For each effect, a definition, a
book reference and a web reference were developed and selected. An example is
shown in Table 2.

Since the effects from TRIZ are predominantly engineering-relevant, the Effects
Database provides limited support outside the engineering domain. For example,
in toy design for children, it is valuable to know the basic psychological effects of
children to make toys more enjoyable, such as colour bias, shape bias, etc. To
compensate for this limitation, the Effects Database was supplemented by further
47 psychological principles and effects and 46 design principles and effects. After
it was finished, the Effects Database included over 300 design-relevant technical
effects and principles from physics, chemistry, geometry, design, and psychology.
Some generic effects and principles are listed in Table 3.

3.2 System Development

The main function of the Effects Database is to provide problem related effects and
principles to assist designers rapidly define the knowledge scope of design tasks.
The system is designed as an online ready access data search system. Users can
access the website through the URL provided. The detailed framework has two
parts: search page (a in Fig. 1) and results list page (b in Fig. 1).

Search page: The left side is a search dialogue for the input of problem related
keywords and the right side is an instruction for the keywords selection.

Results list page: On the left hand side of this page, the matched effects and
principles are listed. The right side shows the detailed definition of each selected
result. Users can explore more information about each search result by referring to
its web reference.



142 Z. Wang and P. R. N. Childs

Table 2 An example effect

# Physical Definition Book or Journal Web reference
principle reference
3 Thermal- The direct conversion Serway, R., Jewett, J. http://www.metacafe.com/
electrical of temperature W. Jr.,, 2002. watch/1944815/
phenomena differences to Principles Of you_gotta_see_this/
electric voltage Physics: A Calculus -
and vice versa. Based Text. 3rd ed.
Press: Thomson
Learning.

Table 3 Examples of selected generic effects and principles in the effects database

Category Effects and principles
Physical effects and Thermal expansion, Radiation spectrum, Curie point, Hopkinson
principles effect, Barkhausen effect, thermal conduction, thermal

convection, thermal radiation, phase transition, Joule-Thompson
effect, magneto-caloric effect, electro-magnetic induction, electric
heating, electric discharge, radiation absorption, shrinking,
thermal insulation, reflection of light, radiation of light,
photoelectric effect, X-ray, Doppler effect, nuclear reaction,
magnetic field, radioactive ray
Chemical effects and Thermo-chromatic reactions, chemiluminescence, endothermic
principles reactions, exothermic reactions, explosion, electrolysis, transport
reactions, synergistic effect, oxidation—reduction reaction,
deoxidization reactions, use of helium, dissolving bonds, photo-
chemical reactions, electro-chemical reactions, biodegradable
materials, phase transitions, energy transformation, self-clustering
molecules, oxidation reactions, hydrophilic materials
Geometric effects and Compact packing of elements, compression, construction with several
principles floors, Mobius tape, Reuleaux triangle, Crank-cam propulsion,
cone-shaped ram, paraboloids, ellipse, cycloid, transition from a
linear process to a face process, eccentricity, screwing spirals
Psychological effects and Childhood amnesia, Cathartic effect, baby’s facial preference, baby’s
principles taste and smell, Piaget’s stage theory, colour, 3D vision of human
eyes, top-down lighting bias, opponent-colour theory, dark
adaptation, Snellen acuity
Design effects and Uniform connectedness, proximity, similarity, expectation effect,
principles Kamin’s blocking effect, evaluation apprehension, social
facilitation, performance load, over justification effect, Fitts’ law,
open system theory, isolated system theory, Golden ratio,
Fibonacci sequence, signal-to-noise ratio, Hick’s law

4 Case Study
4.1 The Early Stages of the Stage-Gate™ Process

The Stage-Gate ™ process has been widely used for new product development [13].
It provides effective and efficient conceptual and operational direction for the design
process of new products from concepts to market [14]. After observations in more


http://www.metacafe.com/watch/1944815/you_gotta_see_this/
http://www.metacafe.com/watch/1944815/you_gotta_see_this/
http://www.metacafe.com/watch/1944815/you_gotta_see_this/
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(a) (b)

Thermal expansion

keywords

temparature

Fig. 1 The framework of the effects database. a Search page. b Result list page

Stage-
Project Information Creative idea Gate™
brief gathering generation process

Fig. 2 The standard idea generation process in companies and industries. Source [7]

than 500 companies, which used Stage-Gate™ in their product developments, an
Idea Discovery stage should be added at the front end of the process to supply more
product ideas [13]. The investigations from [6] revealed that many companies ran
idea generation sessions to directly provide product ideas. The standard idea gen-
eration process in these industries and companies is shown in Fig. 2.

Project brief: During this stage, the latest status of the project is introduced,
along with the requirements and expectations for the final output.

Information gathering: In this stage, designers need to explore as many project
related information sources as possible under a pre-set time budget.

Creative idea generation: This stage plays an essential role in the idea gener-
ation process. The idea pool can be populated by the creative thinking of designers
which can be stimulated by using various idea generation tools.

4.2 Integration of the Effects Database into the Early Stages
of the Stage-Gate™ Process

At the idea generation stages, design groups can maintain the creative performance
at certain levels when they face design problems related with familiar knowledge
fields [15]. However, groups fail to reach the same level of performance when they
cope with design problems related with unfamiliar knowledge fields. Both the
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Stage-
Project Information Creative idea Gate™
brief gathering generation process
Step 1 %

Knowledge

Step 5
accumulation

4
= K
Effect Database

Search .| Result :D
page "] list page

Step 2 Step 3 Open-source

knowledge-bases

Step 4

Fig. 3 Using the effect database in the first stage of the Stage—GateTM process

quality and quantity of the generated ideas can decrease dramatically. This situ-
ation is matched with the survey in Sect. 2.1. To overcome the two indications, the
Effects Database is integrated with the standard idea generation process to enhance
the knowledge accumulation of designers. The detail working process (shown in
Fig. 3) is illustrated as follows:

Concluding problem related keywords (Step 1): Based on the information and
facts from previous stages, some keywords are proposed. A keyword should be a
simple word that is related with the design problem.

Searching the database (Step 2): In this step, once designers enter a keyword
into the database, the background programs search keyword related effects or
principles in the database and then list results obtained in the results list page.

Exploring information for each effect identified (Step 3): This step is for
designers to briefly examine the information of each effect or principle in the
results list page including its definition, book reference and web reference. After
finishing examination of keyword related results, designers can revisit Step 2 to
enter another keyword.

Exploring more information for the specific effects identified (Step 4): During
step 3, designers can refer to the book reference and the web reference of an effect
or principle to explore more information from open-source knowledge-bases.

Enhancing the knowledge accumulation in problem related fields (Step 5): After
all the keywords have been entered and keyword related results examined,
designers have an indication of the scope of knowledge they may need to explore
in the problem related fields. Moreover designers could “inform” the experts that
these effects or principles were related with their design tasks and ask for related
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specific knowledge guidance even though the experts may not understand the
design tasks. Thus, the problem related effects and principles could be selected to
enhance their knowledge accumulation.

Sometimes, the knowledge guidance from experts may stimulate designers to
conclude new keywords or replace previous keywords by more appropriate ones.
In this situation, designers may repeat the database searching process using the
new keywords.

4.3 Case Project Details

To evaluate the effectiveness and efficiency of the Effects Database in the idea
generation process, some industry-based projects from IDE alumni were explored.
Four of them were selected here as examples and were shown in Table 4. The IDE
course combines design with engineering, technical mastery and innovation. It has
an emphasis on making students engage with technology and cultivate their
innovation-focused thinking and realisation in both societal and business context.
Many of their designs have been commercialised.

The Effects Database has been applied hypothetically to 4 projects using the 5
step process. It should be noted that this was undertaken for illustration processes
and that the original design work did not use this approach.

At step 1, the keywords of each project were determined. For example, the 2nd
task was to design a portable smoke detection system, from which the keywords
“smoke” “flame” “heat” and “network” were concluded. After information on
conventional smoke detectors had been explored, the keywords as “combustion”
“heat” “sensor” and “portable” were also suggested.

At step 2, the keywords were used as input in the search page of the database. In
the 3rd task, the “Baby’s hearing” and “Baby’s vision” principles were related
with the “infant” keyword. The “Feature integration theory” and “Opponent-
colour theory” effects were related with the “colour” keyword.

At step 3 and 4, each effect or principle was examined and its related infor-
mation was also explored through the references provided.

At step 5, only problem related effects and principles were remained according
to self-exploration and the guidance from experts. In the 1st project, effects such as
“Bioluminescence” “Chemiluminescence” and ‘“Electro-luminescence” were
discarded because of the lack of relationship with the design question. The effects
and principles “Dark adaptation”, “Polarised light”, “Thermo-chromatic reac-
tions”, etc., were added into knowledge accumulation for the design task.

After step 5, the knowledge scope of the design question was defined depending
on the selected design-relevant effects and principles. In the 4th project, the main
knowledge scope was specified on geometrical structure.
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5 Conclusions

In this paper, an Effects Database is proposed to aid designers to generate creative
ideas in short periods of time compatible with modern business. Some design
applications involve subjects that the designer or design team may not be familiar
with. This is commonly addressed by consultations with a subject expert or subject
expertise, which, however, can be time-consuming or stymied by ineffective
dialogue with limited understanding of subject subtleties or design context. A
survey (in Sect. 2) indicated a link between the time for knowledge gathering and
time for defining appropriate knowledge scope. In addition, issues of communi-
cation between the designers and the experts have been identified with both
unfamiliarity with the subject domain and understanding the context of design
questions being important factors. In order to improve access to expert informa-
tion, a database of effects, arising from TRIZ, has been extended to enhance use
across a wide range of domains by including psychological and design principles.
The Effects Database generated includes over 300 design-relevant technical effects
and principles from physics, chemistry, geometry, design, and psychology. The
use of the database has been illustrated by application to a series of design tasks,
indicating its suitability for promoting expert relevant suggestions.
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Determining Relative Quality
for the Study of Creative Design Output

Chris M. Snider, Steve J. Culley and Elies A. Dekoninck

Abstract Design creativity is often defined using the terms “novel” and
“appropriate”. Measuring creativity within design outputs then relies on devel-
oping metrics for these terms that can be applied to the assessment of designs. By
comparing design appropriateness to design quality, this paper develops a sys-
tematic method of assessing one element of design creativity. Three perspectives
from literature are used; the areas in which quality is manifest, the categories into
which quality assessment criteria fall, and how well criteria are achieved. The
output of the method is a relative ranking of quality for a set of designs, with
detailed understanding of the particular strengths and weaknesses of each. The
process of assessment is demonstrated through a case study of twelve similar
designs. Through such analysis insight into the influences on quality can be gained,
which in turn may allow greater control and optimisation of the qualities that
design outputs display.

Keywords Creativity - Quality - Assessment - Design output

1 Introduction

There are a number of existing definitions of creativity within design literature aiming
to distil the term into its necessary constituent parts. They also deal with the criteria by
which creativity can indirectly be measured [1-3]. Although defined in many ways,
amongst the terms most frequently used are “novelty”, “appropriateness” and
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“unexpectedness” [4]. These are used to denote how novel an output is in terms of the
field and alternative problem solutions; how suitable an output is as a solution to the
specific problem that has been described; and how surprising or unusual a solution is
in context of similar solutions that already exist, or the features of the output itself.
Through these terms, an output that is creative is defined as a new solution that is
recognised as highly and particularly suited to the problem that has been set, likely
denoting it as the superior design solution available within the market.

To determine the creative properties of an output it is necessary to identify and
assess these terms. To allow assessment of appropriateness of solutions, this paper
presents a system of classification and comparison of design quality metrics, using
existing quality assessment procedures; forming one vital part of creative
assessment of design outputs.

Literature presents several methods by which creativity terms can be assessed,
such as those developed by Shah et al. [3] and Sarkar and Chakrabarti [S]. However,
perhaps due to the variation in terms used to describe this factor, those methods
relating to the term “appropriateness” are often variable. As an example, Shah
recommends use of the term “quality” and subsequent assessment according to a
number of methods typically measuring adherence to product specification [3];
while Sarkar and Chakrabarti [5] recommends the term “usefulness”, then creating
a method assessing an output based on its societal importance and expected in-life
use by customers. Further, if taking forward the term “valuable” [2, 6] as used in
the sense referred to by the field of value engineering, it is necessary to consider not
only the benefits of an output, but also a full breakdown of the costs [7]. This task is
difficult to complete accurately and robustly at earlier stages in the design process
when less information exists, or when considering more subjective criteria [8].

All of these terms refer to the same aspect of creativity [4]. While the poten-
tially difficult and subjective tasks of determining “value” and “usefulness” do
present information on how well an output solves a problem, the focus need only
lie on comparison of the output with the specification and requirements that
governed its design. Each output must be assessed according to how “appropri-
ate” it is as a solution to the problem and its context. For example, while a solution
may provide high functionality, it may also be of excessive cost to customer or
company, and inappropriate for the problem that it must solve. “Appropriateness”
can be described as a solution of appropriate quality in context of its problem,
assessed through output quality as proposed by Shah et al. [3], using any existing
method (such as QFD [9], or decision tables [10]).

However, the work presented in this paper shows that beyond the assessment of
quality according to the above methods or otherwise, through detailed categori-
sation of quality manifest in a design output, significant additional understanding
can be gained. Particularly in the case of creative design, additional design features
may greatly improve the quality of certain elements of a design output, or indeed
of generate additional parameters not originally anticipated. By detailed classifi-
cation of the categories to which any parameter of any form can belong, the
influence of such additional criteria can be understood and evaluated in the
appropriate context. The method presented within this paper then has two
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functions: first to stimulate the identification of criteria which contribute to overall
quality beyond those included in the original specification, and second to cate-
gorise and allow assessment with those criteria in a useful and robust manner.
These are described in the next two sections; following which the paper then
presents a case study demonstrating the proposed process.

It should be noted that the focus of this paper is not on the method used to
assess quality, but rather on the classification of assessed criteria against one
another, and the consequent understanding that can be gained. Within this paper,
and due to the stage at which designs were assessed, the Pugh [11] method was
most suitable, but another could be used should it provide higher detail or higher
appropriateness to the assessment situation. By appropriately classifying and
weighting assessed criteria, the classification method attempts to demonstrate
additional understanding that can be gained, allowing more detailed understanding
of final output quality between several design outputs.

2 The Assessment of Quality

2.1 The Hierarchy of Quality Criteria

As discussed by O’Donnell and Duffy [12] in their work on design performance,
both the design itself and the design activity must be considered. A systematic
classification of quality criteria in terms of this distinction is proposed, showing
separation between criteria that are of quality in different ways. This more detailed
view recognises the importance of quality both in context of the design output and
of the design development process. For example, a change that greatly saves in
manufacture cost without changing design output quality is valuable, but is
potentially different to a change that greatly alters design output quality alone.
Distinction is also made between the design output and its super-system, and the
design activity and its super-system; recognising quality both specifically and
induced in the design output and the design activity’s environment. The proposed
categories are defined in Fig. 1.

Design quality [referred to as Internal Direct (ID)]—performance charac-
teristics of the design such as speed of operation, precision, range of operation, etc.

Design super-system quality [Internal Indirect (II)]—performance charac-
teristics of the super-system to which the design belongs, as influenced by the
design itself. For example, lower design mass may allow the super-system to
operate for longer on a single charge, or to operate with higher precision. Here,
lower mass does not increase quality of the design itself, but produces additional
benefit in the super-system.

Design process quality [External Direct (ED)]—performance characteristics
within the development and production of the design, such as in manufacturing
(e.g., high use of standard parts, lower manufacture cost) or assembly (e.g., fewer
assembly operations).
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Internal Quality concerning the designunder
Direct (ID) development itself
Design Internal Quality concerning the physical super-
Indirect (IT) system of the design output
Quality
External Quality concerning the process by
Design Direct (ED) which the design output
Activity External Quality concerning the super-system in

Indirect (EI) which the developing company exists

Fig. 1 Systematic hierarchy of possible categories for quality criteria

Design process super-system quality [External Indirect (EI)]—performance
characteristics relevant to the company within its super-system, as induced by the
design itself. For example, adherence to brand identity or conformance with
environmental standards may improve the perceived quality of the company within
its market.

Using such a hierarchy, it is possible to describe how a design or feature is of
quality. Distinction can be made, for example, between mediocre design perfor-
mance quality and exceptional manufacturing quality, an important trade-off that
may need to be considered. This decomposition is particularly useful in creativity
research as it enables assessment of creative quality through the product lifecycle;
for example, higher quality in terms of ID is more manifest to the customer. Also
of benefit is the equal credence given to high quality in terms of development,
which may have little impact on the customer or product use, but is still a valid
area of creative product development.

2.2 Specific Quality Metrics

The hierarchy provides understanding of the areas that assessment criteria should
concern but does not state what they should be, a task requiring distinct categories
of criteria.

Much literature addresses the need for categories of assessment by developing
criteria from the specification [7, 8, 11, 13]. Within the work presented here, the
“eight dimensions of quality” presented by Garvin [13] are used to develop
specific criteria.

Performance: a design outputs’ primary operating characteristics.

Features: those characteristics that supplement basic functionality.

Reliability: the probability of malfunction or failure within a specified time
period.

Conformance: the degree to which an outputs’ design meets established
standards.
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Durability: the amount of use one gets from an output before it deteriorates.
Serviceability: the speed, courtesy, competence and ease of repair.
Aesthetics: how an output looks, feels, sounds, tastes or smells.

Perceived quality: interpretation of the output through reputation.

By including criteria that relate to each of these “dimensions of quality”, a
highly detailed and complete assessment of the quality of a design output can be
created. Together, the dimensions of quality present a thorough description of all
characteristics that contribute to the overall quality of a design output. These
characteristics define whether a product is of appropriate quality, and hence a vital
part of the interpretation of a product as creative. The particular strength of the
metrics proposed by Garvin as opposed to other metrics is in their breadth,
including those relating to design output and also more subjective metrics relating
to human interpretation. It is not always possible to judge criteria in a quantifiable
manner, due to a lack of detail and information of the design output in question, or
because the dimension of quality itself defies numeration. Considering the
importance of context and human interpretation given by many to the determi-
nation of what is creative [14], such subjective criteria are vital.

It should be noted that although using the hierarchy produces a significant
number of prompts for the development of assessment criteria that contribute to
overall quality, not all will be relevant to each product or each company. For
example, some branches of the tree require criteria that are unusual or likely
irrelevant in many scenarios (such as aesthetics of manufacture process). However,
as with all elements of assessment, the decision of what is relevant must be made
by the assessor on a case-by-case basis.

2.3 Ensuring Quality When Meeting Criteria Qutput

Finally, it is also important to consider not only if a product is achieving each criteria,
but also whether it is achieving them well. For example, while performance goals of
adesign output may be met, if the operation is wasteful or time consuming the output
is likely not of appropriate quality. Analysis of how well a category is achieved in
this work is described as performance in relation to the individual categories of
assessment. Therefore, an output that achieves each category well can be said to
achieve them efficiently and effectively [12, 15]. Each term is defined as such [12]:

Effectiveness: the degree to which the actual result meets the original goal.
Efficiency: the relationship between what has been gained and level of resource used.

2.4 A Combined Hierarchy of Quality

Quality is then a product of to whom it is manifest, the categories of criteria by
which it is judged, and how well the criteria in those categories are achieved.
Through these three levels, a hierarchy can be created that considers each aspect of
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design quality, and categorises in a way that gives highly detailed information of
the particular strengths and weaknesses of quality and the stakeholders to whom it
concerns (Fig. 2). Detailed understanding of design quality can be gained by
systematically proceeding through this hierarchy when identifying criteria for
assessment and when performing analysis.

2.5 The Development of a Weighting Scale

Clearly, different branches of the hierarchy will have different levels of importance
in relation to the overall quality of the design output, thereby requiring weighting.
In this work, weightings have been developed using the Analytic Hierarchy Pro-
cess (AHP) [16], a widely used, multi-disciplinary method of ranking and
assessment developed within the past two decades [17]. Through the use of
standard pair-wise comparison [8], AHP produces fair and proportional values of
importance for each assessed criteria in relation to every other assessed criteria.
The particular strength of this system is the robust manner in which weightings are
assigned in relation to the importance of each criterion, rather than the subjective
weights attached by some other methods.

2.6 Using the Hierarchy to Assess Quality

To use this system for assessment of relative quality, the following steps are
completed. This process is demonstrated in the case study.

1. The hierarchy must be formed depending on relevance of each category to the
specific design output in question. At this point the assessor must select the
branches of the hierarchy that may influence final quality in the specific case.

2. The hierarchy is populated with as many criteria as is possible by systemati-
cally working through each category, adding criteria from the specification and
thinking of others that fit.

3. Each selected category is weighted according to the AHP method. This then
provides as complete a set of criteria for quality assessment as possible, and
places them within a hierarchy that allows easy and detailed analysis.

4. Quality assessment occurs according to the method of Pugh [11]; a datum
concept is chosen (using the most complete design concept available) and all
others are compared to it on a scale of better/worse/same.

5. Ratios are taken of the number of better to worse criteria in each category,
multiplying by the appropriate weights during the process.

Addition of ratio values then gives a decomposable ranking of all concepts;
capable of stating not only which products are of highest quality, but also to whom
that quality is of importance, the specific criteria under which that quality falls, and
quality of the manner in which those criteria are met.
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Fig. 2 Partial structure of the perspectives of quality used within this work. Complete structure
contains all eight “dimensions of quality” under each category (ID, II, ED and EI)

2.7 Output of the Classification Method

The particular use of the classification method is in the breadth of additional infor-
mation it provides for comparison of design outputs. Beyond assessment and com-
parison of single criteria (such as comparing mass of two designs), categorisation of
criteria provides understanding of the broader implications of each design alternative,
such as the relative influence of entirely different criteria in relation to one another.

Through the categorisation and weighting method it is possible to understand
the summation of different quality criteria and their influence on the final design
output. For example, although one design may perform better, it may also be more
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difficult to manufacture. Through the proposed hierarchy it is possible to quantify
and assess this trade-off accurately, and choose the final solution that has the
highest final output quality.

3 Case Study—Assessment of Quality

An example of the method in use is provided through assessment of 12 designs
produced during a previously reported experiment [18], each designed to solve the
same problem.

The problem was to design a hanging camera mount to be placed beneath a
balloon, with controllable hemi-spherical motion pointing downwards. The design
was to accept any amateur camera and be controlled remotely. Designers received
identical briefs, and were given 90 min to individually produce their design to a
high level of detail (Fig. 3).

3.1 Assessment

Assessment occurred according to the process within Sect. 2.6. Each level of the
hierarchy in Fig. 2 was considered with respect to the design problem in order to
prompt the generation of as many criteria (that could be applied to all designs) as
possible, and to categorise each in a manner that enhanced understanding. Due to
relevance to the brief and the development stage at which the designs were compared,
only categories shown in Table 1 could be assessed. In all, 24 criteria were assessed.

Weight was assigned to each category using the AHP method. To judge
importance, four engineering assessors (between 7 and 45 years’ experience,
average 25) were presented with the relevant categories and asked to perform
pair-wise comparison between. Comparison achieved a sufficient value of
Krippendorff’s alpha of 0.74 (a measure of inter-coder reliability), and the resulting
weights were averaged (Table 1).

Design F (datum) Design B

Fig. 3 Example designs produced within the experiment
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Table 1 Hierarchy used for assessment of designs (with selected examples from total of 24)

Hierarchy of Quality Quality within Weight Example criteria
quality metrics criteria
Internal direct Performance  Effectiveness 0.179  Range of motion
Efficiency 0.179  Length of single charge
Features Effectiveness 0.0798 Protect cargo
Reliability Effectiveness 0.143  Security of connection
etc.
Internal indirect ~ Performance Effectiveness 0.306  Operational mass of balloon
etc.
External direct Performance Effectiveness 0.292  Manufacture using existing
tooling

External indirect Insufficient information for assessment in this case

As the experts asked within this study have only a general experience of the
output and its context, this work demonstrates only the process and reliability of
the weighting process. In reality, weighting would occur through experts with
extensive understanding of the design, market, and other important influences.
Weighting in reality would likely vary depending on the background of the
experts; e.g., should they be heavily involved in manufacturing, then that would
likely receive a higher value. Hence, although the weightings presented here
represent the opinions of highly experienced engineers and so are valid; those used
by a company may vary. It is for the company to decide the importance of each
category depending on priority.

3.2 Results

In all, the designs were compared on 24 criteria fitting into these categories. One of
the designs (Design F) was selected as a datum, against which all others were
compared for each criteria on a better/same/worse scale [as shown for the Internal
Direct (performance) criteria within Table 2]. Ratios of better scores to worse
scores (in relation to the datum) are then taken for each individual category and
multiplied by the weight, to produce a final weighted ratio for each design
(Table 3). The value for this weighted ratio determines the ranking of quality of
designs in relation to the original datum.

3.3 Discussion of the Results

By this method, each design can be ranked according to the criteria that contribute
to its interpretation as of appropriate quality. Extra insight can also be gained;
Design F performed poorly in terms of ID criteria, therefore showing a poorer
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Table 2 Comparison with datum for all criteria within internal direct (performance) category

Criteria A B C D E F G H I J K L
Range of motion + + 0 + + Datum + -+ + -+
Speed of operation - - - = = - - - =0 —
Stability in position + + o+ o+ o+ + o+ o+ o+ o+ o+
Ease of connection - 0 - 0 0 - 0 - —- 0 0
Operational range 0 0 0 0 0 0 0 0 0 0 o0
Type of control 0 0 0 0 0 0 0 + 0 0 0
Power requirement 0 0 + 0 0 + 0 + + + +
Mass -+ -+ + + - 0 + 0 -
Volumetric size 0 + 0 + + + + 0 + + 0
Length of single charge  + + + + + + + + + - +
Table 3 Ratios, weighting and final ranking

Criteria A B C D E F G H 1 J K L
ID (performance) 3:3 5:1 3:3 511 5:1 Datum 6:2 3:3 52 62 32 42
ID (features) 1:1 1:0 1:1 1:1 0:0 1:1 0:0 1:1 1:1 0:0 0:0
ID (reliability) 0:0 0:0 0:2 1:1 0:0 0:0 0:0 0:0 1:0 1:0 O:1
II (performance) 0:1  3:1 0:1 3:1 1.0 3:1 222 0:0 3:1 0:0 22
ED (performance) 04 1:3 05 1:3 04 04 05 04 14 1:3 05

Overall ratio (decimal) 044 2.0 031 1.6 12 1.0 1.3 050 086 1.5 1.0 0.55
Weighted ratio (decimal) 0.30 1.6 0.21 1.5 0.89 1.0 1.1 0.44 0.61 1.3 0.79 0.46
Ranking 11 1 12 2 6 5 4 10 8 3 7 9

design in itself, but excelled in terms of ED, therefore being more appropriate to
company capabilities such as manufacturability and assembly. Conversely, Design
L has strong ID performance capabilities, but is particularly poor in terms of
manufacturing and assembly.

4 Discussion of the Process

While information from ranking aids selection of designs for development, it is for
additional information that this method was designed. Many research opportunities
result from breaking down the manner in which quality is displayed. Deeper
understanding can be gained by comparing how quality appears with designer
behaviour, the prescribed design process and brief, and the ways in which
designers are creative, for example. Information about these potential relationships
will provide a valuable insight into preferable behaviours leading to different
forms of output with different forms of quality. This will perhaps allow designers
to focus their work to the specific priorities of the company and the brief that they
are presented, or will allow greater understanding and optimization of the way in
which outputs are developed to maximise their quality in an appropriate manner.
Such analysis has begun, and will continue in further work.
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5 Conclusions

The aim of this paper has been to present a systematic, hierarchical system to
generate criteria and assess quality, in the context of what is appropriate to the
design problem.

This is with the goal of allowing assessment of appropriateness in design
outputs (a fundamental part of the interpretation of creativity) described here as the
appearance and recognition in a design output of quality appropriate to the
problem that it must solve. Through the categories used, the method also creates
deeper understanding about the quality of the design output, which can in turn be
used to better inform design decisions, or as a research tool to better understand
quality development through the design process.

By assessing through separate perspectives used within multiple fields of liter-
ature, this method stimulates the assessment of quality in terms of to whom the
design output is of quality, the specific “dimensions” in which its quality is manifest,
and how well those dimensions are achieved. Thus, when used to as full an extent as
is feasible, this method ensures that all criteria affecting quality are considered.

In assessment, this method uses the well-established process of AHP to
determine weights for each category, then assigning these weights to the ratios
used for ranking. Weighting is flexible, occurring based on the companies dis-
cretion and priorities.

Through the presented example, this assessment method has shown capability
in ranking of relative quality of multiple designs, as well as the ability to produce
additional information of how that quality appears. Following further validation
and comparison of quality with traits of designers and the design process (as will
occur in further work), understanding can be gained of the relationships and
dependencies of designer, process and quality; information that can then be used to
enhance methods of designer support.
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Development of Cognitive Products
via Interpretation of System Boundaries

Torsten Metzler, Iestyn Jowers, Andreas Kain and Udo Lindemann

Abstract Cognitive products use cognitive functions to work autonomously and
reduce the amount of interaction necessary from the user. However, to date no
method exists to support the integration of cognitive functions in common prod-
ucts. This paper presents a method that supports designers when exploring ideas
for new cognitive products. The method is based on functions/actions that humans
perform while using a product, as well as functions/actions performed by the
product itself, all of which can be consistently modelled in an activity diagram.
Initially, the system boundary of the product is drawn around the functions/actions
performed by the product. Cognitive functions are then identified that are currently
performed by the user, and can possibly be integrated into a new cognitive con-
cept. The resulting concept is specified systematically by interpreting the system
boundary of the product to include cognitive functions. This method has been
verified via design projects performed by interdisciplinary student design teams,
and an example of this work is presented.
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1 Introduction

Cognitive products are tangible and durable things with cognitive capabilities that
improve robustness, reliability, flexibility and autonomy [1]. They meet and exceed
customer expectations by using cognitive functions e.g. to perceive, to learn, to plan,
etc., to reduce the need for human input, for example when such input is difficult or
repetitive. However, no method exists to support the integration of cognitive
functions into common products. This paper presents such a method, with the
intention of supporting designers as they explore ideas for new cognitive products.

The research presented here is concerned with identifying how cognitive
functions can be included in the functional modelling process. Functional mod-
elling is core to many product development activities, and numerous methods have
been introduced that result in a holistic representation of a product according to its
functional structure [2]. The resulting functional models are often represented as
flow diagrams with functions described according to some taxonomy, e.g. [3], and
linked according to the material flows between them e.g. [4]. In the method
presented here, the functions of a product are represented as actions in an activity
diagram. The diagram is then extended to include the actions of the user during
product use, with the system boundary of the product surrounding the actions
performed by the product. The user actions are compared to a taxonomy of cog-
nitive function and flows [5] to identify those that could be integrated into the
functionality of the product. Finally, the system boundary of the product is
interpreted to include those cognitive functions that are identified and have the
potential to improve the product as a cognitive product. This systematic variation
of the system boundary results in gaining a holistic perspective which can support
the design of cognitive products, and the method has been validated via design
projects conducted by interdisciplinary student design teams, as described in [6].

The next section provides an overview of the role of functional modelling in
product development, and an overview of modelling with cognitive functions. In
Sect. 3, the problem of using cognitive functions in product development is pre-
sented, and in Sect. 4 a method is introduced which seeks to overcome this
problem. The method is illustrated with reference to a cognitive washing machine
which was developed by a student design team. The paper concludes with a
discussion exploring the potential of the method to support cognitive product
development, and an outlook towards future research.

2 Background
2.1 Functional Modelling in Product Development

Functional modelling is central to many product development activities, particu-
larly conceptual design [4]. It supports a systematic, top-down approach to product
definition, starting from a description of the required core functionalities of the
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product. These can then be sequentially decomposed into lower-level sub-func-
tions, resulting in an abstract specification of the product that describes how the
required functionalities can be realised by sub-functions and the relations between
them, e.g. [7]. There are various approaches to formally representing the resulting
functional models, a review of which are provided by Erden et al. [2]. A common
approach, and the one that is employed in this paper, is to represent functions
according to a flow-oriented model [4]. In particular, functions can be defined as a
general input/output relation that is used to perform a task, and can be described by
verb-noun pairs, e.g. mix water and detergent. The relations between these
functions can then be defined as flows characterised according to types e.g.
material, energy or signal, and the resulting functional models are represented as
flow diagrams, as illustrated in Fig. 1. Here, the functionality of a washing
machine is presented as a system of functions and sub-functions, and the flows of
material, energy and signal between them.

Functional models are well suited for supporting modern design processes, in
which multi-disciplinary teams collaborate to develop complex products [2]. They
provide a common representational framework for defining a product as a system
of functions and sub-functions, which is accessible to all members of the team,
regardless of engineering discipline. A functional model provides an abstract but
holistic view of the system which allows designers to better understand the
complex products with which they are working, individually and in collaboration
with team members [8]. If a functional model is constructed based on an accepted
language of functional descriptions then this reduces potential ambiguity in the
model, increases uniformity and increases the potential to reuse the model either
manually or in an Al-based system. For example, the NIST Reconciled Functional
Basis is a taxonomy in which functions are input/output relations connected via
flows and represented in flow-oriented models [3].

In systems engineering, flow-oriented functional models can be represented as
activity diagrams. These are flow diagrams representing activities, which are
defined according to constituent actions and their inputs/outputs [9]. Activities/
actions are an abstract formalism for describing behaviour in the same way that
functions/sub-functions are an abstract formalism for describing behaviour [7].

system boundary

laundry » .
. (wash) . :
: detergent MX 1 jaundry laundry suds | export
~—detergent store laundry rotate separate suds |
: detergent ) suds suds laundr .
. mix  |water | and Pl laundry . y :
water import | water water & » water in suds| el. energy, | 2% laundry [ export |
P detergent suds clothes|
[ >| water [
L . :
: ignal start , | regulate : el
i signal signa . i
"s?pr?:l ‘m —-» washing 2E washing -% signal energy Caption:
g programme programme 1, convert el. —material >
import el. el. energy energy in - — -signal-
eneray rot. energy| ——energy—»

Fig. 1 Flow-oriented functional model for a washing machine
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So activity diagrams can be used to model the functions carried out by a system as
actions, but with additional capabilities beyond those provided by a flow-oriented
model. For example, control nodes such as fork/join nodes or decision nodes can
be included in a diagram to represent control logic and provide additional con-
straints on the timing and order in which actions execute [9]. The combination of
object flows with control flows is a powerful formalism for modelling products as
systems of functions. Also, the additional capabilities provided by activity dia-
grams mean that when they are defined formally, using a language such as SysML,
they can be mapped to executable constructs which in turn support evaluation, for
example through simulation. For these reasons activity diagrams will be used in
the remainder of this paper, to represent the functional structure of products and
support development of cognitive products via introduction of cognitive functions.

2.2 Functional Modelling for Cognitive Products

Cognitive products are tangible and durable things with cognitive capabilities that
consist of a physical carrier system with embodied mechanics, electronics,
microprocessors and software. The surplus value is created through cognitive
capabilities enabled by flexible control loops and cognitive algorithms. Customer
needs are satisfied through the intelligent, flexible and robust behaviour of cog-
nitive products that meet and exceed customer expectations. Cognitive products
have all or a subset of capabilities of Cognitive Technical Systems (CTSs) and the
solid grounding of an everyday product that meets user needs and desires [1].

What makes products cognitive are their special properties stemming from the
integration of CTSs. The implementation of cognitive capabilities results in high-
level performance. In particular, in contrast to products which have deterministic
control methods, cognitive products do not only act autonomously, they do so in an
increasingly intelligent and human-like manner. This means that they are more
robust than non-cognitive products since they are able to adapt to a dynamic
environment, such as human living environments. Cognitive products should be
able to maintain multiple goals, conduct context sensitive reasoning, and make
appropriate decisions. This results in higher reliability, flexibility, adaptivity and
improved performance.

Incorporation of cognitive capabilities in a product concept requires specific
descriptions of cognitive functions, as discussed by Metzler and Shea [1]. The term
cognitive function is used to refer to basic functions that enable cognition, e.g.
learn, perceive, understand or decide. Such functions perform operations on flows
of information, or they process data flows to create information. However, there is
no commonly agreed list of cognitive functions that are required for a cognitive
system, neither human nor artificial. Typically, researchers in particular areas
compile their own list of cognitive functions. Metzler and Shea [5] present a
comprehensive set of cognitive functions and flows structured in a taxonomy that
incorporates views from engineering and cognitive sciences. The taxonomy of
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cognitive functions and flows is tailored for mechanical engineers and supports
consistent functional modelling through a standardised representation. It can be
used to model a wide range of cognitive products and is used throughout this
paper. As discussed, functional modelling results in an abstract representation of a
product that is useful for multi-disciplinary concept development phase. An
example of using the taxonomy of cognitive functions and flows to define flow-
oriented functional models is presented in Metzler and Shea [5].

3 Problem Identification

There are many factors that are driving the introduction of cognitive functionality
in today’s consumer products, i.e. functionality that introduces cognitive capa-
bilities so that products can operate with robustness, reliability, flexibility and
autonomy. The need for companies to differentiate themselves from the compe-
tition means that they are constantly looking for opportunities to develop their
products in innovative ways and they often want to be seen to be on the cutting-
edge of technological development. Also, consumers expect more functionality
from their products and want the user experience to be as enjoyable as possible. Al
algorithms and methods have reached a high-level of maturity which means that
they can be reliably incorporated into cognitive products. And, the steady reduc-
tion in the cost of components necessary to utilise these algorithms, such as CPUs,
digital cameras, actuators, etc. means that they are cost effective. Cognitive
products use cognitive functions to enable products to work more autonomously so
that they can reduce the amount of interaction necessary from the user, while
exceeding their expectations. For example, iRobot’s Roomba is an autonomous
robot vacuum cleaner that uses cognitive functions to map, navigate and plan
routes and significantly reduces the need for human interaction [10].

Although there is a drive to incorporate cognitive functions in consumer
products it is not always obvious how to include such functions in a design. As
discussed in the previous section, functional modelling is central to many product
development activities, but cognitive functions are rarely considered. The taxon-
omy of cognitive functions and flows (as described in Sect. 2.2) defines a language
for describing the required cognitive functionality of a product in the same way
that the NIST Reconciled Functional Basis defines a language for describing non-
cognitive functions. Despite this, it is not obvious how to incorporate the taxon-
omy when introducing cognitive functions to an existing product concept.

The difficulty that arises with respect to developing cognitive products was
observed during a series of student projects, as described by Metzler and Shea [6].
Since 2007, 6 projects have been set in which 16 teams of students were tasked
with inventing or adapting household products that address user needs by using
cognitive functions. The students who participated were from varied backgrounds
including mechanical engineering, electrical engineering or computer science, and
worked in multi-disciplinary teams of 3-5. They were tasked with developing
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cognitive products that address a general problem, e.g. saving energy or recycling,
by incorporating cognitive functions into existing products. For example, the
washing machine design that is used throughout this paper was developed by one
student team in response to a project where they were asked to introduce cognition
into a household product so that it can be more easily used.

Before starting the projects, the students were introduced to a user-centred
process that supports early phases of development of new products that are useful
and usable [11]. The process was adapted to the context of cognitive product
development to assist in the identification of user needs; to aid in the development
of a product concept; and to support the building of a functional prototype. The
students were also encouraged to use functional modelling to support the devel-
opment of a product concept and were presented with the taxonomy of cognitive
functions and flows to aid in the specification of cognitive functions.

During the projects the performance of the students was observed, and it was
found that the teams were able to identify product market opportunities and needs,
and they constructed functional prototypes of adequate quality. However, it was
also observed that many of the teams had difficulties incorporating cognitive
functions into a product concept. The major difficulty for the students was on the
one hand translating the user needs into cognitive functions and on the other hand
identifying and incorporating functions related to or required by the cognitive
functions in the new product concept. Most teams did not use a systematic
approach that could assist in the integration of cognitive functions into product
concepts. The result was product concepts that had to be adapted in the following
development phases, resulting in additional iterations of the design process and
delayed development of the cognitive product.

4 A Method for Incorporating Cognitive Functions

The method described in this section addresses the incorporation of meaningful
cognitive functions into existing product concepts. The goal is to turn existing
product concepts into cognitive product concepts by identifying and incorporating
cognitive functions that are currently carried out by the user. To achieve this goal
four steps have to be carried out, as described in Fig. 2. These steps are explained
in the following sub-sections.

4.1 Model a Product Concept as an Activity Diagram

Step 1 of the method is concerned with creating an activity diagram as a model of
the product concept into which cognitive functions will be incorporated. The
model can be derived from a product already existing in the physical world or from
a product concept under development. This makes the method applicable to new
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Step 1 ’ Model a Product Concept as an Activity Diagram

Step 2 ’ Include User Actions in the Activity Diagram

Step 3 ’ Identify Cognitive Functions lteration
Step 4 ’ Interpret the Product -System Boundary

Fig. 2 Procedural model of the method

product development as well as incremental product development. As discussed in
Sect. 2, activity diagrams are an abstract formalism to describe behaviour. They
represent activities as flow diagrams, defined according to constituent actions and
their inputs/outputs. When applied to product modelling they are used to represent
the product according to object flows which represent the input/output of functions
represented as actions, and control flows which represent the chronology of the
actions. If a functional model of a product concept already exists, such as the flow-
oriented functional model of the washing machine illustrated in Fig. 1, then it is a
trivial task to translate this into an activity diagram. In Fig. 1, the functionality of
the internal operations of the washing machine is described with active verbs and
objects from the NIST Reconciled Functional Basis. In the translated model, these
functions are represented by actions, and the functionality of the product is rep-
resented as a system of actions and the flows between them.

4.2 Include the User Actions in the Activity Diagram

In Step 2, the user’s interaction with the product (during intended use) is con-
sidered, and the system of actions represented in the activity diagram is extended
to include the actions of the user. To achieve this, the user experience is considered
chronologically. First, start and end nodes are included; these indicate the
beginning and the end of product use. Next, all possible (within the limits of the
design) user actions are added to the activity diagram. Finally, these are connected
by flows, which are either object flows, such as those commonly used in flow-
oriented functional modelling, i.e. material, energy, signal, etc., or control flows
that model the chronology of actions by specifying when and in which order
actions are executed [9]. The authors recommend using the taxonomy of cognitive
functions and flows and the NIST Reconciled Functional Basis to model the user
actions. For example, Fig. 3 shows an extended activity diagram of the washing
machine that includes, in addition to the functionality of the washing machine,
illustrated in Fig. 1, the user’s pre-wash actions. The post-wash actions of the user
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are not included due to space limitations, and the activity diagram ends when the
wash cycle terminates. The functionality of the washing machine was presented in
Fig. 1, and in Fig. 3 is enclosed in one block as a subsystem. The actions included
describe the user’s process of planning and executing a washing programming, for
example deciding the type of laundry to wash, separating the laundry, putting the



Development of Cognitive Products via Interpretation of System Boundaries 171

laundry in the machine, choosing appropriate detergent, etc. The flow between
these actions describe the materials that are needed for input/output, and also
structure the actions chronologically.

4.3 Identify Cognitive Functions

After incorporating the user actions into the activity diagram, Step 3 is concerned
with identifying the cognitive functions currently implemented by the user. As
discussed in Sect. 2, these are basic functions that enable cognition by performing
operations on flows of information, or by processing data flows to create infor-
mation. Such functions offer a great potential for innovation by shifting compli-
cated or often repeated tasks from the user to the product. The taxonomy of
cognitive functions, defined by Metzler and Shea [5] is an aid to identifying
cognitive functions and provides a comprehensive set for comparison. For
example, comparison of the user actions specified in the use of the washing
machine in Fig. 3 with the taxonomy of cognitive functions gives rise to a list of
cognitive functions performed by the user during interaction with the product. In
Fig. 3, these cognitive functions are highlighted as striped blocks, and include
perceive laundry, decide laundry type, decide washing programme, etc.

4.4 Interpret the Product-System Boundaries

In Step 4, the product’s system boundary is interpreted to include some of the
cognitive functions that were identified in Step 3. Currently these functions are
actions of the user, but can potentially be an action of a new cognitive product
concept. Here, the critical decision is to decide which of the identified cognitive
functions to include in the new product. The following questions could assist in
this decision:

How close is the cognitive function relative to the product?

How many flows link the cognitive function to other functions?

How difficult is it to technically realise the cognitive function?

How annoying is the cognitive function for the user when carried out?

b

Question 1 can be addressed by considering the activity diagram defined in
Step 2. Here, the distance between functions is measured according to any inter-
mediate functions. In the activity diagram, the cognitive functions closest to the
original product concept are likely to be suitable for integration in the product.
This is because the closer a function is to the original product, the more likely it is
that this function is associated with the product, and would be acceptable as part of
the product. Conversely, the more functions that have to be carried out by the user
between a cognitive function and the functions carried out by the product, the less
it is associated with the product.
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Question 2 can also be addressed by considering the activity diagram. In the
activity diagram, the more a cognitive function is linked to other functions, the
more complex the functional model becomes. If there are many flows linking a
cognitive function to the original product concept it is expected that many com-
ponents in the concept will have to be adapted to accommodate the new func-
tionality. Similarly, if there are many flows linking a cognitive function to other
cognitive functions outside the original system boundary it is expected that the
user has to strongly interact with this cognitive function.

Question 3 relates to the technical feasibility of implementing a cognitive
function. Its answer relies on the expertise available to realise such a function in a
physical device, and also on the current state of the art, since some cognitive
functions may not be realisable using currently available technology.

Question 4 focuses on the user and asks which actions would make the expe-
rience of using a product more enjoyable, if they were implemented by the
product. A study investigating product market opportunities and user needs is an
appropriate method to explore this question.

After answering the questions a pair-wise comparison can help to identify which
cognitive function(s) should be integrated into the new cognitive product concept. This
results in an interpretation of the product’s system boundary to include the identified
cognitive functions, as well as other required non-cognitive functions, as part of the
product’s functional structure. For example, in Fig. 3 cognitive functions have been
incorporated into the system boundary for a new cognitive washing machine concept,
as identified by the new system boundary represented by the dotted line. The new
washing machine concept perceives the laundry and, based on how much is available of
each type, e.g. colours, whites, delicates, etc., decides which laundry should be washed.
The machine suggests to launder the most homogeneous laundry group with the highest
capacity utilisation first. However, the final choice of which type of laundry to wash is
made by the user; this avoids dissatisfaction due to the paternalism of the washing
machine. The user then separates this laundry and places it in the machine. The machine
perceives which laundry is inserted and adapts its behaviour to the user’s decision. For
example, the washing machine determines the ideal washing programme or which
detergent suits best, how much detergent is needed for the current laundry group and if
softener is needed. In case the user mixes two different laundry groups accidentally the
washing machine can output a warning to inform the user and avoid staining. This new
concept improves the experience of clothes washing by carrying out some of the
tedious and repetitive actions usually carried out by the user. It was implemented as a
physical prototype by the multi-disciplinary team of students who designed it.

5 Discussion

The method described in the previous section was applied by student teams during
the development of cognitive products, including the cognitive washing machine
concept represented in Fig. 3. These initial applications provide evidence for the
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usefulness of the method as a way of identifying cognitive functions that are involved
in the use of an existing product concept. The method is visual in nature, allowing the
system boundary between the user and the product to be interpreted according to
identified cognitive functions. This visual nature means that the approach is intuitive
for the designer, and easy to communicate to other members of a multi-disciplinary
design team. A more thorough evaluation of the method, including comparisons with
other approaches and a control group, remains to be conducted.

When applying the method, cognitive functions could easily be identified by fol-
lowing Steps 1-3. As discussed, in these steps cognitive functions are identified as user
actions modelled in an activity diagram. However, Step 4 involving the decision of
which cognitive functions to incorporate is more difficult, and required input from
experts with sufficient experience in CTSs to make informed and realistic decisions.
The fact that the realisation of cognitive functions in hardware and software is difficult
is known and further research is being carried out to improve the decision making
process and support implementation of Step 4. This includes the definition of design
catalogues that provide patterns of how to realise cognitive functions. Also, analysis of
aspects of a generated activity diagram, e.g. according to number, type and direction of
flows, may be sufficient to estimate the feasibility of incorporating a cognitive function.

In addition to the difficultly of carrying out Step 4, there are other open issues
that remain to be investigated in further research. For example, it is not known if
the initial product concept has to be modelled and how detailed this model should
ideally be. It may be beneficial to use a black box to represent the initial product
concept, with input and output flows indicated. User actions could then be mod-
elled around the black box as illustrated in Fig. 3. This may be sufficient to inform
and motivate the designers of cognitive products, without having to take the time
and effort to model the existing product in detail. This could also avoid issues with
design fixation, which may arise through consideration of the original functional
structure of the product. However, this approach may be detrimental, since there is
no available information about how the flows link to structure and how the
structure has to be changed when incorporating a certain cognitive function.

6 Conclusion

The method described in this paper provides a systematic approach for extending
product concepts to include cognitive functions that would otherwise be imple-
mented by the user. This results in products which implement cognitive functions
previously carried out by the user and therefore require less interaction and provide
a more enjoyable user experience. The approach was illustrated with reference to a
cognitive washing machine concept which was developed and built by a multi-
disciplinary team of students. This initial use of the method is promising and
suggestive of its potential as an aid in cognitive product development.
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A Design Inquiry into the Role of Analogy
in Form Exploration: An Exploratory
Study
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Abstract Cross transfer of ideas from one target domain to another with analogies
as triggers to generate new ideas is being studied in various fields. But the role of
analogy in the creative process for both generating new ideas and exploring high
degree of novelty in product form generation needs to be investigated. Using an
analogy can help transcend the obvious to the unexpected by forming a confluence
of two mediated thoughts, guided by creative interpretations. The important aspect
of generating creative ideas is the ability to use the source analogy for a resultant
design solution by interpreting it in terms of the design task at hand. The study
analyses the creative ideas that emerges from the design solution, specifically
focusing on the use of analogy for form exploration. By using the analogical
inference, transition from one domain idea to another opens the exploration of
novel viewpoints and numerous alternatives. Such a malleable approach of crea-
tive generation can yield novel ideas and forms. The paper explores how the use of
analogy can facilitate idea generation and allow form exploration. This research
examines idea generation issues of creativity by the use of multiple source anal-
ogies to help develop multiple domain concepts threw case study method. The
study collects empirical data from observations and design outputs during a design
session. The aim is to articulate the influencing effect of the use of analogy on
factors of form exploration. The goal is to create a value proposition that designers
can use to develop novel ideas as well as expressive form generation through
radical exploration.
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1 Introduction

Cross transfer of ideas from one target domain to another with analogies as triggers
to generate new ideas is being studied in various fields. But the role of analogy in
the creative process for both generating new ideas and exploring high degree of
novelty in product form generation has scope for further investigation. Using an
analogy can help transcend the obvious to the unexpected by forming a confluence
of two mediated thoughts, guided by creative interpretations.

The important aspect of generating creative ideas is the ability to use the source
analogy for a resultant design solution by interpreting it in terms of the design task
at hand. The study analyses the creative ideas that emerges from the use of analogy
towards the design solution in form exploration. The use of analogical inference,
opens the exploration of different viewpoints and numerous alternatives. Thus
allowing a malleable approach of creative generation that can yield novel ideas
and forms.

The proposed study investigates how novice designers use analogy, to explore
innovative product forms during the creative process, and how it can be a means to
generate unique designs and help effective product representation. As the use of
analogies is an associative process, it can lead to unique solutions by providing
either direct or abstract triggers [1]. Koestler [2] explains the act of creation as
combining process in ‘the bisociation of unrelated matrices’.

The study has been built on the hypothesis, that use of analogy in idea gen-
eration can allow radical form exploration by novice designers. This research
examines idea generation issues of creativity and the mental sourcing of ideas
threw case study method. The study collected empirical data from observations
and design outputs during the design session. The aim is to articulate the influ-
encing effect of the use of analogy on factors of form exploration, and the rep-
resentation of the expression on the product form. The effect of this approach has,
scope of empirical investigation to establish certain key issues regarding its
application as procedures in design practice. The study is undertaken during a
design module, ‘Studies in Form’ for first year design students. It discusses the
strengths and limitations of its outcome in generating ideas for innovative form
exploration.

1.1 Aim of the Study

This study proposes to explore the possibilities of the varied, novel and expressive
form exploration with the use of analogy. Csikszentmihalyi [3] has elaborated that
one connects to objects through the feeling it emotes. The paper explores the effect
on the representation of form of the product with the use of analogy for idea
generation. It is hoped that the results can benefit student designers to train for
novel idea exploration and expressive form design.
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The process of exploration while designing is fundamental to finding new and
creative ways to design a given object. The notion of idea generation has been
explored in the field of psychology and in the field of management, computer
sciences, engineering, linguistics etc. Significant work in the Al sector is exploring
this phenomena to translate the functioning of the mind and simulate it as dis-
cussed by Holyoak and Thagard [4]. In neurosciences it is said that the structuring
of perceptions gathered from various experiences help in problem solving by
bringing them to the foreground as and when needed [5]. The role of analogy in
this process of representation is visible, but very little structured approach is
available. This paper is a part of a larger study that aims to build knowledge on the
role of analogy in the process of idea generation for product design.

The intent of the study is to establish the role of analogy as an integral part of
creative/disruptive idea generation and its utility in innovative product design.
Thus exploring the relation of analogy to idea exploration and its influence on the
form expression. This can be useful towards methodology development for ped-
agogical interventions, to enhance idea exploration and its manifestation in the
product form and break fixations.

1.2 Analogy in Design

Analogies are used within the design context, it maps the causal structure between
the source object in one domain to the target design task/problem by building a
relation. A few formal methods have been developed to support design-by analogy
such as Synectics [6], Word tree [7] and Random input [8]. Methods basing
analogies on the natural world are seen in use in Biomimetic concept generation,
using the powerful examples nature provides for design. Analogies are used to
project a structural relation from one domain to another, revealing new informa-
tion and insight, further catalysing new analogy, to move further out of the
problem and help map radical new solutions. According to Gero [9], unexpected
design solutions are a product of the confluence of two schemas mediated through
an analogy.

As creativity is a stimulated aspect of human thinking, it is also associated with
the capacity to look critically at reality, explore unconventional alternatives, and
perceive situations from innovative perspective [10]. Design being an amalgam-
ation of both creativity and rational functionality, analogy seems to fit into it quite
easily. Analogies can support understanding by abstracting the important ideas
from the mass of new information by using the power of analogical relationships
that is said to be based in their potential to comprise an entire set of associative
relationship between features of the concepts that are compared [11].
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1.2.1 Analogy in Idea Generation

Analogies are used when we want to say that something is like something else (in
some respects but not in others) making it a key feature of many approaches to
creativity and proposed as an underlying mechanism [12]. It is extensively used in
Bionics, which follows the systematic use of biological and botanical analogies to
solve novel engineering problems.

Literature reveals that stimulation, fixation, time, parameters have subsequent
effect on idea generation as a whole in positive as well as negative way. It is stated
that to set the flow of ideas and start the process of ideation, external stimulation
can be helpful and particularly more heterogeneous stimuli form multiple cate-
gories are found to facilitate the production of more diverse ideas [13]. But on the
downside the stimulation can lead to a fixation of reproducing parts of the given
example to the created design, which will be discussed in the later part of the

paper.

2 Method

The study is conducted during a course module “Studies in Form” as a case for
data collection. The method of document analysis is used. From the choice of
analogy to breaking up of its attributes for idea exploration by mapping on to the
target product and how it is relating to the form expression is analysed through
documents of the process. The study uses an explorative approach to show how the
exploration of ideas with the use of analogy, generates novel forms in a classroom
experiment with 15 design students. This paper has tried to look at the relationship
between analogies, its workings and influence on the idea generation process
during form creation. The study is done as a precursor to the main research of
measuring the various influences of use of analogy in idea generation.

2.1 Description of Research

The sample consists of 15 first semester M Des. students of product design and
interaction design from various engineering and architecture background. There
were 7 female and 7 male students. The mean age is 25 years. Their experience
ranged from fresh graduates to 3—4 years industry experience. The Data was
generated from documenting class activities, sketches and thought outline during
the design exploration process (unstructured interviews to get personal info was
also done). The investigation was in the natural environment of the studio/class-
room during the module “Studies in form”. Protocol was specifically ruled out as
it was felt that it would hamper the flow of thinking as the samples were novices-
thus emphasis was given on thought links and sketches.
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Design Task
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Form representation

Fig. 1 The form exploration process using analogy

The task given was to design a 2 compartment plate connoting an expression
with the use of analogy from nature. The study of the retrieval and representation
of source data on the target form was done.

Values of plate: Experience plate. It had to be a 2 compartment plate with a
minimum depth of 1 inch and maximum size 14 inches diameter, to be produced
through a specific manufacturing process of vacuum forming.

A workshop on idea generation techniques with the use of analogy was con-
ducted within the module. Students were taught to identify the source analogy and
use the process of attribute mapping and transfer to the target, then translate it into
the designing of the form (Fig. 1).

2.1.1 Procedure and Task

First of all, the teacher (i.e. researcher) provided the brief and the descriptions of
the design task within the module “Studies in form: designing with analogy”. The
steps to be followed:

1. Expression depiction

2. Take an analogy from nature and source visuals

3. Identify attributes of the source analogy

4. Representation of analogy to target plate design and its form

3 Data Collection

This study draws from Cross’s designerly way of thinking and idea generation by
novice and professional designers [14], which investigated how designers can
ideate through analogy. It is stated that the mind always looks for associative links
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to build ideas, through continually challenging abstract representations against
visual representations during designing. This paper draws upon a single design
case study, which is very limited in scope, in order to generalise the role of
analogy in supporting ideating and development of novel product forms. Though
the insights gained can be useful for further research.

The design problem given was to design a 2 compartment plate with the theme
being any expression related to food with the use of analogy from nature, with size
and process of manufacturing being specified. The study only focuses upon a
subset of design activity the idea generation for exploring form.

The data in this paper is drawn from a 2 week long module with sessions on
abstract form generation and sessions in idea generation with analogy, which the
participants used to design the 2 compartment plate. Their thought flow and line
representations were taken as document data for analysis. Students were asked to
develop ideas by using analogy and develop line representation. They used river
clay and prototyping materials for their 3D exploration of the ideas generated for
form exploration and refinement.

3.1 Analysis

The technique of document analysis was used to identify typical ways in which
analogy was used to support exploration (Fig. 2).

This exploratory approach of the study was used to help formulate an under-
standing of the thinking with analogy activity during the design process. This
paper does not attempt to statistically proof any claims, because of the experiments
small sample size. The design examples presented are the design outcomes of the
experiment on which the data was collected as depicted in Table 1.

The levels of analogy used in the exploration process and the representations
manifested in the product form was rated and plotted to observe the relationship
that emerged (Fig. 3).

3.1.1 Findings and Discussions

The findings of the inquiry showed that idea exploration, with the use of analogy
has a compelling effect in product designing. It gives physical representation to
conceptual thought, and translates abstract emotions into tangible forms, by
breaking predetermined perceptions and transcend to the next level of abstraction.
It can be manipulated to have different association in differing contexts, as the
same theme can be represented radically differently in the form with the use of
different analogies.

Analogy from nature that was easily understood was adopted thus aiding and
supporting ideation and novel form exploration. The use of direct analogy helped
as an idea starter by offering a point of association. It helped to steer from direct to
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Fig. 2 The form exploration process using analogy (two examples)

abstract thoughts, leading to radical representation through attribute mapping and
help as a prop to idea exploration. Once the students were able to break out of their
conditioned thinking by choosing an analogy from nature for the expression they
wanted to represent in the plate design they were able to freely explore radical
forms, where the analogy worked as a catalyst to trigger multiple thoughts and
help in developing novel designs.
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Table 1 Form exploration with use of analogy to represent an expression

Expression

Analogy

Thought
links

Visual representation in
form exploration

Final Form

Amusement
Plate

Surf

Honey dri

B

Pleasure
Exuberance
Lush
Curling

Appetite Plate

Grapes bunch

‘Wholesome
Bunch
Swell

Healthy Plate

Pumpkin Elephant

Bulge
Volume
Full whole

a

Elegant plate

Exotic
Style
Attractive
Smooth
Flow
Balanced

Happy plate

Flower & Bud

N

Bloomed
Bright
Fresh

Spicy plate

Amuse
Excitement
Burst
Angles
Open

Aroma plate

Sprouting

Freshness
Movement
Upwards

A
B
D
E
F
G

(continued)
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Table 1 (continued)

Apple Green leaves Bulgy
i Fullness
Freshness

Happy

Healthy plate

om

Radiating
Lively

Fresh plate Splash

/u\_z

@

|

Enveloping
Overlapping
Compact
Freshness
Blooming

Secure plate

Curvilinear
Smooth
light

)

Cotton

Soft plate

Balance
Slender
Order
Grace
Style
Elegant

Poise plate

Power
Heavy
Hard

Alligator  Tortoise
Strong plate

Musical plate Spread
Resonance
Repetition
Harmony

Organized
Symmetry

Crisp plate Precise

$ a4 )"
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Fig. 3 Form exploration and levels of representation

Observing and mapping attributes from analogy allowed simple representation
of abstract concepts as well as abstract representation of simple attributes and
helped evolve unanticipated design solution and form generation. This can be seen
specifically in forms A, F, L, J, G, M, [, N, D.

In a few cases the use of analogy were rather bounded to a physical repre-
sentation only. In the case of forms H, O, E exploration remained in the realm
singular physical attributes usage thus restricting next level of exploration. The
contextual aspect of the use of analogy revealed various associative links to similar
themes, allowing infinite possibilities of exploration. As seen in forms D and L
where the theme is elegance but due to varied analogies the form exploration is
diverse.

Use of analogy helped in integrating emotions to the physical qualities of the
analogy to the form and bringing about a expressive representation. This helps to
expand and extend the designers exploratory field. From the perspective of using
analogy in form exploration it can be argued that the exploratory nature of anal-
ogies and its associative functions, significantly facilitates idea exploration and
novel form generation. The use of multiple representations extracted from the
analogies and its abstraction is seen to effect radical form generation in an
encouraging way. Thus the assumption that radical form generation by novice
designers can be enhanced with the use of analogy and can bring benefit to
assignments in hand has been observed. By understanding how using analogy in
the thinking process enhances form exploration, this study can help to identify the
incremental to radical exploration of form and its relation to the abstraction of
analogical attributes mapped.

The key role that analogies can play during the design exploration stage is in
building sense through the process of representational transfer and facilitate the
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mind to think differently. Despite the apparent benefits that analogy provides for
idea exploration, the possibility of fixation is an area that needs to be given
considerable attention. Thus a structured guided pedagogical intervention can be
useful. Further work in the area has to be done to formulate it.

4 Conclusion

This paper has articulated with examples, the role of analogy in idea exploration
and in facilitating expressive form generation.
The fundamental findings of our inquiry are that:

1. The use of analogical representation in form generation is able to move the
ideas to the next level. Design ideation can be stimulated with analogical
inspirations to multiple directions, allowing a more versatile field of exploration
of ideas and deliver novelty.

2. Using analogies to explore ideas and form generation helps students to break
out of their trained perception of form generation and discover new expressions
in form exploration.

3. The use of analogy as a training for associative thinking is useful for explor-
atory designing. As designers unconsciously source ideas analogously, but by
understanding its deeper implication in the design representation can help them
to enhance their practice of designing. This gives scope to further this study to
way all the implications and develop a framework for creativity, and validate
new methodology through more robust experiments. In the training process it is
important to convey that the analogue is not meant to be a copy of all the
features of the target [15], rather its value lies in the abstraction of the
representation.

In today’s competitive market the ability of analogies to produce novel forms
by aiding idea exploration during the design process, can be considered as an
important tool. This study focuses on use of analogical stimuli to evoke radical
form generation, and shows that more abstract themes can be translated to novel
form representation, through the use of multiple analogies. Thus reflecting a scope
for further study to develop a structured pedagogical intervention for training idea
exploration and form realisation from abstract themes and arrive at novel products.

Further, this practice can facilitate design at multiple levels of formulation,
representation and implementation of ideas, leading to the form expression. Thus
further examination of the specific types of analogy usage [6] and its specific
implementation may help progress the use of analogy to show radical effect on
original design outputs of novice designers.
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Abstract Engineering changes (ECs) are considered as cost and time-consuming.
Based on the understanding of EC as a specific representative of cycles within
development processes, the implementation of ECs is initiated by a target deviation,
which leads to a decision over different alternatives of the implementation process
of the particular EC. This decision is based according to literature and industrial
practices within the field of process design methods on an expert discussion,
without a formalized and explicit consideration of different change options. This
paper presents computational process synthesis (CPS) as a support for the decision
making of change options. The CPS is embedded within a procedural model for the
decision process of ECs. Besides, this paper presents a case-study, which describes

the application of the presented procedural model as well as the CPS.
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1 Introduction
1.1 Motivation

The development towards a worldwide buyer’s market driven by globalization,
leads to an intensified individualization of industrial goods [1, 2]. The results are a
growing number of products and especially a growing variety of these products
[3]. As a consequence development efforts combined with higher expectations on
products increase, while market-induced development periods are reduced at the
same time [2]. So cycles of development and innovation need to abbreviate at
increasing frequency to keep the company competitive [4]. Therefore, it is inev-
itable to adapt a company’s processes to these new requirements. Engineering
changes and their implementation are a vital sign of this adaption. Reorganizing
processes is very expensive and time-consuming. The outcome is a static process-
map, which is unable to react on unplanned changes [3]. The effects of engineering
changes on the process flow are difficult to evaluate. In particular external cycles,
induced by changing customer preferences, technological or economic develop-
ments, are barely predictable [5]. Kleedorfer [6] suggests a better crosslinking
between the sub-processes, which can be transferred to the implementation of
engineering changes. Based on this, Heinzl et al. [7] developed a concept of
defined process building blocks with standardized interfaces, in order to design a
flexible development process.

At Daimler it was the objective to create a process which reacts flexibly on
unpredicted engineering changes and can be adapted to new requirements. With
“Computational Process Synthesis” (CPS) an approach was developed to answer
the central research question of this paper: How can computational process syn-
thesis support the decision process of engineering changes?

This paper describes the fundamentals of decision making (see Sect. 3.1) and of
process design (see Sect. 3.2). Section 4 shows the development of the concept of
CPS and Sect. 5 its implementation at the Daimler AG.

1.2 Background of Research

Complex products are characterized and influenced by a number of company-
internal and external cycles. These cycles are objects of investigation of the
Collaborative Research Centre (SFB 768)— ‘Managing cycles in innovation pro-
cesses—Integrated development of product-service systems based on technical
products’. Cycles are reoccurring patterns (temporal and structural), which are
classified by phases. As a result, a cycle is always connected with repetition,
phases, duration, triggers and effects. Moreover, cycles could include retroactive
effects, interlockings, interdependencies (within cycles and between cycles),
hierarchies and further influencing aspects [5, 8]. Engineering changes are, due to
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their reoccurring process, a specific occurrence of cycles in development, which
are focused within the SFB 768 by a subproject on the cycle oriented planning and
coordination of development processes. Triggers cause the repetition of a pattern
and result of a deviation of the current and the intended status of an object. In order
to resolve this deviation, changes are required. However, the characteristics of
change options vary in terms of their effects, which emphasize the relevance of a
systematic creation and decision on change options.

2 Research Methodology

The development of a procedure for the computational process synthesis is based
on established literature of process design and decision making in complex sys-
tems considering the specific requirements of engineering changes. Through
applied science the procedural model is refined iteratively and further developed
by using real process examples of the tool-making department in the Mercedes-
Benz factory Sindelfingen. The procedural model and its results in terms of
evaluated change options (alternatives) were evaluated by expert interviews at
Daimler AG and are in place for a validation within succeeding student project.

3 State of Technology
3.1 Decision Making

Roy [9] describes three basic kinds of decisions: decision by selection, decision by
ranking and decision by classification and sortation. Decision by selection means to
choose a group or a single alternative from all possible alternatives of action, while
decision by ranking means to arrange the alternatives in sequence, in order to
determine the ability for certain demands. Decision by classification and sortation
corresponds to a common preselection. Decisions get more challenging when more
objectives need to be matched with that decision. Still more effort is necessary if not
all alternatives are known to the decision maker. In that case we talk about a multi-
criteria decision problem, with an additional identification problem. These kinds of
complex decision processes need to be supported methodically and conceptually [10].

3.2 Process Design

Process Design is a complex problem. Established procedures suggest a discus-
sion-based process-mapping performed by project groups of experienced
employees from the relevant process areas [11].
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Together they document the current process of a change option using modeling
methods like sign-posting. The group develops an ideal process as long-term
objective, which the group’s members expect to be perfect in the work-flow as
well as in its results. Based on these two processes the target-process is mapped. It
is a compromise between the perfect solutions of the ideal process and those
solutions that are realizable under real conditions. They discuss the workflow step-
by-step and determine the target-process with a sequence of decisions by selection.
The number of alternatives is based on the solutions of the current process, the
ideal process and the know-how of all involved experts, as well as their creativity.
The criteria used for decisions aim mostly at local optimization, because the
impact on the complete process cannot be evaluated with the given methods.

Methods like ‘Program Evaluation Research Task’ (PERT) or Critical Path
Method (CPM) provide a procedure to derive an optimal process sequence out of
given tasks, mainly focusing on the lead time. The process sequence is event-
driven and considers uncertainties of single tasks [12]. However, multiple criteria
are not used for the derivation of the process sequence. They are mandatory to
consider optional tasks, which for example are performed to increase the quality of
the output of specific tasks.

4 Computational Process Synthesis

CPS offers methodical support for the identification of change options as well as
for the multi-criteria decision on the process-mapping of those change options.
Conventional approaches use a sequence of local decisions for the selection, while
CPS uses integrated decisions by ranking complete process-paths from the solution
space. CPS is composed of three steps (Fig. 1). First, required input-data for the
simulation is collected. All sub-processes with their inputs and outputs are
determined and formalized. Afterwards, an excel-based tool spans the solution
space, generating all possible process-paths through combinatorics. The third step
is a two-stage assessment to choose the optimal solution from the solution space.
Using defined K.O.-criteria, the number of solutions is reduced to a manageable
amount. With a customized set of criteria the optimal process-path for the specific
situation is determined.

4.1 Process-Mapping of Change Options

Objective is a process-map, which includes all process-paths for the implementation
of the different change options. Like in the conventional approach a project group is
established consisting of experts from all relevant areas [11]. The discussion is
focused on the inputs of the sub-processes, as their performance and the quality
of their results depend significantly on the quality of the process-inputs [13].
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Fig. 1 Procedural model of CPS

The specification of the outputs results from linking inputs to their corresponding
providers. This procedure avoids a deduction of unnecessary work results. Solely the
processing time, needed from process-start to completion, is allocated to the outputs.

First all sub-processes are analyzed, according to their inputs, used in the current
process. Here three kinds of inputs are distinguished: fixed, optional and alternative.
Fixed inputs are those that are necessary to perform the sub-process at all, optional
inputs complement the fixed ones, while alternative inputs replace other alternative
parameters. Each input can be provided by several different suppliers.

In addition, new options and alternatives for the target-process are developed.
This step holds high potential for innovation, however, it is very elaborate. Customer
orientation is of high importance to prevent a misguided development [14].
When customers suggest additional input to raise the quality of their sub-process or
its results, providers need to evaluate, whether or under which conditions they can
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deliver the demanded input. It is crucial, that the demand-pull on the customer side
coincide with the technology push on the provider side [15]. The provider has
to deliver what the customer needs, and vice versa. The previously documented
sub-processes get expanded with this additional data. Using the defined links
between inputs and outputs a process-map is drafted.

4.2 Spanning the Solution Space

This step determines the possible process-paths of change options by an automated
excel-based tool. The characteristics (see Sect. 4.1) are available for the program in
a formalized state. For sub-process holding optional or alternative inputs, the tool
determines all variations of the sub-processes. Thereby a group of optional inputs
can be interpreted as a binary number, where every input represents a digit that is
either used ‘1’ or it is not ‘0’. The number of variations V with n optional inputs in
one sub-process is calculated after the rules of combinatorics, as shown in Eq. 1:

vV =2 (1)

A group of m alternative inputs expands the number of variations with a
multiplication by the factor m as shown in Eq. 2:

V=2"xm (2)

Afterwards the path generation is performed, following the pull-principle just
like in Sect. 4.1. Because of the focus on the inputs and the generation of variations
using them, this approach is necessary to achieve an explicit set of relevant paths.
The tool proceeds backwards, it starts with the last sub-process. Each sub-process
requests those parameters from its predecessors, which are needed in its current
variation. If a sub-process holds more than one variation, new paths are generated.
The tool ends, as soon as all paths are determined. If a new path is applied, the
attribute open is assigned. The path is attributed as closed, when it reaches the first
(initial) sub-process and all its sub-processes are closed. The sub-processes on the
other hand count as closed, as soon as all their inputs are linked to a predecessor.
The final result is the whole solution space. It holds the entity of all paths through
the process-map, which are able to achieve the requested outcome.

4.3 Two-Stage Assessment

The assessment occurs in two steps. It is based on substantial expert knowledge
about the workflow and the individual operation steps. First the possible solutions
are narrowed down using K.O.-criteria. In the second step the remaining paths are
evaluated with a custom-designed set of criteria in a quantitative way. The set of
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criteria consists of quantified parameters, which allow making a statement about
the capabilities of the process and the quality of its products. All criteria are
derived from general requirements for the process. They indicate the degree of
fulfillment of these requirements, which originate from the process owners
themselves, from the management or from literature.

K.O.-criteria reduce the solution space to a manageable amount of relevant
process-paths, either using a critical value or with Boolean statements about
certain process properties. The second stage of assessment works with various
criteria, set in weighted relation to each other. All criteria have to be quantified, to
allow a computer-aided assessment. One possibility to use qualitative criteria as
well, is score evaluation, or weighted score evaluation for higher significance.

For dynamic and flexible process design, critical values as well as the weighting
of the criteria is to be defined specifically for each situation. As a result, the
optimized process-paths for each situation can be found and implemented.

5 Case-Study

The tool-making department in the Mercedes-Benz factory Sindelfingen develops,
constructs and produces dies and tools for deep-drawing operations of sheet metal
parts for Mercedes-Benz cars. The increasing number of models and their varia-
tions, in addition to the market-induced shortening of development cycles, leads to
severe deadline pressure and a shortage of resources. Out of this motivation an in-
house-consulting project (IHC) was launched, performing a classical process
optimization via sign-posting within a project group of experts. The following
approach was developed in parallel to this project, to support the established
approach. It was implemented in a pilot study, with which the specific actions are
described in the following.

5.1 Process-Mapping of Change Options

The process-mapping took place within the project meetings of the IHC-project.
The different variations of input compositions and alternative providers for the
inputs resulted from discussions about the current, ideal and possible target-pro-
cess. Figure 2 shows an example of an anonymized sub-process.

Inputs il and i2 are fixed parameters, which are required to perform the sub-
process. 13 was provided sporadically in the past, to improve the quality. However,
it is an optional input. i4 is requested by the process-owner, intending to improve
his results. Another sub-process is identified as possible provider, whose owner
agreed to provide the requested parameter under specific conditions. So i4 is
charted and marked as optional. i5 and i6 serve the same purpose. Nevertheless,
they show different characteristics. One of the two parameters is needed to perform
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Fig. 2 Exemplary sub-
process with inputs and
outputs

Input 1 Output 1
Input 2 Output 2
Input 3 (opt.) Exemplary
Input 4 (opt.) sub-process
Input 5 (alt.)
Input 6 (alt.)

the sub-process. That’s why both are marked as alternative. Outputs ol and 02 are
requested by other sub-processes. The process-owner agreed to this request and
defined processing times for both parameters. All sub-processes are connected, by
linking their inputs and outputs. In the case-study 25 sub-processes are defined,
holding 113 inputs and outputs. To keep clarity in the following a simplified
exemplary process-map is used to describe further actions. Figure 3 shows this
process-map. It consists of five sub-processes, with a total of 17 inputs and outputs.
Two of them, 112 and 117 are optional.

The linking is conducted from input to output. Customers choose their pro-
viders. Every input needs at least one predecessor—except il, which is an initial
input—otherwise the process would stop at this point. Several predecessors for
every input in the map are possible, if the customer considers more providers to be
suitable. That way 112 for example can be provided over 09 by sub-process P3 or
over 014 by P5. If one output has more than one successor, e.g. 02, which delivers
to i4 and i5, it must be ensured, that the required goods are available in a sufficient
amount. Such constellations in the case-study turned out to be unproblematic as
most parameters were digital data like CAD-construction data, which are
available.

5.2 Generate Alternatives of Action

The inputs and outputs’ properties are formalized, documented in an excel-list and
provided to the tool. Based on this, the tool derives all possible process-paths. In
the exemplary process-map (Fig. 3) only P4 holds more than one variation
(Fig. 4).

i1 2 i4 7 » il 1
i [ i po [¢) | 0 013
P1 03 08 » i1 P4
016 » 12

?5 P3 09 |— i17
» 6
i15 P5  [ot14

Fig. 3 Exemplary process-map
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P4 P4
Variation 1 Variation 2

P4

- Variation 3

P4
Variation 4

Fig. 4 Variations of sub-process P4

Fig. 5 Path no. 2 of the exemplary process-map

Following the earlier defined rules, two optional inputs cause an amount of
2? = 4 different variations. The exemplary sub-process in Fig. 2 would double the
amount because of the two additional alternative inputs to a total of 2> x 2 = 8.
The path generation starts with 013, meaning at P4. Four paths originate here,
caused by the four described variations of P4. As 112 holds two predecessors,
every path containing i12 generates another path to display the additional alter-
native. This way for variation 2 and 4 there is one path providing i12 through 09
and one using o14.

Altogether there are six possible paths how to get through the exemplary
process-map. Figure 5 shows path no. 2 of the exemplary process-map as a sample
of the solution space. It contains P4’s variation 2 and uses P3 to supply i12.

5.3 Two-Stage Assessment

The case-study’s real process-map caused a total amount of 19,584 possible paths
through the map. To handle this amount, the solution space was narrowed down
using the two-stage assessment, described earlier.

Table 1 shows a selection of requirements for the process and the derived
criteria for the process-assessment. As mentioned earlier the product-push in the
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Table 1 Requirements and

R Requirement Criteria
criteria for the assessment - - - -
Reduce processing time Processing time (K.O.) T,
Reduce processing cost Operational hours (a.0.) T,
Parallelize operations Parallelism: To/T,

automobile industry creates increasing deadline pressure. Therefore, one require-
ment was to reduce the entire processing time, to enable the workers to meet their
deadlines. If deadlines cannot be kept, the process-path is not suitable. This shows,
that processing time is a perfect K.O.-criterion. Process-paths that need less time
than the critical value for this criterion are kept as possible solutions. The critical
value in the case-study was set to 200" days, which lead to a reduction of the
solution space to 2176 process-paths. However, the selection of the criterion and
its critical value depends on the specific project.

All further criteria are assessment-criteria serving a decision by ranking, which
have to be interpreted and weighted individually for every project by a group of
experts. A basic requirement for all business processes is cost reduction. Among
others, this is assessed with the operational hours for every cycle, which are
equivalent to the labor costs of the process. So less operational hours are evidence
for less labor cost or at least less tied-up working capacity. Simultaneous engi-
neering claims parallelized operations. This can be assessed with the quotient of
operational hours and processing time. This ratio, called parallelism, makes a
statement about how much work is achieved during the processing time of the
process. So a high ratio indicates a process, which performs several sub-processes
in a short period of time. The connection between the first two criteria in the third
one causes a conflict of objectives, which allows no process to achieve optimal
values for every criterion. Weighting the criteria preforms a prioritization of the
requirements according to their importance.

6 Results

Figure 5 demonstrates that all process-paths containing P5 are sorted out due to the
K.O.-criterion. The processing time exceeded the critical value, because of the
high processing time of P5. As 09 causes more operational hours than 07 and o8,
P3 extends the complete processing time as well. However, its involvement
improves the quality of the outcomes and the parallelism of the processes. As best

! Numbers were changed for this publication.
2 Numbers were changed for this publication.
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compromise between processing time and practicable work content, the shown
second path is chosen from the solution space.

In the case-study the conventionally elaborated process was identified within
the solution space and compared to other reasonable alternatives. As recommen-
dation one path was determined, that has a shorter processing time and more
operational hours at once. The parallelism rises from 1.36 to 1.62. This way the
principles of simultaneous engineering are implemented consequently. Work
content along the time-critical path is reduced as far as necessary, while parallel to
this path validation content is performed, in order to use the available time
effectively and to reduce critical changes during the stages of implemented
hardware. Aspects like the time-critical path could not be considered, using the
conventional approach, until the process planning was complete. Iterations for
optimization are very elaborate. Using the approach of CPS, the results of the
process organization can be improved, while the effort is reduced at the same time.

7 Summary and Outlook

This paper presents the CPS as procedure to support the decision making of
engineering changes. Based on the fundamentals of decision making and process
design, the procedure depicts the relevant sub-processes and their inputs and
outputs for a specific change through structured interviews. The combinatorics of
the sub-processes, using an excel-based tool, derives the different change options,
which are fed to a two-step assessment method. First the change options are
preselected by K.O.-criteria, before these options are assessed through a weighted
evaluation method. Finally, the research results were evaluated within a case-study
at the tool-making department in the Mercedes-Benz factory Sindelfingen and
interviews with corresponding experts.

A first step of future work is the extension of the excel-based tool for the
creation of change options, in order to improve its capabilities. Thereby, the
processing speed and the graphic representation of the change options are focused.
Moreover, checklists are to be prepared to support the user, while identifying
K.O.-criteria as well as evaluation criteria. Based on the evaluation of the pro-
cedural model in a case-study at the tool-making department in the Mercedes-Benz
factory Sindelfingen, we aim at a validation of the approach within a student
project.

Acknowledgments We thank the German Research Foundation (Deutsche Forschungsgeme-
inschaft—DFG) for funding this project as part of the collaborative research centre “Sonderf-
orschungsbereich 768—Managing cycles in innovation processes—Integrated development of
product-service-systems based on technical products”. Furthermore our thanks are given to
Daimler AG, especially to the tool-making department BM of the Mercedes Benz factory
Sindelfingen and all employees who supported this study.



198 F. Behncke et al.
References

1. Porter ME (1998) Competitive strategy: techniques for analyzing industries and competitors.
The Free Press, New York

2. Cooper RG, Edgett SJ (2005) Lean, rapid, and profitable new product development. Basic
Books, New York

3. Ehrlenspiel K (2009) Integrierte Produktentwicklung. Hanser, Miinchen

4. Griffin A (1993) Metrics for measuring product development cycle time. J Prod Innov Manag
10:112-125

5. Langer S, Lindemann U (2009) Managing cycles in development processes—analysis and
classification of external factors. In: International conference on engineering design (ICED
‘09), vol 17. pp 539-550

6. Kleedsrfer R (1998) ProzeB- und Anderungsmanagement der Integrierten Produktent-
wicklung. Dissertation, TU Miinchen

7. Heinzl J, Reichender J, Schiegg H (2001) ProzeB- und Anderungsmanagement der
Integrierten Produktentwicklung. In: PMaktuell 2/2001

8. Langer SF, Knoblinger C, Lindemann U (2010) Analysis of dynamic changes and iterations
in the development process of an electrically powered go-kart. In: International design
conference (design’10), vol 11

9. Roy B (1996) Multicriteria methodology for decision aiding. Kluwer Academic Publishers,
Dordrecht

10. Krishnan V, Ulrich KT (2001) product development decisions: a review of the literature.
Manag Sci 47(1):1-21

11. Becker J (2005) Prozessmanagement. Springer, Berlin

12. Malcolm DG, Roseboom JH, Clark CE, Fazar W (1959) application of a technique for
research and development program evaluation. Oper Res 7(5):646-669

13. Schoneberg U (2010) Prozessexcellence im HR-management. Springer, Heidelberg

14. Lukas BA, Ferrell OC (2000) The effect of market orientation on product innovation. J Acad
Mark Sci 28(2):239-247

15. Hauschild J (2011) Innovationsmanagement. Vahle, Miinchen



Concept Generation Through
Morphological and Options Matrices

Dani George, Rahul Renu and Gregory Mocko

Abstract The use of morphological analysis as a tool to aid concept generation is
examined. Two principal limitations of the method are highlighted; (1) the lack of
details generated for system concepts and (2) the explosion of combinatorial
possibilities in the use of morphological matrices. The authors propose a method to
support the generation of detailed conceptual ideas through functional combina-
tions and use of options matrices, facilitating an intelligent exploration of the
design space. In the options matrices, functions that are highly coupled are
grouped together and idea generation is performed on the functional combinations
based on identified innovation challenges. A subset of highly coupled functions are
extracted from the morphological matrices and systematically integrated to form
system level concepts. The resulting system concepts have greater design details
compared to those generated through traditional morphological analysis tech-
niques, allowing a designer to make informed decisions regarding their feasibility
for the design purpose. An example of the proposed method is provided in the
design of a seating chassis for automotive applications.
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1 Introduction

Research in engineering design over the past few decades has resulted in the
formulation of various theories, perspectives, models and methodologies for per-
forming design activities [1-5]. Common to the various models and theories of
design is the importance of creativity and the need for generation of good product
concepts in order to satisfy customer needs, reflect their preferences and generate
revenue. It is well understood that a poor design concept resulting from the product
conceptualization process cannot be compensated for by ‘bandaging’ or quality of
manufacturing [6]. Hence, it is paramount that designers focus time and effort in
generating ideas, evaluating alternatives and performing concept selection
appropriately.

Idea generation during product conceptualization can be roughly grouped into:
methods to support the generation of ideas (means) to perform the individual
functional requirements of the system and methods to support the combination of
means to generate system level concepts [1, 2]. Several tools have been developed
to support these idea generation activities [7]. The focus of our research is on the
combinatorial aspects of concept generation.

Different combinatorial tools used to support concept generation can be clas-
sified as intuitive tools (such as storyboarding and affinity method) and systematic
combination tools (such as check-listing and action-verbs) [7]. Morphological
matrices may be used as a systematic combination or an intuitive combination tool.
The concept of morphological thinking is essentially the method of systematic
combination used to explore the complete set of possible relationships within any
multi-dimensioned problem that can be decomposed into its’ constituent sub-
problems [8]. However, it also supports an intuitive approach to combination of
means. A detailed review of the development and use of the morphological
matrices is presented in [9].

Since the use of the morphological matrices is in the conceptual design stage, it
typically contains means that are not detailed—the means may be high level
working principles, non-dimensioned sketches, or vague ideas. Consequently,
during combination of means into system concepts, it becomes difficult to identify
which means are compatible with others to support their physical combinations.
Therefore, simply choosing one means for each functional requirement may not
yield a system concept if the means cannot physically be integrated into a working
mechanism. Hence, the first limitation of the use of morphological matrices is the
challenge of identifying compatible means to perform a system level combination.

Three techniques can be used to combine means into system concepts in a
morphological matrix—a computational/quantitative technique, a qualitative
technique and a fusion of the two. The computational technique is essentially
based on calculating the estimated performance of the system that is generated as a
result of combination of the means [6, 10—14]. The main challenge with this is that
it requires the definition of performance parameters and a significant amount of
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design detail for each of the means, requiring a lot of time and effort from the
designers, although the computations themselves may be automated in some cases.

The qualitative techniques [12, 15] and the mix of qualitative and computa-
tional technique [16] can be employed to generate concepts using three approa-
ches—a systematic combination of all possible means (a full factorial approach),
random combinations of means, and intelligent combinations of means.

The systematic combination approach systematically identifies all possible
combinations, thus allowing the designer to choose the optimum system concept
from the entire set. However, the major limitation of this approach is the number
of combinatorial possibilities that must be explored. A small design task that is
decomposed into 5 functions with 10 means identified to fulfill each function has
10° (100,000) combinatorial possibilities. In practise, may not be possible to
explore all these combinations to identify the optimum system concept. The
combinatorial possibilities become even larger for large complex design problems.
The demonstrative example described in Sect. 3 had over 600,000 combinatorial
possibilities despite having only four functions.

The approach of random combinations identifies one means from each row
randomly to generate system concepts. This approach can result in the combination
of unexpected means that force the designers to think deep into how the combi-
nations can be achieved, thus leading to innovative system concepts. However, the
challenge is that the randomness can also result in the exclusion of potentially
good system concepts. Although the randomness can be biased toward good
quality means to yield improved results, the adaptation may yet fail to identify the
most complimentary sets of means to generate good system concepts.

The intelligent combination approach conceptually lies in between the previous
two approaches. Some of methods using this approach are described in [12, 15, 16].
However, these methods still propose high level combinations of the means within
the morphological matrices, without the generation of significant details to allow a
designer to make informed decisions to explore the design space effectively.

In light of these limitations, this paper proposes a method of qualitative
exploration of the design space with morphological matrices using a focused
ideation technique based on identification of functional coupling and innovation
challenges. The method proposes a strategic exploration of the design space and
combinatorial possibilities are explored based on informed decisions that are
influenced by the designers’ domain knowledge, experience and technological
challenges. The next sections explain the proposed method, demonstrate an
application to design a seating chassis for an automotive application, outline our
conclusions, discuss the limitations of the method and identify future work.

2 Proposed Method for Concept Generation

The proposed method for concept generation aims to reduce the number of
combinations that need to be explored to identify good system concepts, generate
detailed information on promising combinations of means, encourage the
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exploration of design alternatives, and facilitate innovation in design. As a pre-
requisite, the functional decomposition of the design task and the generation of
individual means that achieve each function should be performed and listed in a
morphological matrix. A summary of the proposed method is illustrated in Fig. 1.

Figure 1 illustrates the high level steps required to perform a focused detailed
exploration of the design space. The means in the initial morphological matrix are
grouped and filtered (Step 1) before identifying functional combinations to per-
form focused ideation using options matrices (Step 2). The crosses in the initial
morphological matrix represent the filtered means. The specific combinations
explored in the options matrices (Step 3) are carried forward to subsequent higher
level morphological matrices that list the functional modules against the sub-
system concepts. The sub-system concepts are subsequently combined again using
pairwise combinations using options matrices and higher level morphological
matrices to generate system concepts (Step 4). The process is repeated to generate
alternate system concepts (Step 5—not shown in Fig. 1).

Options matrices are proposed for several reasons including: (1) not all func-
tions are identified in the initial morphological matrix, (2) some sub-functions can
only be identified when combining specific means and thus are not relevant to all
the means in the morphological matrix, (3) there may be several different geo-
metric and physical combinations of means within the morphological matrix, and
(4) the combination of means in the morphological matrix are explored at a high
level of detail.

Step 1: Grouping and preliminary filtering of the individual means

The individual means from the morphological matrix are organized and
grouped according to their similarities based on similar working principles, sim-
ilarity of components, or other explicit design specific criteria such as strength,
reliability or complexity. Clustering the means into specific groups help to identify
strategies for combining the means across functions and stimulate generation of
additional means. Affinity diagramming is a useful technique that can be used to
perform grouping of the means. The grouped means are then analyzed individually

Initial Morphological matrix F;
Level 1 Morphological matrix
M [ M, | M3 Myl (2) |F, photos
F|X Sub-Systems
- - System
F, X X Options Matrices =
2 i B, &Fy concepts
B X Fy
F, &F,
F, ). F,
ey
3) C))

Fig. 1 System concept generation using morphological matrices and options matrices
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and as a group with respect to feasibility to flag obviously infeasible ideas. The
preliminary filtering helps to reduce the number of potential combinations to
consider with minimal danger of losing feasible ideas. The result of this step is the
generation of a morphological matrix with a reduced set of means that are grouped
to identify similar working principles and design strategies.

Step 2: Identification of functional combinations and innovative means for each
function

Subsets of the functions from the morphological matrix are extracted along with
the means pertaining to those functions from the morphological matrix. Each
subset consists of a pair of coupled/compatible/anti-functions that can be com-
bined to form desirable or innovative sub-systems. These functions may be related
to each other temporally, geometrically, or logically. Theory of Inventive Problem
Solving (TRIZ) principles may also be used to identify function combinations
representative of high level conflicts to identify the subsets [17]. The selection of
functional combinations to form subsets may be subjective, i.e., designer specific,
or design task or design focus specific.

Different functional combinations may be possible and desirable. However, an
initial set of function subsets is chosen to specifically explore the possible ways in
which the respective means can be combined, so that the functional coupling
desired within each subset is physically realized. Different combinations of
functions may be explored later during generation of alternative system concepts.

Innovative or promising means pertaining to each function are also chosen to
carry forward for detailed exploration. The functional integration within each
subset is explored through these means. The remaining means are not considered
for further detailing at this point, although they are explored to generate alternative
system concepts. The result of this step is the generation of functional combina-
tions pertaining to possible design strategies and the identification of innovative/
interesting ideas.

Step 3: Generation of sub-system concepts

The functional subsets and the promising means are exported to an options
matrix, where focused idea generation based on explicit innovation challenges is
performed on each subset, to understand how the various combinations of means
can physically realize the functional integration. The innovation challenges are
stimuli designed to provoke ideas for combining the means using different per-
spectives. They may be the result of provocative questions asked by the designer
of the design task statement, requirement list, functional decomposition or the
identified design space. TRIZ principles can serve as a basis to generate innovation
challenges through forcing designers to consider different perspectives such as
segmentation, merging, or mechanical inversion [17]. An options matrix is a two-
dimensional matrix where means for one function are listed against the means for a
second function. Every options matrix is constructed to explore the combinations
of the means of two functions using a distinct, explicit innovation challenge.
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Fig. 2 Example representations of options matrices

A specific functional combination may be explored using different innovation
challenges using independent options matrices as illustrated in Fig. 2.

Figure 2 illustrates the generation of distinct options matrices to explore the
combinations of functions (F1 and F2) using two innovation challenges—structural
and non-structural. For example, the two options matrices can be used to explore
how the different means can be combined to create a mechanical sub-system where
the components are (1) structural members or (2) non-structural members.

Each identified functional subset is explored in detail using the options matrices
to generate sub-system concepts. The specific characteristics, positives, negatives
and discussions regarding the sub-system concepts are explicitly captured in
design documents.

Although the addition of the innovation challenges to the options matrices will
result in additional combinatorial possibilities to explore, they are essential to push
designers to explore non-obvious combinations, identify implicit assumptions,
question the design space boundaries and facilitate innovation. The innovation
challenges are generated from the information that is known about the system—
design statement, list of requirements, function model and the design space.
Innovation challenges may result in additional exploration of the solution space,
necessitate a functional redefinition where an additional sub-function may be
generated to support the combination of two functions, challenge the requirements
thus questioning the implicit assumptions, question perceived design boundaries,
identify functional combinations or stimulate exploration of additional configu-
rations of combinations of means. The result of this step is the generation of small
functional sub-systems that offer the designers a first glimpse of how the sub-
system modules could be integrated into a complete system.

Step 4: Generation of system concepts through sub-system combinations

The functional modules and the sub-system concepts obtained through the
options matrices are combined using a modified morphological matrix (Level 1
morphological matrix) as illustrated in Fig. 3.

Functional module pairs are extracted from the level 1 morphological matrix
using a similar process as explained in Step 2. The sub-system concepts



Concept Generation Through Morphological and Options Matrices 205

corresponding to the functional modules are then populated in level 2 options
matrices to generate higher level sub-system concepts. These are fed back into the
next level of morphological matrix and the process is continued until all the
functions have been combined to form complete system concepts (Fig. 3).

Level 2 Options Matrix

Level 1 Morphological Matrix F;
Functional ey Level 2 Morphological Matrix
Sub-System Concepts =
Modules : 3
= Functional g . "
& Sub-System Concepts
[Fy & Fy) 88C, [ 88C, | 88C; Modules
[F: & F3] S8C; [ S5C; | 58C¢ [Fy, Fy, Fs] | SSCy | SSCy2 | 88Cy5
Fs M, M, M; [Fy & F;] ‘ 88C, “SSC_: | S8C¢ I—) [F;&F;] | SSC; | 85C; | $8Cq

Fig. 3 Illustration of modified morphological matrices with functional modules

Additional levels of morphological matrices and options matrices are used
depending on the size of the design task. A formal hierarchy of system decom-
position needs to be established in order to apply the method to large design tasks
so that the combinations formed at the various levels of the system may be
appropriately termed. The decomposition described in [18] is particularly useful.
The result of this step is the generation of complete system concepts and an
understanding of the effects of specific functional combinations on the system
characteristics.

Step 5: Iteration to identify alternatives

Once an initial set of system concepts are identified, alternative means and
approaches to combinations are used to generate additional system concepts. Using
the same method to generate system concepts, alternative designs can be created by
altering functional combinations, using means that were previously unconsidered,
and using different strategies for combinations. The result of this step is the
generation of alternative system concepts based on solution characteristics
resulting from functional combinations that affect the feasibility of the generated
concepts.

3 Example Application of Proposed Method for Design
of Automotive Seat

The proposed method was applied to the design of a seating chassis for the front
driver/passenger of an automobile. The design task was decomposed into four
functions and ideas were generated to perform each function. These were then
populated in a morphological matrix as illustrated in Fig. 4.



206

FUNCTIONS

M1

M2

D. George et al.

M3

F1: Move along a
trajectory with +6°

->——
v—

Crank + Track System Curved Track

Vertical actuator

Double 4Bar Linkage

F2: Move vertical
*+3°on trajectory
path, “orthogonal”

4 Bar mechanism Non drcular gears

A 5 2) =

F3:Provide locking & AN
fe
PAWL lock PEL latch (pins) Rack(sector)
Y -
F4:Provide energy ;a"":}
Lead screw Pneumatics Electric motor

Snippet of the initial morphological chart
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Step 1: Grouping and preliminary filtering of individual means

Figure 4 illustrates a snippet of the initial morphological matrix and an example
of one of the options matrices that was explored. The initial ideas in the mor-
phological matrix were grouped according to the types of means that were gen-
erated for each function. For example, the means that were generated for providing
the locking mechanisms were grouped according to the locking principles—
positive interaction mechanisms, friction based mechanisms, geared mechanisms,
and miscellaneous mechanisms. Once the groupings were complete, a preliminary
filtering was performed on the generated ideas to discuss the individual means and
ascertain their feasibility. Some clearly infeasible ideas such as use of tank tracks
and complex gear trains (crossed out in the figure) were suspended from further
detailing due to cost, manufacturability, and complexity concerns.

Step 2: Identification of functional combinations and innovative means
for each function

The combination of functions 1 and 4 was one of the interesting functional
combinations that was explored. The designers wanted to generate a unique and
innovative power-assisted movement mechanism through integration of the two
functions. Functions 2 and 3 were not combined initially because the designers
wanted to focus on generating innovative power assisted movement mechanisms.
The most promising ideas from the set of means for F1 and F4 were selected to
carry forward to perform focused ideation, some of which are illustrated in the
options matrix from Fig. 5.
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Step 3: Generation of sub-system concepts

Functions 1 and 4 were paired in an options matrix with the selected means for
each function as illustrated in Fig. 5.

Focused ideation was performed on the options matrix using the perspective of
the innovation challenges—structural and non-structural, so that both structural
and non-structural mechanisms could result from the combinations. After some
geometric configurations of the paired mechanisms were identified and sketched,
the designers were encouraged to generate more configurations using the per-
spectives of additional innovation challenges obtained using TRIZ principles (such
as segmentation—instead of using one mechanism to achieve the movement along
trajectory, a union of two mechanisms was explored, and mechanical inversion—
designers were forced to consider how the physical combinations would be
affected if the mechanisms switched positions in the sketch). This resulted in the
generation of additional configurations, identification and discussion of the limi-
tations of the means that had been identified for the locking function (F3), and a
redefinition of the functional decomposition of the system.

Step 4: Generation of system concepts through sub-system combinations

The functional module consisting of functions 1 and 4 was then fed into a level
1 morphological matrix along with the separate functions 2 and 3. Subsequent

INNOVATION CHALLENGE - NON-STRUCTURAL
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Fig. 5 Snippet of a level 1 options matrix for F1 and F4
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options matrices saw the coupling of the locking mechanisms with the functional
module of the power-assisted movement mechanism for the main trajectory and
finally the overlay of the orthogonal movement mechanisms into the structure to
generate complete system concepts.

Step 5: Iteration to identify alternatives

Additional system concepts were generated using different means, different
innovation challenges and different order of functional combinations. For example,
the movement mechanisms were coupled with the locking function, generating
sub-system concepts that had a greater emphasis on managing the load paths
through the structure to cater to crash load requirements. Other functional com-
binations and different orders of functional combinations were explored to gen-
erate additional system concepts.

4 Conclusions and Future Work

A method is proposed that provides detailed guidelines on how to efficiently
generate system level concepts from individual functional solutions through
focused detailed exploration of functional combinations using morphological and
options matrices, and intelligently limiting the number of combinatorial possi-
bilities explored. The method allows a designer to explore the specific charac-
teristics of combinations of means or sub-systems, while generating detailed
understanding of the design space, thereby enabling the generation of system
concepts that better adhere to the design purpose and improving overall design
feasibility. An example application of the method is provided in the design of a
seating chassis for automotive application.

Further, research is currently underway to address the limitations of the method.
First, the method implies some selection and filtering based on a high level
understanding of the means. This may sometimes result in the inconsideration of
potentially good means. Second, the individual means are filtered before consid-
eration of their combinatorial effects. It is possible that two lower performing
means are good in particular combinations. Also, the method proposes exploration
of the design space through pairwise combinations. In other words, the order of
identifying pairs and the pairs that are considered have an effect on the generated
solutions. Finally, the method relies on the identification of explicit innovation
challenges to perform innovative combinations of means. However, forcing the
designers to identify the combinatorial perspectives (innovation challenges),
questioning the design task and design boundaries, and looking to identify implicit
assumptions will result in thorough understanding of the design task and help the
detailed exploration of the design space.

Work is being done to refine the proposed method using feedback from prac-
ticing designers and to validate the steps of the method through user studies. The
authors believe that the method is also complimentary to and capable of being
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coupled with the more recent utilization of design repositories [19-21], and
ontological frameworks [22, 23] to support engineering design. A software tool is
also being developed using ontological frameworks that supports the proposed
approach while providing added functionality.
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Abstract The objective of this research is to understand the use of internal
analogies in the early phases of engineering design. Empirical studies are used to
identify the following: type and role of analogies in designing; levels of abstrac-
tion of search and transfer of analogies; role of experience of designers on using
analogies; and, effect of analogies on quantity and quality of solution space. The
following are the important results: analogies from natural and artificial domains
are used to develop requirements and solutions in the early phases of engineering
design; experience of designers and nature of design problem influence the usage
of analogies; analogies are explored and unexplored at different levels of
abstraction of the SAPPhIRE model, and; the quantity and quality of solution
space depend on the number of analogies used.
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1 Introduction

Design-by-analogy is used to produce creative solutions [1-3], in particular to
enhance novelty and number of solutions [4, 5]. In designing, analogies aid [6] and
inhibit fixation [7]. Design-by-analogy involves the transfer of analogous knowl-
edge from a source domain to a target domain, to solve problems in the target
domain. The following types of analogies are identified based on different criteria:
domain of analogies: natural or biological and artificial analogies; apparent dis-
tance between the target and source domains: close domain and distant domain
analogies; representation of analogy: verbal-, image- and video-based [3, 7]. In
this paper, another category is identified based on development of analogies:
internal and external analogies. An internal analogy is created using only the
cognitive abilities of designers, mostly based on past experiences. An external
analogy is created using an external source like a book, database, computer-based
tool, etc. It could be argued that the external analogies also involve cognitive
abilities of the designers; however, these kinds of analogies are created primarily
due to the use of the external source. Current research on analogies in designing
focuses only on understanding and supporting external analogies. As a precursor, it
is important to understand the use of internal analogies. Further, this understanding
should be the basis for understanding and supporting external analogies. There-
fore, this research focuses on understanding internal analogies in designing.

2 Objective and Research Questions

The objective of this research is to understand the use of internal analogies in the
early phases of engineering design. Specifically, the following research questions
are posed:

1. What are the purposes and types of analogies used in the early phases of
engineering design?

2. At what levels of abstraction are analogies searched for in the target domain,

created in the source domain and, implemented in the target domain?

What is the role of experience of designers on the use of analogies?

4. What is the effect of analogies on the quantity and quality of solutions
developed?

w

3 Research Methodology

Protocol studies of eight design sessions from earlier research [8, 9] are used to
answer the research questions. Each design session consists of a designer, expe-
rienced (E1-E4) or novice (N1-N4), solving a design problem (P1 or P2),
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Table 1 Design sessions (values available from [9])
El, P1 E2, P2 E3, P2 E4, P1 N1, P1 N2, P1 N3, P2 N4, P2

VCS 444 3.88 375 3 242 3.14 4.54 3.69
NCS  3.89 3.13 2.92 2.57 1.58 2.14 4 3.54
VIS 255 85 92 72 89 46 132 109
Nideas 103 38 37 32 43 21 40 39

individually, by following a think-aloud protocol, under laboratory conditions (see
Table 1). The objective of P1 is to develop solutions for a machine for making
holes in any direction in three dimensions, subject to the following machine
constraints: (a) change direction while making a hole; (b) make holes of different
sizes; (c) make holes in metal, plastic, or wood; and (d) simple, small and portable.
The objective of P2 is to develop solutions for a device to clean utensils subject to
the following device constraints: (a) meant for urban middle-class family of
maximum 10 members; (b) clean all kinds of utensils like tumbler, dining plate,
pressure cooker, mixer-grinder, etc.; (c) clean utensils made of all general kinds of
materials like stainless steel, porcelain, glass, plastic and aluminum. Before the
commencement of designing, all the designers are instructed to develop require-
ments and as many solutions as possible. They are also instructed to explain on
how solutions are developed, but are not told anything about analogies. The time
for designing is unconstrained. The transcriptions and measures of solution
space—variety of concept space (VCS), novelty of concept space (NCS), variety
of idea space (VIS) and number of ideas (Njq..s)—o0f these design sessions,
available from [9] (see Table 1), are used for the following: (a) identify the
analogies and, determine their domains and levels of abstraction, (b) identify the
levels of abstraction in the target domain from which the search for analogies
commenced and, (c) identify the levels of abstraction in the target domain at which
the analogies are implemented. Since the SAPPhIRE model (see Sect. 4.2) can
describe outcomes at several levels of abstraction in the early stages of engineering
design, the levels of abstraction in the source and target domains are assessed
using this model. To assess the effect of analogies on the solution space, Pearson’s
correlation, from Microsoft Excel ™, is used to correlate novelty of concept space,
variety of concept space, variety of idea space and number of ideas, with the
number of analogies used to develop that solution space.

4 Literature Survey

In this section the relevant literature is organized according to the following topics.

4.1 Analogies

Several researchers studied the role of analogies in designing. The effect of
experience of designers on the use of analogies, at the conceptual and detail design
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stages, is explored through empirical studies in an aerospace industry in [10]. The
impact of the different kinds of representations of triggers on the representation
and creative quality of design solutions inspired by those triggers in engineering
design is studied in [3]. The effect of timing and similarity of analogies during idea
generation is studied in [11]. The effect of the apparent distance between the
source and target domains on the solutions developed is assessed in [7]. The effects
of using no, biological- and engineering-based analogies in idea-generation are
studied using an empirical study in [12].

4.2 SAPPhIRE Model

The State change, Action, Part, Phenomenon, Input, ORgan, Effect (SAPPhIRE)
model is developed as a model of causality to explain the working of engineered
and biological systems [13]. The model is observed to describe outcomes at
several levels of abstraction in the early phases of engineering design [14].
Phenomenon is defined as an interaction between a system and its environment
(e.g., displacement of an object over a surface). State change is defined as the
change in property of the system due to the interaction (e.g., change in position of
the object). Action is defined as the interpretation or high level abstraction of the
interaction (e.g., movement of the object). Effect is the principle underlying the
interaction (e.g., second equation of motion, x = u X t + 0.5 X a X ?). Input is a
physical quantity, which comes from outside the system boundary, required for the
interaction (e.g., acceleration on the object). Organ is a set of properties and
conditions of the system and its environment, also required for the interaction
(e.g., degree of freedom of the object in direction of acceleration, acceleration
applied for a finite time, Newtonian properties of the object, etc.). Part is a set of
components and interfaces that constitute the system and its environment
(e.g., object lying on a surface).

4.3 Novelty and Variety

All the definitions and findings in this section are taken from [9]. A concept is
defined as an overall solution which is intended to satisfy most of the identified
requirements. An idea at a level of abstraction is defined as a constituent of a
concept and is intended to satisfy only some requirements. Variety of a concept in
a concept space is defined as a measure of a difference of that concept from the
concepts developed earlier in that concept space. Variety of a concept space is
defined as the average of the variety of all the concepts in that concept space.
Novelty of a concept in a concept space is defined as a measure of the difference of
that concept from: (a) concepts developed earlier in the same concept space, and
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(b) concepts in the other existing concept spaces that satisfy the same overall
function. Novelty of a concept space is the average of the novelty of all the
concepts in that concept space. Both, variety and novelty of concept space are
found to depend on the number of ideas explored at the different levels of
abstraction; higher variety and novelty are observed when ideas at higher levels of
abstraction are explored more. Variety of idea space is a measure of the difference
of the ideas from each other in that idea space. It is also found that variety of idea
space correlates well with the variety of concept space, which in turn correlates
well with the novelty of concept space.

5 Results

The following observations are made from the analysis of the transcriptions and
are supported with utterances from them. Even though the designers are not told
anything about analogies, they are found to be used by both, novice and experi-
enced designers. Since no external support is used during the designing, it could be
reasoned that the analogies are based on the past experiences of the designers. This
is supported by the utterances of El: It is a sort of electro-chemical erosion. I have
read it somewhere in some manufacturing technology handbook. If you have a
book...I do not remember erosion exactly. It is electrochemical erosion. There are
other methods in this but that (electrochemical erosion) can be used. It has many
limitations. Here, the designer uses an analogy of electrochemical erosion for
removing material and making a hole, and remembers reading about it. Table 2
shows the list of analogies used in all the design sessions. The fact that designers
use analogies without being instructed to use them signifies that in studies
involving the use of external analogies from a support, designers may be devel-
oping both, internal and external analogies. These analogies need to be distin-
guished, especially while studying the role of the support and experience of
designers, on the use of analogies. It is also seen that solutions and requirements
previously developed during the same session are also a source of analogies. This
is epitomized by the utterances of El, That idea (laser) triggered the second idea
of water jet because I felt laser might be little expensive. Water jet is, I think, a
little cheaper and, I know that there is a process, so it was not very difficult
correlating these two processes. E1 develops a solution of water-jet machining by
using the analogy of laser-jet, which is developed as a solution earlier.
Designers use analogies from both, natural and artificial domains (see Table 2).
This observation is illustrated through the following utterances of E1 and N3 for
natural and artificial, respectively. It (fool head) can stick to any surface it wants to
stick to locally, then why don’t it have a have a, you know, lizards can stick upside
down because of vacuum sort of, so why don’t I use that principle here. [ want to
stick inside it (work-piece). It has some sort of vacuum pads it sticks wherever it
wants. Here, E1 uses the analogy of vacuum principle of lizards (natural domain)
in the tool head, to enable it to fix itself. So if we have to do that, why not dip the
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fresh utensil in a solution? This idea I got from Fevicol. When you apply Fevicol
on the hand and after it gets dried, it comes out as a layer and we can peel off,
comes with dirt or say everything. N3 uses the analogy of Fevicol, a brand of
adhesive, which after coming in contact with the hands, forms a layer after drying
and can be easily peeled. This analogy can be used for cleaning utensils—utensils
are dipped in a special solution, a layer of the material of the solution is formed on
the utensils and the layer with the leftovers can be separated after the use of the
utensils. A total of 12 and 36 analogies are used from the natural and artificial
domains, respectively. All the designers, except N2, use more analogies from the
artificial domain than natural domain. This is because all the designers have
engineering or architecture backgrounds, and so their previous experiences are
based more on the artificial rather than the natural domain. This signifies that, to
exploit the rich and diverse knowledge of nature, designers with non-natural
backgrounds need assistance.

It is observed that design problems also affect the use of analogies. All the
designers solving problem, P1, use more analogies than those solving problem, P2.
A total of 36 (11 natural and 25 artificial) analogies are used while solving P1,
while an aggregate of 12 (1 natural and 11 artificial) analogies are used while
solving P2 (see Table 2). Design problem, P1, is less conventional than problem,
P2, therefore, P1 should be tougher to solve than P2. So, solving P1 should require
more analogies than solving P2.

It is seen that analogies are used for developing both, requirements and solu-
tions. Analogies for developing requirements is supported through the utterances
of El, For example, you consider trees, trees grow in all directions in three
dimensions, there is no fixed pattern as such and that’s the kind of hole I am trying
to achieve. So it is basically, there is an open space and, the branches and leaves
are growing in different directions, so material is added into space. So, if I think of
this problem in a different direction—it would be similar to adding material in
open space and achieving my goal of creating cavity. In space I create the material
from zero. Here El uses the analogy of three-dimensional growth in tress to
develop the requirement of adding material in space, instead of removing material
from a given material. Out of a total of 48 analogies, only 4 are used for devel-
oping requirements while the rest are used for developing solutions (see Table 2).
It has to be noted that the designers are instructed to only explain how the solutions
are developed, not requirements. It is reported in literature that analogies can assist
in the following: design problem search, identification, interpretation, elaboration,
decomposition, and reformulation; solution refinement, evaluation; and evaluation
criteria interpretation [2, 3, 15].

Experienced designers use more analogies than novice designers; on average,
experienced and novice designers use 7.5 and 4.5 analogies, respectively (see
Table 2). No experienced designer, except E1, uses any analogies from the natural
domain, but prefer to use more analogies from the artificial domain. While the
experienced designers use more analogies from the artificial domain, the novice
designers distribute the analogies between the natural and artificial domains. These
findings show that experienced designers need assistance for using analogies from
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Table 2 Analogies created by designers and their domains, abstraction levels, purposes and

implementation
Designer, Analogy  Analogy used Domain Abst. Req/ Imp./
problem number level sol  unimp.
El, P1 El-1 Electrochemical erosion Artificial Ph Sol Imp
El-2 Arms of table lamp Artificial P Sol  Imp
E1-3 Decorative food items in Artificial P Sol  Imp
exhibitions
El-4 Beetles and insects Natural P Sol  Imp
El-5 Rapid prototyping Artificial Ph Req Imp
El-6 Powder metallurgy Artificial Ph Sol  Imp
El1-7 Random 3-d growth in trees Natural A Req Imp
El1-8 Casting Artificial Ph Sol  Imp
E1-9 Small creature Natural P Sol  Imp
E1-10 Light Artificial P Sol  Imp
El-11 Cost, feasibility, laser jet Artificial P Sol  Imp
El-12 Melting Artificial Ph Sol  Imp
E1-13 Injecting gadgets Artificial P Sol  Imp
El-14 Rain water Natural P Sol  Unimp
El-15 Cavities in cake Artificial P Sol  Unimp
El-16 Chemical etching in PCBs Artificial Ph Sol  Unimp
El-17 Complex shapes of human Natural P Sol  Unimp
intestines
E1-18 Bull dozer Artificial P Sol  Imp
El-19 Vacuum principle in legs of Natural E Sol  Imp
lizards
E1-20 Globular creatures Artificial P Sol  Imp
E2, P2 E2-1 Thread of bottle cap Artificial P Sol  Imp
E3, P2 E3-1 Shoe polish Artificial P Sol  Imp
E3-2 Car wash Artificial Ph Sol  Unimp
E3-3 Washing toilet Artificial Ph Sol  Imp
E4, P1 E4-1 Laser Artificial P Sol  Imp
E4-2 Flexible arm of robot Artificial P Sol  Imp
E4-3 Endoscopy Artificial Ph Sol  Imp
E4-4 Etching Artificial Ph Sol  Imp
E4-5 Tunnel digging Artificial Ph Sol  Imp
E4-6 CD burning Artificial Ph Sol  Imp
N1, P1 NI-1 Drilling a tunnel Artificial Ph Req Imp
N1-2 Earthworms Natural P Sol  Imp
N1-3 Insects Natural P Sol  Unimp
N1-4 Operating inside a human body  Artificial A Req Imp
using small robots
N1-5 Giant-wheel with buckets Artificial P Sol  Imp
attached on its periphery
N2, P1 N2-1 Pneumatic guns and pneumatic ~ Artificial P Sol  Imp

actuators

(continued)
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Table 2 (continued)

Designer, Analogy  Analogy used Domain Abst. Req/ Imp./
problem number level sol  unimp.
N2-2 Earthworms and rats Natural P Sol  Imp
N2-3 Tunnel boring Artificial Ph Sol  Imp
N2-4 Penetration of roots of plants Natural Ph Sol  Unimp
N2-5 Growth in plants Natural Ph Sol  Unimp
N3, P2 N3-1 Whirlpool Artificial Ph Sol Imp
N3-2 Cats and dogs Natural P Sol  Unimp
N3-3 Fevicol (adhesive glue) Artificial P Sol  Imp
N3-4 Processes in beauty parlor Artificial Ph Sol  Unimp
N4, P2 N4-1 Sweeping Artificial Ph Sol  Unimp
N4-2 Hairbrush Artificial P Sol  Imp
N4-3 Vacuum cleaners Artificial P Sol  Unimp
N4-4 Evaporators Artificial P Sol  Unimp

the natural domain, while novice designers need assistance for using analogies
from both, natural and artificial domains, to be on par with the experienced
designers.

From Table 2 the following are observed. All the designers use analogies at the
level of abstraction of part and, with the exception of E2, phenomenon. Analogies
at no other levels of abstraction—action, state change, input, effect and organ—of
the SAPPhIRE model are found to be used with the same intensity. This lack of
exploration could be because designers do not understand these levels of abstrac-
tion as well as the other levels, to explore them with the same intensity. Another
set of empirical studies shows that designers do not explore all the levels of
abstraction of the SAPPhIRE model with the same intensity, but explore part of the
SAPPhIRE model with greater intensity [14], although all the levels of abstraction
contribute to variety and novelty [9]. This underlies the need for a support to assist
creating analogies at the unexplored levels of abstraction.

Table 3 shows the contents in the target domain and their levels of abstraction
with which the analogies in the source domain are searched. All the designers
search for analogies at the level of abstraction of action. Less searching is done at
the levels of abstraction of phenomenon, organ and part. No search is found at the
other levels of abstraction of state change, input and effect. All the designers use
analogies which are at the same or lower levels of abstraction than the contents in
the target domain with which searching is done (see Tables 2 and 3). In other
words, the transfer from the target domain to the source domain is always from a
higher to the same or lower level of abstraction. The definition of analogous
designs in [1] suggests that the search for analogies can happen at function-,
behavior- and structure-levels. In the biomimetic design process in [16], search is
performed using functions. In the biomimetic design process in [17], a problem is
framed in biological terms, and this is used for searching analogies. Four classes of
transfer in biomimetics based on the SAPPhIRE model are reported in [18]: copy
parts, transfer organs, transfer attributes, and transfer state change.
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Table 3 Search, abstraction level of search and implementation of analogies

Analogy number What was searched Abstraction level of search
El-1 Make hole/remove material A
El1-2 Flexibility R
El1-3 Make hole A
El-4 Material removal A
El-5 Make cavity A
El-6 Lay material A
El1-7 Lay material A
El1-8 Lay material for metals A
E1-9 Remove material A
El1-10 Digging material Ph
El-11 Remove material A
El1-12 Make material soft and remove material A, A
El1-13 Remove material A
El-14 Make cavity A
El-15 Make cavity A
El-16 Remove material A
El-17 Make cavity A
El1-18 Remove material A
El-19 Stick at a desired position Ph
E1-20 Motion of insects Ph
E2-1 To grip A
E3-1 To sprinkle Ph
E3-2 To clean A
E3-3 To clean A
E4-1 Material removal A
E4-2 Flexibility R
E4-3 Material cutting, removal, etc A
E4-4 Material removal A
E4-5 Material removal A
E4-6 Material removal A
NI-1 Drill hole Ph
N1-2 Drill hole and change direction Ph, A
N1-3 Remove material; size of hole and tool A

to make hole
N1-4 Drill hole and change direction Ph, A
NI1-5 Expanding and contracting tool diameter Ph
N2-1 Flexibility and stiffness R; R
N2-2 Make hole in desired direction A
N2-3 Make hole in desired direction A
N2-4 Make hole in desired direction A
N2-5 Make hole in desired direction A
N3-1 Relative motion between utensil A

and fluid in contact
N3-2 To clean A
N3-3 To clean A

(continued)



220 V. Srinivasan et al.

Table 3 (continued)

Analogy number What was searched Abstraction level of search
N3-4 To clean A
N4-1 Cleaning A
N4-2 Scrubber P
N4-3 Cleaning A
N4-4 Cleaning A

Among all the analogies developed by the designers, some of them are not
implemented into requirements or solutions in the target domain (see Table 2). For
instance, designer, E1, uses an analogy of “cavities in cake” for “make cavity”,
but the designer finds that this analogy cannot be implemented because the
direction of making cavity cannot be controlled for the given materials and so, this
analogy is not implemented as a solution. Utterances to support are, I thought cake,
cake is porous and has cavities in random direction, but it is made out of baking
process, so baking process creates the random cavities, I won’t be able to bake
metal. In another instance, designer, N2 develops an analogy of “penetration of
roots of plants underground” and “growth of plants in direction of sunlight” to
make a hole in the desired direction—I am thinking of the roots of the plants, it
(root) penetrates and goes inside. But they do not have pre-defined path. They go
in search of water in the ground. and Even the plant grows such that it gets
maximum sunlight. For experienced and novice designers, a total of 5 out of 30
analogies (17 %) and 8 out of 18 analogies (44 %) remain unimplemented. This
shows the difficulties that the novice designers face while translating analogies
from the source domain to the target domain. This shows that designers, in par-
ticular novice designers, need assistance in transferring analogies from the source
domain to target domain.

To assess the effect of analogies on the variety and novelty of solutions, the
variety and novelty of concept space, variety of idea space and number of ideas, all
known from earlier research in [9] (see Table 1), are correlated individually, with
the number of analogies, as shown in Table 4. The high correlation values
between: (a) variety of idea space and number of analogies and, (b) number of
ideas and number of analogies, indicate that the use of the internal analogies has
positive effects on the quality and quantity of ideas. However, this positive effect is

Table 4 Correlation values

Correlating variables Correlation value
Variety of concept space Number of analogies 0.3201
Novelty of concept space Number of analogies 0.3234
Variety of idea space Number of analogies 0.8960

Number of ideas Number of analogies 0.9067
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not translated into concepts, as seen by the correlation values between: (a) variety
of concept space and number of analogies and, (b) novelty of concept space and
number of analogies. Nonetheless, all the correlation values are positive, which
show the positive effect of the use of analogies on the quality and quantity of
solutions. Analogies help build associations between the target and source
domains, which are different from each other. These associations, not possible
without the use of analogies, help develop solutions (ideas and concepts), which
are different from the existing solutions including those developed earlier, thus
enhancing the chances of variety and novelty.

6 Summary and Conclusions

This research helps understand the use of internal analogies in the early stages of
engineering design through existing empirical studies. It is found that analogies
from natural and artificial domains are used to develop both requirements and
solutions in the early phases of engineering design. The experience of designers
and nature of design problems influence the usage of analogies. Analogies are
observed to be searched, developed and implemented at a few levels of abstraction
of the SAPPhIRE model, while the other levels of abstraction are unexplored. The
use of analogies has a positive effect on the variety of concept space, novelty of
concept space, variety of idea space and number of developed ideas. This research
gives directions for developing an assistance to support the use of analogies in the
early phases of engineering design.
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Abstract This paper investigates the in-depth cognitive levels at the early stage of
idea generation for craftsmen and designers. Examining this early stage may
explain the fundamental thoughts in observing and defining design problems. We
conducted an experiment using think-aloud protocol, where verbalized thoughts
were analyzed using a concept network method based on associative concept
analysis. Furthermore, we identified semantic relationships based on Factor
Analysis. The findings showed that craftsmen tended to activate low-weighted
associative concepts at in-depth cognitive level with a smaller number of poly-
semous features, thus explaining their concerns about tangible-related issues, such
as proportion and shape. Designers, however, activated highly weighted associa-
tive concepts with more polysemous features, and they were typically concerned
with intangible issues, such as surroundings context (i.e., eating culture) and users’
affective preferences (i.e., companion, appeal).
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1 Introduction

This study focuses on the early stage of idea generation to capture the associative
concepts at the in-depth cognitive levels of craftsmen and designers. Examining
the early stage of idea generation may explain the fundamental thoughts in
observing and reframing design problems. Many attempts have been made to
capture users’ affective preferences based on users as subjects. However, we
examined the in-depth cognitive levels of the creators (craftsmen and designers),
who attempt to grasp users’ feelings when producing successful impressions of
products [1, 2]. We conducted an experiment using think-aloud protocol, where
verbalized thoughts were analyzed using a conceptual network based on asso-
ciative concepts and semantic relation analysis.

1.1 Early Stage of Idea Generation

Idea generation, which consists of observation and ideation, is the essential step in
the design thinking process. It is the interplay of cognitive and affective skills that
lead to the resolution of a recognized difficulty [3]. Following are general steps of
design thinking; the early stage of idea generation is the step mainly discussed:

1. Imagination (early stage of idea generation): the stage to observe and reframe
the design problem.
2. Ideation (later stage of idea generation): the stage employing sketches, graphs,
or paper models to generate ideas visually.
. Prototyping: the stage of making a rough model to convey an idea concretely.
4. Evaluation: the stage to acquire user’s feedback by evaluating affective
preferences.

[O]

The next step after the design thinking process is realization or production for
commercial purposes.

The early stage of idea generation is one of observation by craftsmen and
designers through first-hand experiences. This stage is associated with greater
diversity of ideas [4]; therefore, it is reasonable to assume that one’s fundamental
thoughts are captured fairly at this point.

1.2 In-Depth Cognitive Level

It is generally known that designers cannot express their thoughts explicitly; their
latent sensitivity is widely researched in cognitive psychology. It is known as
implicit cognition, which is understood to be that which is not explicitly
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recognized or verbalized [5]. Explicit expression, which is presumably a shallow
analysis, is referred to as surface-level cognition, and underlying cognition that is
difficult to express is referred to as in-depth cognitive level (e.g., feeling, taste,
impression) [2, 6, 7] (Fig. 1).

Taura et al. [7] explain that implicit impressions could exist in the feelings and are
implied underneath explicit impressions that are related to deep impressions.
Humans establish extremely rich metaphorical concepts (within in-depth impres-
sion) as key features of cognition in creative design; thus, a designer is able to
capture a profound understanding of an object [2]. Previous studies have focused on
capturing in-depth cognitive levels (impressions) of users based on created artifacts,
but our study focuses on the creators of the artifacts (craftsmen and designers).

1.3 Verbalized Thoughts and Associative Concept Analysis

To examine the structure of thoughts from subjective experiences, a think-aloud,
as a part of protocol analysis was employed to produce verbal reports of the
thinking process [8]. Subjects were instructed to describe their thoughts and
observations and reframe design problems through verbal expression. Verbalized
thoughts reflect some aspects of the regular cognitive process [8]; for this study,
they were reconstructed using a computational model to reproduce observable
aspects of the in-depth cognitive level.

Associative concept analysis captures concepts of an expression associated with
the individual’s mental state. The associative concept is comprised of six sub-
types: connotative, collocative, social, affective, reflected, and thematic [9]. It is
latent within implicit cognition. Therefore, a conceptual network is suitable as an
associative analysis tool for exploring the latent links among concepts. In the field
of psychology, the conceptual networks depict human memory as an associative
system, where a single idea can contain multiple meanings (polysemous). The
concept dictionary utilized in conceptual network is from the University of South
Florida Free Association Norms database (USF-FAN) [10, 11].
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2 Aim

The aim of this research was to capture the differences in associative concepts at
in-depth cognitive levels of craftsmen and designers at the early stage of idea
generation in design thinking. Thus, we conducted an experimental study using
think-aloud protocol, where designers and craftsmen freely expressed their ideas
verbally.

3 Methodology

In this study, we used a concept network method based on the associative concept
dictionary to extract verbalized thoughts. The framework of this research was
comprised of the following steps (Fig. 2):

1. Two craftsmen and two product designers conducted a think-aloud protocol.
They were instructed to imagine designing a fruit basket/container and freely
express their ideas verbally without necessarily drawing or observing the
object. Verbal data were recorded, and the sorted verbal expressions were then
transcribed into English.

2. The verbal data, which consisted of explicit words, were transferred onto vector
graphs (conceptual network on the basis of the USF norms database) to obtain
extraction of highly weighted associative words indicated by the out-degree
centrality score (ODC).

3. Differences in the concept network structures were identified by analyzing the
following:

a. Density of connection, which exhibits the property of idea within the
associative concept network.

b. Semantic relation, which finds the characteristics of the associative concepts
at the in-depth cognitive levels using an orthogonal semantic map based on
factor analysis.

4 Experiment
4.1 Subjects

Four subjects (two Indonesian craftsmen and two Indonesian designers in the age
range of 27-51 years) participated in this experiment. The two designers were
university graduates with experience in craft design and concern for natural
material utilization. Each of the two craftsmen, known as master craftsmen, who
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has acquired special skills in artistry and apprehends design as an artistic or
decorative creation. They gained their special expertise, passed down from one
generation to another in the local village’s traditional bamboo crafts.

4.2 Procedure

The experiment was set up simply; the subjects (craftsmen and designers) were not
required to engage in specific activities, such as drawing or observing stimuli. They
were deliberately conditioned with minimum instruction to be able to capture fun-
damental associative concepts. Rigid instructions about determining design theme,
market segmentation, or design function were avoided since they might provide
excessive information that would be unfair and misleading. Minimum instruction
maintains a fair stage for noting craftsmen’s and designers’ first-hand experiences in
observing and reframing design problems. There were no constraints on the subjects
for expressing their ideas verbally and engaging in spontaneous thinking.

All procedures were recorded as verbal data and transcribed word by word.
Grammatical rules were followed for connecting words, such as prepositions, a few
general verbs, articles, and pronouns; also, other less relevant explanations were
omitted [6]. Finally, the sorted verbal data consisting only of nouns, adjectives,
adverbs, and verbs were translated into English and further analyzed according to
the concept network method on the basis of the USF norms database (also visualized
as graphs using Pajek 2.05 with the algorithm of Fruchterman Reingold) [12].

4.3 Concept Network Analysis

At the first stage of analysis, 107 sorted verbal expressions (nouns, adjectives,
adverbs, and verbs) were obtained from craftsmen; 102 were sorted from
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Table 1 Sorted verbal expressions

Category  List of sorted verbal expressions (partly shown)

Craftsmen Capacity, dimension, measure, standard, super, big, count, size, leg, height, thin,
shape, square, position, part, head, stack, body, solid, base, width, top, long, oval,
three-dimensional, thick, centimeter, box, design, container, fruit, duck, salt, egg,
adjust, buyer, function, capable, form, set, color, supply, bamboo, scar, spot, glue,
mark, sandpaper, etc.

Designers Place, kitchen, pluck, tree, shop, sensation, reap, pick, preservation, tropical,
rotten, fresh, delicious, interaction, inform, remind, children, invite,
accommodate, people, way, salad, commercial, habit, crowd, appeal, appreciate,
attractive, dignity, snack, put, table, hang, fruit, wood, appear, stand, durian,
banana, apple, orange, watermelon, grape, etc.

designers. Expressions of craftsmen tended to focus on tangible aspects, such as
technique, material, and production (bold text). Designers, however, paid more
attention to intangible-related issues, such as users’ affective preferences and the
environment (bold text) (Table 1).

The sorted verbal data were further visualized as graphs of conceptual network
analysis (Fig. 3). Craftsmen’s conceptual networks generated 1,941 vertices
(nodes), and designers’ networks generated 1,662 vertices (nodes). The networks
were too dense and complex for analysis; therefore, it was necessary to simplify
the created networks by a reduction method. Systematic reduction was based on
considerations that not all the words from verbalized protocols contribute to an
in-depth cognitive level, and surface-level cognition is overemphasized. The
following indicate low scores associated with explicit words/surface-level cogni-
tion (bold).

o Craftsmen (total: 1,941 words): 0.000-0.010 = 1,462 words; 0.020 = 352
words; 0.030 = 94 words; 0.040 = 27 words; 0.051 = 6 words.

e Designers (1,662 words): 0.000-0.010 = 1,259 words; 0.021 = 293 words;
0.032 = 77 words; 0.043 = 23 words; 0.054 = 8 words; 0.065 =1 word;
0.076 = 1 word.

5 Analysis and Results
5.1 Conceptual Network Analysis (After Reduction)

Application of the simplified concept reduced the words that were less important to
the networks so that the extraction of the associative concept within the in-depth
cognitive level was apprehensible (Fig. 4a, b). The reduction omitted <50 % words
with lower ODC scores to get an observable network diameter [13] (i.e., craftsmen:
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Fig. 3 Associative concept networks of craftsmen’s and designers’ before reduction (words and
scores not shown due to complexity)

50 % x 0.051 ODC = > 0.025 ODC score; designers: 50 % x 0.076 ODC =
> 0.038 ODC score).

The reduction was applied independently to each group where the highly
weighted associative words were identified at the in-depth cognitive level with
ODC scores as follows (bold text) (Table 2a, b):

e Craftsmen (total: 202 words): 0.000 =75 words; 0.040 = 94 words;
0.053 = 27 words; 0.067 = 6 words.

e Designers (total: 81 words): 0.000 = 48 words; 0.083 = 23 words; 0.104 = 8
words; 0.125 = 1 word; 0.146 = 1 word.

Hereafter, we selected the top 10 highly weighted associative words from each
group for further analysis.
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Up to this stage, data extraction according to the associative model suggested
that craftsmen tended to activate low-weighted associative concepts, as demon-
strated by the surface-level cognitive score of 169/202 (83.6 %). Designers,
however, activated more highly weighted associative concepts concerning issues
linked to the presence of the fruit basket/container, as significantly demonstrated
by a high ODC score and lower surface-level cognitive score of 48/81 (59.2 %).
Following are identified characteristics of craftsmen’s and designers’ associative
concepts after reduction.
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5.2 Analysis of Semantic Relation Based on Factor Analysis

We distributed 120 associative words corresponding to identified characteristics of
associative conceptual structures; ODC scores ranged from highest to lowest
(Table 3). Identified characteristics were proportion, shape, operation, companion,

Table 2 Extracted verbal expressions of in-depth cognitive level (after reduction)

Category (a) List of 202 extracted verbal expressions (ordered by the highest ODC score)

Craftsmen Body, clothes, idea, length, shape, waist, broad, butt, chest, corner,
creativity, exercise, fresh, great, grow, grown, growth, ideal, impression, inch,
oval, plaid, portion, replace, sample, size, slender, stripe, suggestion, tall,
tight, weigh, wide, advice, bag, etc.

Category (b) List of 81 extracted verbal expressions (ordered by the highest ODC score)

Designers Fruit, produce, apple, basket, booth, orange, peel, silverware, style,
Tupperware, banana, carrot, cherry, common, computer, fig, grape, green,
juice, lemon, market, olive, orchard, pear, position, process, public, rot, sale,
soup, store, wait, etc.

Table 3 Identified characteristics of craftsmen’s and designers’ associative concepts

Category List of identified characteristics

Craftsmen (Proportion) length, inch, oval, portion, size, tall, tight, wide, centimeter, width, thin,
thick, form, rectangle, measurement, narrow, weight, etc.
(Shape) body, shape, waist, butt, chest, corner, round, leg, hip, giant, cube, prism, etc.
(Operation) exercise, grow, replace, advice, bold, blend, bond, decision, firm, fit,
perfect, stain, form, combine, cover, tie, trace, use, etc.

Designers (Companion) fruit, apple, orange, peel, banana, carrot, cherry, fig, grape, green,
lemon, olive, orchard, pear, etc.
(Appeal) salad, peel, juice, soup, process, produce, display, method, rotten, put, save,
buy, shop, stand, fresh, etc.
(Scene) booth, silverware, tupperware, market, public, store, crowd, leaf, tree, wood,
etc.

Table 4 Rotated factor matrix

Adjectives (+) Adjectives (—) F1 F2
Scene Less scene 0.942 0.009
Appeal Less appeal 0.932 0.193
Companion Less companion 0.891 —0.199
Proportion Less proportion —0.757 0.613
Shape Less shape —0.722 0.636
Operation Less operation 0.140 0.912
Eigenvalue (after rot): 3.66 1.6

KMO: 0.571
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appeal, and scene—six variables used in factor analysis. Furthermore, the corre-
lation among variables was extracted into two factors; the KMO score of 0.571
was significant. The factor matrix and corresponding names are as follows:
(Tables 4 and 5).

For Factor 1, Scene, Appeal, and Companion, hereafter referred to as
Surroundings, were associated with the presence of the fruit basket/container. For
Factor 2, Less Proportion, Less Shape, and Operation, hereafter referred to as
Object-Oriented, concerned technical aspects of the fruit basket/container. Fur-
thermore, factors were displayed on an orthogonal map to investigate the semantic
relationships of the identified characteristics of craftsmen’s and designers’ asso-
ciative concepts (Fig. 5).

Table 5 Corresponding name

Factor Adjectives Eigenvalue Factor name
Fl1 Scene, appeal, companion 3.66 SURROUNDINGS
F2 Less proportion, less shape, operation 1.6 OBJECT-ORIENTED
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Fig. 5 Semantic relation map

6 Discussion

From the initial stage, the sorted verbal expressions showed that craftsmen paid
attention to appearance and technical aspects of the fruit basket/container. They
described such features as height, length, stack, capacity, standard, coating, and
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form (e.g., duck, heron). The extracted words obtained from concept network
analysis were identified, as well as the characteristics of proportion, shape, and
operation. In contrast, designers’ sorted verbal expressions concerned issues
pertaining to the presence of the fruit basket/container. Descriptive words included
place, kitchen, hang, pluck, tree, wood, inform, remind, children, salad, and dig-
nity. Some interesting comments were, “I don’t want to put it on the table; I want
to hang it,” “I want it to be inviting so the children will reap its fruits,” “How
attractive to serve a salad in a fruit container,” and “It’s like a traditional banana-
leaf container with prestige”. The extracted words were identified along with the
characteristics of Companion, Appeal, and Scene.

We identified that craftsmen tended to activate low-weighted associative con-
cepts, as demonstrated by the high surface-level cognitive score of 169/202
(83.6 %). Designers activated more highly weighted associative concepts, as
demonstrated by the high ODC score and lower surface-level cognitive score of
48/81 (59.2 %). We referred to the Associative Gradient Theory, which proposes
that the more closely associated or “stereotypical” representations may lead to less
creativity. The greater the number of associations, the greater the probability of
reaching a creative solution, because remote associations (highly weighted asso-
ciative concept) are best suited to such solutions [14-17]. We also found that
approximately 24 % of 202 extracted words derived from craftsmen and 35 %
derived from designers were highly polysemous. As Yamamoto et al. [18] argue,
the polysemy of a design idea has significant correlation with its originality. It
indicates that designers’ in-depth cognitive levels have greater probability of
reaching creative solutions.

The findings of this research suggest that the roles of closely and remotely
associated concepts at the in-depth cognitive level during the early stage of idea
generation are different for craftsmen and designers as they observe and define
design problems. Craftsmen’s in-depth cognitive levels, with fewer polysemous
features, explain their concerns about tangible-related issues, such as proportion
and shape. Designers’ in-depth cognitive levels, with more polysemous features,
concern intangible issues, such as surroundings context (i.e., eating culture) and
users’ affective preferences (i.e., companion, appeal). The semantic relation map
confirms that craftsmen focus on the physical properties of an artifact instead of
the surroundings and the user’s affective preferences. Designers, on the contrary,
are much more concerned about issues pertaining to the presence of the artifact
and less attentive to physical properties.

7 Conclusion

In general, we can easily differentiate between artifacts created by craftsmen and
designers by describing their appearance. However, it is difficult to describe the
nature of creative cognition that influences the respective design thinking pro-
cesses. This study has revealed the differences between in-depth cognitive levels
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of craftsmen and designers at the early stage of idea generation. Further, these
findings can be developed as a reference for a co-created educational program
(design training) that suits craftsmen’s creative cognition.
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A Comparative Study of Traditional
Indian Jewellery Style of Kundan
with European Master Jewellers,

a Treatise on Form and Structure

Parag K. Vyas and V. P. Bapat

Abstract Jewellery has universal appeals that transcend borders of countries and
cultures. There are examples of Indian jewellery being influenced by European
tools, technology and in turn European jewellery drawing inspirations from Indian
jewellery motifs and culture. Indian and European jewellery styles due to this
mutually wholesome relationship have common grounds for a comparative study,
observing similarities and understanding differences. A traditional Indian gold-
smith works in anonymity, rarely seeking personal name or recognition. Therefore,
in India a style begets a name that is not associated with a particular design house,
yet has a distinctly different identity. Kundan is one such example that uses an
intricate frame of gold for setting minimally polished diamonds. A European
master jeweller on the other hand has a style synonymous with their design houses.
Names such as Cartier, Van Cleef and Arpels and Tiffany are few such examples.
They are identifiable from other comparable styles by use of distinctive motifs,
treatment of form, usage of specific cuts of gemstones and types of setting. These
characteristics give a logical basis for comparison and understanding features of
form. Based upon these, Indian style of Kundan is compared with European
contemporary styles. A treatise on the subject elucidates how a typical Indian
jewellery style is analogous to European Master Jewellery styles. It draws parallels
between these styles and provides a structure for studies pertaining to form in
domain of jewellery. Such studies in domains of design are new, this subject gains
importance by sharing deep insights from pioneering research in subject matter.

Keywords Traditional Indian jewellery - European master jewellers - Design -
Studies in form

P. K. Vyas (X)) - V. P. Bapat
Industrial Design Centre, Indian Institute of Design Bombay, Powai, Mumbai, India
e-mail: paragvyasQl @gmail.com

A. Chakrabarti and R. V. Prakash (eds.), ICoRD’13, Lecture Notes in Mechanical 237
Engineering, DOI: 10.1007/978-81-322-1050-4_19, © Springer India 2013



238 P. K. Vyas and V. P. Bapat

1 Introduction

Kundan is traditional Indian jewellery style that is elaborately embellished with
gemstones and colourful enamel. It has a character of its own that has remained
unchanged over a period of time. Motifs [1, 2], often identifiable by their indi-
vidual names are used in this particular style. Motifs are frequently mimicking
nature, liberally adopting from flora and fauna [3, 4]. These smallest semantic
units are the fundamental building blocks and used in combination with each other
make a form cluster. In turn, these form clusters make patterns which are repetitive
and appear through the body of jewellery as a coherent theme. There are manners
of construction of these form clusters that are passed down from generation to
generation, from master to an apprentice. An article of kundan jewellery is dis-
tinctly identifiable by its characteristic appearance [2] as shown in Fig. 1. This
technique of setting, from which it derives its name does not belong to a particular
design house but encompass different jewellers and their style of working in one
coherent style. The features of form are use of specific shape of smallest semantic
units [5] and the type of setting [6]. Practitioners spread across working in different
locations independent of each other are joined by a common invisible link, making
kundan distinctively identifiable.

A European master jeweller on the other hand has a style synonymous with
their design houses. In comparison to kundan, the working style is limited to the
house in terms of articles they specialise in and design themes. Names such as
Cartier, Van Cleef and Arpels and Tiffany are few such examples. They are
identifiable from other comparable styles by use of distinctive motifs, treatment of
form, usage of specific cuts of gemstones and types of setting. For example a six
prong tiffany setting, signature of this style is distinctively different from the Van
cleef and Arpels mystery setting. Though both styles use formal brilliant cuts, their
treatments have marked differences as reflects in following sections.

Fig. 1 An article of kundan
jewellery, typical example
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2 Observations and Articulation of Select Styles

For the purpose of understanding the selected styles are articulated briefly, so that
at a glance the visual appreciation and comparison is plausible.

Cartier—though founded in America they in their manner of working is
similar to European master jeweller and has a particular style that drew inspiration
from animal forms, typically cheetah, birds and elephant [7, 8]. By virtue of their
Geneva office, they do follow a European style and traditions. It is known for its
exquisite craftsmanship and high quality of finish. This style is exemplified by
pictures as in Fig. 2.

Van Cleef and Arpels—this house is specially known for ‘invisible’ setting
where no metal is visible between two adjoining gemstone, this mysterious way of
holding begets the name mystery setting [9, 10]. An additional cut under the girdle
of the gemstones to be set makes this plausible. This style is their signature and is
patented by them. This style is exemplified in Fig. 3.

Tiffany—is known for its six prong setting where the gemstone is set for
maximum visibility and an effect is created by raising and supporting the stone in a
manner where it appears levitating [11, 10]. This style is exemplified in Fig. 4.

Kundan—though it does not belong to a particular house, it is a distinct style
that uses flush stone close setting [12] to hold minimally polished flat stones
[13, 14]. The stones are set in an intricate framework of gold by compressing gold
foils all around the stone to make a firm fit. This style is exemplified in Fig. 5.

They are identifiable from other comparable styles by use of distinctive motifs,
treatment of form, usage of specific cuts of gemstones and types of setting, which
constitute the characteristics or a visual identity. Characteristic of each style that
are synonymous with a particular style are tabulated as under for Comparative

e

Fig. 3 Van Cleef and Arples as a style exemplified
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Fig. 5 Kundan as a style exemplified

study. This particular style of comparison is used by design houses for trend
tracking as well as development of a storyboard for new trend style. It is readily
adopted as a research tool and applied for this application.

The limitation of this style is that it does not follow a ruthless mathematical
objectivity, however, design rarely demands that level of mathematical interpre-
tation and often a gentle guidance in the direction is adequate [15]. This model can
be adapted for such research.

Following is a tabulation of formal aspects that are taken into consideration
while appreciating the products visually and articulating discussions and conclu-
sions, as in Table 1.

3 Methodologies

In search for a suitable me