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ABSTRACT

To create new products that satisfy human needs, product design engineers use their
technical, manufacturing and creative knowledge to create candidate ideas for new
products and develop them into finaldesigns that can be manufacturedll new products
have some basis in prior knowledgeand so design can be viewed as a process of
knowledge recombination A variety of methods and tools have been developed to help
designers produce novel, useful design ocepts through combinational thinking. One way
to improve these design aids is by understanding the cognitive processes involved and
tailoring methods and tools to foster effective cognitive processing and overcome
cognitive constraints. Yet, despitethe broad acknowledgement that designersio combine
ideas to create new onedittle is known about how designers combine ideas to create new
ones.In particular, there is noknowledge about how designers combinéesign concepts

which are candidate ideas prodcedearlier in the design process.

The research presented in this thesis was conducted todel the cognitive processes
involved in design concept combinatiorand design concept similarity judgementsA
deductive research approach wasised to propose andest two cognitive models.The
Dual-Process modebf linguistic conceptual combination(Wisniewski, 1997a)was used as
a basis fora cognitive model of design concept combination, and the duptocessview of
similarity judgements was used as the basis of a model of design concept similarity
judgements.Both models involve the same dual processes of comparison and scenario
creation, and both models propose that the comparison process involves a process of
alignment of structured mental representations A series of research questions and
hypotheses were proposed to test the models aral quasiexperimental research design

was developed to evaluate them.

The proposedDual-Process modebf design concept similarity judgements was tested in
two experiments and it was concluded thasstudent designers make similarity judgements
of pairs of early-stage, sketchbased design conceptsia a singleprocess of comparisonIn
the first experiment (n=11), designers were asked to rate the similarity of pairs of design
concepts and provide written explanations for their numerical ratings. The responses
overwhelmingly indicated that designers make similarity judgements by focusing on the
common and different features of the pair, i.e., a comparison process. In a second
experiment (n=35), five predictions of the Structural Alignment model of similarity
judgements were testedlt was found that similarity can be predicted as a function of the

common and different features of a pair of design concepts, consistent with a comparison



based model of similarity julgements. However, onlydur of the five predictions were
supported and sothe Structural Alignment modelwas rejected.This means that it was not

possible to draw conclusions abouhow the comparison process occurs.

The proposedDual-Process modebf design concept combinatiorwas tested in one
experiment (n=30). Studentdesigners combined pairs okarly-stage, sketchbaseddesign
concepts to create new design concepts that addressed the same brief. The proportion of
combination types and their relationshp with the similarity of the base concepts were
measured and compared with the proposed modeThree kinds of combination were
produced: (i) featural, (ii) relational and (iii) ambiguous. As the relative similarity of a
pair of design concepts increaseshe participants wereincreasingly likely to produce
featural combinations and less likely to produce relational combinations. There vgaalso
evidence of a stimulus compatibility effect, a cubff of relational combinations, and a
defaulting to featural combinations The featural and relational combinations and their
relationship with similarity were consistent with the proposed model. Havever, the
combination types were not fully accounted forThus, the proposedDual-Process model

does not fully capture the cognitive processes involved in design concept combination.

Overall,the initial proposal that both similarity judgments and combination of design
concepts occur via the same cognitive processes was incorrect. Comparison igimed in
similarity judgements and may plausibly be involved in combinationbut while there is
evidence of a scenario creation process in design concept combination, there is none for
design concept similarity judgements Additional hypotheses and expements are
proposed to facilitate further research intothe cognitive basis of the comparison
processes in both modelsThe research and findings were critiqued to identify the

advantages, disadvantages and opportunities and recommendations for future reseh.
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GL OSSARY

Term Meaning
Concepts
Concept A generic term referring to either a category concept or a design concept

Category concept

Design concept

Mental representations of classes of thing@Murphy, 2004, 2010). For
AgAi b1 Ah OEA AT 1T AAPO T £ A OAAOS EC
are cats.

In the context of productdesign engineering, design concepts are proposals
for artefacts that do not yet exist but are being developed in order to fulfil
functional requirements.

Feature -based processes and outputs

Features

Feature-set
representation

Structured
representations

Alignability

Comparison

Structural
alignment

Feature-based
similarity

A generic term forconstituent elements of concepts and design concepts

Mental representations of concepts as sets of unrelated features.

MeAntaI‘reApr,es‘entaFion§ of concepts as sets ofAfe‘atyrgsAWi:th‘interconr‘lecting‘
nOAOT A1 OAl AGET 1 08 3000A0O0O0AA OADC
comprising entities, attributes, relations and (mathematical) functions.

The degree of alignment of the mental structured representation of two

concepts or design concepts.

A computationallevel description of a cognitive process that operates over
feature-based representations of concepts and design concepts. \(ars
comparison-based algorithms exist.

An algorithmic-level description of cognitive processes that involves the
alignment of the relational structure of two mental representations. Has
been implicated in comparison, similarity judgenents and conceptual
combination.

'T ETAEOEAOAI 60 DAOAADGHE & procdsshaDE | E
operates on the intrinsic features of a concept.

Thematic processes and outputs

Thematic
relations

Thematic
relatedness

Scenario
creation

Slot filling

Thematic
similarity

Extrinsic and complanentary relations between concepts or design concepts

The degree of relatedness, or association strength, of the thematic relation
between two concepts.

A computationaltlevel description of a cognitive process that operates on
concepts with thematic relations.

An algorithmic-level description of cognitive processing that involves the
ETETEIC T &£ Ox1 ATTAADPOO AU EEI | ET(C
another. Proposed as an explanation for scenario creation.

'T ET AEOEAOAI 80 thd&ising kdn@ EderariolcrdatiocD E | E
process.
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Term Meaning

Phenomena

Conceptual The interpretation of word pairs through a cognitive process of combination,
combination resulting in a new concept that is based on the original paiSometimes

Design concept

OAEAOOAA OI OPAAEAEAAIT U AO Ol EI GC

The combination of a pair of design concepts to create a new design conceg

combination that addresses the same requirements as the base concepts.
Similarity The appraisal of the similarity of two (or more)concepts
judgements

Design concept  The appraisal of the similarity of two (or more) design concepts.
similarity

judgements

Models

Dual-Process A cognitive model of similarity judgements in which similarity can arise from
model of acomparisonor scenario creatiorprocess.

similarity

judgements

Dual-Process
model of design
concept
similarity
judgements
Dual-Process
model of

conceptual
combination

Dual-Process
model of design
concept
combination

A cognitive model ofdesign concepsimilarity judgements carried out by
designers in which similarity can arise from acomparisonor scenario
creation process.

A cognitive model of conceptual combination in which individuals interpret
novel word pairs by combining them to crea¢ new combined concepts.
Combination can occur through a&omparison and constructiolr a scenario
creation process.

A cognitive model ofdesign concept combinatioim which designersnterpret
novel word pairs by combining them to create new combined concepts.
Combination can occur through a&omparison and constructiolr a scenario
creation process.
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ABBREVI ATI ONS

Abb. Meaning Abb. Meaning

AD Alignable Difference v Independent variable

BVSR Blind variation and selective LSA Latent Semantic Analysis
retention (model)

CAD Computer Aided Design NC Non combinational

CARIN Competition Among Relations | ND Nonalignable difference
in Nominals (model)

CPS Creativeproblem solving NR No response
(model)

DESSUA Design Support System Using = OD Ontological distance
Analogy

DMEM Design, Manufacturing and PBC Property Based Combination
Engineering Management

DT Design Task PDE Product Design Engineers

DV Dependent variable PFM Purpose Function Means

ECCo Embodied Conceptual RBC Relation Based Combination
Combination (model)

FBS Function Behaviour Structure RQ Research Question

HD Hypothetico-deductive SA Structural Alignment (model)

ID Identification SC Stimulus concepts

IPA Interactive Property Attribution = SIAM Search for Ideas in Associative
(model) Memory (model)

IQR Interquartile range SPSS  Statistical Package for Social Science

IRR Inter rater reliability VHS Video Home System

Note: Abb. = Abbreviation
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1INTRODUCTI ON

l.1Background | iterature

1.1.1Concept combination in conceptual Product Design Engineering

Product design engineering PDE), or engineering design, are names fdahe activity

concerned with the creation of physical products that satisfy human needshe PDE

processis generally described in some variation o$ix phasesHoward et al, 2008),

beginning with a phase of establishing a need or considering the mark@ugh, 1991)and

ending with the implementation (manufacture and sale(Pugh, 1991) of a product(Figure

1-1).0 01 AOAOG AAOGECT AT CET ARAOO | EAT AAZEI OOE OAAOQE
and engineering that contribute to the PDE process predominantly in ¢hmiddle four

Oi AET O AAOGECT PEAOAOGEJ AT Al UOEO 1T £ OAOGER ATI1
detailed design(Howard et al, 2008).

Establishing a Analysis of task Concelptual Emboc!lment Detailed design Implementation
need design design

Figure 1-1 zPhases of the engineering design praess(Howard et al, 2008)

To contribute towards the creation of new products designersuse theirtechnical,
manufacturing and creative knowledge to traslate human needs and desires inta final
specification for a product that can be manufactured. To achieve this, the designers carry
out a variety of design activities rational actions taken by the designer to achieve design
goals that recur across the phases of desigBim and Duffy, 2003) Examples of these

activities are thedecompositionof problems into manageable chunks, thespecificationof



Chapterl - Introduction

requirements, thegenerationand combinationof ideas to create candidate proposals, and
the iterative development of these ideas into progressively more concrete and detailed
ideas(Cash and Kreye, 2017; Sim and Duffy, 20Q3)

An important activity involved in design is the combination of exishg knowledgeto
produce new ideasThis activity is important because he creation of new, novel products
depends substantially on the combination or recombination of concepts and physical
materials that dready exist(Fleming, 2001; Nelson and Winter, 1977)Combinatorial
thought also has the potential to lead toadical inventions (Schoenmakers and Duysters,
2010), those that differ from existing products or provide a basis for new directions and

paradigms for technological developmentAhuja and Lampert, 2001)

Design is not the only domain in which people combine ideas to create new onBsople
combine mental representations for a wide variety of purposes, including creative
endeavours,meaning construction, counterfactualsand learning and mathematics
(Fauconnier and Turner, 1998) It is generally accepted that ew ideas cannot be created
from nothing (Finke et al, 1992; Mumfordet al, 1997; Scottet al, 2005), and so new

design products must come from the designers knowledge and experiences.

The most extensive degree of combinatorial activity occurs in the conceptual design stage.
In this stage, product design engineers and their colleaguésratively createand evaluate
candidate ideag(Liu et al, 2003; Pugh, 1991xalled design conceptsDesign concepts are
tentative representations of artefacts that can address functional requirements. The
design concepts ceevolve alongside the formulation of a problen{Dorst and Cross, 2001;
Maher, 2000; Maheret al, 1996) and iterative bouts of evaluative processingLiu et al.,
2003) and are developed into more mature ideas. ®se ideas and the decisions made
during conceptual design are some of the most important in the design proced&ench,
1998). 7590% of the cost of a product over its lifecycle is determined by the end of the
conceptual design phas¢Uliman, 2010; Wood and Agogino, 1996ind the concepts

created during conceptual design set the direction and scope of all subsequent phases of
the design processGiven the importance of the conceptual designage, any

Ei POT OAI A1 OO0 OEAO AAT AA 1T AAA OF OEA AAOECT A

on effects on the quality and value of the resulting product.
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1.1.2Methods and tools for the support of combinational processing

To improve design practice, reseaiteers candeveloptools to helpdesignersdesign more
efficiently and effectively.Computer aided engineering design tools are widely used
throughout the engineering and manufacture process in industr{Muletic et al, 2018).
Design methods providebest-practice guidelines to help designersmprove their
creativity (Biskjaer et al, 2017; Boeijenet al, 2010) or identify strong candidate cacepts

during conceptual design(Frey et al,, 2009; Pugh, 1991)

A variety of tools and methods have been developed to hedid design combination.
Manual heuristic methods (Table 1-1) prompt the designer to engage a variety of cognitive
processes to help them explore variations of their design conceptsor example, he

AT T AETET ¢ AT A AOEI AET ¢ OP 1T £ EAAAOG ET O 1 Ax
(Osborn, 1957)and SCAMPEREberle, 1996), andmorphological matricescan be usedo
systematically explorecombinatorial variations of product configurations (Zwicky, 1967).
Computational tools have been developed to present designensth stimuli that aid in
analogy(Han et al, 2018a; Lucet al, 2021) and combination(Han et al, 2018b; Luoet al,
2021). For example, the Combinator provides the designer with a steady stream of stimuli
to provide inspiration for new ideas(Han et al, 2018b). The expert system developed by
Luo et al.(2021) can retrieve inspirational stimuli from patent databases and manipulate
the distance of the stimuli (how dissimilar or far removed they are in terms of their source

domain).
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Table1-1 - Designh methods that ivolve combination

Design method

Method description

Role of combination

Brainstorming

A method with rules and
procedures for generating a large
number of ideas.

Combinations and improvements
of ideas are encouraged.
Participants are instructed tobuild
upon the ideas of others .

Brain writing/
Brain drawing/
6-3-5

Various methods wherein
concepts are written or drawn
by an individual and passed on
to another for them to build
upon.

Participants are encouraged to
combine generated ideas together
to create new ones .

Morphological
matrices

(Zwicky, 1967)

An analytical and systematic
approach to generating design
concepts.

Sub-function concepts are
combined in order to create
overall solution concepts. 1
concept per subfunction is
combined per principle solution .

i ! £#OAOQ ( Concepts are rated against a Combination is presented as a
controlled datum to identify stronger and means to improve weak concepts
convergence weaker concepts. Pugh suggests AU OAOET CEl Goréhé C
matrix various techniques to improve xETT A T £ OEA AQE

(Pugh, 1991)

weaker concepts.

(Pugh, 1991, p. 92)

Scamper
(Eberle, 1996)

A method which helps with idea
creation through the use of 7
heuristics. The designer will
confront a product concept with
a series of questions based on
these heuristics.

ITA T £ OEA ¥
Example questions:

- What can be combined to
improve the product?

EAO

- What if the purposes of objectives

of the concept(s) were combined?

Methods described invan Boeijenet al.(2014)

Since design takes place in the mind (Dinar et al., 2015), one wiaywhich methods and

tools can improve designer performance is bymproving designer cognitive processing.

Cognitive processes are the mental components involved in design activities. Ttean be

generally definedas mental operations that act to transform mental representations

(Poldrack et al., 2011). Methods and tools can work teenhancing the designes cognitive

capacities or overcone limits on cognitive processing For example Fleming (2001) notes

OEAO OOEA 11006 &01 AAT AT OA1 ET &£ OATAA r11 OEA
number of potential components and combinations that an inventor can simultaneously

AT 1T OE A A Qdhisjinpi@timatodinbination is limited by the designes limited

conceptual knowledgeand the limited capacity ofworking memory (Baddeley, 2012) The

expert system developed byLuo et al, (2021) helps to overcome this limitation by

increasing the designers exposure ttechnical concepts and allowing them to record task

relevant information. Likewise, the steady stream of stimuli provided by the combinator
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(Han et al, 2018b) helps to overcome limitations on the designes ability to retrieve

diverse stimuli, enabling them to work more quickly and produce more creative outcomes.

Onesalient characteristic of combination cognitive processing is thathe similarity of the
stimuli being combined influences the outcomes of the combination process. As reviewed
in (Chapter 2), the similarity of pairs of concepts is related to the novelty and usefulness of
the combined ideas (see SectioR.1.14). These findings have prompted researchers to

embed means of manipulating similarity into stimuli retrieval tools (Luo et al, 2021).

Despite the importance of knowledge about cognitive proasing in the development of
methods and toolsrelatively little is known about how designers combine ideas to create
new ones.Recent research has identified and classified the cognitive processes found in
protocol studies of conceptual desigrfHay et al,, 2017a, 2017b) This demonstrates that
designers do combingDaly et al, 2012; Jin and Chusilp, 2006; Kruger and Cross, 2006)
but provides little insight into how this happens Likewise, despie the role of similarity in
influencing combinational creativity, little is known about how designers make similarity
judgements.To facilitate the next generation of design methods and toaols, it would be
advantageous to understand how designers combine kwledge and ideas, and how those

processes can be augmented to improve design practice.

1.1.3Cognitive processes, models and theories

To facilitate an investigation of designer cognitive processes, it is beneficial to provide a
clear definition of what acognitive process is and how knowledge about cognitive
processes can be reprented. Some foundational concepts were adopted from
contemporary literature on theories and models in psychology tprovide a more explicit

framework for representing cognitive processes.

TheoriesA O A & Afikrollddge that are broad in scope and aim to explain robust
DEAT T I (BriedA 2021, p.336. Modelsare abstractions of eality (Goel and Helms,
2014) that are narrower in scope than theoriesand are often more concrete and
commonly represent a specific aspect of a theorfrried, 2021). A model is defined as any
OCOAPEEAAIT h | A O EplobrdmnEdA dk Verbal gtyllidedrépfedeiation of part
of the real world, which concerns cognitive systems in teraction with their external and
ET OAOT Al AlVéréckdt &l,i2820, §.0280) AsHaslbecket al.(2019) note, the

relationship between theories and models is often not clegp.3). For simplicity, the terms
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@neoryBand Ghodeldcan be used interchangealglwhen referring to representations of

human cognitionin this thesis.

Theories and models represent psychologicalonstructsand explainphenomenaHaslbeck

et al, 2019). Constructs are thetarget systems that themselves consist of interrelated
components(Fried, 2021; Haslbecket al, 2019).& 1 O A @Al b1l Ah OEA AAOECI
combine concepts to crea¢ new oness a construd. Constructs (or target systems)give

rise to phenomenawhich are robust and recurring features in the world. For examplé,

will be seen inChapter 2that combining more diverse stimuli leads to more creative

outcomes These phe&omena are usually evidenced bgffectswhich are statistical

relationships in data. For example, atatistically significant correlation betweenthe

similarity of a pair of stimuli and the novelty of the combined conceptsEffects are not

necessary or suficient for establishing phenomena(Fried, 2021)h AOO OEAU OI | OA
than not help to discover and define them [and] many robust phenomena are based on

robust effects(p.339).

The constructs (or target systems) under investigation in this thesis are cognitive
processes. Cognitive processes can be representeddmgnitive model, which can be
understoodin terms ofaO AT CT EOE OA MDA bOGBS@Adi&drantMarkman
(2013), following Palmer (1978). The cogntive representational system has four
components and can be described at three levels.
1 Arepresented world z this is the domain being represented, e.g., objects,
sentences, pictorial scenes or design concepts.
1 Arepresenting world z this is the domain that contains the representation itself,
i.e., some abstraction of the represented world in the mind of the designer. The
representing world loses information about the represented world but retains the
information necessary to facilitate cognitive processig. There are various
formalisms for describing the representing world. For example, concepts may be
represented as points in geometric space, graph networks, feature sets, structured
representations, or more complex mental modelgMarkman, 2013).
1 Representing rules z the mapping between the represented world and the
representing world. This relates to how one is supposed to understand the content
of the representing world. For example symbolic representations correspond to
OEA OADPOAOAT OAA xT O A AU OAI AT OEA AT 1 OAT C
PDAOOI T80 AiT1 AAPO T £# A xEAAT AAAAOOA OEAU

words to concepts.
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1 A process that uses the representati ons z cognitive processes (such as
combination or similarity judgements) that act on the content of the representing

world.

In this thesis,cognitive processeare mental operations that act on and transform entities
in the representing world. The interrelation between these four components is important
because, as will be seen in Secti@?2.1, models make different predictions about the same
constructs depending onwhat information is assumed to be being utilised by the cognitive

process and how that information is represented.

The representing world can be described at different levels of representatiofMarr, 1982;
Marr and Poggio, 1976)
1. Computationa | level - Descriptions at the computational level deal with the
goal(s) of the system, as well as its inputs, outputs and the relation between them.
2. Algorithmic level z describes how inputs are transformed into the output. This
level deals with issues ofepresentation (how are the inputs and outputs
represented in therepresenting world) and how are those inputs transformed
into the outputs.

3. Implementational level - refers to how algorithms are implemented in the brain.

The first two of these three levés are used throughout this thesis, but the third level is

beyond the scope of this research.

Figure 1-2 shows an illustration ofa framework based on the above cognitive

representational system.The framework includes the represented and representing

worlds. The represented world containsexternal design information such as

inspirational stimuli, functional requirements, constraints and goal instructions and the

outputs of whatever process is being modelled (e.g., a new design concept produced

through combination). Design concepts exist in the neresented world as physical or

digital representations such as sketches, physical prototypes or CAD models. Designers

create new design concepts through activities such as speaking, writing, sketching or

modelling. The representing world contains the desig AO86 & | AT OAT ET OAODPO/
represented world and their intentions for creating new content in the represented world.

4EA AAOECT AOG6O Ai Cl EOEOA POT AAOOGAO AOA Al Oi
representing world is shown at the computéional and algorithmic levels This framework

is used to represent designer cognitive processes starting Dhapter 4 AsMarkman

(2013)T 1 OAO O4EA A1 O1 AAOEAO AAOxAAT OEA 1 AOAI O
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(p-24), and so it is important to note thatFigure 1-2 serves to providea usefuldistinction

betweentwo levelsbutAT AO T 1 6 T AAAOOAOEI U OA&EI AAO AT U O

COGNITIVE REPRESENTATIONAL SYSTEM

( Represented world h
' " ™ .
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Cognitive
Input —| 9 — Output
c g s g process
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Figure 1-2 z Adiagram of the cognitive representational system

1.1.4Research focus, design concept combination

4EAR &£ AOO 1T £ OEEO OAOAAOAE,thE émbinatiorOohdesige CT AT 1
concepts to produce new design conceép. The cognitive representational system

introduced in the previous section can be used to help clarify the research focus by

drawing a distinction betweenthe process of combination and theoncepts being

combined.

1.1.4.1The process of combination

The cognitive process ofcombination is defined as the creation of a newlesignentity

based on two or moreexternal and identifiable prior entities8Enlyd HeBeridterm that

refers to the mental representatiors that are processed angrocessed, e.g., designers

knowledge of product parts and components, sources of inspiratiQprevious design ideas

ornew designidea8 O%@OAOT A1 AT A E A Antite&Eba@ighkdnibided | AAT O

were represented externallyto the designer, such as in the form of gicture or sketch.

ThisAAZET EQETT 1T £ OAT I AETAQGEI T8 EO AAOAI T PAA £
processes(Hay et al., 2017a), which can be used tdnelp distinguish combination from
other processes This classification represents the cognitive processes involved in

conceptual design, derived from a systematic review of protocol studies. One segment of
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OEEO Al AOOE AEGAOFH OA EINGROIBDIAR D@ AOAOEI T DOI AA
producing design concepts@ombinationdf OAOi AA OOUT OEAOEOGSE EIT OEA

may be demarcated from generating, transforming and reasoning processeiaple 1-2).

Table 1-2 z The definition of combination and three other creative output production
processes

Process Definition
Generating 0001 AGAET C TAx EAAAO A1 O Ol
AAOGECT BDOT Al Al 0o

Transforming Using a single previously generated entity tproduce a
modified or entirely new entity

Combining Using two or more external and identifiable prior entities in
the creation of a new entity

Reasoning O4EET EET ¢ AT A AOAxET ¢ AT T Al
OUOOAT T &£ 11 CEAS N -bAsad@ensoninyl A

The first distinction to be made is between combination and reasoning processes, i.e.,
analogical and caséased reasoning. In the context of creative output production,
analogical reasoning is defined as the use of elements of solutions to problems in other
domains to create new solutions to the problem that the designer is working offru et al,,
2013). A salient characteristic of these reasoning processes is that solutions from past
problem domains are mapped to the designé current problem domain, i.e., the design
problem they are currently trying to address. Combination dfers from these reasoning
processes in that involves the bringing together of two entities irrespective of the

problems they have been used to solve in the past.

The second distinction is betweetO OOAT O &I O AOET 16 xEEAE EO AAAE
new design concept based onsingleD OAOET 60 EAAA AT A OAi i AET AOE
two or moreprevious ideas. This distinction has been made before, e.@aly et al.(2012)

AEOOET CcOEOE AAOxAAT OOUT OEAOEUAS ji AOCET ¢ Ox
(increasing the detail of a single concept).

AEA OEEOA AEOOET AOGEIT EO AAOxAAT OCAT AOAOQGEII

here is whether the entities combined are internal (i.e., retrieved knowledge) or external

(i.e., perceived stimuli). Many authors dfine combination as the processing of previously

1 Note that(Hay et al,, 2017a)do not distinguish between transforming and combining, but the

distinction is useful for limiting the scope of the research in this thesis
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AoOAOT Al EOAA AT OEOEAO8 4EA AAOECGCTI AO EAO Al OA
retrieval -based idea generation and then they compogdin and Chusilp, 2006; Sim and

Duffy, 2003), assemblgKruger, 1999; Kruger and Cross, 2006)or synthesise or merge

(Daly et al, 2012) two or more of them to create new ones. This form of combination is

seenin outcome-based studiegDoboli et al, 2014; Jang, 2014; Jare al, 2019; Nagakt

al., 2009), wherein participants are presented with pairs of concepts (e.g., @zt concepts,

natural objects etc.) represented as words or pictures and are tasked with combining them

to create new ones

1.1.4.2Theconcepts being combined in combination

Based on the last section, we see that combination is a generic process that actgemeric

OAT OEOEAGGE8 )OO EO OOAA&AOI O 1 AEA NOAI EOAOEOA

combination.

O$SAOGECT Al i AETAOGET 1868 OAZEAOO O1 AT U EETA 1T &£ A
production of a design concept®esign conceptdare the novel, tentative representations

of artefacts that do not yet exist, created by designers to represent their intentions about

the new product being developedA designer could create a new design concept by

combining elements of existing productsprior solutions to a given problemor inspiration

drawn from nature. As long as the output is a new design concept, it may be said that

design combination has occurred.

One form of design combination that has received attention in the academic litdtae is

the combination of O AZAQ3 O U A fo trdaik Bel Gdsign conceptsollowing Markman

and Rein (2013h AAOQOACT OEAO AOA Ai 11 AAGEITO T & ANROEOD
representations of thcdDA AAOACT OEAO8 4EEO OAZEZAOO O PAIT bPI
things that exist in the world. For example, there are a set of things in the world that

PAT PI A OAEAO O AO OAAOOGHh AT A PAIPI A EAOA E
Designeis can combine category concepts to create design concefection 2.1.1.2, and

design support tools can present pairs of category concepts to designers to act as

inspiration for combinational creativity (Han et al, 2018b). As will be seen inChapter2,

most prior research about combination in desigrhas focused on the combination of

category concepts. Importantly, however, this is not the only form of combination that

occurs during conceptial design.

10
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The focusofOEEO OEAOEO EO OAAOECT AiTAADPO AT 1 AET AC
concepts to create new design conceptFhis form of combination occurs when designers

build upon their ideasto create new alternatives or develop them into more mature ideas.

Figure 1-3 showsan example ofhow category concepts and design concepts can be

combined in conceptual designlt isan idealised example to provide concepial clarity

that has been compiled from a student design sessiohhe studentg were tasked with

designing a product that could carry heavy industrial equipment from an outdoor staging

area to deployment site over poor terrain while reducing the risk of manual handling

issues. The final product (C) is a wheeled frame with suspension ahdrizontal handles.

The lineage of this artefact can be traced back to combinational thinking in the beginning

of the conceptual design phase.

To create the product (C),én design concepts were created bijrst producing ideas for
design concepts that cald address the brief and thercombiningthose design concepts to
create new onegtwo of which are shown,A and B).The initial bout of combinational
thought involves thecombination of category conceptgsemantic knowledge)to create
initial design concepts. As concdpal design progressed, the students then further
combined their initial design concepts to create more developed design concepts. This is
the phenomena underlinvestigation in this thesis, i.e.design concept combinatianThis
example also shows howone of these design concept®), was highly similar to the final
product, comprising the four wheeled arrangement, horizontal handles and vertical
attachment members. Thus, one instance of combination led to a critical design concept

that had substantial influence over the remainder of the design process.

2The imagesardd IOOAAOO £O0T 1 A - AOpaddédby thekdddaicheraAdddCT D OI
fellow students in the department of Design, Manufactimg and Engineering Management at the

University of Strathclyde.

11
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PRE-IDEATION IDEATION ROUND 1 IDEATION ROUND 2 DEVELOPMENT FINAL CONCEPT

Prior to the generation of initial ideas, it Initial design concepts were created via  The initial design concepts were then  Iterative generative and The final concept is shown in the form of a rendered 3d
may be assumed that the designers each  brainstorming. further combined to create evaluative development took digital model that corresponds to the structure of the final
had their own knowledge of semantic developed design concepts. place. manufactured product.

‘category concepts’in their long-term

memory.

Vs

LONG TERM MEMORY )
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| The combination of category concepts to produce design concepts |

| The combination of design concepts to produce new design concepts |

Research focus: “Design concept combination”

Figure 1-3 z An example ofdesign concepttombination during conceptualproduct designengineering
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1.2Aim and objectives

The aimof this researchis to model the cognitive process(es) of combination in conceptual
product design engineeringTo achieve the research aim, the following objectivese
defined as follows:
O1. Identify gaps inthe current state of knowledge about combination cognitive
processesand identify research methods suitable for advancing tat knowledge
0O1.1.Determine the state of knowledge about combination cognitive processes
and the research methods used to study them idesign
01.2.Determine the state of knowledge about combination cognitive processes
and the research methods used to study them irelevant non-design
domains.
01.3.Compare the findings from design and nowlesigh domains to identify gaps
in knowledge and identify research methods suitable for advancing the
current state of knowledge
O2. Propose and testa cognitive model ofdesignconcept similarity judgements
O3. Propose and testa cognitive model of dsign concept combination

O4. Critique the work to identify strengths, weaknesses, and areas for future work.

Although the research focuses on combination cognitive processing, the investigation into
combination also draws heavily from research on human similarity judgementiee

Chapter 3), hence the inclusion of Objective.2

l.3Reseapphoach

A research approach was developed to address the aim and objectives. The contents of the
approach resemble that othe research onion(Saunderset al, 2019), framed in terms of

two nested components. The first component is the research philosophincluding
assumptions about ontology, epistemology and axiology. The second component, which is
influenced by the philosophical assumptions, is the research methodology. This includes
the mode of reasoning used in knowledge creatigrthe steps taken to reate new

knowledge, and associated choices such as the intended application of the research,

goodness criteria and the use of methods, techniques and data.

13
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1.3.1Philosophy / worldview

AEA OAOI OPEEI T OIl PEUS8 EO OOAA Olons@boEd®d OI
AAOAT T bi AT O Tlsaundefsdt a,12819, @¢.A30) This generally refers to what

I OEAO AOOEIT 00 (Blidssing and@dk@bfarki R@9; Gdba and Lincoln, 2014)
orOx 1 O1 A(Rdich, 1994 The philosophical assumptions adopted for this thesis are

explicated terms of four aspects.

OA

1 Ontologye O O8AT T AAOT AA xEOE OEA Mekam©OA AT A OFf

Webster, n.d.) It deals with the nature of the world, the objects under investigation

and what is meant by reality.

 Epistemologyfe 0 OOEA OOOAU8 1T £ OEA 1T AOOOA AT A cC¢

development of knowledge(Wahyuni, 2012h AT A OEA NOAOOEI 1
knowl e(6rossan, 2015 p.47).

f ' @EITTCU EO OOEA OOOAU 1T &£ OEA 1T AOOOAN
EOACI AT 00 A Ob AMeEian -WebsteE, h.d.)And éokcArasdhe role of
OEA OA O haluesinEnk @<earch.

1 Methodologydeals with the methods of knowledge creatior{Reich, 1994) the

modes of reasoning used to create knowledge and how it is interpreted.

There have been several attempts at mapping the landscape of the philosophical
assumptions(Fleetwood, 2014; Guba and Lincoln, 2014; Ryan, 2019; Saundetsal,
positivism, post-positivism, critical theory and constructivismand list their associated
OAAl EAZEDOS AHe Ahildddpliical ELBuinptior® & &his thesis align with the post
positivist paradigm and there are many commonalities with transcendental/critical
realism (Bhaskar, 1975) However, the use of the hypotheticaleductive method and
falsificationist reasoning (Section1.3.2.2 may make the research appear to align more
closely with critical rationalism (Popper, 1959, 1963) Rather than attempting tofit the
research inthis thesis to any preexisting paradigm the philosophical assumptions
underlying the thesis(Table 1-3) will be discussed in turn, stating what the assumptions
are, highlighting alternatives and noting the rationale and implications for design

cognition research.

14
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Table 1-3 z Philosophical assumptions

Issue Implications

Ontology Realism.

Epistemology Epistemological relativismz there can be multiple interpretations of
reality

Judgementakationalism z given the existence of a single reality and the
possibility for multiple interpretations of reality, it is possible to decide
between interpretations

Truth is fallible
Modified dualist/objectivist (Guba)

Axiology Values influence the researh approach through choice of topic and
desires for the creation of methods and tools in the future. Values are
minimised as much as possible in the pursuit of descriptive and
explanatory knowledge of designer cognitive processing

Methodology = Methodological pluralism

1.3.1.10ntology

Two ontological assumptions were adoptedadopted from" EAOEA 08 O OOAT OAAT A
critical realism. The two assumptions are (i) ontological realismand (ii) reality is
stratified.

(i) Ontological realismis the premise tha there is a single, true reality that exists
independently of the human mind(Pilgrim, 2020). This may be contrasted with
OAEAT OEEZEA 1 AE A &theEthefeGlorly omeBullyX&irecOwray iA E |
which reality can be divided up into objects, properties, and relatiors(Lakoff,

1987, p.265). Scientific realism is the view that the world exists but that there can
be more than one way of understanding it.

(i)  This @ue reality is one part of astratified ontology comprising three domains: the
OAAADPGE 1 0 OOAAI qh O BOhserabiohodchriinghe AT A OEA C
empirical domain and are used to describe and explaité events and experiences
ET OEA OAAGOR | GA AA B GA EA 18 cdukal meEnbniding titadgbe OE A
OEOA O AOAT 00 AT A AGPAOEAT ARG ET OEA OARZ
are made in the empirical domain through quasexperimental methods. The aim is
to describe and explain the events that occur in the actual domain, such as what
happens when a designer combinesmo design concepts to create a new one. The
effects and events can only be explained with reference to the real level, i.e., the
Ol AAOI UET ¢ AAOOAT 1 AAEAT EOI Oh AOO OEA OOR

rise to them can only be inferred and are hiden from direct investigation.

15
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1.3.1.2Epistemology

The epistemological assumptions also align with critical realism, they are (i)
epistemological relativism, (ii) the fallibility of truth , (iii) judgement rationalism, and (iv)
modified objectivism.
(i) Epistemologecal relativismis the premise that humans have their own
construalsdof the world they live in and think aboutj ( 1 1 OU AT A / AAgh
Pilgrim, 2020). Epistemological relativism is not truth relativism(Pilgrim,
2020); knowledge issubject to different construalsbut truths about reality can
exist independent of socials beliefs.
(i)  Fallibilismis notion that knowledge can be demonstrated to be incorrecthe
inferences drawn from research carbe wrong for a variety of reasons (e.g.,
type 1 and 2 errors).Even with considerable cumulative evidence, something
DOAOGET 601 U AAAAPOAA AO OEAAOS AAT AA OE
(i) Judgemental rationalisnE O OEA DOAI EOA OEAO CEOAT OE/
domain (ontological realism) and accounting for alternative construals of
reality (epistemological relativism), it is possible to evaluate the likelihood that
different perspectives may be true and piclkhe best inference(Pilgrim, 2020).
(iv) Modifiedobjectivity is the position thatdualism (the separation of the
investigator and the investigated)is not possible, but it is desirable to
maximise objectivity as much as possibl€Guba and Lincoln, 2014)Although
knowledge is fallible and it is not possible to control or remove all social
context or bias,a focus should be placed upon controlling as much external

social influence as possibl¢Ryan, 2019)

1.3.1.3Axiology

The axiological assumpbns of the research follow on from the assumption of ontological
realism. In discussing axiology, a distinction may be made between subjectivity and values.
The formerrelates to the general influence that the researcher may exert on the subjeof
the research (designers). The latter refers specifically to the researchers hopes, desires,

and ideas of whatoughtto be.

In line with post-positivism, the research was conducted in an attempt to eliminate the
influence of researchersubjectivity as much as possibléNonetheless, some aspects of the
research involve qualitative analyses of data that are prone to bias and subjectivity. Efforts
are made to reduce these biases hysing measures of interrater reliability, but some

subjectivity may remain. Likewise, attempts are made to limit the influence of researcher
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values.However, values are inherently reflected in the selection of a topic &udy (Hill,
1984; Ponterotto, 2005). Although the aim of this research is to understand designe
cognitive processes, this is carried out with a view towards creating interventions that can

OEI POI OA8 A AHEE ignatelypconfahsBneAalue judgements about what
Oci i A8 AAOGECT 11T EO 1 EEAS

1.3.2Methodology andanethods

-AOET AT 11 CU 00eDtd eaAdGodres@drch Withi the context of a particular
controlled experiments are specific procedures that can be used to collect and analyse
data. Theresearch in this thesis followed a version of the hypotheticaeductive method

using quastexperiments as the primary research method.

1.3.2.1Selection of methodology

The methodology that was used followed on in part from the ontological, epistemology
and axiological assumptions of the researc{Ponterotto, 2005), as well as the
epistemological assumption of methodological pluralism that no methodology is
necessarily more appropriate than any otherlt was also informed by the aim of
developing algorithmic level models of designer cognition and examples of how the HD
method can be used to create such models in other domaisee Sectior2.4.3). To arrive
at the selected methodology, four guiding questions were established. They were
1. What do we know about combination, i.e., what is the current state of knowledge
about combination cognitive processes in desigh
2. What canbe known about combination, i.e., what kinds of knowledge can and does
exist about cognitive processes more generalfy
3. How canknowledge be gainedabout combination, i.e., what methodologies and
methods can be used to create the desired knowledge design?
4. (T x OEI Ol A OEAO ETixi AACA AA AOAI OAOAAR

can the worth of the work be established?

The first two questions were addressed through a literature reviewWChapter 2). It was
identified that there wasknowledge about combination at the computationalevel (Q1)

but there was almost no empirically-supported knowledge about algorithmiclevel
processes, especially in comparison to the knowledge about combinational processes in
non-design domains (Q2)In response to Q3, it was identified that new knowledge can be

created by using a hypotheticedeductive methodology and adopting theories and
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methods from non-design domains.The answer to Q4 then followed from the choice of
methodology; the research was evaluad in terms of four types of validity(see Section
4.2.5).

1.3.2.2Hypotheticedeductive methodology

Generally, the HD methodFigure 1-4) involves proposing a theory (or model), generating
hypotheses and testing them. The theory is corroborated if it is not falsified by repeated
testing (Popper, 1959)and it is falsified if a reproducible effect can be discovered that
refutes it (see alsoFidler et al, 2018). The specific inplementation of the HD methodology
is discussed subsequently and the methodological positions on a range of practical issues

are listed in Table 1-4.

Theory or model
Generate
hypothesis
Collect data

Analyse data

Hypoth.
Falsified?

Modify Theory

Theory survives

Figure 1-4 z The Hypothetico-Deductive research methodologyadapted fromSpielmanet
al. (2020)
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Table 1-4 z Methodological positions on practical issues

Issue Methodological position

Inquiry aim Description and explanation
Application potential Basic science (as opposed to e.g., translational or applied).
Nature of knowledge A mixture of confirmationism and falsificationism

Goodness or quality  Reliability and validity (statistical conclusion, construct,
criteria internal, external)

Modes of reasoning  Abduction and deduction

Methods and data Mixed/multi methods, predominantly quasi-experimental and
guantitative data. Supplemented with interviews and qualitative
data.

The majority of quantitative data is derived from interpretation
of qualitative data, but some data are direct numerical
measures.

The aims of the research were descriptive (to describe the computation#vel of design
concept similarity judgements and combination) and explanatory (to explain how, for each
model, the inputs were transformed into outputs). The research may be classad basic
science in that it is concerned with understanding thevhat and the how of designer
cognition, rather than e.g., translational or applied science that would involve the testing

of interventions in the lab or in practice.

A modified version of the HD method was used in this thesis (for the full research design,
seeSection4.2). Cognitive models were proposed and were tested by answering research
questions and testing hypotheses. The answers to research questions were assessed to
determine the extent to which they provided preliminary support for the proposed

models, i.e., a confirmationist approach to the HD method. Hypotheses were tested using a
falsificationist approach.The goodness criteria for knowledge claims were reliability for

coding qualitative data and validity for making inferences from quantitative data.

Table 1-5 z Modes of reasoningBorsboom et al,, 2021)

Issue Implicat ions

Induction Making generalised inferences from particular cases
Deduction Deriving implications from general laws

Abduction Inference to the best explanation

There are different modes of reasoning (alternatively termed approaches to theory
development(Saunderset al, 2019, p.152). These include induction, deduction and

abduction (Table 1-5) (but see also: BayesianisniFidler et al, 2018) and retroduction
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(Pilgrim, 2020)). The research in this thesis involved a mixture of abductivend deductive
and reasoning. The methodology was broadly deductive in that it began with a model and
subjected it totesting. That initial model was created througha process of analogical
abduction, that is, the borrowing of explanatory principles from another domain in which
a similar set of phenomena are better understood (paraphrased frofBorsboomet al.
(2021)).

1.3.2.3Methods

The research may be described as multhethod, including a mixture of quantitative and
gualitative methods.Quasiexperiments were the main research method, and nen
standardised interviews and observations were used as supplementary methods.

1 Correlational quasiexperiments - Experiments, quasiexperiments and
correlational studies are defined inTable 1-6. The studies in the proposed
research design are partly quasexperimental because they involve the
manipulation of alignability or similarity (e.g., pairs of concepts thaspan a range
of similarity ratings) but lack the multiple conditions and random assignment
typically associated with experiments. They are partly correlational because many
of the predictions made by each model concern the direction of association
betweentwo variables (e.g., similarity and the number of listed alignable
differences).

1 Semistructured interviews z interviews with some predetermined questions but
may be followed up by unplanned questions. Used botts a means of evaluating
experimental procedures and to prompt participants to introspect about their
cognitive processing.

I Observationsz participants were observed during some experiments so that the
experimenter could identify procedural issues and time the participant as they

moved through pilot studies.

Table 1-6 z Definitions of three types of study(Shadishet al, 2002)

Type of study Definition

Experiment A study in which an intervention is deliberately introduced toobserve
its effects

Quasi-experiment An experiment in which units are not assigned to conditions
randomly.

Correlational study A study that simply observes the size and direction of a relationship
among variables
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Early in the research process, a range of methods were considered. For exaniples
been said that protocol analysiss the only, or most likely, method capable of elucidating
designer cognition(Cross, 2001) but there are limits to the degree to which introspection
can reveal designer cognitive processes such as retrieval and perceptidoyd et al,
1995). Research methods for studying design cognitiofTable AL 1) provide a host of
different approaches, but yet none appeared to provide an aethe-shelf solution for

creating algorithmic-level models of designer cognitive processes.

The selection of mehods wasultimately driven by the process of analogical abduction
mentioned previously. Cognitive models from prior psychological studies were used to
propose new cognitive models of designer cognition. Just as these models had been tested
using quasiexperiments, so too were quasiexperiments adopted as the main research

method in this thesis.

1.3.30verview of the research

Figure 1-5 shows an overview of theresearch presented as a series of sixear stages In
reality, thesestagesdid not have concrete boundaries, but they serve to represent six
sequential foci of the researchThe figure also shows the main elements of the research
and how they relate toeach stage.
1. Literature review of combination cognitive processes
The beginning of the research programvas focused on reviewing the existing
knowledge about combination cognitive processes in design and natesign
domains.
2. Definition of gaps in knowledge to be filled
The findings of the literature review in the two domains were compared to reveal
the gaps in knowledge in design and research methods that could be used to
extend that knowledge.During this phasethe aim of creating a model of designer
combination cognitive processes was establishedhe original set of objectives
AT OOAODIT T A A3dandi(Settidnf.H5.409), ipeh the objectives involved the
modelling of design concept combinatigrithe objective of modelling designer
similarity judgements (Obj2) was established later
3. Model building and research design development
This phasebegan withthe goal of propsing a model of design concept
combination and develop a research approach that could be used to evaluate the
model. Following the modelbuilding process, the additional objective of creating a

cognitive model ofdesign concept similarity judgementsas introduced.The Dual-
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Process modebf design concept similarity judgements and th®ual-Process
model of design concept combination were used as the basis of two new models in
design; theDual-Process modebf design concepsimilarity judgements andthe
dual process model oflesign concept combinatian

4. Empirical research
The two models of designer cognitive processes were tested via two parallel
streams of empirical research, each following the same hypothetiebeductive
methodology. This involved @finition of research questions and hypotheses, the
development of a study design that primarily involved quasexperiments, and
three phases of stimuli creation, data collection and data analysis.

5. Model evaluation
The results from the empirical studieswere used to evaluate the proposed models.
The validity of the inferenceswas discussed in terms of four types of validity:
statistical conclusion, construct, internal and externalEach proposed model is
evaluated with consideration of the answers to theesearch questions and the
results of the hypothesis testsAdditionally, because both similarity judgements
and combination were hypothesised to involve the same underlying processes,
inferences about one construct (e.g., similarity) are also used to dranferences
about the other (e.g., combination, and vice versa).

6. Reflection and conclusions
The strengths and limitations of the thesis were considered and recommendations

for future work were provided.

The same stages are represented Figure 1-6, showing where each phase is represented
in the structure of the thesis.Specific objectives and a research design for the empirical

research is presented irChapter 4
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Figure 1-6 provides an overview of the structure of the thesis. Th® A E A EQUnO @réy

rectangles)shows the ten thesis chaptersnd how they present theresearch that

corresponds to each objectiveThe right side of the figure shows theontent of each

chapter. A distinction has been made been content associated with the design domain

(blue rectangle, the majority of the outcomes in this thesis) and contém psychology and

related domains (orange rectangle, representing summary outcomes from literature

reviews). Dotted rectangles show the correspondence between chapters and the six

phases of research shown ifrigure 1-5.
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Figure 1-6 z Structure of the thesis

Literature review and gap identification (Chapter 2)

Chapter 2 presents the findings from the literature review used to address O1.
Combination cognitive processes and the research methods used to study them were
examined in desgn (O1.1) and nordesign (O1.2) domains. The findings from each domain
were compared to reveal the gaps in knowledge in design relative to other domains and to

identify suitable research methods for advancing the current state of knowledge (0O1.3).
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Model building and empirical research methodology development (Chapters 3 & 4)

Chapter3 is a second literature review chapter It provides an overview of research on
human similarity judgements generally and in design specifically. It furthepresentstwo
existing cognitive models from the psychology literature, th®ual-Process modebf

similarity judgements and theDual-Process modelof conceptual combination

In Chapter 4, two new models are proposed based on the existing models introduced in
Chapter 3. They are theDual-Process modebf design concepsimilarity judgements the
Dual-Process modebf design conceptombination. Research questions and hypotheses
are defined for each model and a programme of empirical research for evaluating each
model is set out. A map of the empirical research is presented, showing the chronology of

the work and which chapter each element is pesented in.

Empirical research (Chapters 5 -8)

Chapters 5z 8 report the empirical research that was conducted. In reality the empirical
research was conducted across three sequential phases, each of which involved the
creation of a set ofstimuli, one or more experiments using those stimujiand the analysis

of data(Figure 4-6).

Chapter 5 presents the materials and methodand Chapter 6 presents the stimli creation,

development of coding schemes and assessment of inteter reliability.

Chapters 7 and 8 present the analysis, results and discussion of the experiments
associated with the similarity and combination models, respectively. The discussions i
Chapters 7 and 8pertain to specific experiments, rather than the models that they were

used to evaluate.

Discussions (Chapter 9)

Chapter 9 is split into three mains sectionsSections 9.1 and 9.2 evaluate the evidence for
the proposed models of design concept similarity judgements and combination,
respectively. The third part of the chapter(Section9.3) is a general discussion that

pertains to all of the research presented in the thesis. This includes a discussion of
knowledge gained about cognitive processes in conceptual design, the research approach
and the methods used. Each topic eddressed in terms of strengths, limitations and future

work where appropriate.
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Conclusions (Chapter 10)

Chapter 10 concludes with a summary of thknowledge contributions and the strengths

and weaknesses of the research.
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2AREVI EW OF
CoOMBI NATI ONAL COC
PROCESSES

@onceptual combinatiordcan be taken, in a general sense, to mean the mental
combination of any kind of concepts such as words, visual forms, category concepts or
abstract concepts such as music genr¢gvard and Kolomyts, 2010)0$ AOECT AT 1 AET A
is the processing of any knowledge or stimuli to produce design conceptentative
representations for artefactsthat do not yet exist.Although the extent to which human
combination processes are domairgeneral is unknown, kowledge from non-design
domains may be useful to the extent that there are measurable commonalities across
various forms of combination suchas common phenomena and effect@bjl wasthus set
to assess the state of knowledge about combination cognitive processes and identify
research methodsfrom other domains that aresuitable for advancing that knowledge.
Three subobjectives were set to assess the state of knowledge about combinational
processes in design (ObjL.1) and nondesign domains (Ohbj1.2), and to compare across
domains to identify gaps in knowledge in design and opportunities for future research
(Obj. 1.3).

To address Ohjl1.1, aliterature review was conducted focusing on combinational
cognitive processes in empirical research and cognitive models of conceptual design.
O$AOECT 8 x A Othelpodudtibn ofesigh dbcépts for physical artefacts or

services.This includes nstances of design that could be viewed as product desigNagai
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et al, 2009), electronic embedded systemslesign (Doboli et al., 2014), or service design
(Chan and Schunn, 2015)out excludes any research on architectural desigBased on the
definition in (Section1.1.4), design combination was defined athe creation of new design
concepts based on two or more external and identifiable prior entities. Empirical research
was taken from avariety of research methods, including protocol studies and

experimental research(Section2.1).

To address Ohj2.2, a literature review was conducted on the topk of creativity and
linguistic conceptual combination. Creativity refers to research on thgenericcognitive
processes that lead to the production of novel and useful outcomesxclusive of domain
specific research on design, or other endeavours such asisic (Deliége and Wiggins,
communicative process of interpreting novel meaning from pairs of wordsThey were
selected based on two criteria. First, the review was conducted to identify knowledge
about algorithmic-level cognitive processes that could provide some explanation for
computational behaviour. This excluded highly general frameworks like the czeptual
blending framework (Fauconnier and Turner, 1998)(see Sectiorf.3.4.1for a discussion)
The second criterion was the tasks being investigated should involve the processing of
semantic or visuospatial knowledge to produce novel semantic concepts. These criteria
led to the creativty and conceptual combination research domains, but there may be other

relevant domains that were not discovered during the review process.

The literature review is presented according to three domainsdesign, creativity and

conceptual combination Reserch on conceptual combination is relatively easy to

demarcate given that it is a communicative process, but as both design and creativity

ET O 1 OA Al i AET AGEITT O bpOil AOGAA 1T Ax EAAAOh OE
less clear Creativity is consideed to be a distinct domain of research for the purposes of

structuring a literature review, but as creativity is also involved in design, this boundary is

partly artificial. For example,Verstijnen et al, (1998a) compared design and psychology

students on a task that involved combining geometric shapesto makei AEAAOOS8h xEE
were essentially design concept3Vhere possible results derived from people with design
ADbAOOEOA xAOA ET AI OAAA ET OBskwithdudepErde 6 OAAOD
x AOA AT 1 OE Ardaivky® EOIA (B&BEabId 27 for a summary of this chapter by

domain).

To identify gaps in knowledge in design and opportunities for future research (Okj.3),

the findings from the design and nordesign comains were compared at the
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computational and algorithmic levels of representation (Sectio2.4.1). highlighted gaps in
knowledge (Section2.4.1.2 in the design domain and identified opportunities for new
research directions in design (Sectior2.4.3). Based on the results of the literature review,
the Dual-Process modebf conceptual combination is identified as basis for a cognitive

model of design concept combination (Sectio8.5).

21Cognitive processes in design

Obj. 1.1 was to assess the state of knowledge about combination cognitive processes in

design.Knowledge about designer cognitive processes can be gained from a variety of

research methods. This makes it challenging to synthesise knowledge about designer

cognitive processes. In reviewing the literature, three broad clusters of research were

identified: protocol studies, outcomebased studies, and cognitive models and frameworks

(listed below). To synthesise knowledge from these different studies, the cogivie

representational system introduced inSectionl.1.3was used as a common framework

into which knowledge could be situated. Articles that contain knowledge abdulesigner

combination processes were identified and are listed in tables in Appendix 2A. For each

representation of a combination cognitive process, the respective table lists

computational-level knowledge associated with the goals, inputs and outputs of

combination. The next section2.1.1) provides a summative overview of computational

level knowledge about combination cognitive processing in design.

9 Protocol studies (Table A21).In protocol studies,designer cognitive processes
are represented by protocol codes that are used to describe segments of designer
protocol (such asthink aloud verbalisations and video recordings). Individual
cognitive processes are represented by qualitative labels such@®A T | AET AOET 1 6
OEI E1 AO OAOI O OOAE AO. ToeAdbdlsBriayhe desciibedoy | O O A
written descriptions or defined in terms of abstract variables belonging to a
theoretical framework. Relevant research was identified through a systematised
review, in whichall of the articles included in the systematic review of protocol
studies of conceptual desigriHay et al, 2017b, 20I7a) were examined to look for
combination cognitive processes
f Outcome-based studies (Table A22).0/ OOAT I A AAOGAAS OOOAEAO

involving measures of indgpendent variables (2 or more stimuli) and dependent
variables (the design concepts produced through combination). In these studies,

cognitive processes are the means by which the inputs (stimuli) are transformed

29



Chapter2 z A review of combinational cognitive processes

into outputs. Relevant research was identited through a snowball style search for
empirical studies of combination processes in design.
1 Cognitive models and frameworks (Table A23). The third kind of
representation are cognitive modelsand frameworks. Although all representations
of cognitive processes could be described as models (e.g., protocol coding
schemes), this kind of representation are either selitted AO OAT aghateOE OA S
some multi-component representation of verbal or graphical elementsRelevant
OAOAAOAE xAO EAAT OEZEAA OEOIT OCE A O1T1 xAAI

design which was then reanalysed to look for combinational cognitive processes.

2.1.1Computational level knowledgea framework of design combination
variables

The computational level of combination concerns the goals of combination (what the
designer is trying to achieve), the inputs to combination (the entities being combined) and
the outputs (the newly created entiies). Computational level knowledge is descriptive,
providing an overview of the different characteristics of combination cognitive processes.
Combination occurs when a designer takes two or more entities and produces a new
design concept that has identifible elements of two or more of the base concepts.
Depending on what is being combined and what is being created, one may be able to
identify multiple, qualitatively distinct kinds of combination. Researchers may also
measure various properties of the inpits and outputs to investigate a host of factors, such
as factors that contribute to creativity.Figure 2-1 shows the variables that have been used
to define and measue combination in empirical studies of design cognitiorDefinitions of

each variable are listed irtables in the relevant subsections of Sectiod.1.1
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DESIGN COMBINATION AT THE COMPUTATIONAL LEVEL

+Task (e.g.,'Design a new concept’)

[Type variables ; i +Requirements i { Measures of individual outputs
: . ; i« Constraints H HEN i
i » Quantity of entities (2 or more) : : : i« Abstractness (of titles and
: i+ Performance goal (e.g., develop a i | descriptions)
Individual concept measures novel solution) i { ~Creativity (overall)
+ Ambiguity ' i i «Novelty or originality
i+ Associative effectiveness . Pract‘icality
| + Distance from problem i Goal i i -Quality
i« Feedback * e i i »Resistance to premature closure
+ Representation modality i i - Usefulness
- Taxonomic category : ;
« Type (category or design concept) . Measures of multiple outputs
« Part/ whole o = j i »Fluency
« Visual complexity 5 Combination - ..
g— :+ > i 5 Measures of outputs relative to
Inter-concept mesaures Ps j o the inputs o
+ Number of commonalities or gt i « Concept combination type
differences : : i - Degree of reuse
+ Relatedness : i - Elaboration, development or
; + Similarity / Distance evolution
: oo i - Emergent features

Figure 2-1 z Measures of design concept combination at the computational level
2.1.1.1Goals

Design may be viewed as a godirected process(Gero, 1990; Roozenburg and Eekels,
1995), where the designer is attempting to produce a description of a design artefact to
achieve requirements while adhering to constraints. The designer decomposes the overall
goal into subgoals. For example, towards the goal of (i) arriving at a single conddp take
forward from the conceptual design to embodiment design phase (sedpward et al.

(2008)) the designer may set the goal of (ii) expanding the space of candidate solutions by

(iif) combining existing concepts to create new ones.

4EAR AROGEQGIAMMOAG @G G@GIAB EO AAOEOAA &£O01T 1 AAOGECT C
practice by e.g.a client or project manager. In both protocol studies and experiments

designers are given design briefs to address. They may be given ogsrded, problem

oriented briefs (Sosa, 20180 EAO AAZET A A DPOT Al Ai O AA AAAO
ET AOAAOGA OEA 1 0i AAO T &£/ OACEOOAOAA A(chad 1 AOOI
2014, p.19) or solution-focused briefs that specify the product to be created such as

O$AOGECT AT Al AOi A1 1T AE A& O EI1 ABGlertal2on4, OOA OE
p.3). AlteOT AOEOAT uh OEAU 1 Au AA CEOAT CAT AOEA EIT O
(Janget al, 2019)in absencel £ OANOEOAI A1 6068 4EA AAOGECI A0OdO
at different phases of the design process. This does not manifest in most empirical studies

of combination processes as both protocol studies and lab experiments are conducted in a

single stage.
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Designers may be given constraints or derive them themselves during the course of
design.Daly et al.(2012) observed that designers choose to emphasise certain constraints
and requirements, prioritising e.g., cost or portability. Alternatively, the designer may be
engagdng in unconstrained ideation to create a range of candidate solutions without being
prematurely inhibited by thinking about constraints. None of theoutcome-based
combination studies (Table A22) gave the participants constraints over and above the
requirements in the brief. Finally, in controlled experiments designers may be given

performance goals such as to create novel or useful outcom@3oboli et al, 2014).

Table 2-1 - Goal variables from design combination

Variable Types / description
Task )T OOOOAOQCEI T O CEOAT AU AgGbPAOEI Al O/
Requirements Specification of necessary outputs. Can be to address a problem

(problem-focused briefs) or to exhibit a specific functior{solution-
focused briefs).

Constraints Limits on the parameters of the output
Performance )T OOOOAOEIT O O | A@GEI EOA AAOOAEI]
goal electronic embedded system that is useful, use as many devices from the

list as po E A(Dobdli et al, 2014)

2.1.1.2The inputs of combination

4EA ETPOOO 1T &£ AT i AETAOCETT 1 AU AA OAOI AA OEA
OEA ET &£ Oi AGET1T OOAA ET OEA AOAAOGEITT 1T &£ A AA
entities together is flexible in that they can combine a variety of diffent entities to create

new outcomes.

Designers can combine different types of entity, includingategory conceptssuch as a

guitar, ship, frog or snow (Taura, 2016, p.59rOAAOOOAAO Ai 1 AAPOOSE xEE.
properties such as attributes or functions that can be shared by a class of entity concepts,

I O POAOET 601 U AgOAOT Al EOAA AAOGECT AiI T AADPOOS
elements of them. In the exampleniFigure 2-2, the designer combines two alternative

solutions to create a new combined concept. In other cases combination may involve the
composition of subfunction solutions which can be facilitated by methods such as

morphological combination (Zwicky, 1967). Combination may also happen at e.g., the

function, behaviour or structure levels of representation(Gero, 2000) Some processes

explicitly involve the evolution, maturation or compositon of elements.(Jin and Chusilp,

2006) specify that OEA OAT | T OA8 AAOEOEOU 1 AAAOG O 11 OA

maturity does not appear to be specified.
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Figure 2-2 z An example of design concept combination frorDaly et al.(2012) that

appears to involve the transfer of features between two concepts.

During the course of design, one might combine a mixture of concepts (presented

externally as inspirational stimuli) and design concepts (i.e., prior solutions created by the
designer or a colleague)Figure 2-3 is adapted fromChan and Schuni§2015), and shows

how inspirational stimuli (dotted circles) and design concepts (solid circles) are used

across multiple generations of ideas towards the creation of the final concegdithe number

of entities may also varyFigure 2-4 is adapted fromGoncalves and Casf2021) and

OEIl xO A OANOATAA T &£ po O11 ARG OAPOAOAT OET ¢
session. The arcs between ideas represent explicit links tveeen ideas, meaning the

designer provided an overt indication that the two ideas were related-or exampk, the

1TETEO 1T AU OAmEI AAO OEA AAOCECTI AO AAET ¢ OOAI ET A
towards a previous ideaThe thick black arcs represent a combinatorial idea, which is one

that connects to many previous ideas from a sessioNote, however, thatthe arcs do not
necessarily imply that the combinatorial idea contains identifiable components or features

from the prior ideas.
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Genealogical level of
antecedent concepts

................... Example of inspirational stimuli
combination in controlled experiments.

Target concept

i 2 Inspirational stimuli

Figure 2-3 zExample of the genealogy of antecedent entities relative to a single target
concept. Modified from(Chan and Schunn, 2015)

Combinatorial idea

Each node represents subsequent ideas in a design session

Figure 2-4 z A sequence ofdeas showing instances of combinationAdapated from
Goncalves and Casf2021)

A variety of experimental measures of individual desigeoncepts have been taketo
investigate the effects of those variables on outcome measures. These are: ambiguity of
representation, associative effectiveness, distance from problem, the number of comments
given as feedback, the number of commonalities and differences, represemntat modality,
taxonomic category, type of concept (whether a design concept oategory concep} and
visual complexity. More individual concept properties may be investigated in the future,
such as the variables studied in inspirational stimuli experimentgVasconcelos and Crilly,
2016).

A unique aspect of combination is that properties of multiple conceptsuch as pairs)can
influence combination outcomes. These include measures such as distance, sinitygand

relatedness.
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Table 2-2 - Input variables to design combination

Variable Types / description Source
Number of concepts
Quantity of Quantity of distinct stimuli used as inputs to combination. (Doboli et
entities al., 2014)
Individual concept variables
Ambiguity Pictorial line drawings were made more ambiguous by blending (Janget al,
them with pictorial representations of different objects. 2019)
Ambiguity operationalised as the percentage of people that coulc
correctly identify the target image.
Three levels of ambiguity: Vague (<55%), ambiguous (580%)
or definite stimuli (>80%).
Associative The number of associations for a word listed in the associative  (Nagaiet
effectiveness concept dictionary. al., 2009)
Distance from  Generally, a measure of how similar a source of inspiration isto (Chan and
problem the problem domain. Specifically, the mean of the reverse cosine Schunn,
between cited inspirations and the problem, using Latent 2015)
Dirichlet Allocation.
Feedback Feedback about the concept in the form of comments from other (Chan and
people. Quantified as the number of comments received by a Schunn,
given concept. 2015)
Representation The medium of representation of an entity in the represented Multiple
modality world. May be pictorial (Jang, 2014; Jangt al, 2019), or text
(Doboli et al,, 2014; Nagakt al, 2009)
Taxonomic Entities may be e.g., natural or artificial objects. They may be (Jang,
category members of categories, e.g., tools, weapons, shelters, 2014)
transportation. Multiple stimuli may be members of the same or
different taxonomic categories.
Type (Category Refers to whether a concept represents a concept that represent (Chan and
concept or a realworld entity that exists, or a solution that has been created Schunn,
design in response to the active design task. 2015)
solution)
Part / whole Whether the entity is part of a product or a whole product. For Multiple
example, designers can combine electronic modules (parts)
(Doboli et al, 2014) or whole concepts(Nagaiet al., 2009).
Visual As determined by (Snodgrass and Vanderwart, 1980hormalised (Janget al,
complexity pictures 2019)
Inter concept variables
Number of The number ofcommonalities or differences that participants list - (Nagaiet
commonalies x EAT AOEAA O1T AT i BAOA Ox1 x1 Cal,2009)
and differences  (similarities) and different features (dissimilarities) between the
Ox1 08
Relatedness &OANOAT AU T £ OOA OI CAOEAO ET (Doboliet
mainly utilized for mobile applications, while cooking stoves and  al., 2014)
EAEO AOEAOO AOA OOAOEA AAOGEAZ
Similarity or Operationalised as taxonomic category membershi@ang, 2014; Multiple
distance Janget al, 2019), or measured with human ratings on a likert

type scale(Jang, 2014) Semantic distance aabe measured with
latent Dirichlet Allocation (Chan and Schunn, 2015)
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2.1.1.3The outputs of combination

The design concepts created through combination may vary in a range of properties and
measurement of these properties can provide insights into how combination might be
improved or the underlying processes that were involved in combination. The outcomes of
combination can be measured for various purposes, such as to investigate the factors that
influence creativity or other performance metrics. Additionally, by comparing the outputs
of combination with the inputs it is possible to make inferences about thprocesses that

transformed the inputs into the outputs.

Measures of combination outcomes may be taken from individual concepts, across
multiple concepts, or with respect to the inputs. Individual concept measures identified in
the literature were abstractness (of titles and descriptions), creativity, novelty or
originality, practicality, quality, resistance to premature closure and usefulnesgrable

2-3). An additioral performance measure, fluency, may be taken across multiple outputs.

The design concepts created through combination may be characterised by how they have
changed compared to the base conceptdagaiet al.(2009) classifies design concepts into

three kinds, each of which is said to be indicative of a different combination process.

Degree of reuse and emergent features are both similar measures of the commonalities

and differences of the outputs compare with the base concepts. Degree of reuse provides

a measure of the extent to which the combined concept is comprised of elements from the

base concepts. Measures of emergence refer to features of the combined concept not

present in either base concept. The measure efaboration used byJanget al.(2019) is

adopted from the Torrance TestéE # OAAOEOA 4EET EET C AT A OADPOAC
EAAAO6h OPAAEEAEAATI T U AAAT OAOETTh AT1100h AOE

elaboration of a title.
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Table 2-3 - Output variables from designcombination

Variable Types / description Source

Variables for individual outputs

Abstractness (of Appears to refer to the extent to which written text (Janget al,

titles and provides additional information beyond the content of 2019)

descriptions) the sketch.

Creativity A compound construct comprising multiple individual (Jang, 2014)

(overall) components.

Novelty / | OECET ATl EOUg OxEAOEAO OEZ (Dobolietal,

originality (Nagaiet al, 2009, p.661) 2014; Nagai
. 1T O A luriguejescompared to the solutions of et al, 2009)

your colleagues and designs discussed in textooks,
media, weldDoboli et al, 2014, p.86

Practicality 0 0OAAOEAAI EOUJ OxEAOEAO OE (Nagaietal,
/A A O @ iaghidt al, 2009, p.61]) 2009)

Quality A construct comprising five factorssize, cost, (Doboli et al,
processing precision, power consumption, and 2014)
easiness ofnterfacing.

Resistance to O4EA AACOAA 1T £ PpOQdngetd,l CE (Jangetal,

premature 2019, p.74 2019)

closure

Usefulness The extent to which a design concept solves a problem, (Doboli et al,

AT 1 POEOET ¢ Afpdoesihe tie€igh Gafish/C 2014)
a need? (2) Does it follow the design constraint? (3) Is

there something similar available? (4) Is the pro

posed design better than the similar options? (5) Can it

be used to build other things@(Doboli et al, 2014,

p.93)

Variables for multiple outputs

Fluency Number of relevant ideasketches (Janget al,
2019)

Variables of outputs relative to inputs

Concept A classification of the outcome with respect to the (Doboli et al,

combination inputs. 2014; Nagai

type et al, 2009)

Elaboration Whether a concept has become more mature or (Janget al.,

(development or evolved. Optionally, the degree of this maturation or 2019)

evolution). evolution.

Emergent Features present in the output concept that are not (Nagaiet al,

features present in the base concepts. 2009)

2.1.1.4The phenomena and effects of combination

Effects in combination research are statistical relationships between independent
variables (the base concepts) and dependent variables (the combined concepts). Effects
are related to the algorithmic level, in that any algorithm that explains how inputs &
transformed into outputs should also provide a mechanistic explanation for the observed
effects. The most relevant effects for combination studies are those specific to the

presence of two or more base concepts, such as the effects of similarity or dista on
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creativity. Some authors measure the effects of individualoncept properties on
combination, e.g.Jang(2014) investigates the influence of representation modality and
representational ambiguity on creative outcome measures. However, these variables have
been shown to influence ideation with the presentation of external stimuli more generally

(Vasconcelos and Crilly, 2016and are not considered in detail in this thesis.

Similarity (or distance) and creativ ity z as summarised byChan and Schuni(2015)

there has been mixed evidence for the effect of combination distanoa creativity.

Theoretically, more distant or dissimilar combinations are said to improve novelty

because they increase the likelihood that emergent properties will be introduced. These
emergent properties may arise through analogical mechanisms or fromitiking about

abstract, metaphorical aspects of the concepts being combinédhan and Schunn, 2015)

I AOT OO0 1 O1I OEPI A AT T AET O 1 sericghéndrdlyxd dotcep® £A O 6
that are semantically distant, dissimilar or unrelated) have a consistent positive effect on
novelty, but inconsistent effects on quality and overall creativity. This is generally

reflected in the design studies.

1 In electronic systems design less related exemplars lead to more novel concepts,
but quality and usefulness were not seen to vary with relatedneg®oboli et al,
2014).

1 When designers produce blending combinations, there is a positive association
between originality and the number of nonalignable differences (features present
in one concept lut not in another) (Nagaiet al, 2009).

1 Combination of concepts from different categories (dissimilar) is also seen to lead
to higher scores of elaboration in comparison with concepts from the same
category (similar) (Janget al, 2019).

1 Contradictorily, when designers are tasked with combining pairs of objects
represented pictorially, overall creativity improves when stimuli are from
different taxonomic categories but have high relative similarity but similarity was
TTO6 AT OOAI AOCAA xEOE 1 AAOGOOGAOG 1T &£ 11 OA1 OUh
(Jang, 2014).

Chan and Schunit2015) found that less similar combinations contribute to improved
creativity when there is a genealogical lag (i.et, takes time via iteration to see the benefits

of dissimilar stimuli). They interpret this to mean that the inconsistent findings regarding

novelty and utility in the literature occur because while singleinstance of combination
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may produce novel conceptsheir immediate utility is uncertain, and iteration is needed to

develop those concepts into ones with good overall creativity.

Similarity and combination type z Some studies, influenced by research on conceptual
combination (Section2.3), classify the outputs of combination into types and measure the
frequency of occurrence of each typéDoboli et al., 2014; Nagakt al,, 2009). In electronic
systems design, relational combinations, where individual components are joined via
external relations are the most common and property transfer relations, where features of
one component are transferred to another to create a new componerdre relatively
infrequent (Doboli et al,, 2014). Nagai et al(2009) examine relationships between
combination type and the kinds of commonalities and differences mentioned in feature
listing and comparison tasks. There have been too few of these studies siablish any

stable phenomena from.

Emergence - The combination process can lead to the emergence of new features, i.e.
features unigue to the outcome concept and not found in either of the inputslagai et al.
(2009) found a nontlinear relationship between originality and emergence. Emergent

features have been proposed as important sources of novelgZhan and Schunn, 2015pr

creativity in combination (Estes and Ward, 2002)

2.1.2 Algorithmic level knowledge

'l cCi OEOEI EA 1 AOAT ETT x1 AACA OET OI A POT OEAA A
combine concepts and in doig so should explain how effects arise, such as the

relationship between base concept similarity and outcome novelty. Algorithmitevel

processing representations are presented here and critiqued in terms of their capacity to

explain effects.

Some authorshave proposed algorithmiclevel representations of ideation that have no

empirical support.) T OEA O A O Okiudel, 1989; Kbugdr #nd Cr&>s, 2006)ach

AAAT I DT OAA POT AAOO EO OAPOAOAT OAA AuU-ghaih OET £
process steps according to an expert system mod@ruger, 1999). These steps are

consistency check, combination and repair. Although the assembly process was identified

in protocol, the more granular elements of the inference model were not used in the

coding scheme and remain purely theoreticaln the model of mental iteration(Jin and

Chusilp, 2006h OEA OAIT I b1 OA6 AAQABDEBHEOERIAQT OADOT BEA C
OOOAT O&I O0i 88 4EAOA bPOI AN@dQBeBambiaddlin 2002 Bidahd A0
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Benami, 2010)which in turn draws from the Geneplore model of creative cognitiorfFinke

et al, 1992). Again, there does not appear to be any empirical evidence for these sub

processes. The information processing modé€Kim et al,, 2010)is an adaptation of two

cognitive models of memory(Baddeleyet al, 2009; Shiffrin and Atkinson, 1971) The

modelisWWAA O OEOOAOA OE@ OAI ¢l EOEOA 1T PAOAOGEIT T C
protocol data demonstrate the frequencies of these cognitive operations but no other

components of the model.

In the systematised theory of concept generatiofiTaura and Nagai, 2013a, 2013h}here
are three processes for concept generation, each that leads to a diéfet type of combined
concept and each described via a series of stepkaple 2-4). The three processes
(property mapping, concept blending and thematic integration) are derived mainly from
the Dual-Process modebf conceptual combination(Wisniewski, 1997a) which also
involves three combination processesNagaiet al.(2009) show that design concepts can
be coded according to the three output types, but there does not appear to be any
empirical support for the proposition that the three ouputs come from three distinct

processes or for the steps involved in each process.
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Table 2-4 7 Three methods for concept generatiorfNagaiet al, 2009).

Steps (in order of

Process Description Type of output operation)
Metaphor  New concepts are created by The resulting design Select concepts
/ Prop_erty abstre_xct_lng a p_roperty from  conceptresembles one of Abstract properties
mapping an existing entity concept the base concepts with a
and mapping it to a category feature from the other base Property mapping &
of existing corcepts to create concept. concretisation

a new entity. For example, a
O&l UET ¢ AAOG .
by abstracting the property

i £ OFI UET C8 £
I £/ OAEOAS AT A
OEA AAOACT OU |
a new entity in the class of

cars.
Concept New concepts are created The resulting design Select concepts
blending through the combination and concept has abstract .
L . Abstract properties
concretisation of two properties of both base
abstracted properties. concepts but is itself Blend & concretise

neither of the base concepts

Thematic  This is the creation of a new The two base concepts are  Select concepts
integration scene or scenario in which related by an external
two entities are related via a  relation.
thematic relation and the (Optional)
creation of a new entity Elaboration

inspired by that scenario
(elaboration).

Integrate them

In contrast with the previous models, ModelL (Liikkanen, 2010; Liikkanen and Perttula,

2010) provides empirical support for algorithmic-level processes involved in idea

generation but does not explicitly acknowledge combination as being a distinct process

from generation. The micro-level idea generation component of Model (Figure 2-5) is

based on a psychological model of idea generation called Search for Ideas in Associative
Memory (SIAM)(Nijstad and Sroebe, 2006)In SIAMand ModelL, idea generation is

modelled in two phasesof retrieval and production. In the retrieval phase, search cues

(composed from the problem definition or previous ideas) facilitate the retrieal of

Of AT T OU OADPOAOAIT-tbri dénioldy, Wbere AB® hssocidtidnistength

between the cue and the memory representations determines which representation is

retrieved. In the idea production phase, the cue and retrieved memory representationser

turned into ideas through rapid and generally effortless process where they are evaluated

for newness before being externalised or abandoned to return to the memory search
stageModel, AT AO 110 ET Al OAA A AEOOET AOeAi i AET AOI
O1T1 OOETT EO Al xAUO A(Liikkaner P010A0® 8. [EXistinig genodtsioO OE T 1

41



Chapter2 z A review of combinational cognitive processes

ideas can, however, be used as cues for the idea retrieval phase of idea generation, thereby

providing a cognitive mechanism for design concept combination.

START
Interpret problem and Abandon k?
assemble search cue ¢
Find knowledge Generate idea i
kusing ¢ based on k

@ Notice failure Memorise and output i
yes

Idea retrieval Idea production
TERMINATE

Figure 2-5 - Micro level of ModelL, redrawn from (Liikkanen, 2010)

The SIAM model was used as an initial hypothesis for design idea generation and elements
of the model were validated or modified based on the effects observed in protocol studies
and experiments. Two examples show how evidence was gained for the midevel of
Model-L in a design context (for a summary of the evidence, skikkanen (2010) p.70).

1 Evidence of semantic and temporal clustering was found in design idea generation
experiments, thereby supporting the existence of memory representations
(Perttula and Liikkanen, 2006) Idea generation research has shown that
consecutively generated ideas are often semantically clustered (come from the
same category) and temporally clustered (it should take less time to generate ideas
from the same category than different categories). SIAM explains this effect using
the notion of memory representations. In the memory retrieval phase, images are
activated and one image can be used to produce different ideas based on that
image, leading to semantically and temporally clustered ideaPerttula and
Liikkanen, 2006) found evidence of semantic and temporal clustering in design,
providing support for this aspect of ModeiL.

1 Unlike SIAM, which assumes that only one retrieved representation can be active

at a time, in ModelL multiple representations can be active simultaneously,

3/ OEGET Al 1 U (Nifstad aAdiSroébE, 12006 A O &
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thereby accommodating combination. This adaptation (multiple representations)
was based on verbal protocol in which a designer combined two representations
(Liikkanen and Perttula, 2010) This suggests that indiiduals can maintain
multiple simultaneous representations, in contradiction with the single

representation assumption of SIAM.

Although ModelL can accommodate combination processing and has received some
empirical validation, the model does not provide arexplanatory mechanism for the effects
of combination, such as the effects of similarity on creativity or combination typ€erhis
may be contrasted with theSystematised Theory of Concept Generation (Taura and Nagali,
2013a, 2013b)that explicitly accounts for concepts similarity, dissimilarity and
combination types at its core but has little in tle way of empirical support for the nature of
the underlying processes. This highlights the need for more empirical support for the
systematised theory of concept generation, an extension of the mictevel of ModelL, or

new models that build on the strenghs of both.

2.1.3Interimsummaryi design

In creative output production, combination involves the creation of a new design concept
based on two mare previously externalised entitiesCombination can be described with

many variables, as summarised ifrigure 2-1.

The majority of knowledge about designer combination processes is at the computational

level of description.@ombinationdas defined in protocol studies and their associated

cognitive models is a relatively homogeneous construct, typically defined in tHerm of an
input-output activity or transformations between two entities. The research on the

phenomena of combination is relatively immature but some phenomena are beginning to

emerge, focusing on the effects of basmncept similarity or distance on a vaety of

I OOAT T A T AAOOOAO ET Al OAET ¢ AOAAOEOA PAOAEN Oi A

There appears to be a disconnect between the computational and algorithmic levels of
knowledge in the context of combination cognitive processes. There are algorithrdievel
models of design ideation, but they do not explain the phenomena of combinatiorhe
most well-developed model, ModelL, does not account for any of the aforementioned
relationships from similarity or relatedness. Conversely, research on the phenomena of
combination rarely extends to consider algorithmiclevel processesIn some protocol

studies, authors decompose a combination process into subordinate processes (ifee,
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processes involved in combination) that may be construed as an algorithmievel
representation, but they offer little in the way of explanatory mechanisms for
computational level phenomena and therés no empirical evidence for any of these

processes.

22Combi nati on cognitive process
creativity

Creativity in this thesis is defined as the ability to bring into being ideas, concepts products
or outcomes that did not exist before. In research on creativity across multiple domains
(including music, art, problemsolving, and design) a more specific dmition of creativity

is the production of outcomes that are novel and have some appropriate utility for the
domain. To explore the role of combination in creativity, a search was conducted through
the literature on theories and models of creativity thatdo not explicitly encompass design
creativity (Kozbelt et al,, 2010; Lubart, 2001; Reiterpalmon et al, 2015; Sowderet al,

2015). Table 2-5 lists the models that were identified and which include some kind of

combinational process.

The GeneplorgFinke et al, 1992) and Creative FPoblem Solving(CPS)models (Mumford

et al, 1991, 2012)were reviewed in more detail as they were the only two that include
algorithmic-level explanations for combinational cognitive processes. The Geneplore

model includes tvo reciprocating phases of generation and exploration; the generative

PEAOA ET Al OAAO A AT ¢ci EOEOA DPOT AAOO OAOI AA Oi
combination or assembly of parts into wholesTheCPSi T AAT ET 01 1 OAO A OAT
AT T AET AGET 1 diated @ith Ahd cd@binAtioriahdieorganisation of knowledge.
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Table 2-5 - Creativity models

Model name (source) Structure of model C.P
(Guilford, 1968) Divergent and convergent thinking

BVSR / Constrained $0A1 DPOI AAOOGAO T &£ jEqQqQ =
stochastic creativity via a stochastic process and (ii) selective

(Campbell, 1960; retention of the best fitting ideas

Simonton, 1999)

Creative process model Linear with feedback loops. *
(CPS)

(Mumford et al, 1991,

2012)

Geneplore Two reciprocating phases bgeneration and *
(Finke et al, 1992) exploration

(Runco and Chand, 1995) A two-tier model with three sets of processes. *
(Basadur, 1997) Idea-evaluation cycles occur at each of three

major stages: problem finding, problemsolving
and solution implementation

Dual-state model Associative and analytical thinking

(Howard-Jones, 2002)

Honing theory Flattened associated hierarchies during idea
generation, refinement of an idea occurs

(Gabora, 2004) OOEOI OCE ET OAOAAOEI 1 A
AT 1T AAPOEIT 1T &£ OEA EAAA
ET OAOT Al 11T AAT 1T &£ OEA

Dual-pathway to Creativity can arrive through two pathways:

creativity flexibility and persistence

Nijstad (2010)

O#8086 E 1 1 AAdmAinatepkddessed OAOEAA

Both the Geneplore andCPSmodels involve a combinatorial cognitive process but each

model focuses on different aspects of creativitylthe CPSmodel (Mumford et al, 1991,

2012)4x A0 ET OAT AAA OI OOPAAEAU OEA AOEOEAAI bDOI
AOAAOE OAMGEIdBQIEDE, p31g 001 AAOOAO AOA AAEET AA
rules, and procedures guiding the application of knowledge in probler® | 1 O(Mdblgyd

et al, 1992) (p.127). The cognitive processes involved in creative problem solving are

4a4EA 1T AAl EAO AEAT CAA 1T OAO OEI AR T OECET AT T U ETAI
AO OEA 111U T AATO T £ AOAAGEOA 1 606PpBO DPOI ABAOGEI 1
AT T AET AGET 18 AT (Murtidgidielah, 20¢A.T AOAOET 1

¢

ol
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represented in a linear structure to show that the problem solving process has a start and
end point, but they are also linked by feedback loapto show that people apply the

processes selectively and cycle backwards and forwards whenever necessary.

Problem definition

|

Information gathering

}

Information organisation

v

—»  Conceptual combination

v

— Idea generation

|

— Idea evaluation

}

— Implementation planning

v

Solution monitoring

Figure 2-6 z The 2012 version of the creative process modéMumford et al, 2012).

The Geneplore model represents creative thought as two egprocating phases of
generative and exploratory thought bound by constraints. In the generative phase,
individuals produce preinventive structures. These are initial, partially formed ideas or
rudimentary structures that are subsequently interpreted as maningful concepts and
exploited in the exploration phase. These preinventive structures may be geometric forms,
mental blends, category exemplars or more complex mental modgBinke et al, 1992). As

a model of creative thought generally rather than creative problersolving, it doesnot
address the problem definition and information gathering processes represented in the
CPS model.
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GEMERATION PREINVENTIVE
OF EXPLORATION

PREINVEMTIVE AND
STRUCTURES NTERPRETATIDN

FOCUS OR EXPAND
CONCEFT

Retrieval

Association

Synthesis
Transformation
Analogical transfer
Categorical reduction

Attribute finding
Conceptual interpretation
Function inference
Contextual shifting
Hypothesis testing
Search for limitations

PRODUCT
CONSTRAINTS

Figure 2-7 z The Geneplore mode(Finke et al,, 1992) with generative and exploratory
processes annotated next to the respective processing phase.

2.2.1Computational level knowledge

The combination and reorganisation and mental synthesis processes both represent a
PAOOT 180 AAPAAEOU O AOAAOA 1T Ax AT OEOEAO
combination is generally to create new outputs that are novel and useful. A variety of
stimuli can be combined to produce creative outcomes. Studies of combination and
reorganisation have used relatively simple category concep{®aughman and Mumford,
1995; Mobleyet al, 1992) and more complex stimuli such as the combination of learning
techniques to create new teaching methodéScott et al,, 2005). According to the Geneplore
model, people can mentally synthesise a variety of stimuli including visual patterns, object
forms, mental blends, category exemplars, mental models and verbal combinatioff#snke

et al, 1992).

Both processes are studied to identify factors that improve creativity and the outputs of
the combination processes are typically measured in terms of e.g., quality and novelty.
Research associated with the Geneplore model investigates how creativitynche
improved by separating generative and exploratory processing and througthe effective
application of constraints.A variety of experimental tasks have been used to study
different aspects of mental synthesis for different reasons (s€éinke et al.(1992) for a
review). In the context of creativity, a frequently used task is the figural combination task
(Finke and Slayton, 1988) The task involves presenting stimuli such as geometric forms
(Figure 2-8, left) to the participants and asking them to close their eyes and imagine
combining them into a new recognisable form. These forms are then interpreted and
developed into meaningful objects Figure 2-8, right). Variants on the task manipulated

variables such as the stimuli used, and the constraints placed on the task.
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Grapes Record player

Letter V Circle
>< \/ Number 8 Square
Circle Rectangle

a) b)

Figure 2-8 z an example of the 2D geometric partsa), and outputs ) of the figural
combination task (Finke et al, 1992; Finke and Slayton, 1988)

The figural combination task has been used to study e.g., spatial working memory
(Pearsonet al, 1999) and the role of mental imagery and sketching in mental synthesis
(Kokotovich and Purcell, 2000; Verstijneret al, 1998a). It has been proposed that there
are two meaningfully different subtypes of mental synthesigVerstijnen et al, 1998a)

(see alsoVerstijnen et al. 2000; | M Verstijnen, van Leeuwen, Goldschmidt, Hamel & J. M.
Hennessey 1998) These are combination (overlaying and arranging parts to create new
forms) and restructuring (manipulation of the individual parts by e.g. stretchimy or
skewing). Two studies have also compared participants with and without design expertise
(Kokotovich and Purcell, 2000; Verstijneret al,, 1998a).

A key finding from early research associated with the CPS model is that originality and
quality were influenced by the relatedness of stimulus categories. Participants were
presented with exemplars from two or three taxonomic categories and are asked treate
a new category that could account for all of the given exemplarEifure 2-9) (Mobley et
al., 1992). More diverse categories contributed to an increase in the originality of
outcomes, but the presentation of related categories improved quality. This finding
prompted multiple studies to investigate the processes involved in combination and

reorganisation which are discussed in the next section.
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Category and exemplar generation
problem

Stimulus categories (presented)

Light Glove Horseback riding
Horn Mask Running

Brakes Jumping  Hockey Stick
Wheel Football Lifting Weights
Category (generated)

Things seen on sports television channel

Category Exemplars

Exemplar generation
problem

Category (presented)

Things seen in a zoo

Category Exemplars

Tennis Racquet Tennis Court Snakes Hotdogs
Bowling Ball Boxing Gloves Monkeys Lions
Golf Club Umpires Bears Candy
Baseball Glove Uniforms Popcorn Cages
\
a) b)

Figure 2-9 z An example of the category and exemplar generation task fromMobley et al.
(1992)

2.2.2Algorithmic level knowledge

An algorithmic level model of a creative combination process should explain how
individuals combine entities and should account for effects identified in experiments. The

majority of research at this level is associated with the CPS model.

The Geneplore mdel does not specify how mental synthesis occurs. Later research
provided evidence for the role of mental imagery in synthesis and the distinction between
combining and restructuring (Verstijnen et al,, 1998b, 1998a, 2000) They hypothesised
that combining and restructuring would impose different loads on mental imagery and
that sketching might differentially aid one process over the other. Results from a part
whole detection task and a modified version of the figural combination paradigm show
that while combiningparts is relatively easy and can be done in mental imagery,
restructuring is more difficult and can be improvedby experts using sketching. This

differential effect of sketching is taken as evidence for two cognitive processes.

The combination and reorganisation process is said to occur via two sets of algorithms. A
set of featuresearch and mappingorocesses (similar to those involved in analogical
reasoning) and casebased processes that draw from prior experiences and events rather

than abstract features of entities.

Combination and reorganisation can occur through featurgearch processes that perate

on concrete or metaphorical features of the entities being combined. Initial evidence for
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the concrete featuresearch processes came froBaughman and Mumford(1995). The
authors proposed and tested a mdel of algorithmic-level processes that would explain the
effects of categoryrelatedness on creativity(Maobley et al,, 1992). They proposed that to
create new categories, people identify andxtract features of the stimulus categories and
use the common properties to define a new category. This was hypothesised to involve
four processes:
() Feature identification - encoding andabstracting the properties of the
categories,
(i) Feature mapping z comparison or mapping of the properties that have been
abstracted from each category,
(iif) Category creation z common or complementary properties identified through
feature mapping are used in thalefinition of a new category,
(iv) Feature elaboration zindividuals can now search for new concepts within the

newly created category

3ET AA &k Deéageshnlarity) categories will share few common properties it

will be difficult to construct a new category that can accommodate the initial exemplars,
thus leading to lowquality responses. However, searching for neobvious relations in

poorly related categories may lead to the production of more original outcomes. To test

for these processes, instictions were given to experiment participants to induce the
application of each process. It was found that (i) feature identification and mapping
instructions (when performed together) and (ii) elaboration lead to the creation of more
original category eemplars. This was taken as evidence for the existence of the processes.
However, contrary to expectations (and the results ofMobley et al, 1992)), this only

occurred when participants worked on similar categories.

The unexpected finding from the previous study suggested that there may be additional
processes involved that were not captured by the four hypothesised operatisntMumford
et al. (1997) hypothesised that individuals may not only extract features but use the
abstracted metaphorical meaning of those features in the creation of a new category.
Elicitation of feature mapping improved performance for individuals with closely related
stimuli, but instructions designed to elicit the use of metaphorical meaning improved

performance when individuals were working with diverse categories. Thus, when

5 Operationalised as low average similarity from multiple independent raters
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categories aresufficiently similar, combination may occur via featuremapping
mechanisms. However, more diverse categories require a search for more abstract

relations to identify links between categories.

Conceptual combination may also proceed via cad®msed mecharsms(Scottet al, 2005).
Casebased reasoning is described as the abstraction and use of: goals, actions, outcomes,
causes of goal attainment, contingenciesesources and constraints to guide the situation

at hand. Participants were presented with either analogical (featurenapping) processes

or a set of five processes thought to be involved in catmsed combination. The case

based processes were as follows.

(i) Characteristics of the problem situation are reviewed to identify the goals, causal
factors that might lead to goal attainment, contingencies, resources and
restrictions.

(if) Prior cases are reviewed and their strengths and weaknesses would be assessed
with r espect to the current problem

(iii) Causes, contingencies, resources and restrictions from prior cases are used to
create a preliminary model solution.

(iv) The model solution is used to forecast action outcomes

(v) The forecasted outcomes are used to create a revisedlution structure.

In the experiment, participants were asked to develop a new experimental teaching
method for a fictitious school by combining two to four existing learning techniques using
either analogical or casebased mechanisms. If analogical and cabased approaches to
combination were cognitively distinct, it was expected that creative performance would be
improved when stimuli were given in a form that was compatible with those specific
processes. It was found that when concepts were presented in terms of their constituen
features, the effective application of analogical (featurenapping) mechanisms led to
improved solution quality, originality, and elegance. When concepts were presentéua
case format (goals, content and outcomes), effective application of the cdsesed
heuristics led to improvement in the same measures. This showed that depending on the
kind of knowledge being combined, creative combinatiormight be achieved using

feature-mapping or casebased processing.
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2.2.3Interimsummaryi creativity

In the context of creativity, two models were found that give a particular focus to
combination processes. The Geneplore mod@tinke et al,, 1992) focuses on the role of
mental imagery in creative thought and howcreativity can be improved by separating
generative and exploratory processes and placing constraints on the creative process. The
Creative Process ModglMumford et al, 1991, 2012)focuses on how one must recombine

problems.

At the computational level, both mental synthesis and combination and reorganisation
OAPOAOGAT O AT ET AEOEAOAI 80 CAT AOAI AAPAAEOU O
Research associatedith the Geneplore model focused on how adding constraints can

improve creativity, and research associated with the CPS investigated the role of

relatedness and process execution on creative outcomes.

At the algorithmic level, combination may involve metal imagery (Verstijnen et al,
1998a), feature-mapping processes (similar to those involved in analogical reasoning)
using the concrete or abstract features of stimuli, or caseased processes in which
multiple stored cases are combined to create model solutions to the problem at hand.
Acrossall creativity research, knowledge is created using the hypothetiedeductive
method to propose explanations for effects which are then tested using controlled

experiments.

23Li nguomrsdemt wal combinati on

The third of the three combinational phenomena® O A dirigsic cénceptual

AT I A E1sACoieépiud combination in this context refers to a process in which a pair

I £#7 OAAOA AT 1 AAPOOS AOA ET OAOPOAOAA O DOl AOA
O00i T £ EOO Alanlietiald 199y, pp6) EdOeRadnple, when presented with

OEA AAOA AT 1 AKDPQRAO DAD®OI TOARNOTEODAODPOADO OEAI C
where one or both blades have a serrated edge that can be used for sawiWgjlkenfeld

and Ward, 2001). The types of combination presented in this review section are notn

noun artefact combinations as these most closely reflect the kind of artefact combination

that occurs in design. There can also be adjectiv®un combinations and the conepts can

s#1 P T 1T1T1 U OAEAOOAA O OEIiPIi U AO OAIT 1 Adsbciodd Al AT i AE
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also be, for example, biological entities (e.g. maroon carrot). In Secti@r8.2, five models of

conceptual combination are presented and summarised according to the computational

and algorithmic levels of description.

Table 2-6 z Five models of conceptual combination, abridged frorhynott and Connd!

(2010)
Conceptual knowledge Output
Model Author(s) (from (Lynott and ¢ Processes
Connell, 2010) , p.11) ypes
CARIN Gagné, 2000,2001; O. i & ODP A AE A£E Relational A process
Gagné & Shoben, includes distributional operates over a
1997, 2002 knowledge of relation finite set of
AOANOGAT AUG 8 thematic
relations.
Dual (Wisniewski, Ori T AAl  OAE/f Property Two parallel
Process 1997a) slots and fillers (but see  Hybrid processes:
Storms and Wisniewski  Relational E 0 OT PAO
(2005)06 8 transfer
E 2A1 AOE
Interactive  (Estes and Ori 1 AAl OAE// Property Interpretations
Property Glucksberg, 2000) O1 1T 6O AT A /E Hybrid guided by
Attribution interactions
between head
and modifier
Constraint  (Costello and O.1 6 OPAAE A£E Property Constraint
model Keane, 2000, 2001) modelled as amodal Hybrid satisfaction
schemata with slots and  Relational  process
FEI 1 AOOo 8
ECCo (Lynott and O, ET COEOOEA Destructive Affordance
Connell, 2010) information and situated Non- meshing
simulation of meshed destructive

AEE OAAT AAOE

2.3.1Computational level conceptual combination

A consensus among all models of conceptual combination is that the process serves a

DOUAET 1 1 CE ARah and Duim&rikd) 2009 p. 61)Combinations can be used to

create new concept categories, convey information in a precise manner, or refer to specific

entities within a particular context (Wisniewski, 1997b).

The communicative goals of conceptual combination inherently place consiints on the

outputs, and these constraints are different between model®Visniewski (1997b)

proposes that the speaker and listener assume three constraints: (i) a combined concept

refers to a new category of concept that differs somehow from the inputéi) the source of
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the difference is derived from the modifier (in English this is the first of the two nouns, but
differs in other languages), and (iii) the entity that the output refers to still has many
commonalities with the head noun. It has been stvan however that the modifier need not
always alter the headLynott and Connell, 2010) In constraint theory (Costello and

Keane, 2000) combinations are said to be the result of a process that seeks to satisfy three
constraints: (1) Plausibility z that the given pair of words is intended to refer to something
that the interpreter can understand and find plausible, (2) Diagosticity z that the two

base terms are the best terms to use to communicate the desired concept, and (3)
Informativeness z that both base concepts are necessary, and the interpreted concept is

thus more informative than the base concepts.

Theinputstod T AADOOAT AT i AET AGET T AOA Objcctplddi 1 AADC
frequently represented by words but similar principles can also apply to e.g. pictorial
representations of novel artefacts (e.g.Wisniewski and Middleton (2002)). The order of
presentation of base concepts is important, as the listen@nay arrive at a different
conclusion depending on the order in which the same two words are presented. The
output of conceptual combination describes a new referent concept. Models of conceptual
combination classify the outputs of the process into typesut differ in what counts as a
distinct type. The most diverse classifications describe three types of outp(€ostello and
Keane, 2000; Wisniewski, 1997aput other models assume twdEstes and Glucksberg,
2000; Lynott and Connell, 2010)r one (Gagne, 2001) Assumptions about what

constitutes a distinct type of combination are important in conceptual combination
researchbecause they are often used as a dependent variable and are assumed to provide

insight into the algorithmic-level processes that gave rise to them.

Lynott and Connell(2010) summarise the phenomena of conceptual combination. For
example, similarity has been shown to influence both the degree of emergence and the
type of combined concept. Relatively more similar concepts receive fewer emergent
features than more dissimilar pars (Wilkenfeld and Ward, 2001)and are more likely to be
combined by transferring properties between two conceptgWisniewski, 1996, 1997b)or

by performing destructive meshegLynott and Connell, 2010) depending on which model
one is using to define combination types. Context has been shown to affect how word pairs
are interpreted (Maguire et al, 2010) and how fast they are interpretaed (Gerrig and
Bortfeld, 1999). Lynott and Connell(2010) list other phenomena of conceptual

combination, but they are mt included here either because the evidence is mixed
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(compositionality) or because the relevance to design combination is not clear (relation

frequency).

2.3.2Algorithmic level

Algorithmic level models of conceptual combination are developed through iterative
hypothetico-deductive research. In this section the key elements of the modelsTable
2-6 are summarised, the empirical evidence that supports the hypothesised presses is
indicated where relevant and some disagreements between models are highlighted to

illustrate the extent of consensus amongst models.

In the Dual-Process model conceptual combination occurs via two parallel, competing
cognitive processes that tak advantage of taxonomic and thematic knowledge
(Wisniewski, 1997b). Property and hybrid interpretations involve the transfer of features
between concepts through a structural alignment process also involved in similarity
judgements, analogy, and metaphaiGentner and Markman, 1997) Relational
combinations are said to be produced via a process of scenario creation that involves the
binding of two concepts in a scenario via a thematic relation. Combination type is said to
be determined by similarity, diagnosticity and thematic role plausibility(Wisniewski,
2000).

The interactive property attribution model (IPA) (Estes and Glucksberg, 2000) is an
alternative to the Structural Alignment modelof property attribution interpretations. It
was predicated on the proposition that property interpretations occur when one concept
has asalientfeature that isrelevantto the other and relational combinations occur in the
absence of such complementanehtures. It was proposed that not only are salience and
relevance important but that, in disagreement with theDual-Process model the similarity
of a pair has no bearing on comprehension. Wisniewski refuted a number of the claims
made by Estes and Gluck#ng, but accepted the importance of feature salience and
diagnosticity in the Dual-Process modebnd described the role of these factors in thBual-
Process model suggesting that the likelihood of property interpretations is influenced by

similarity, modifier diagnosticity and thematic implausibility (Wisniewski, 2000).

Costello and Kean€2000) proposed that the interpretation of noun-noun combinations is
the result of the satisfaction of three constraints (plausibility, diagnosticity and
informativeness) and three steps:

1. Creation of alternative interpretations
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2. Analysis of each interpretation with regardsto diagnosticity and plausibility

3. Evaluation of informativeness and determination of overall applicability

The model conflicts with theDual-Process modeflegarding which properties are selected
during property attribution and how property interpretation s are producedCostello and
Keane(2001) claim that diagnosticity, not alignability influences the selection of
properties for attribution. Wisniewski provides alternative explanations for the role of

diagnosticity and proposes that it is compatible with an alignment view.

In the Embodied Conceptual Combination modeEHCC9, conceptual combination involves
the meshing ofperceived affordanceqLynott and Connell, 2010) The nodel is based on
an embodied view of cognition wherein concepts are represented by numerous sensory
modalities, including perceptual, motor, and affective information. IECCo each input
concept has affordances derived in part from past experiensand alOi A OAAOAA
(Lynott and Connell, 2010, p.4)Meshing involves the coming together of mutually eligible
affordances. In destructive combinations, affordances are meshed even if one of the
concepts needs to be extensively modified or destroyed, wheais in nondestructive

combinations both concepts remain relatively intact.

2.3.3Interimsummaryi conceptual combination

Five models of conceptual combination have been reviewed, providing an overview of
contemporary cognitive models that focus on a varietpf aspects of conceptual
combination and in some cases build upon previous models. These are tbempetition
Among Relations in Nominals CARIN model (Gagné, 2001; Gagné and Shoben, 199%)e
Dual-Process model(Wisniewski, 1997b), the Interactive Property Attribution (IPA)
model (Estes and Glucksberg, 2000Yhe Constraint Satisfaction modelCostello and
Keane, 2000)and the Embodied Conceptual Combinatio(ECCo)model (Lynott and
Connell, 2010)

At the computational level, conceptual combiation typically involves the interpretation of
two concepts represented as words. There is some consensus about the communicative
purpose of conceptual combination, some of the constraints on the process and

experimental effects.

AsWisniewski (1997a) notes, most of the research on conceptual combination focuses on
the dgorithms that transform the inputs into outputs. Knowledge is created through

hypothetico-deductive research where hypotheses are proposed to explain effects and

56



Chapter2 z A review of combinational cognitive processes

tested with controlled experiments. Despite numerous iterations over at least twelve

models (for reviews see:Lynott and Connell(2010), Ran and Robert Duimering2009))

there is still disagreement about how conceptual combinatin occurs.Estes(2003a)

proposed that theDual-Process mode(Wisniewski, 1997a) represents a sound basis for a

CAT AOCAT 1 TAAI 1T&£ AiTAAPOOAT AT i AET AGEIT AQOO
modelareinl AAA T £ OPAAEEAEAAOQOEITT 1T O OAOEOEI 16 | P8«
continued to be proposed and no unified, comprehensive model has been produced. A key

feature of conceptual combination research is the classification of the outputs of

AT 1T AET ACBUBDAEG OAT & OEA AOAxET ¢ 1T &£ ET £ZAOAT AAO

to those types depending on the characteristics of the types.

24Cr odscsmai n comparison: gaps 1in
potential for knowledge transf.

The knowledge about combination cogitive processes from design, creativity and
conceptual combination was compared to reveal the gaps in knowledge in design and

opportunities for future research, thereby addressingObj 1.

2.4.1A comparison of combinational cognitive processes across three
domains

Table 2-7 summarises the computational level knowledge, effects, and algorithmic level
knowledge and research methods associated with combination cognitive presses in each

domain.

2.4.1.1Computational level knowledge and research methods

Commonto the processes in all three domains is the creation of a new concept based on
two or more inputs. Common across the three domains is that peopéancombine a
variety of stimuli to create new outputs, including geometric stimuli and category
concepts. In asign and creativity, people also combine their prior solutions to problems
to create new ones. This shows that cognitive processes of combination incorporate
depictive visual information with descriptive semantic knowledge across both idea

production and interpretation processes.

Beyond the commonalities, there are some key differences between the domains. In
combination in design and creativity, whilst the degree of requirements and constraints

placed on combination may vary, individuals are always attepting to produce new ideas
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in a form of divergent thinking. That is, they are trying to come up with new, alternative

ideas that are novel or useful and may address functions or solve problems depending on

the context. In conceptual combinationhowever, the listener has communicative goals

AT A EO AOOAI PpOET ¢ O AOOEOA AO A OAT OOAAOS E
may be beneficial in design and creativity, multiple construals would be undesirable in

conceptual combination.

Phenomena and effects. Some common effects have only been studied in a single domain.
For example, the finding from the mental synthesis experiments that creativity can be
improved with the addition of constraints (Finke et al,, 1992) does not appear to have

been extended to design combination oconceptual combination. Nor does the

comparison of mental synthesis with and without sketchindKokotovich and Purcell,

2000; Verstijnenet al,, 19983).

| OEAO PEATTIi AT A EAOA AAAT T AOGAOOAA AAOI 0O OE
combinations, i.e., those from base concepts that are relatively more dissimilar, unrelated

or distant pairs of base concepts have been shown to lead to more novel outcomes in
design(Chan and Schunn, 2015; Dobadit al, 2014) and creativity (Baughman and

Mumford, 1995; Mobleyet al,, 1992). Related to novelty, in conceptual combination, more
dissimilar concepts are associated with more emergent features, i.aqvelfeatures not

present in either base concep{Wilkenfeld and Ward, 2001)

Combination types have been investigated across all three domains. All models of
conceptual combinationthat were reviewed (Table 2-6) define 1 or more types of
combination. Multiple factors have been associated with determining output type,
including similarity (Lynott and Connell, 2010; Wisniewski, 1997g)diagnosticity and
thematic role plausibility (Wisniewski, 1997a, 2000)and the salience and relevance of
concept properties(Estes and Glucksberg, 2000)Combination types from conceptual
combination have informed the development of types of combinations in desigioboli et
al., 2014; Nagakt al, 2009), but it is not clear what factos determine combination type. In
mental synthesis tasks, design and nedesign students produce combining or
restructuring responses(Verstijnen et al, 1998a). Restructuring is aided by sketching, but

combining is not.

There are unique characteristics of combination processing in design thate not found in
other domains.Doboli et al.(2014) measure two kinds of combinations: propertybased

and relation-based combinations, analogous to the propertyapping and relation-linking
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interpretations from the Dual-Process model They propose thathere are relatively more
relation-linking combinations than property-mapping combinationsbecause the entities

AAET ¢ AT 1T AET AA EAOA O1 OOEI CciT Al £EOT AGEITAIED
that designers may be influenced by relational combations found in design

methodologies.

It should be noted that there are inconsistencies regarding constructs and their

operationalisations in the literature. For exampleDoboli et al.(2014) claim to manipulate
relatedness and similarity but they do not report any criteria or procedure fohow the

stimuli were created.Nagaiet al.(2009) OA £AA O AOANOAT 61 U O1I OOEI El A
measure the number of commonalities and differencelsetween concepts. This mirras

similar issues in the other domainsMobleyet al.(1992) AT AET O1T OAT EO6ARADAO
Oi AOAAOA OAEOAOOAS ETT xiI AACA OOOOAOO0OAO AOO
Research methods. Research in design is carried out via quasixperiments, protocol

analysis or analysis of naturalistic datasets. Cognitive modelseatypically created, at least

in part, from analyses of design protoco{Chan, 1990; Gero and Kannengiesser, 2004; Jin

and Benami, 2010; Jin and Chusilp, 2006; Kiet al, 2010; Kruger and Cross, 2006;

Liikkanen and Perttula, 2010; Sim and Duffy, 2003; Stauffer and Ullman, 1991; Ulimeain

al., 1988). Some moels have used data from thinkaloud and experimental designgJin

and Benami, 2010)or a mixture of independent protocol analyses and experiments

(Liikkanen and Perttula, 2010; Taura and Nagai, 2013bResearch in nordesign domairs

is characterised by hypotheticedeductive research using experiments or quasi

experiments. Cognitive models ath experiments are closely related; knowledge is created

by identifying effects and proposing and testing models that explain those effects.
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Table2-7 z A comparison of combinational cognitive processes across three domains

Variable Design Creativity Conceptual combination

Computational level

Goals, Idea production (design concepts) Idea production Interpretation
requirements
and
constraints

Specific requirements vary depending on task Specific requirements vary depending on task Three constraints(Wisniewski, 1997b): (i)
instructions in a given experiment. instructions in agiven experiment. combined concept must refer to a new
category that differs from the inputs, (ii) the

Designers may derive functional requirements Creativity can be improved by separating source of a difference is derived from a

from problems or be given explicit generative thoudht from exploratory thought difi d (iii) ref h

requirements to satisfy. Combination may (consideration of constraints) but constraints modmer, an (i re erent concept has many
; ; . ) L commonalities with the head noun.

occur in the absence of requirements lead to improved creativity

e.g.(Nagaiet al, 2009).

Constraints may be given to the designer or

self-derived.
Input concept  Geometric forms(Kokotovich and Purcell, Geometric forms(Finke et al,, 1992); category  Novel pictorial forms (Wisniewski and
type 2000); Category conceptgNagaiet al., 2009); exemplars(Mobley et al, 1992); learning Middleton, 2002); category concepts
Prior solutions (Chan and Schunn, 2015) techniques(Scottet al, 2005) (Wisniewski, 1996)
Outputs Design concept{Nagaiet al., 2009) Meaningful objects(Finke et al, 1992); 'T ET OAOPOAOGAOGEITT 1 &
category conceptgMobley et al, 1992); in the form of a new concept
teaching methods(Scottet al, 2005)
Phenomena and effects
Effects on Mixed evidence for effects of combination More diverse categories contribute to an
creativity distance on creativity(Section2.1.1.4. increase in the originality of outcomes, but the

presentation of related categories improves
quality (Mobley et al,, 1992).

Effective application of constraints can lead to  ---
improved creativity (Finke et al, 1992).
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Positive correlation between creativity and (i) combining score and (i) restructuring score in the ---
3d figural combination task two groups: industrial design engineeringstudents and novices)

(Verstijnen et al, 1998a)

Effects on Sketching aids restructuring but not Setching aids restructuring but not
combination combination (Verstijnen et al,, 1998a) combination (Verstijnen et al,, 1998a) (non-
type (Engineering design students) design students)
Relationship between similarity and
combination type (Wisniewski, 1996)
Effects on Non-linear relationship between combination — --- Relatively more similar concepts have fewer
emergence originality and emergence(Nagaiet al, 2009) emergent features and vice vers@Wilkenfeld

and Ward, 2001)

Algorithmic level models

Combination as a limited form of idea
generation carried out viathe Micro level of
Model-L (Liikkanen, 2010; Liikkanen and
Perttula, 2010)

Feature search and mappingdBaughman and
Mumford, 1995; Mobleyet al, 1992); Case

based mechanismgScott et al,, 2005); mental
imagery processing(Verstijnen et al,, 1998a)

Affordance meshing(Lynott and Connell,
2010); Causal reasoning or mental simulation
(Wilkenfeld and Ward, 2001) Constraint
satisfaction (Costello ard Keane, 2000)
Combination via a finite set of thematic
relations (CARIN)(Gagné and Shohg 1997);
Dual processes of Comparison via structural
alignment and Scenario creation via slefilling
(Wisniewski, 1997b); Salience and relevance
interactions between head and modifieEstes
and Glucksberg, 2000)

Research methods

1 (Quast) experiments

1 Protocol analysis

1 Retrospective analysis of naturalistic
datasets

1 Experiments

1 (Quast) experiments

References in the table are examples and not comprehensive lists of all relevant sources.
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2.4.1.2Algorithmic level knowledge

Representations of cognitive processeat the algorithmic levelexplain how input-concepts
are combined to create a new output. Examplesf algorithmic level representations are
found across all three domainsTable 2-7 shows which algorithmic level processes were

identified in each domain andTable 2-8 provides summaries for each process

In design, algorithmic level representations are found in subdivisions of protocol codes
(Jin and Chusilp, 2006; Kruger, 1999; Kruger and Cross, 2008ubdivided processing
steps for the three forms of combination in the systematised theory of concept generation
(Taura and Nagai, 2013a, 2013band the micro level of ModelL (Liikkanen, 2010;
Liikkanen and Perttula, 2010) In models of creativity and conceptual combination,
algorithmic level processes are found in the operations (strategies) underlying
combination and reorgarisation (Mobley et al,, 1992) and the analogical and casbased
strategies that can be involved in combinatior{Scottet al, 2005). In conceptual
combination, all five models listed inTable 2-6 provide different algorithmic -level

accounts of conceptual combination cognitive processing. As noted Wjsniewski (1997b,
p.167) and as can be seen in the review Ran and Duimering, 2009) the algorithmic

i AOGAT EO OEA 1 AOGAI AO xEEAE Oi i1 06 POUAEI I T CE
AT T AET AOETT EAOA AAAT &I Oi Ol AOAAG S8

Research into design combinatioftnas borrowed algorithmic-level coneepts from other
models.Wisniewski's (1997b) Dual-Process modelvas used as a partial basis for four
experimental studies of design combinatior{Doboli et al, 2014; Jang, 2014; Jarg] al,

2019; Nagaiet al, 2009) and in one casd€Doboli et al,, 2014) this was combined with
research associted with the Creative Process ModgMumford et al, 2012). A common
feature of this interdisciplinary knowledge transfer is the piecemeal adoption of elements
of existing models. Authors use these existing models to formulate research questions or
hypotheses, but they avoid making any falsifiable predictions about the existence of those

processes in design.
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Table 2-8 z Algorithmic level models of combination cognitive processes

Process

Description

Abstraction

Abstraction is thought to be involved in the categorngeneration task
(Baughman and Mumford, 995). When presented with diverse (dissimilar)
stimuli in category combination, individuals will first attempt to extract
features from the constituent categories via feature mapping processd if
this fails they will turn to using abstract, metaphorical features of their
concepts.

Affordance In the ECCamodel of conceptual combination(Lynott and Connell, 201Q

meshing propose that interpretation occurs via a process of meshing the perceived
affordances of two concepts. This process is based on an embodied view of
cognition.

Causal Emergent features in conceptual combination may bettaibutable to causal

reasoning or
mental

reasoning processes that are engaged to explain incongruences that arise
when two concepts are combinedqWilkenfeld and Ward, 2001).

simulation Alternatively, mental simulations may be used to address conflicts that arise
in combination.

Casebased Casebased reasoning is the use of specific knowledge of past problem

mechanisms situations (cases) for use in solving a new problerfAamodt and Plaza,
1994). It has been shown that in tasks designed to elicit combination and
reorganisation, an alternative to the use of analogical mechanisms is the use
of casebased reasoning mechanisméScott et al., 2005) This involves the
OEAAT OEEZEAAOQCETT 1 &£ 1 6O6AT 1 AOh AT A E
Ei OAKAAOGOET ¢ AT A OAOEOGEITS | P8wTq

Constraint According to the model of constraint satisfactior{Costllo and Keane, 2000)

satisfaction interpretation in conceptual combination is determined by a process that
attempts to satisfy three constraints: informativeness, diagnosticity and
plausibility

Comparison Property and hybrid interpretatio ns in conceptual combination(Wisniewski,

via structural 1997a) are proposed to occur via the alignment and transfer of properties

alignment between concepts.

Relational Combination and reorganisation(Baughman and Mumford, 1995; Mobley et

element al., 1992)(based on relation element theoryHerrmann and Chaffin(1986))

theory similarly involves multiple comparisons to search for common elements
amongst multiple concepts that can be used in the creation of a category tha
encompasses the given stimuli. Relations a@nstructed onthe-fly when
two categories are brought together.

Scenario 3AAT AOET AOAAOQGEITT bDOI AAOOGAO ET O11 0

creation into complementary roles in a relation(Wisniewski, 1997a). This process is

derived from models of conceptual combination.

2.4.2Gaps inknowledge

Current knowledge about combination cognitive processes in design is predominantly at
the computational level. A comprehensive understanding of the effects of combination
would require a systematic, experimental exploration of all possible permuattions listed in
the computational level framework (Figure 2-1). Any configuration of these variables not
yet studied could present an opportunity for future research, ad there may be more

variables (seeVasconcelos and Crillf2016)) that influence combination that have yet to
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be recorded. However, there are three salient gaps in knowledge when comparing the
knowledge alout design combination with other domains.

I Thereis a lack of knowledge about the combination afesign conceptsMost
outcome-based combination experiments in the design literature investigate the
combination of category concepts (i.e., inspirational stimuli); only one outcome
based study(Chan and Schunn, 2015nvestigates the combination of design
concepts (solutions) as is prevalent in protocol studies.

1 Thereis a lack of knowledge about how design experience influences combination
processing (i.e., designers vs nedesigners). For exampleDoboli et al.(2014)
propose that the relatively larger quantity of relational combinations may occur
designers may be influenced by relational combinations found in design
methodologies.

1 There is a lack of knowledge about the influence of constraints and requiremis
on the outcomes of combination such as creativity, emergence and combination
type. In protocol studies designers create ideas in response to requirements and
to satisfy constraints, however experiments that elicit combinatios have minimal

requirements and no constraints.

At the algorithmic level, there is no empirically supported algorithmic level account of
combination processes in design. This can be demonstrated from two perspectives

1 None of the algorithmic level representations of combination cagtive processes
have any empirical support. The model of information categorisatiofKim et al,
2010) is purely theoretical, blending two existing cognitive models but not
evaluating them in a design context. In the research by Taura and Na@dagaiet
al., 2009; Taura and Nagai, 2013a, 2013pprocesses can be distinguished by dir
outputs, but the nature of the associated process is purely hypothetic&oboli et
al. (2014) use theDual-Process modebf conceptual combinationto generate
hypotheses, but does not test any predictions of the model associated with
algorithmic level processing.

1 Empirically supported algorithmic level processes do exist, but they have not been
validated for combination. The micrcelevel of ModetL (Liikkanen, 2010; Liikkanen
and Perttula, 2010) is the most granular account of designer cognition supported
by empirical evidence and describes idea production in a simitavay to
algorithmic level processes in conceptual combination and creativity research.

However, it does not provide any explanations for the combination effects found in
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the literature (Section2.1.1.4 and has not been validated in the context of a

combination experiment.

In summary, the current state of knowledge about combination cognitive processes is
predominantly descriptive with some evidence of effects at theomputational level, but
with no empirically -supported algorithmic-level explanations for how designers turn

inputs into outputs during combination.

2.4.30pportunities

The knowledge of cognitive processes and methods present in nalesign domains
presents goportunities for new research in design. By comparing the three domains, it is
apparent that in the domains of conceptual combination and creativity research there
have been relatively more proposals for algorithmidevel models of combination cognitive
processes. This is especially true in the research about combination and reorganisation
(Baughman and Mumford, 1995; Moblet al, 1992; Scottet al,, 2005) and the five models
of conceptual combination that were reviewed [able 2-6). There is an opportunity to use
similar hypothetico-deductive methodologies and (quas)experimental research methods
to advance the state of knowledge in design. Cognitive models can alsaibed as the
starting point for the development of new models of design cognition that can be tested
experimentally. As noted in Chapter 1, in this thesis this was done via a process of

analogical abduction.

The challenge with this opportunity is how to séect relevant models and methods as
starting points for research in design. This is due to the wide range of algorithms that have
been proposed as explanations for combination processes in other domains, the ongoing
disagreement between models of conceptu@ombination (Ran and Duimering, 2009) and

the relative lack of knowledge about designer combination processes.

The research from other domains offerswo broad paths for future research. A research
approach modelled after Mumford and colleagues would involve creativity assessment
and the testing of the effectiveness of processing instructions. A research approach
modelled after conceptual combination wailld explore combination types and their
determinants. Ideally, an algorithmiclevel cognitive model should be able to explain
effects on both creativity and combination type and account for any unique characteristics
of combination in designspecifically. Existing descriptive research in design shows

provides a starting point for both approaches. Common effects of combination distance on
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novelty (Section2.4.1) would provide a starting point for mirroring the studies conducted
by Baughman and Mumford(1995). It has also been shown that designers create multiple
kinds of combination that align with the types of combinationslescribed by theDual-
Process modebf conceptual combination(Wisniewski, 1997a). The latter approach was

adopted in this thesis, as discussed in the next section.

25The cabe®@frocesdsf mddel gn conce
combinati on

In this thesis, the Dual-Process modebf conceptual combination (Wisniewski, 1997a) was
used as an aalogical target for proposing new cognitive models of designer combination

cognitive processes. This section provides the rationale for this decision.

The work of Nagaiet al.(2009) provided an initial indication that there may be some
alignment between design combination and linguistic conceptual combination. It has been
shown that when designers combineategory conceptgsuch as guitar, ship or desk) to
create design concepts hte resulting design concepts can be classified into three types that
correspond to the outputs of theDual-Process modebf conceptual combination(Nagaiet

al., 2009; Tauraet al, 2007; Taura and Nagai, 2013a)Although cognitive processes cannot
be inferred solely from output types, the presence of these combinatidgpes provides a

starting point for an empirical investigation into the processes that give rise to them.

There is also reason to propose a duatather than a single-process model of combination.
First, there is converging evidence from diversbehavioural, neurological and
computational research indicating that conceptual semantic knowledge is represented
across two, dissociable featural (taxonomif) and thematic systemgMirman et al, 2017).

It is assumed that when designers combine category concepts or design concepts they are
manipulating semantic concept knowledge. Bextension, this semantic knowledge may

also beprocessed by dual featural and thematic systems. Secondlyemtal synthesis tasks

7(Mirman et al,, 2017) refer to taxonomically organised knowledgeTaxonomic semantic structure
is based on the featural commonalities, with memberof the same position in a taxonomic
hierarchy sharing many common features with other members in the same positigqiMiarkman and
Wisniewski, 1997). It has been proposed that design concepts are not taxonomically organisable
(Taura, 2016c), but since taxonomic categorisation is based on the common features of concepts,
the taxonomic organisation of semantic knowledge is taken to mean the featubmsed organisation

of semantic knowledge.
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appear to elicit combination processing through two processe@/erstijnen et al, 1998a,
1998b, 2000)that are similar to those in theDual-Process model The combination and
restructuring of geometric forms is similar to comparison and construction, and
combination without modification is similar to scenario creation. These two types of
combination have been shown to impose different loads on mental imagery, suggesting

that they not only produce distinct types of output but occur via distinct processes.

There is also evidenceao support the proposition that design combination can occur via
feature-based cognitive processing. Featurenapping processes have been implicated in
both creative combination(Baughman and Mumford, 1995)and conceptual combination
(Wisniewski, 1997a). Designers are also seen to conduct featullsed combinations
naturally. Daly et al.(2012) present an example of a designer combining the features of
two concepts to create a new oneHigure 2-2). In this example, the magnifying glass
feature of one concept has been added to the parabolic reflector of the second concept to
create a new combined concept. Featurmapping and transfer malels offer plausible
explanations for how this designer has transferred the magnifying glass feature between

two concepts.

Finally, a Structural Alignment process such as the one involvedtime Dual-Process model

of conceptual combination povides a platsible basis for featurebased design

combination. Designers are known to analogise in creative output productioftHay et al,

2017a) which is thought to occur via the alignment and mapping of features betwedhe

base and target representationgGentner and Markman, 1995, 1997; Gentner and Smith,

2012). It would be a parsimonious extension of this reasoning process if combination were

simply a specialised form of analogy. Whereas analogical reasoning involves the mapping

of old solutions to new problems, structural alignment in combination would operate on

Oxi OOI 1 OOEI 1 08 O OOAT 0EAO EAAOOOAOG AAOxAAI

26Summary

Chapter 2 has presentea literature review of combination cognitive processes in design,
creativity and conceptual combination. The review was conducted to addre§3bj.1 - to
assess the state of knowledge about combination cognitive processes and identify
research methods sitable for advancing that knowledge. To identify gaps in knowledge
and opportunities for new research in design, the knowledge aboutesign combination
was compared with the knowledge abouton-design creative combinatioand linguistic

conceptual combingion. Each domain was reviewed in terms of the computational level
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knowledge about combination cognitive processes at the computational level of
representation (goals, inputs, outputs and effects) and the algorithmilevel (explanatory
mechanisms that explain computational level phenomena). The resulting comparison
highlighted the knowledge in nonrdesign domains that has yet to be attained in design and

the research methods that are used to gain that knowledge.

Two key findings were (i) the lack of knowledge about algorithmidevel combination
cognitive processes in desig, i.e., how designers can turn inputs into outputs through
combination, and (ii) the opportunity for hypothetico-deductive, experimental research in
design that builds on existing knowledge of cognitive processes in other domains. These
two findings directly led to the proposal that the same processes involved in tHaual-
Process modebf conceptual combination(Wisniewski, 1997a) may also be involved in
design combination, which in turn set the course for the research in the remainder of the
thesis. The next chapter presents thBual-Processmodel of conceptual combinationin
detail, alongside the relatedDual-Process modebf similarity judgements and background

literature on human similarity judgements, both in general and in design.
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In the previous chapter, the literature review of combinational cognitive processes
revealed thatthere were no algorithmic-level models of combination cognitive processes
in design. This led to the aim of modelling the cognitive processes of combination in
conceptual PDE. It also highlighted the opportunity to use a hypothetiedeductive
methodology and experimental research to create new knowledge in design (Section
2.4.3). To this end, a case was made for using tBeial-Process modebf conceptual
combination as the basis for @ual-Process modebf design concept combinatiofSection
2.5).

During the initial process of developing a research dém to test the predictions of aDual-
Process modebf design concept combination, the scope of the research was extended to
include the additional objective of modelling the cognitive processes involved iesign
concept similarity judgement$Obj.2). This was done for three reasons. First, it was

proposed that similarity judgements and conceptual combination involve the same
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underlying cognitive processes, and knowledge about similarity judgements would
provide insights into combination processing. Second, there was an apparent gap in
knowledge about how designers make similarity judgements. Third, research into design
conceptcombination would involve some research into similarity judgements anyway,

and extending the research scope would be a relatively efficient use of resources.

This chapter provides a background review of knowledge about human similarity
judgements generaly and in design, highlighting the lack of knowledge about the cognitive
processes involved in designer similarity judgements (SectioB.1). The next two sections
present the two cognitive models that form the basis of new models of design cognition in
Chapter 4 They are, theDual-Process modebf similarity judgements (Section3.2) and the
Dual-Process modebf conceptual combination(Section3.3). Finally, the aforementioned
reasons for extending the research scope to include designer slarity judgements are

discussed in more detail in Sectio3.4.

3JHuman similarity judgments

In accordance with the cognitive process framework introduced itsection1.1.3 human

similarity judgements are mental processes that act on mental representations to produce

the external world. As will be seen irChapters 8 and 9, similarity judgements from

different people do display a central tendency, and so it may be assumed that there is

some common human processes that give rise to impressions of similarity. That being
said,people do not necessarily form te same mental representation of the same

represented entity.! DHAOOT 160 EIi POAOOGEI T 1T &£ OEI El AOEOU
thus similarity judgements should be consideredelative rather than absolutejudgements.

Human judgements of similarity may badistinguished from quantitative metrics of

similarity , whereinitems in the represented world are measured via some proxy for

similarity and formulae are used to compute similarity in a (relatively more) objective

manner.
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3.1.1Models of similarity judgements

Similarity judgements are fundamental aspects of human cognition, important for
learning, knowledge, problemsolving, prediction and categorisation(Goldstone ard Son,
2012). An understanding of how humans make similarity judgements facilitates the
understanding of a multitude of facets of human cognition. Likewise, similarity
judgementsplay a role in a range of cognitive processes used in design, and an
understanding ofhow these judgements are madean aid in understanding these other
processes. Following the review byGoldstone and Son, 2012)models of similaity
judgements may be classified as geometric, featuset, featurealignment, or

transformational8.

Geometric (or spatial) models treat entities as points in a metric space organised into
dimensions. Within this spaceperceivedsimilarity is represented as an inverse function
of the distance between those entities; the closer two things are in the space, the more

similar they are.

In featural models,perceivedsimilarity is a function of the number of common and
different features shared by two concepd. Both featureset and featurealignment models
representations of concepts are composed of features. l@ature-set models concepts are
represented as sets (lists) of features in the mind angkerceived similarity is assumed to
be a function of the common and different features of two concepts. In featwadignment
models, concepts are represented as structured representations, whesamilarity is not
only a function of the common and different features but also of how those features are
related. In all featural models, the more commonalities two things share, the more similar

they should be judged to be

In transformational models, theperceivedsimilarity of two entities is determined by how
complicated it is to transform one representation into awother. This presumes that people
conduct operations such as rotations, reflections, position swapping, mirroring or reversal

to turn one concept into another.

8 The terminology in this thesis differs from that used byGoldstone and Son, 20120 improve

compatibility with terminology from conceptual combination research later in the thess.
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In this thesis, the focus is on featural models, particularly the Structural Alignment model
(Markman and Gentner, 1993apnd its implicated role in conceptual combination
(Wisniewski, 1997a).

3.1.2The phenomena of similarity judgements

Experimental research has led to the identification of some phenomena of human

similarity judgements. First, similarity is asymmetrical(Tversky, 1977), in that for two

objectsa and b, the similarity of ato b may be different than the similarity of bto a. This

xAO TTA T &£ OEA T EIi EOAOCETITO 1T /&£ OPAOGEAI 11 AAI O
similar two thingsared q AT A A E £/&A O AtwdtAings ateFarenot AvilaysEA OAT O
complimentary (i.e., the inverse of one anotherjGolonka and Estes, 2009; Mediet al,

1990; Simmons and Estes, 2008; Tversky, 197./n featural models, both characteristics

are attributed to the difference inthe relative weight of commonalities and differences on

the perception ofsimilarity. Common features count more towards similarity than

different features detract from it (Krumhansl, 1978; Markman and Gentner, 1993b, 1996;
Tversky, 1977).

A second characteristic of human similarity judgements is that they are dynamic and
context-dependent (Medin et al, 1990; Tversky, 1977; Tversky and Gati, 1978)n feature-

based models, the extent to which specific features influeng@erceived similarity may

vary from person topersonandi 1 A6 0 PAOAAPOET T | £ OEthesétAOEQU
of concepts under consideration(Tversky, 1977). For example, when asking people to

compare the similarity of a set of cars, they may assume that the rebeu frame of

reference includes multiple aspects, such as form, function, cost, quality, size, performance

etc., but the relative weights of theseriteria may differ from personto person! DHBAOOI 16 O
judgement ofthe relative similarity of two cars may differ when those two cars are viewed

on the website ofasingle car manufacturer, versus a website containing many cars from

all manufacturers (see the diagnosticity principle(Tversky, 1977)).

A third characteristic is that there are individual differences in similarity judgements

(Gentner and Brem, 1999; Golonka and Estes, 2009; Mirman and Graziano, 2013; Simmons

and Estes, 2008)That is not to say that wherpeople are for example, asked to rate how

similar two things arethat they provide different ratings. Indeed, it should be expected

OEAO OEAOA EO O1I T A 1TAOOOAI OAOEAOGEIT 10 OTTE
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similarity . Rather, individual differences refers taconsistent behaviours shared bysub-

groups in a population(see Section3.2.3).

3.1.3Similarity in deggn

Similarity judgementsmay be considered important in design fotheir involvement in, or
common processing basis with, other cognitive processes. For example, similarity (or
distance) has been conjectured to be a component of novelty judgemeriBrown, 2016).
As has been seem Section2.1.1.4 the creativity of the outputs of combination is related
to the similarity of the inputs. This also extends to ideation via reasoning processes. The
domain-similarity of target analogues has been shown to ihfience novelty(Chanet d.,
2011; Wilsonet al, 2010) and quality variation (Chanet al, 2011) in analogical reasonimy.
(Chaudhariet al, 2019) also propose that similarity is important for predicting artefact

performance from the parameters of comptational and physical prototypes.

Research on similarity in design may beonsidered in two groups of research, quantitative
metrics or human similarity judgements Someresearchers have proposed similarity
metrics that do not explicitly reflect human cognitive processing. McAdams & Wood
(2002) developed a quantitative metric which computes the similarity of analogous
products based on functional similarity and consumer neds. Fu et al(2013) utilise latent
semantic analysis to determine the semantic similarity of patent documents. Bao, Faas, &
Yang(2016) propose a metric which measures the unique features of two concepts; the

more unique features between a pair, the lowethe similarity.

Other research approaches attempt to understand designer cognition, or use human
judgements to evaluate quantitative metricsChaudhariet al.(2019) present a knowledge
based approach for similarity measurement in engineering design that accounts for the
important role of scientific knowledge (e.g., knowledge of kinematicsnaterial properties
or heat transfer) typical in later stages of the design procesBlandy and GoucheiLambert
(2021) found that quantitative, feature-based measures of similarity agn well with
human similarity judgements.Gill et al.(2019) explored the dimensions along which
existing products are judged to be similar to products being designed. Participants
preferred to select products that were functionally similar from a predefiné list of five
dimensions (function, form, energy flow, material flow and motion)Ranawat and Holtta
Otto (2009) show that colour, texture shape and form contribute to perceptions of product

similarity.
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The existing research that involves human similarity judgements has started to reveal the
elements that contribute to similarity and metrics that may correspond to human
judgements, but there have been no explicit attempts to create a cognitive model of
designer similarity judgements. This highlighted the potential value of a cognitive model of
designer similarity judgements, and contributed to the decision to extend the scope of the
thesis research to include the objective of modelling designer similaritjudgements of

design concepts.

32T hRu&lrocessofmedeli | arity judge

The model introduced here is theDual-Process modet of similarity (Chenet al, 2014;
Estes, 2003a, 2003b; Estest al, 2011; Wisniewski, 1997a) According tothis model, an
ET AEOEAOAI 60 DPAOAADPOET 1 twosngritizelpiodeds€3E OU A OEOAO
1 A comparison process operates over the constituent features of a pair of concepts
via astructural alignment algorithm. Similarity is a function of the commonalities
alignable differences and nonalignable differences between the pdiBection
3.2.0).
1 Thematic similarity is the perception of similarity that arises through a scenario
creation process in which two concepts are perceived to be more similar because

they are related by an extrinsic, complementary relatiorfSection3.2.2).

The duatprocess view of similarity can be viewed as an extension of earlisngle-process
featural models (Markman and Gentner, 1993b; Tversky, 1977hat only included a
comparison processThe inclusion of a second process followed empirical evidence that
thematic relations also influenced similarity judgementgBassok and Medin, 1997;
Wisniewski and Bassok, 1999)Wisniewski and Bassok(1999) drew on findings from
conceptual combination to raise the need for a dugdrocess account, showing that
contemporaneous research on conceptual combination influenced thinking on similarity
judgements. However, there is ongoing debate garding the extent to which thematic
processing is a genuine form of similarity processing or whether it merely intrudes on

comparison in certain circumstancegGentner and Brem, 1999; Honke and Kurtz, 2019)

°ol | OET OCE OEA OAOI Oi 1T AAI &8 EO O dhdessmBdalbf £ O Al 1 OF
conceptual combination there is no singular work that can be attributed to proposing a modpér

se/ OEAO AOOET OO0 i AUDOOAAODPA GEBERAORA AODEAI

74



Chapter3 z An overview of human similarity judgements and the dymbcess models of
similarity and conceptual combination

3.2.1Featural models: similarity via a comparison process

This section presents twdfeatural models of similarity judgements,the contrast model
(Tversky, 1977) and the Structural Alignment model(Markman and Gentner, 1993a)Both
propose that similarity arises as a result o comparison process that operates over the
common and different features of a pair of conceptdut each differs in the specific
algorithm and assumptions about mental concept representation. Only the latter
comprises part of aDual-Process modebf similarity judgements, but both models are

presented here because understanding the former facilitates understanding of the latter.

3.2.1.1The Contrast Model

The contrast model assumes that concepts are represented inetimind (the representing
world) as lists or sets of featuresSmilarity is a function of the matching and mismatching
features at the intersection of these sets. This is visualised kigure 3-1, common features
(C) are those in the overlap, and different features (D) are those in only one circle.this
view of similarity, aDOG ad HORSE would be similar because they have many features in
common, e.g., both have a head, body, tail and le§gnilar models exist(Bush and

Mosteller, 1951; Eisler and Ekman, 1959; Sjoberg, 197But all can be considered

specialisations of the Equation 1Goldstone and Son, 2012)

Concept A Concept B Concept A Concept B

a) A similar pair b) A dissimilar pair

Figure 3-1 z lllustration of the relationship between commonalities(C) and differences(D)
for similar and dissimilar pairs of concepts according to the Contrast modé€Tversky,
1977).

According to the Contrast model, the similarity of a pair of items is computed by the

equation:
Equation 1: "Y6 D —® 6 | ® 6 1B 0o
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((A-B), (B-A)) features of the pair.Similarity is asymmetrical, in that the similarity of A to
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B is not necessarily the same as the similarity of B to Ahe modelalso makes
correlational claims about pairs of variables:
9 High similarity pairs should have many commonalities (matching features) and
few differences (mismatching features).

1 Low similarity pairs should have few commonalities and many differences.

3.2.1.2The Stuctural Alignment Model

According to theStructural Alignment modelof similarity (Gentner and Markman, 1994,
1997; Markman and Gentner, 1993b, 1993agonceptsare representedin the mind as
structured representations and similarity arises from the alignment and comparison of
these structured representations.Structured representations comprise:

Entities z are arguments that refer to objects themselves (like nouns)

Attributes z are arguments that describe objects (like adjectives)

Relationsz predicates that link two or more arguments (where arguments can be

attributes, objects, or other relations). Relations that take other relations as

arguments are called higherorder relations. Note that these relaions are internal,

rather than the external relations in thematic relations.

1 Functionsz values used when a statement cannot be true or false (e.g., a

guantitative measure of size)

Figure 3-2 illustrates this concept using an example of geometric shapes adapted from
Markman and Gentner(1996). The left concept comprises a triangle above a circle, both of
which are beside a hexagon. The right concept comprises a circle above a triangjlee
concepts are represented in terms of their entities and relationd his illustrates the

OOAT ACGETT AT OOOOAOOOAG 1T &# AAAE Ai 1 AADOS
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AR Key:
.
e Relations

Entities

.

Figure 3-2 z lllustration of two aligned structured representations. Two concepts (a and b)
comprise multiple geometric shapesThe concepts are represented as structured
representations.

The process of structural alignment that gives rise ta perception ofsimilarity involves

the alignment of the relational structures of two conceptsThe alignment process operates
by attempting to achieve amaximally systematicalignment of the common relational
structure of two conceptswhilst adhering to two constraints;parallel connectivityand one-
to-onemapping (Markman and Gentner, 1996) Parallel connectivity means tht when
matching relations are aligned, their argument® are also aligned. On¢o-one mapping
means that a representational element of one concept can have no more than one
matching representational element in the other concept when they are aligne@he
preference for maximal systematicity means that the process will prefeéo align matching

relations over entities and higherorder relations over lower-order relations.

The alignment processnables the distinction between two kinds of differences: those

that are related to the common structure (alignable differences), and differences that are
independent of the common structure (nonalignable differences)n Figure 3-2, the two

AT1T AADPOO AOA Al ECT AA AO OEA OAAT OA3 OAI AOGEIT I
between the two concepts. Parallel connectivity means that the arguments tbie relation

AOA Al 01 AT ECT AA jET OEEO AAOA OEA A1 OEOEAO
relation is a commonality and the circles and triangles become alignable differencdhe
EAgGACiIT AT A OEA OAdighabke Aifiereizds] bdoausd thereds@dd 1 1 1

common relational structure in (b) that it aligns with.

10 The arguments of an aligned relation can be lowesrder relations or objects

77



Chapter3 z An overview of human similarity judgements and the dymbcess models of
similarity and conceptual combination

According to the Structural Alignment modeh AT ET AEOEAOAI1 80 PAOAADO
function of the degree of alignment of the two mentalepresentations in terms of the

commonalities, alignable differences and nonalignable differenceshe difference between

this model and all featureset models is that similarity is a product of the comparison of

not just the constituent features, butalsohow they are relatedIn this case, the similarity

between DOG and HORSE is influenced by the relations betwesrities, e.g.how they are

connected spatially and dynamicallyThis means it is not only important that both animals
havelegs,ahead,a bady, atail and fur, but that the limbs and fur are allrelated to the

body in the same way.

As the alignment processnaximisesthe relational structure of two concepts, both
commonalities and alignable differences become more salient, whereas nonalignable
differences do not.This explains the previously established finding that commonalities
count more towards similarity than differences, but also leads tthe predictions that
alignable differences should be more influential in the perception dfimilarity than
nonalignable differences and should also be easier to li@nd thus more numerous).The
predictions made by the model are as followgMarkman and Gentner, 1993b, 1996)

1. Perceivedsimilarity can be predicted as a function of commonalities, alignable
differences and nonalignable differences, andlignable differences should be a
greater influence on similarity than nonalignable differences.

2. Pairs with increasingperceivedsimilarity should also have more commonalities

3. Pairs of concepts with many commonalities should also have many alignable
differences.

4. Alignable differences should be easier to identify than nonalignable differences.

Commonalities should be conceptually related to the alignable differences.

As per the Contrast modelperceived similarity can still be predicted by a function ofthe
number of commonalities and differenceghat can be listed for that pair(in this case, two
kinds of differences) andrelatively more similar concepts should have an increasing
number of commonalities Where the two views of similarity differ is in the relationships

betweenperceivedsimilarity and the number ofdifferencesin a pair of concepts

The second and third predictions (above) lead to an apparent contradictiompncepts that
are perceived as beindnighly similar should have many commonalitiesand many alignable
differences, even though alignable differences detract from similaritfdow then does

similarity increase as a function of commonalities and decese as a function of
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differences?Figure 3-3 is a novel illustration representing the influence of commonalities,
alignable differences and nonalignable differences on perceived similarity that takes the
OAl1 AGEOA ET Al Géch vadablé idio abcouhttrépieedtedibyfhe size of the
circles. Commonalities count more towards similarity than differences detract from
similarity (Krumhansl, 1978; Markman and Gentner, 1993b, 1996; Tversky, 197,7and
alignable differences count more against similarity than nonalignable differences
(Markman and Gentner, 1993b, 1996)Thus, even though noticing commonalities leads to
the noticing of alignable differences, rated similarity can still increase even when the

number of listed total differences increases.

Similarity increases as a function of C, AD and ND

(CECICIT)

Commonalities

Key
Alignable differences
@ | Nonalignable differences

> | More numerous than

+ | Positive correlation

/ \ N/A | No relationship

Figure 3-3 z An illustration to show the relative expected contribution of commonalities,
alignable differences and nonalignable differences to rated similarity. Commonalities
influence similarity more than ADs, and ADs count more than NDs.

3.2.2Thematic similarity

The second process in th®ual-Process model £ OE|I E1 AOEOU AAT AA OAO

OEi El AOEOUS88 7EOE OEAiI AOEA OEIi EI AOEOUh DAT DI

because they are thematically related.

There are different definitions of thematicrelations in the literature and different views
on how thematic similarity might manifest. The most permissive definition isthe spatial or
temporal co-occurrence of two concepts in some situation or event. For example,

0"/ 7,)." 0). AT A -dcaurin tige Zaine geitif@Holke Arid Kurtz, 2019)
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or be members of the same thematic category (things found in a bowling centre). Such
concepts may be judged as being more similar just by emccurrence in an external

relational structure (Jones and Love, 2007)

A more restrictive view is that thematic relations must beexternal andcomplementary

relations between two conceptgEsteset al, 2011). Complementary means that the two

concepts fulfil different roles in a relation. In the previous example, a bowling pin may be

said to have no clear complementaryelation beyond co-occurrence, but a bowling ball

AT A A Al xI ET ¢ PET AAT AA InAiniGrtyjudgeidentd, a BA&lh OEA
and PIN share few common features but may be rated as being similar because of the

thematic relation and their presence in the bowling scenario.

In empirical studies, participants are seen to justify their similarity ratings based on the
existence of thematic relationgBassok and Medin, 1997and pairs of stimuli with pre-
existing thematic relations are judged to be more similar than thematically unrelated
concepts(Wisniewski and Bassok, 1999) For example, MILK and COFFEE can be rated as
being more similar than MILK and LEMONADE because of the thematic relation between

milk and coffee (milk is used in coffep

Unlike the previous featurebased similarity models, there do not appear to be any
algorithmic level models that make explicit predictions about how thematiperceptions of
similarity occur. In some views, thematic relations are stored iknowledge schemata. An
individual may have knowledge of typical scenarios that concepts appear (i/isniewski,
1997a), or the potential roles that concepts can play may be stored as semantic properties
of an object(Jones and Love, 2007)An alternative view is that thematic relations may also
be derived from perceived affordancegEsteset al, 2011). For example, while an

individual may know that hammers can be used for hitting nails (HAMMER and NAIL are
placed into the HIT relation), if given a sufficiently solid and heavy object they may also be
able to determine that e.g., bricks or stones can be used for hitting nails. This view implies
thatinAEOEAOAT O AAT AOAAGR-EFOBABAOEA OAI AGEIT O O

3.2.3The nterplay of the two processes

The tendency for individuals todisplay feature-based or thematic processingn their
similarity judgements has been attributed to stimulus compatibility(Murphy, 2001;
Wisniewski and Bassok, 1999and individual differences in process preferencéMirman
and Graziano, 2012; Simmons and Estes, 2008)
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make them inherently more or less compatible with comparison oscenario creaton.

OAEOO 1T &£ AT 1 AAPOO OEAO AOA EECG&rklalive@WghECT AAT A
degree of alignment of relational structureare compatible with the comparison process

but tend to occupy the same role in a relation, making them incompatible with the

scenario creation process. Concepts wittow alignability are difficult to compare in a

meaningful way but areeasier to integrate into a scenario. Featur®ased and thematic

processes can make independent or cumulative contributions to similaritysigure 3-4

shows an exampldEsteset al, 2011) extrapolated from Golonka and Este$2009), and

Wisniewski and Bassok(1999). Thematic relations can have a relatively large influercon
perceivedsimilarity in the absence of common features, but provide a relatively small

cumulative increase when concepts already have many common features.

B Thematically Related [J Thematically Unrelated

Taxonomically Related Taxonomically Unrelated

Figure 3-4 z Example of the 2x2 interaction of thematic relatedness and taxonomic
category membership, redrawn fromEsteset al.(2011).

Although the dualprocess view of similarity implicitly assumesa generalizable influence
of featural and thematic processing on perceived similaritygmpirical research has
identified individual differences in preferences for the two kinds of processingGolonka
and Estes, 2009; Simmons and Estes, 2008jmmons and Este$2008) found that the
majority of people consistently favour either featural or thematic processing across
forced-choice and similarity rating tasks.Subsequently, they found that wen participants

have a preference for thematic processing, tlesimilarity judgements are more
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influenced by thematicrelatednessthan alignability, but when they have a preference for
featural processing there is almost no effect of thematic relatedness on similarity
(Golonka and Estes, 2009)

A preference for thematic processingan bepredicted byab AOOEAEDAT 008 O1 AAA
AT CTEGEI TS j OEA A dpdnksitedd tddngagetintaddienjcd tikking A O O E A
(Cacioppo and Petty, 1982)and their prior beliefs about similarity judgements (whether

they believe thematic similarity is a genuine form of similarity)(Simmons and Estes, 2008

Exp. 3. Participants were more likely to exhibit thematic processing if they had a low need

for cognition (implying that thematic processingDANOEOAO 1 AGO OAAAPS PO
they believed that thematic processing was a genuine form of similaritjirman and

Graziano(2012) found that preference for featural or thematic processing weralso

independent of age and education

In conflict with the Dual-Process modebf similarity judgements, it has been argued that
thematic processing is an intrusion on, rather than a component of psychological
similarity (Gentner and Brem, 1999; Honke and Kurtz, 2019)n this view, people can get a
sense of thematic relatedness between two concepts and mistakerdifow this perception
to influence their judgements in similarity tasks.Honke and Kurtz(2019) found that a
preference for thematic matches in forceethoice tasks wanes over the course of an
experiment (eventually leading toa preference for featural processing), is partly
dependent on task instructions, and may be artificially inflated by design limitations such
as the number of stimuli used and the size of participant samples. They interpret these
results as characteristicsof a thematic relatedness process that intrudes on similarity
judgements, but does so only in certain circumstances. Whether thematic processing is a
OCAT OET A8 AT i PITAT O 1T &£ OEIi E1 AOGEOGU 10 ldnOh A

influence ther similarity judgements.

33 ThBu&lr ocessf modekceptual combi

I AAT OAET ¢ OlDua-Frdaés&nmoreQitirBddiodd in Chapter 3), conceptual
combination occurs via one of two cognitive processes that produces one of three kinds of
combination (Table 3-1).

1 Property-mapping and hybrid interpretations are the two possible outputs of a

comparison and construction processThis process operates on the common and
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different features of a pair of concepts to identify suitable features to transfer
between the conceps to create a new one.

1 Relation-linking interpretations are the result of a scenario creation procesthat
takes advantage of thematic relations between base concep®ombinations are
produced by placing the two base concepts into complementary roldmund by an

external relation.

These two processes operate on the same duatocesses as those associated with the
Dual-Processmodel of similarity judgements. Originally, the Structural Alignment model
was used as an explanation for how propertyr ansfer combinations occur in conceptual
combination (Wisniewski, 1997a; Wisniewski and Mirkman, 1993). In reverse, knowledge
of how people produce conceptual combination interpretations later influenced research
into thematic similarity (Wisniewski and Bassok, 1999)giving rise to theDual-Process
model of similarity judgements(Chenet al, 2014; Estes, 2003a, 2003b; Estes al, 2011;
Wisniewski, 1997a).

Table 3-1 z Types of combinations and their processes in the Dual Process Model of
conceptual combination(Wisniewski, 1997a).

General Uses Interpretation Description Example
type type
OA POl BAOC
< N Property combining concept  cactus frog is a spikey
c S Com_monalltles, interpretations is asserted of the frog
88 alignable i OEAOG
52 differences, — i
g- g nonalignable A combination of saw-scissors could be
Q9 differences Hybrid the constituents or  interpreted as a duat
© interpretations a conjunction of the purpose tool that both
constituents cuts and saws)

OA OAI1 AOET rohin-hawk could be
] R assertedbetween ET OAODOAOBAA
Thematic Relation-linking the conceptsbeing BGEAG DBOAUO
relations interpretations A1 T AET AAD (Wisniewski and

Middleton, 2002))

Scenario
creation

Evidence for the three types of interpretation property -mapping, hybrid and thematic)
comes from an inductive analysis of the interpretations produced by experiment
participants when given a variety of stimuli pairs(Wisniewski, 1996). The three types of
combination, and thus the two processes that give rise to them, differ in frequency of
occurrence In one experiment, relational combinations occurred 53% of the time,

property -mapped combinations 41% of the time, and hybrids 1%, with 5% being classed
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A O O (Wiskidwdks, 1996). In another, relationlinking combinations occurred about

71% of the time and relational combinations 296 (Wisniewski and Love, 1998)

3.3.1Comparison and construction

yl OEA AT i PAOEOIT AT A AT 1 OOOOAOEITT bHOT AAOON
structural alignment process described for similarity judgements in Sectio.2.1.2 The
comparison process highlights differences that are suitable for transfer from one concept

to another. These differences are passed to the construction process which creates a new

property in the output concept based on the selected difference.

EvidlerAA OEAO OEA DPOI AAOGO ET OI 1 OAO OAT I PAOEOI T
from the finding that the frequency of hybrids increases athe perceived similarity of the
baseconceptincreases(Wisniewski, 1996). With increasingperceived similarity

between two concepts, it lrcomes more likely that the pair of concepts will have enough

common properties to facilitate hybrid interpretation. Thus, there needs to be some

(0]

i AAEAT EOI OEAO AAT EECEI EGCEO OEA Aiiii11AlIEOE

The construction processaccounts for conceptual change iproperty -mapping

combinations. Conceptual change refers to the effect wherejmmoperties of one concept

are not transferred directly to another, but rather the modifier is thought to provide

ET £ Of AGET 1T M0 & Eikmgemtyinl thke>-GeadcAndeptWisniewski

(1998) CEOA O OEA AQGAI DI A 1 &£ El1 OAOPOAGEI C A O: %"
(p.1330). They propose that the transfer of thgroperty OOOOEDPA O8 AOT I OEA
clam does not involve diteral copy of the stripes,suggesting that the stripes of the new

concept might differ in length, thickness or closeness. Rather, in tlrial-Process model
propertiesiT £ | T AEAEAO Ai 1 AAPOO AOA A OI OOAA A O
properiesEi OEA EAAA AT 1T AAPO8 4EA AT 1 OOOOAOQET I
DAOOAS DOI AA O OprdpértiesoE dbd\danceptiaestrplioded asis to the

other (Wisniewski, 1998).

Evidence that the comparison process occurs viructural alignment (as opposed to any
other algorithm) is a correspondence between alignable differences artoperty -
mapping combinations.Property-mapping interpretations, but not relation
interpretations, consist of alignable differences from the orignal pairs (Wisniewski and
Markman, 1993). For example, given the pair CAR and MOTORCYCLE, the number of

wheels is an alignable difference (since both have wheels but they differ in number), but a
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roof is a nonalignable difference since it is unique to the car. If structural alignment

operates onthe pair then the special nature of alignable differences (Sectid12.1.2

should make alignable differences, but not nonalignable differences, available for transfer

4EEO x1 O1I A I AEA PATPI A ITOA TEEAT U O EIT OAOD
£l 00 xEAAI 66h OAOEAO OEAT A Oi1 01 OAUAT A xEOE

While the model proposes that alignable differences form the basis pfoperty -based
combinations, the selectbn of which specific difference(s) are transferred may be
influenced by context(Wisniewski, 1997a), salience(Estes and Glucksberg, 2000)
diagnosticity (Estes and Glucksberg, 2000; Wisniewski, 2000and cue and category
validity (Wisniewski, 1997a).

3.3.2Relational combination: scenario creation

The scenario creation process produces relational combinations by placing two concepts

into complementary roles in a scene in which theoncepts are bound by a thematic

OA1 AGET 18 &I O AgAi bl Ah OEA AT 1 AAPOO OAAOG Al
hitting cars (such as would be used by a panel beater to repair a car). Relational

combinations occur when a plausible scenario canebfound that binds the two concepts

ET O1T OADPAOAOA AOO Aiibpi Ai AT OAOU OiI1 A0 ET A O
ACAT O Oi1 Arh AT A OAAOS8 AAI DPOO OEA OAAEPEAT O O
combination, the output of this process is apecialised type of hammer described in a

scene with a car.

The scenario creation process is generally the same as the one descrilf@dsimilarity
judgements. According to theDual-Process modes it operates on a schemdased slot and
filler model of concept representation and takes advantage of thematic relations between
concepts. Much like in thebual-Process modebf similarity, the algorithmic level of the

scenario creation process is poorhgpecified.

3.3.3The nterplay of the two processes

The two processes that give rise to these combination types are proposed to be distinct
(Estes, 2003b)and compete in parallel(Estes, 2003a) Wisniewski and Love(1998) show
that the choice of which process wins out is associated with prior use of a process
(Wisniewski and Love, 1998)whether a plausible thematic relation exists, and the

@lignability 8of the base concept§Wisniewski, 1997a). As introduced inSection3.2.3,
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alignability describes the extent of potential alignment between two conceptd.he
influence ofalignability and thematic relations means that, as per similarity judgements,
different pairs of stimuli can be relatively more or less compatible with one kind of

processing or the other.

Property-mapping combination tends to occur when facilitated bwlignability or in the
absence of a plausible thematic relatiorAlignability facilitates property -mapping
combinations in two ways

9 First, the comparison process needs a minimum degree of common relational
structure to identify alignable differences for transfer. As more similar concepts
tend to have a more extensive overlapping relational structure, similarity can thus
be said to faditate property-mapped combinations.

1 Secondly, the transfer oproperty between concepts requires that the recipient
concept has matching dependencies to accommodate the ngwoperty . For
example, HAMMER FEATHER is unlikely to be interpreted as a featfarhitting
things, since it lacks the mass and rigidity to facilitate such an action. Once again,
more similar concepts are more likely to have matching dependencies aage thus

more compatible with property -mapping combinations.

Wisniewski and Love(1998) (p.180) have also shown thaproperty -mapping

combinations predominate in the absence of a thematic relation.

For an individual to produce a relational combination they must deteanine that the two
design concepts can plausibly play complementary roles in a thematic relation. The
tendency to produce relational combinations is mostly independent of pajperceived
similarity or alignability , with one exception. Concepts having many commamoperties
may prevent relational combinationsince highlyalignable concepts are more likely to

occupy the same role in a relatiorfWisniewski, 1997a, 2000)

No studies appear to have investigated individual differences in conceptual mdination,
but individual preferences for featural or thematic processindMirman and Graziano,
2012) may also influence the tendency for individuals to combine concepts through

comparison & construction or scenario creation processes.
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34Di scussi on

A model ofdesign concept similarity judgementsgould be valuable in the development of a
model ofdesign concept combinatiofor two reasons. First, it would providean

independent test ofSructural Alignment theory in a design context. If there is support for
Structural Alignment in similarity but not in combination, then it can be inferred that
Sructural Alignment doesoccur as expected in design, but that alternative models for
combination are required. If neither model is supported, then there would be tw points of
evidence indicating that there may be something unique about design cognition. Second,
knowledge about designer cognitive processes would make an independently valuable
contribution to knowledge. At present, there are no cognitive models of dgger similarity
judgements. An initial plan to use théual-Process modebf conceptual combinationas

the basis of a model of design concept combination was going to involve the manipulation
of similarity as an independent variable in an experiment. This because similarity has a
special role as a proxy for the determinant of processing type. Since it would be necessary
to operationalise similarity anyway, it was deemed an efficient extension of the research

to also conduct an empirical test of the mode

Similarity judgements are relevant to the study of conceptual combination because, as has
been seen in Section8.2 and 3.3, accounts of both phenomena propose that they involve
dual processes of comparison (via structural alignment) and scenario creation processes.
This common processing basis has facilitated hypothesis generation about the relationship
between the two proceses (similarity judgements and conceptual combination). This
originally enabled Wisniewski to provide a theoretical explanation for how property
transfer combinations occur in conceptual combinatiorfWisniewski, 1997a) and

facilitated hypothesis generation(Markman and Wisniewski, 1997; Wisniewski and
Markman, 1993). In reverse, knowledge of how people produce conceptual combination
interpret ations later influenced research into thematic similarity(Wisniewski and Bassok,
1999), giving rise to the dualprocess view of similarity (Chenet al, 2014; Estes2003a,
2003b; Esteset al, 2011; Wisniewski, 1997a)

35Summary

To model the cognitive processes involved in design concept combinatighyas proposed
that the Dual-Process modebf conceptual combinationcould be used as the basis for a

new model ofdesign concept combination. In the process of developing a research design
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to test such a model, the scope of the research was extended to include the objective of
modelling the cognitive processes involved in design concept similarity judgements. This
is becauseknowledge about similarity judgements has, in the past, been used to gain
knowledge about conceptual combination. Analogously, it was determined that knowledge
about designer similarity judgements would aid in providing knowledge about design

concept combination.

The main contribution of this chapter is an overview of the two existing cognitivenodels
from the psychology literature that form the basis of the proposed models of designer
cognition in Chapter4. Section3.1 presents background literature on human similarity
judgements both generally and in design. This highlighted the lack of any cognitive models
that represent designer similarity judgements. The middlef the chapter presented the
Dual-Process modebf similarity judgements (Section3.2) and the Dual-Process modebf
conceptual combination(Section3.3), both of which involve commonalgorithmic level
processes The discussiorn(Section3.4) provides more detailed rationale for why

similarity judgements are relevant to conceptual combination by drawing on the

background literature and cognitive models.
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In the previous chapter, two cognitive models were summarised from the psychology
literature; the Dual-Process modebf similarity judgements and theDual-Process modebf
linguistic conceptual combination. Both models involve the same dual processes of (i)
comparison via structural alignment and (ii) scenario creation via slot filling. As outlined
in the research methodology (Sectiori.3.2.2), it was proposed that these same dual
processesmay beinvolved in design concepsimilarity judgements anddesign concept
combination. To this end, this chaptempresents proposals forDual-Process modet of
design concepsimilarity judgements (Section4.1) and design conceptombination
(Section4.1.3).

Just as thenewly proposed models are based on the existing models outlined in Chapter 3,
so too can the models be tested by the same methods that were used in the development
of the existing modelsThe research design (Sectiod.2) defines the scope of the
investigation, which aspects of the proposed models are to be testede reseach

questions and hypotheses used to test the modelsonsiderations of validity and pre
requisite methodological developmentsA research planshows how the methodological
requirements relate to the modeltesting objectives (Objs 3 and 4) and research map is
provided that shows the chronological record of the work that was conducte(Bection
4.2.6).
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41Targenstructs and proposed mo

4.1.1Target constructs

To study cognitive processes, it is first necessary to define the kind of person to whom
those cognitive processes belong and the situations in which thosegnitive processes
might occur. Thisenablesan evaluation ofthe validity of the models as representations of
designer processingThe relevant constructs are the characteristics of the designer, the

stimuli they are processing and the setting in which ognitive processes takes place.

The main population of interestare the people who contribute to the design and
development of the products and systems thatome to market, i.e., professional product
design engineers. To develop methods and tools &id these designers, it is necessary to
gain knowledge about the cognition of this populationThus, the ideal constructs of

interest are professional engineering designers, making similarity judgements about, and
combining, design concepts created by theselves or their colleagues, embedded in the
early stages of the conceptual design process, taking place in the physical and social
settings in which professional practice occurs such as design consultancies or engineering
firms. However, the study of profesional product design engineers in experimental

settings requires a lot of resources.

An alternative population of interest is that of student or trainee designers. This

population is relevant because it is during the education of the student that thegarn to

use many of the methods and tools that they will one day employ in industry. Mareer,

the student design process has commonalities with professional design; student designers
make similarity judgements about, and combine, design concepts, createy themselves
and by their team members in the conceptual design phase of design projecthese
commonalities provide a basis for some generalisatigrand an advantage of studying
students isthat they are more readily available in university settings andequire fewer
resources to recruit for experimental researchHowever, the projects are typically shorter
than those found in industrial settings, the design concepts are made by individuals with
less experience and the physical setting may be a univengibuilding. Thus, students may

be considered a proxy for professional engineering designers, with the caveat that
knowledge about the cognition of student designers does not necessarily generalise to the

cognition of professional designers.
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For both professionals and students, similarity judgements and combination may be
carried out on at least two inputs (design concepts), but there is no known upper limit to
how many stimuli can be processed at once. Similarity judgements could be made on a
group of desgn concepts (although this might be more aptly termed a judgement of
variety) and it has been shown that designers can combine elements of numerous
concepts to create new design concep{&oncalves and Cash, 2021This is important,
because the psychological models revieweid Chapter3 and the models of designer
cognition proposed in this chapterare inherently constrained to the processing of pairs of

stimuli.

4.1.2The proposedualProcess model of design concept similarity
judgements

The proposed cognitive model of design concept similarity judgements is shown kigure
4-1. The model represents the cognitive processes through which a designer judges the
similarity of a pair of design concepts. Specifically, it representie situation in which a
designer is presented with a pair of design concepts (input) and the instructions to
provide a numerical similarity rating (goal) of how similar those concepts are (output).

This perception of similarity is proposed to arise from one of two cogjtive processes.

DESIGN CONCEPT
SIMILARITY JUDGEMENTS

4 A
Goal & requirements )
}
g1 -
o S Y
U o id
8| | © —
A J
..... Key:
S" = Design concept (external)
" 'Y = Mental representation of design concept
------- S =Perception of similarity

L ) S =Externalised similarity judgement

Figure 4-1 z The proposed cognitive model of design concept similarity judgements,
showing the inputs (a pair of design concepts), output (rated similarity) and two cognitive
processes at the computational and algorithmic levels.

Comparison via structural alignmen t. A comparisontbased similarity process is
POl T OAAh ET xEEAE OEA AAOECI A0O8O PAOAAPOEIT I

the constituent features of two design concepts. Similarity is a function of the common and
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different features and the morecommon features that two design concepts share, the

more similar they should be.

At the algorithmic level, it is proposed that this comparison process operates viae same
processes as described in (Sectia®2.1.2. Specifically, it is assumed that design concepts
are represented in the mind as structured representations and that comparisehased
similarity judgements occur via a process of Structural AlignmenfThe comparison
process involves the alignment of the relations of the two mental structured
representations. Similarity is specifically a function of the commonalities, alignable
differences and nonalignable differences between the two design concepts. Ifisther
assumed that the structural alignment process adheres to the constraints of parallel
connectivity and oneto-one mapping.The model makedour predictions about the
relationship between similarity and commonalities and differences.

1. A designers peception of similarity is a function of commonalities, alignable
differences and nonalignable differences, and alignable differences should be a
greater influence on similarity than nonalignable differences.

2. Pairsof design conceptswith increasing perceived similarity should also have
more commonalities

3. Pairs ofdesignconcepts with many commonalities should also have many
alignable differences.

4. Alignable differences should be easier to identify than nonalignable differences.

Scenario creation via slot filling. A scenariocreation process is proposed, in which the

AAGECTI A06 O PAOAADPOEITT 1T &£ OEA OEI EI AOEOU EO E
relation between the two design concepts. Through this process, two design conceptsyma
AA PAOAAEOAA AO AAET ¢ i1 OA OEIiEI AO EZEZ OEA AA

envision their placement into complementary roles in a system or scenario in which they

are bound by an extrinsic, complementary relationship.

No explicit claims ae made about the algorithmidevel of the scenario creation process as

this is beyond the scope of this thesis.

4.1.3The propose@®ual-Process model of design concept combination

The proposed cognitive model of design concept combination is shown Figure 4-2. The
model represents the cognitive processes through which a designer combines a pair of

design concepts to create a new design concept. Silieally, it represents ascenarioin
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which a designer is presented with a pair of design concepts (input) and the instructions
to combine those design concepts (goal) to create a new one (output). According to this
model, combination occurs via one of twgrocesses that each lead to different types of

design concept.

DESIGN CONCEPT

COMBINATION
P
Goal & requirements N
C son &
2 1| | L e v
S 11" ® I L9 1€
c Scenario creation 4
A A
5 : alignment
Slot filing 4 Key:
= Design concept (external)
N ) = Mental representation of design concept

Figure 4-2 z The proposed cognitive model of design concept combination, showing the
inputs (a pair of design concepts), output (rated similarity) and two cognitive processes at
the computational and algorithmic levels.

Comparison (via structural alignment) and construction. 4 EA OAT I BPAOEOIT 1T Al
AT 1 OOOOAOGETI T8 DOI AROO AiiTie0dnpakisdn pfoedss i@ AAOOE
same as the one described in thBual-Process modebf design concept similarity

judgements.A structural alignment algorithm places the relational structure of the two

design concepts into alignment, making alignable diffences (but not nonalignable

differences) more salient, and thus more available for transfer between the two design

concepts. These salient differences are then used by the construction process to produce

new features in the combined concept.

11 The comparison and construction processes are illustrated as two serial processé&sgure 4-2).
This is done to draw a conceptual distinction between them but these processes may well be
indissociable. It may be possible to further decompose these processes into mechanisms
responsible for selecting what specific differences artransferred between design concepts

(Wisniewski and Middleton, 2002), but this is beyond the scope of the ¢ctent model.

93



Chapter4 z Proposed models and researdesign

A comparisonand construction process would result in asingle design artefact that
contains a feature (or features) from both base concept¥he construction process is

included to account for the expected presence of conceptual change. That is, rather than

features A ET ¢ OOOAT OEZAOOAAS AAOxAAT AiITAADPOO 1 EEA

spatially between products, features in the base concept act as the basistiewfeatures

in the combined concept with modified properties.

Scenario creation. The proposed scenariccreation facilitates combination by placing two
design artefacts into a scenario or system in which they play complementary roles in an
extrinsic relation. As per theDual-Process modebf design concept similarity judgements,
this process is assumed toperate via a slotfilling algorithm but this is beyond the scope

of the research in this thesisThe distinguishing feature of the design concepts created
through the scenario creation process is that design artefacts from each base concept are
both identifiable in the combined design concept. Minor intrinsic modifications may take
place to accommodate the change of role(s), but otherwise, the base concepts should be

recognisable in the resulting scenario.

Four claims are made that relate to the relatiorfsip between similarity and combination
type. They are derived from theDual-Process modebf conceptual combination as
described in Sectior3.3.3 They are:

1. Similarity facilitates featural combinations.

2. Relational combinations occur in the presence of plausible thematic relations.
3. Featural combinations predominate in the absence of a thematic relation.
4

Relational combinations are inhibited by very high baseoncept similarity.

These claims relate to computational level processing and do not allow for falsifiable tests
OET AA OEA Al AEI O 1 £ 7 addilaBkhxatitativé diiteria fod AT AOA

falsification.

42Research design

The research design includes an overview of the planned studies, considerations about
validity, a list of pre-requisite methodological developments, objectives to guide the
empirical research and a research map that showke chronology of the work that was

conducted.
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4.2.1Scope of the researeimd the use of research questions and
hypotheses

The scope of the researcfks limited to specific parts of theproposed cognitive models. As
shown in Figure 4-3, the intention was toinvestigate the computational levelof each
model (1, 3) to determine whether there was evidence for duaprocesses of Structural
Alignment and scenario creation. Then, if there was evidence for a Structurdignment
process (2, 4)additional hypotheseswould be subjected to falsification testingThis forms
a stagegate, where progress to the algorithmic level is dependent on the data pertaining
to the computational level.The algorithmic-level slot-filling algorithms thought to be
involved in each scenario creation process were not addressghoth because they are not
concretely defined in the psychological literature, and becaudgeir inclusion would be
beyond the possible scope of the research project.

DESIGN CONCEPT DESIGN CONCEPT
SIMILARITY JUDGEMENTS COMBINATION

T o

/ /
(@) (b)
Key:
= Design concept (external) —p = Stage-gate
= Mental representation of design concept 4 — P = Opportunity for cross-model inferences

7/, = Outwith research scope
S =Perception of similarity

S’ =Externalised similarity judgement

Figure 4-3 7 The scope of the empirical research showing what cognitive processes are to
be investigated and at what level of description (computational or algorithmic).

4.2.2Research questiomsd hypotheses
4.2.2.1Design coneptsimilarity judgements

Three research questios were established to look for evidence that the similarity ratings
were produced via either of the dual processeflesignated RQ S, below. Following

Wisniewski and Bassol{1999), if designers make similarity judgements of design
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concepts via comparison and scenario creation processes then it would be expected that
their self-report justifications for their similarity ratings would contain evidence of
features or thematic relations. 8nilarity judgements carried out via comparison should
refer to the commonalities or differences between the concepts and similarity judgements
carried out via scenario creation should refeto the two design concepts and the extrinsic
relation between them. The first two research questions were set to establish whether this

was the case and, if so, how prevalent each type of explanation was.

RQz S1:Do designer explanations for their sinaitity ratings contain (i) commonalities or

differences, or (ii) thematic relations?
RQz S2:What is the relative prevalence of each explanation type?

If the participant responses are indicative of comparison and scenario creation then,
analogously to theDual-Process modebf similarity judgements (Section3.2.1.2, the
prevalence of each explanation type may be influenced by the relative similarity of the
base concets or the presence of a stimulus compatibility effect. This led to the third

research question.
RQz S3:What is the relationship between similarity and explanation type?

Five hypotheses were adopted from prior researctiMarkman and Gentne, 1993b, 1996)
(designated Hz X, below). If designers make similarity judgements exclusively or
predominantly via structural alignment processing, it would be expected that the
predictions of the Structural Alignment modelof similarity judgements would also apply

to design concept similarity judgements. To test this,

H z Sla:Similarity should increase as a function of commonalities and decrease as a function
of differencesand commonalities should influence similarity more thalifferences.

Regression analyses should show that similarity can be predicted by the number of listed
commonalities (positive regression coefficient) and total differences (negative regression
coefficient). The unstandardized regression coefficient for comonalities should also be

larger than that for differences.

H z S1b:Alignable differences should be more important in evaluating similarity
comparisons than nonalignable differencéslarkman and Gentner, 1996An extension of
H-Sla. This may be demonstrable using regression analysis. Similarity should be

predictable by the number of listed commonalities (positve regression coefficient) and
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alignable and nonalignable differences (negative regression coefficients). The
unstandardized regression coefficient for alignable differences should be greater than that

for nonalignable differences.

H z S2:Similar conceps$ should be associated with an increased number of commonalities
and dissimilar concepts should be associated with a decreased number of commonalities.
This should be evident in positive correlations between rated similarity and the number of

listed commonalities.

The nexttwo hypotheses are unique to thestructural Alignment modeland are only
relevant if one assumes that concepts are represented in the mind as structured

representations and there is a distinction between alignable and nonalignable diffenees.

H z S3:There should be a numerical link between commonalities and alignable differences.
This should manifest as a positive correlation between the number of listed commonalities
and the number of listed alignable differences. A secondapyediction based on this is that
because there should be a positive correlation between similarity and commonalities
(Hypothesis 0b), there should also be a positive correlation between similarity and

alignable differences.

H z S4:Alignable differences sbuld be more numerous than nonalignable differencéhis
should manifest as a statistically significant increase in the number of listed alignable

differences versus the number of listed nonalignable differences.

Strictly, the Structural Alignment modelmakes predictions HS1b, but HS1a s also
included because it is a prediction common to featurget and featurealignment models.
That means that both the Contrast and Structural Alignment models should make this
prediction. It is included as a firstpasscheck of the applicability of a featural model of

design concept similarity judgements.

4.2.2.2Design concept combination

Four research questions were establishetb provide an initial test of the applicability of

the Dual-Process modebf design concept combinatior(designated RQ; C, below)
Following research in linguistic conceptual combinatior(Wisniewski and Bassok, 1999)
and design(Nagaiet al, 2009), if designers combine design concepts via processes of (i)
comparison and construction and (ii) scenario creation, then it would be expected that the
combined design concepts would contain evidence as to how they were phaced.

Combination carried out by comparison and construction should result in a single design
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artefact that contains features from both base concepts. Combination carried out by
scenario creation should result in a scenario or system of artefacts relatéy some

extrinsic relation. This leads to the first two research questions.
RQz C1:What types of combinations do designers produce?
RQz C2:What is the prevalence of each combination type?

These research questions were addressed through an abductive coding process. The three
interpretation types from the Dual-Process mode[Table 3-1) were used as the basi for
coding types of combined design concepts, but the codes were developed through

iteration to accommodate the characteristics of the design concepts.

The third research question concerns the relationship between similarity and combination
type. A measure of the relationship between similarity and combination type can be used
to assess the four claims of thBual-Process model Similarity is a key outcome measure in
OAOGAAOAE AOOI AE A OBud-PrecEs®roddl Hecuse ifisti@&rdically
related to the underlying properties of alignability and thematic relatedness, which are
more difficult to measure directly than similarity. This leads to the third research

question:

RQz C3:What is the relationship between concept paimilarity and the type of combined

concept?

A final question concerned the potential role of combination difficulty as a confounding

variable. The concepts of ease and difficulty can be found in the conceptual combination
literature, although it is not clear to what degree this language is intended to refer to a

direct influence of difficulty. This is highlighted in two examples (bold emphasis added).

When describing the tendency for individuals to produce hybrid combinations,

7EOT EAx OEE 1 Ve@ diffcultOts iktérprad & dbill pEndphlet as a hybrid, since it

x] Ol A OANOGEOA A1 OE OEA &£O1 AOCEIT T &£ A AOEIT A
(Wisniewski, 1997, p.175) When describing the competition between the dual processes,
tEO OAEA O EAskr tdddidgh teprdsentatnsivith similar structure and to find

their commonalities and differences, the comparison/construction process "wins" over

scenario creation even though there is a plausible interpretation involving @ A AT AOET 8 6
(Wisniewski, 1997, p.178) Since it is not clear what the role of difficulty is in combination,

the fourth research question is intended to preempt any potential confounding effect of

similarity on combination type.
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RQz C4:What is the relationship between concept pair combination difficulty and the type

of combined concept?

Two hypotheseswere derived from the DualProcess modebf conceptual combination
(designated Hz C, below) They are based on the empirical evidence th&¥isniewski
(1997) uses in support of theDual-Process modebf conceptual combination The first
hypothesis concerns the relationship between hybrid combinations and stimulus

similarity.

H z C1:Relativelymore similar pairs of design concepts should be associated with a greater
proportion of hybrid combinationsin conceptual combination, hybrid combinations

contain many features from both base conceptsiéble 3-1). The frequency of hybrid

combinations increases with similarity because it becomes increasingly likely that there

will be enough common features to facilitate hybrid combinations. This hypothesis can be

tested via correlational analyses of baseoncept smilarity and the proportion of hybrid

combinations. CrucialyOEEO EI bl EAO OEAO EO EO bi OOEAI A ¢

combination from any other kind and is thus dependent on the outcome of RQL.

The second hypothesis concerns the relationship betvem alignable differences and
feature-mapping combinations. They are combinations in which a new feature from one

base concept has seemingly been transferred to the other. The prediction is that such
combinations exist in design concept combination, and & structural alignment process is

involved, the special nature of the alignable differences should mean thalignable

differences, not nonalignable differences, should be transferred between concepts. Once

again, this hypothesis is dependent on the outcoeof RQ1 and the ability to distinguish
AAOxAAT OEAAOOOA 1 APPEI C6 AT A OEUAOEAG Al AE

Hz C2:There should be a correspondence between alignable differences and featural

combinations, but not alignable differences and relational combinations.

Following Wisniewski and Markman (1993), it would be expected that there would be a

statistical covariation between consensus alignable differences (those listed by more than

A OEOAOEIT A 101 AAO T £ DAOOCEAEDAT tatbas bdthoh OEA
OOAT AGETT AT 6 AT i AET AOGET 1 08
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4.2.3Planned studies

To address the research questions and hypotheses, a series of correlational quasi
experiments were planned.Figure 4-4 shows the elements of the planned studies (white
rounded rectangles) and how they relate to the elements of each proposed model
(represented by the green rounded rectangles and their grey backdrops at the bottom of
the figure, corresponding toFigure 4-3). The vertical arrows show how each element of

the planned experimental research contribute to addressing research questions and

hypotheses.
STIMULI &
MANIPULATION Pairs of
design
concepts
PR vy o T t
COGNITIVE Similarity Comparison ¥ Combinat .
PROCESS judgements p X ombination :
EXPERIMENT ( Similarity rating ] ( Commonality and X [ Combination& |
TASK(S) & explanation difference listing difficulty ratings :
DATA PRODUCED Explanation| | Similarity f— Lists of com's & dif's — Combination| | Difficulty
types ratings [ | N types ratings | !
\""'tl‘ _________ #""'-" _________________ ____"l\_ """i _________ ‘I*"""'
MODEL (T ——— ] ( r e )
EVALUATION Similarity .researCh 1 | Iy Combmatmp research
questions J L questions
* h 4 h 4 Y v *
[ Similarity hypotheses ] [ Combination hypotheses ]
Key:
Input/output * Stage gate wPaFt_lupént_grOL]p
relationship % TTTTTTTTTTTTTTTTYT

Figure 4-4 z Elements of the research design and their relationship to the proposed
models.
The study elements inFigure 4-4 are as follows.

9 Stimuli and manipulation - All studies involved the presentation of pairs of
design concepts that vary in relative similarity. Using the same stimuli in parallel
similarity and combination experiments facilitates the drawing of inferences
across models.

1 Cognitive processes and tasks - Three cognitive processes are elicited: similarity
judgements, comparison and combination. Theomputational level of each model
can be evaluated by investigation of that process alone (i.e., similarity or

combination). Evalation of the algorithmic levels also requires the elicitation of
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comparison processing. The predictions made by Structural Alignment Theory in
each of the proposed models concern the relationships between the outputs of a
task that is thought to involve @mparison (i.e., similarity judgements or
combination) with the outputs of a task that inherently elicits comparison
(commonality and difference listing). An additional difficulty-rating task is used to
provide a measure of combination difficulty. Supplemetary interviews and
observations were used to aid in methods development and are outlined i
Chapter &5

1 Participant group allocation - The cognitive processes are elicited in a mixed
within -groups and betweengroups design.One group of participants makes
similarity judgements and listed commonalities and differences, the other group of
participants carries out combination.

1 Tasks and data - Similarity processing is engaged by a similarity rating task and
an additional selfreport task that asks participarts to explain their rationale for
the similarity ratings. Comparison is engaged by tasking participants with listing
the commonalities and differences of pairs of concepts. Design concept
combination is engaged by a combination task that asks the participato combine
concepts to create new ones. Sonwd the data produced needs to be coded before

it can be used.

The study elements shown irFigure 4-4 are all based to some extent on prior studies in
the psychology literature but require varying amounts of adaptation to be compatible in a
design context. Requirements were specified for stimuli, coding schemes and assumptions

about design concept knowledgeepresentation.

4.2.4Prerequisite methodological contributions

Three methodological developments were necessary to facilitate the empirical research.
These were (i) stimuli, (ii) coding schemes and (iii) appropriate theoretical assumptions
about how designAT T AAPOO AOA OADPOAOAT OAA ET OEA 1 ETA

Pairs of design concepts as experiment stimuli. There was a need to create pairs of
design concepts that vary in relative similarity. This was necessary because the
hypotheses associated wh the proposed models both make predictions about covariation

between similarity and some other dependent variable.
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A minimum requirement set for pairs of design concepts that varied in relative similarity
as validated by human similarity ratings. No cortsaints were placed on the nature of this
variation and so it may have been achieved by e.g., higind low- similarity groups or

pairs spanning a continuum of similarity. Nor were constraints placed on the method to be

used for creating the design concept

Coding schemes for the commonality and difference listing task and the design
concept combination task . There was also a need to develop two coding schemes. One
was for coding alignable and nonalignable differences in the commonality and difference
listing task. The other was for coding types of combined concepts in the design concept
combination task. This second coding scheme was influenced by assumptions about how
design concepts are represented in the mind. Three requirements were set for such a
schame:
1 Must describe the causal relational structure of design concepts in a format

compatible with structured representations.

Needs to represent designer knowledge.

Must demonstrate utility in describing design concepts before and after they have

been canbined and must do so in a way that facilitates the interpretation of (i)

feature-mapped and (ii) relation-linked combinations.

4.2.5Validity

Validity is the property of an inference that describes the extent to which it can be taken as
true based on the given evidencéShadishet al, 2002). In the present research, inferences
are knowledge claims derived from the answers to the research questions and tests of the
hypotheses.To maximise the validity of the inferences, steps were taken to mitigate
threats to validity (reasons as to why inferences can be wrond)oth when

operationalising the constructs under investigationand when establishingprocedures for
analysing the data (Chapters 7 and 8). This was done by considering four types of validity
(Table4-1), adopted from Shadishet al.(2002).
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Table4-1 - Four types of validity (Shadishet al, 2002)

Type of validity 4EA OAI EAEOQOU 1T &£ EI £ZAOAT AAO

Statistical conclusion 8 OEA AT ek tadvariadles

validity

Internal validity 8 xEAOEAO T AOAOOAA AT OAOEA(
relationship

Construct validity 8 OEA -dedEr@dngtrlxts that operationalisations are
intended to represent

External validity 8xEAOEAO eBEthnsHphAds Aver variations in

study characteristics

The first two of types of validity, statistical conclusion validity and internal validity,
concern the claims of whether an experimental manipulation caused the measured
outcome. The otker two, construct validity and external validity, concern claims about
generalisability. Generalisability is important in (quast) experimental research owing to
the inherent disconnect between the constructs under investigation (similarity and
combination cognitive processes) and the particulars of the experiments used to study
them. To bridge the gap between experiment and application (i.e., education or praw) it
is necessary to generalise the findings beyond the particular study characteristics

employed in these studies.

Statistical conclusion validity refers to inferences about the covariation between the
independent and dependent variables. Covariation is used in the general sense of a
relationship between two variables that may be identified throgh e.g., correlation,
regression or group difference analyses. The two components of statistical conclusion
validity are (i) whether there is covariation, and (ii) how strong that covariation is.
Threats to the first component stem from factors that may atribute to Type | (false
positive) and Type Il (false negative) errors. Threats to the second relate to factors that

may cause an over or understatement of the magnitude of covariation.

Internal validity refers to whether the change in a dependent varide (DV) can be
attributed to a causal effect from the independent variable (IV). There are three
requirements for a causeeffect relationship.
1 Covariationz a demonstration of a relationship between the IV and DV.
1 Precedence of a causea change irthe dependent variable should be observed
after the manipulation of the independent variable.
1 Nonspuriousnessz Alternative explanations for the observed covariation must be

refutable.
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Threats to internal validity are reasons why an inference that a relanship is causal may
be incorrect, i.e., any violation of the three requirements above. Valid covariation is
addressed by statistical conclusion validity, meaning that internal validity is dependent on
statistical conclusion validity. The precedence of eese requirement is not met because of
the correlational aspects of the research design. For example, the hypotheses associated
with the proposed model of design concept similarity judgements make predictions about
associations between similarity ratings ad the number of commonalities that designers
can list for a pair of design concepts. Although the independent variable (relatigepriori
similarity) was manipulated before the designers completed their tasks, the variables used
in the analyses (similarityratings and number of commonalities) were produced at the

same time, are conceptually related, and cannot be disentangled.

The research design accounts faeveralpotential threats to internal validity. Threats via
instrumentation (changes in the delivery of the experiment) were addressed in
conjunction with experimenter threats by standardising experimental procedures and
task instructions. Threats from boredom orfatigue were addressed by randomising the
stimuli presentation order. Testing effects (prior exposure to an experiment can affect
performancein subsequent experimens) were prevented by making sure no participants
took part in more than one experimentSmilar to testing effects, there was a risk that
tasks eliciting processes with common cognitive processes could introduggiming

effects.The stepstaken to mitigate these effects are noted in Sectidh1.4.

Construct validity refers to the ability to make inferences from specific

operationalisations to the more general constructs that they represenkEive study
characteristics relevant in this thesis are the partipants, the setting in which the study
takes placethe stimuli, the variables that are manipulategdand the outcome measure.

Good construct validity benefits from good construct explication, i.e., clearly defined
constructs of interest and the selection bappropriate operationalisations for those
constructs. As such, threats to construct validity may be any factor that impedes the match
between construct and operation. Threats to construct include poor construct explication,
confounds through overrepresenation of the construct (the operation captures more

variables than intended), or bias from underrepresentation of the construct.

External validity refers to the generalisability of a (causal) relationship across variations
in study characteristics. External validitydiffers from construct validity in that it refers to
the relationship between the two operationalised variables (i.e., between manipulation

and measured outcome) independent of whether those operatia@iisations reflect the

104



Chapter4 z Proposed models and researdesign

intended constructs.A subtype d external validity is ecological validity, the extent to
which causal relationships hold inreal-life settings (Andrade, 2018). Inferences can have
good external validity but poor ecological validity. For example, if inferences about the
cognition of student designers in experimental settings generalised well across
participants with different demographic backgrounds, particigting in studies with
different stimuli and different measures, the inference may be said to have high external
validity. However, if these results do not generalise to professionals, or to cognitive
processing taking place in naturalistic design environmets, the inferences may have poor
ecological validity. Shadishet al.(2002) frame threats to external validity in terms of
interactions between the causal relationship and study characteristics. An interaction is
deemed a threat if it is sufficiently large that it might changehie direction of a

relationship2.

4.2.6Researciplan

The research plan(Figure 4-5) shows how the two methodological requirements(Section
4.2.4relate to the two modeltesting objectives (Obj.3 and 4).Stimuli are required before
either of the proposed models can be evaluated. Coding schemes will be required for
analysing the Structural Alignment hypotheses associated with the similarity model, and
the research questions associatedith the combination model. The research questions

and hypotheses are summarised iffable 4-2.

12 Shadishet al,, (2002) note that an alternative conceptualisation of a threat isme that threatens
the consistency of an effect size. This is not deemed relevant in this thesis since the hypotheses

make predictions about the direction of relationships but not their size.
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Hypothesis testing - evaluate predictions Hypothesis testing - evaluate the

stimuli used in R1 - Stimuli creation and similarity stimuli used in
manipulation
h 4 A 4
Obj 3 - Similarity model evaluation Obj 4 - Comhination model evaluation.

Research Questions - R2 - Establish coding schemes Research Questions -
determine the number, type, and - - determine the number, type and
prevalence of cognitive processes . [ R2.T - Establisha “_"_f’”g sche_me for ] .- p| prevalence of cognitive processes.
involved in design concept similarity ' coding commonalities and differences ! Investigate the influence of similarity on
judgements. ' - - I processing type and potential influence

H R2.2-Establish alcoding scheme for 1) of difficulty as a confounding variable.

stage-gate ' coding combination types

' ‘ stage-gate

Ll

]

|

|

of the structural alignment model of lq-- predictions of the structural alignment
comparison-based design concept model of comparison-based design
similarity judgements. concept combination.

Key:

7777777 » Coding schemes used in...

Figure 4-5 - The research plan

1 R1- Stimuli creation and independent variable manipulation. Create pairs of
design concepts of varying similarity

1 R2- Establish coding schemes. Coding schemes are needed to (i) classify types of
differences from the commonality and difference listing task rad (ii) classify types
of combinations from the design concept combination task.

o Establisha coding scheme for coding commonalities and differences

o Establisha coding scheme for coding combination types

1 Obj. 3 - Similarity model evaluation. Evaluate the poposed Dual-Process model
of design concept similarity judgements.

0 Research questiorsdetermine the number, type, and prevalence of
cognitive processes involved in design concept similarity judgements.

0 Hypothesis testing evaluate predictions of theStructural Alignment model
of comparisonbased design concept similarity judgements.

1 Obj. 4 - Combination model evaluation z Evaluate the proposedual-Process
model of design concept combination.

0 Research questiorsdetermine the number, type and prevalence of
cognitive processes. Investigate the influence of similarity on processing
type and the potential influence of difficulty as a confounding variable.

0 Hypothesis testing evaluate the predictions of theStructural Alignment

model of comparison-based design concept combination.
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Table4-2 z Summary list of all research questions and hypotheses for empirical research

Ref.

Research question or hypothesis

Obj. 3 z Similarity model evaluation

Research questions, computational level

RQz S1

RQz S2
RQz S3

Are explanations for design concepsimilarity ratings indicative of (i) a comparison
process and (ii) a scenario creation process?

What is the relative prevalence of each explanation type?

What is the relationship between concept pair similarity and the type of similarity
explanation?

Hypotheses, algorithmic level

Hz Sla

Hz S1b

HzS2

HzS3
Hz S4

Similarity should increase as a function of commonalities and decrease as a functior
of differences and commonalities should influence similarity more than differences.

Alignable differences should be more important in evaluating similarity comparisons
than nonalignable differencegMarkman and Gentner, 1996)

Similar concepts should be associated with an increased number of commonalities
and dissimilar concepts should be associated with@decreased number of
commonalities.

There should be a numerical link between commonalities and alignable differences.

Alignable differences should be more numerous than nonalignable differences.

Obj. 4 z Combination model evaluation

Research questions, computational level

RQz C1

RQz C2
RQz C3

RQz C4

When designers combine design concepts to create new ones, are the resulting
design concepts indicative of (i) a comparison process and construction process anc
(i) a scenario creationprocess?

What is the relative prevalence of each explanation type?

What is the relationship between concept pair similarity and the type of combined
concept?

What is the relationship between concept pair combinationifficulty and the type of
combined concept?

Hypotheses, algorithmic level

HzC1

HzC2

Relatively more similar pairs of design concepts should be associated with a greater
proportion of hybrid combination s.

There should be a correspondence between alignable differences and feature
mapped combinations, but not alignable differences and thematic combinations.
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4.2.7Research map: chronological phases and chapter structure

Figure 4-6 showsa map of how the research was actually carried out in practice,

highlighting the chronology of the work and showing where the work is reported in the

thesis. The map can be read from two perspectives: (i) according to the chapters in which

the research is reported, represented by the grey background boxes, and (ii)terms of

the three chronological phases of research read top to bottom. The map is explained in

terms of its content, the three phases of research and the correspondence between

chapter contents andthe research plan

Content. The map represents the follaving elements:

)l

Phases.The research was carried out in three sequential phases, denoted by the

Al AARE OAOOEAAIT OPEAOAFigare46E AAOTI 06 AAOO AOD
Assumptions about mental concept representation . Each phase of empirical

research was conducted based on different assumptions about the design artefact
knowledge representation.

Methods. Grey boxes denote the experimental methods or stimuli eation

methods. The experiments are described using the nomenclature Siax or

Combo0 @8 O3EI &8 AT A O#11 AT 8 AATT OA AgPAOEI Al
OEI El AOEOU AT A AT i1 AET AGETT OAOPAAOCEOGAT U A
where xis 1,2 0 3.

Stimuli . The pairs of design concepts that are presented to participants in the

similarity and combination experiments. There are three stimuli sets in total, a

different one for each phase.

Evaluations . In phases 1 and 2, the stimuli creation and pgrimental methods

were evaluated to determine whether they were fit for purpose.

Analyses and results . The data from the similarity and combination experiments

were analysed to answer research questions and test hypotheses associated with

the similarity and combination models.
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Figure 4-6 z Research map showing how the chronology of the empirical research and
how the work is reported across five chapters.

Phases.Each phase of empirical research began with a set of assumptions about how
design concepts are represented in the mind. This influenced the stimuli creation and
interpretation of the results.
1 Phase 1z The first phase involves pilot studies for stimuli creation and the
similarity and combination experiments. It was initially assumed that design

concepts were represented in the mind by lists of function, behaviour, and
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structure variables. Stimuli setA is created based on this assumption through
manipulating the number of matching and mismatching F, B and S variables in an
attempt to provide a priori control over the similarity of the stimuli. These stimuli
were then used in SimP1 and CombeP1. The ke outputs from this phase were
refinements to the methods.

1 Phase 2z The second phase focused solely on the similarity experiments. It was

AOOOI AA OEAO AAOGECT ATTAADPOO AAT- AA OADPOA
PDOODPT OA8h O&OT AOE éslafd thAtthdy cad-helcAtégtrised Dth OE A Al

hierarchical design concept ontologies. Stimuli set B was created based on this
assumption through a process of design concept categorisation and coding and the
stimuli were used in SimP2. The similarity manipulation and experiment
procedures are evaluated (Eval 2). Thanalyss of thedata from SimP2 are
presented in Section7.1to address the research questions associateditlv the
similarity model (Obj. 3). Minor procedural changes are proposed for SifR3.

1 Phase 37z The final phase addressed the hypotheses from the similarity model and
addressed all aspects of the combination model. Stimuli set C was created based on
minor modifications to stimuli set B. The stimuli are used in SirP3 and Combe
P3. The results fromSim-P3 are reported inSection7.2 and the results from
ComboP3 are reported inChapter 8to complete the research foiObjs.3 and 4,

respectively.

Chapters and objectives . Theempirical research is reported as follows

1 Chpt. 5z Materials and methods . This chapter describes the similarity and
combination experiment methods across three phases.

1 Chpt. 6 - Stimuli creation . Presents the research done to creathe stimuli used
in each phase of researchR1).

1 Chpt. 7z Design concept similarity judgements: results . Presents the pilot
study (Sim-P1) and the results of SirP2and SimP3.

1 Chpt. 8 z Design concept combin ation: results. Presents the results oCombo
P3, thereby addressing the research questions andvealing that the planned
analysis ofthe combination hypotheses (HC1 and 2)is not possible owing to
unforeseen differences between conceptual combination and design concept

combination.
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43Chapter Summary

Based on two existing models of similarity judgements and conceptual connlzition
(Chapter3), new models of design concept similarity judgements and design concept
combination have been proposed. Both models involve common cognitive processof (i)
comparison via structural alignment and (ii) scenario creation via slofilling. A research
design was developed to test the models by using quaskperiments to answer research
guestions and test hypotheses. The scope of the empirical researsHimited to the testing
of the computational level of each model (humber, type and prevalence of each process)
and the algorithmic level of the structural alignment algorithms. A mixed withirgroups
and betweengroups research design is presented, compiiisg correlational quask
experiments. Considerations concerning the validity of the outcomes of the empirical
research are discussed (Sectiod.2.5. A plan for the empirical research is provided
(Section4.2.6), accompanied bya research map Figure 4-6) that shows the empirical
research that was carried outshowing both the chronological order of the work and the

chapters in which it is presented
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This chapter presents the materials and methods for all of the studies conducted in the
thesis.As shown in the research mapKigure 4-6) there were two parallel streams of
research (similarity and combination) across three phases of researcand experiments
conducted in the same phase used the same stimuli. Sectl®d presents general materials
and methods that are relevant to multiple experiments; this helps avoid repetition in
subsequent sections. The specific procedures ftiie three similarity experiments are
presented in Sectiorb.2 and for the two combination experiments in Sectiorb.3. Details
about the development and reliability of coding schemes are presented in these two
sections. The experiments reported in this chapter are referenced thapters 6 (stimuli

creation), 7 (similarity experiments results) and 8 (combination experiments results).

51Gener al mat eri als and met hods

The materials and methods presented in this section are those relevant to multiple
experiments. They are presented here and crogeferenced in Section$.2and5.3to

reduce repetition.

5.1.1Participant population and sampling

As noted inSection4.1.1, the main population of interest is that of professional designers,
but student desigiers can act as a proxy for professionals with theaweat that the extent of
the generalisability between the two populations cannot be known without further

experimentation. Populations of students were used in the research owing to pragmatic
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constraints. That is, they were more readily available and cheapthan recruiting
professionals Table 5-1 shows which populations were used for each experiment. The two
populations were:
1 Population 1 z Engineering/design familiar
University students who had taken at least a oneemester general design class in
the context of mechanical engineering or product design engineering. For example,
undergraduate or postgraduate studentswith a mechanical engineering or product
design degree.
1 Population 2 z Product Design Engineering competent
Undergraduate (final semester of 2nd year or any year above) or postgraduate
students of Product Design Engineering (PDE), up to individuals who had
graduated from a PDE degree within the 2 yeatsefore participation.

Population 2 is a subset of population 1 where the participants are more homogeneous in
educational background and have more extensive design experien€apulation 1 reflects
the most easy to accesgarticipant pool available to theresearcher that were deemed to
have sufficient design experience to complete the similarity experiments. Population 2
reflects a more honogeneous population with a greater extent of design experience. The
more extensive exerience was deemed necessary for completing the combination
experiments and theincreasedhomogeneity was beneficial fominimising experimental
confounds stemming from domain expertise, but population 2 was smaller and more

difficult to recruit from than population 1.

Table5-1 - Participant populations and the experiments they were used in.

Phase 1 Phase 2 Phase 3
Sim1l Combol Sim 2 Sim 3 Combo 3
Engineering/design
familiar n n
PDE competent n n n

Participants were drawn from either the Product Design Engineering courses at
Strathclyde University or Glasgow University/Glasgow School of Art and were recruited
through multiple recruitment channels:

1 Emails advertising the study were sent directly to the Product Design Engineering

mailing lists for specific year groupsat Strathclyde University. The same
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information was sent to the coursdeader at Glasgow University / School of Art
and passed onwardgo students.
4EA OAOAAOAEAOOS DPAOOITAI O1T AEAI AT A POT A
Posters and flyerswere placed in public and social spaces in the department of
Design, Manufacturing and Engineering Management at Strathclyde and in publicly
accessible spaceat Glasgow School of Art.

1 Posts were made on Facebook groups, e.g. groups for individual year groups,

degree streams departments and departmentelated social societies.

Recruitment via academic and academicelated social channels provided direct access to

the target population.

In Phase 1, participants took part on a volunteer basis. In phases 2 and 3, participants
were remunerated for their time. Recruitment in these phases was advertised as part of a
group session that included experiments run by other dctoral students. Participants were
remunerated £17 for taking part in a 2hour session comprising one of the experiments

reported in this thesis, and an unrelated experiment conducted by a different researcher.

In phase 1, participants were placed into theimilarity or combination groups depending
on their background and experience as at this point the demographic requirements were
different for the two tasks. In phase 2, only a similarity experiment was carried out. In
phase 3, participants were arbitrarily assigned to the similarity or combination group as at

this point the demographic requirements were the same for both experiments.

5.1.2Stimuli

In all experiments, participants were presented with pairs of design concepts from one of
three stimuli sets. A new set of stimuli was created in each of the three phases of research,
but experiments that occurred within the same phase utilised the sameistulus sets as
inputs. The stimuli set were created via different methods, summarised ifable 5-3 and

detailed in Chapter®.

Anatomy of a stimulus. A single stimulus contained a pair of design concepts presented
side by side with a design brief written above Figure 5-1). Each design concept comprises

a sketch with annotations andatyped description below.
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Dog excrement on pavements is unsightly and unhygienic but its disposal may be unpleasant and unhygienic for dog owners. Generate concepts for products

that may improve dog excrement disposal for dog owners.

Extended scooper allowing owner to cleanly pick up and put into dog tin. Sealed non- Spray instantly hardens & disinfects dog poo.
smelling air tight scoop Easy & clean to pick up with poo bag

Figure 5-1 z Example of a single stimulus taken from Stimuli Set A.

Source of initial design concepts. The individual concepts that comprise each stimulus
were taken from an independent concept generation experiment to which the researcher
made a significant contribution The procedure for this experiment is presented in
Appendix 3. The design concepts wer created in response to one of four design briefs,
listed in Table5-2. Whenever pairs of concepts were presented alongside a design task,
that task was always the onéhat the design concepts were originally created in response

to.
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Table5-2 - List of the four design tasks used in the experiments

Task # Description

DT03  Domestic food waste is a serious problem due to ddal food shortages and socio
economic imbalances. Generate concepts for products that may reduce
unnecessary food wastage in the home.

DT06  Camping is a popular activity but can have negative environmental impacts
through disruption to wildlife; litter and pollution of water sources. Generate
concepts for products that reduce the negative impacts of camping.

DTO7 Long-distance water transportation may be necessary in droughprone
developing nations but can be problematic due talack of resources and
infrastructure. Generate concepts for products that may facilitate water
transportation in developing nations.

DT09  Sitting in the same position for long periods may be harmful to health. Generate
concepts for products that may facilitate physicaéxercise whilst completing
activities in a seated position in the home and office.

Summary of stimuli sets. The three stimulus sets that were used are summarised in
Table5-3. In each set, design concepts are only paired with design concepts from the same
task. Within a stimulus set the order within each pair, i.e. whether concepts were
presented on the left or theright, did not change. The following details match the columns
of Table 5-3.

1 Mental representationz the presumed nature of mental design concept
representation in the respective stage of research.

1 Warmup or main setz shows the number of pairs used in either the warmup or
main set of concepts and the design task that they were associated with. In phases
1 and 2 there were no warmups, this was introducg in phase 3.

1 Intended manipulation z Sets A and B were created by manipulating the
alignability of the pairs to provide a priori control of similarity . Set C was created
with the intention of the pairs spanning a range of rated similarity.

1 Validation method z the similarity manipulation was evaluated using the similarity
ratings elicited in each phase.

1 Validation outcome- the manipulation for set A failed validation, prompting a new
manipulation method in Phase 2. The manipulation for set B failed itatended
validation (5 levels of alignability leading to five levels of similarity) but the pairs
were shown to span a range of rated similarity which was sufficient for use in Sim
P2. Stimuli set C was then validated against the criteria that the conceptzan a
range of rated similarity.

9 Utilised properties z the properties of the stimuli set, postvalidation, that were

used in the similarity and combination experiments. In the case of set A, no
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properties were utilised because it failed evaluation. In ta case of set B, the

utilised properties differed from the intended manipulation.
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Table 5-3 - Summary of the three stimulus sets used in the three phases of research.

Chapter5 z Materials and methods

Set Experimen Mental Warmu  Main set details Intended Validation method Validation outcome Utilised properties
ts representation p manipulation
details
A Sim-P1 Feature lists N/A 16 pairs 0AEOO | £ OE Similarity ratings Manipulation not N/A
ComboP1 4 from each of similarity concepts from 6 participants  validated
DTO03, 06, 07 and 09 2xhigh and 2xlow from
each ofthe four DTs
B Sim-P2 Features N/A 40 pairs Concepts of five levels  Evaluation of Five levelsz failed Concept pairs span a
lists/category of similarity based on alignability levels validation. range of mean rated
location 10 from each of category position and within-level similarity
DTO03, 06, 07 and 09 . Confirmation of
consistency. .
concepts spanning a
Similarity ratings range of similarity
from 11 participants
in SimzP2
C SimP3 and Structured 10 pairs 30 pairs Concepts of varying Similarity ratings Confirmation of Concept pairs span a
ComboP3  representation All from 10 from each of similarity }‘;ogil rTBgzgartlupants rc::cg%fss?rﬁ)ﬁg?iltng a ;?rr;%grﬁf mean rated
DTO9  DTO3, 06 and 07 9 y y

Note: DT = design tasks
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5.1.3General materials

In all experiments,participants were asked to read the geeral information sheet
(Appendix 5A) and then read and sigran experiment consent form(Appendix 5B) if they
agreed to take part. A demographic information formwas collected and task instructions

were presented on paper or using the survey presentain software.

General equipment and environment

1 Sketching and writing implementsRarticipants in the combination experiment
were provided with HB pencils to sketch with and an eraser. They were also
informed that they could bring their own pens or pencils if they preferred. To
maintain some degree of homogeneity in the visual propert&of the sketches they
were not allowed to use rendering markers or any other stationery.

1 Digital presentation software.During the three similarity experiments, the online
survey software Qualtrics software (Version 2018, Copyright © 2022) was used to
display images and record similarity ratings, explanations and commonalities and
differences from the participants.

i1 Standard experiment environmeni.he experiments took place in the department
of Design, Manufacturing and Engineerinlylanagement at the Uniersity of
Strathclyde. Combination experiments took place in one of two private rooms in
OEA AADPAOOI AT 06 O OA O Adear detks. Sitditaridylekperinéntsi A O C A
took place in a corner of the opesplan area of the research suite using computer
with a minimum of approximately four meters between the participant and any

other occupant of the office.

Recurring, task -specific materials. Stimuli were either presented on landscape A4 paper
stapled in the top left corner or using the digital preserdtion software. Participants in the
combination experiments were asked to sketch their combined concepts on a sketching
template. The sketch template, shown ifrigure 5-2, was printed on A4 paper in landscape

orientation.

119



Chapter5 z Materials and methods

PPT: | ‘ TASK: 1 TASK: Please both sketch and briefly describe your concept in the space provided

Sketch here:
Briefly describe the product:

Figure 5-2 z Example of the A4 sketch sheethat the participants use to externalise the
combined design concepts.

5.1.4Experiment tasks
Table 5-4 lists the research methods and experiment tasks used in the similarity and

combination experiments in each phase.

Table5-4 - Summary of the simuli set, methods, tasks and population used in each
experiment.

Similarity (Sim -Px) Combination (Combo -Px)
P Set|Method / task Pop # |Method / task Pop #
1 A |1 Similarity rating task E/D 6 |1 Design concept PDE 6
9 Observation familiar combination task competent
9 Observation
2 B |1 Similarity rating task E/D 11
| Similarity explanation familiar
task
9 Commonality &
difference listing task
1 Semistructured
interview
3 C |1 Similarity rating task PDE 37 |1 Design concept PDE 30
1 Commonality & competent combination task competent
difference listing task 9 Difficulty rating

P = phase of research, Pop = population, # = number of participanhere was no combination

experiment in research phase 2.

Four conceptual constraints influenced the implementation of the experiment tasks.
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(i)

(ii)

(i)

To avoid any influence of stimulus or task familiarity on task performance,
participants could not take part in more than one experiment usig the same

stimuli or experimental task.

To avoid unintentional priming or biasing of one cognitive process over another,
participants could not take part in the commonality and difference listing or
similarity rating task if they participate in the combination task. For example, one
of the reseach questions associated withObj. 3is to determine whether design
concept combination involves a process of comparison or scenario creation. If
participants variably used both processes, then prior elicitation othe comparison
process (as induced by the listing task and possibly the siraifity rating task) may
prime the participants to combine concepts via comparison, thereby obscuring any
scenario creation processing. This constraint combined with the previous one
means that participants could not participate in more than one experimentfaany
kind.

In the commonality and difference listing task, participants cannot list both the
commonalities and the differences for the same pair of concepts. This is because an
outcome measure of the listing task is the number of alignable and nonaligriab
differences listed by participants, but according to thé&tructural Alignment model
(Section3.2.1.2 noticing commonalities leads to the noticing of alignable
differences. Thus, prior &citation of commonalities and differences by the same

participant would result in a skewed increase in alignable differences.

(iv) When similarity rating is carried out in conjunction with the commonality &

difference listing task, sinilarity ratings must be elicited beforethe listing of
commonalities or differences. This is because instructing a participant to list
commonalities and differences inherently forces a comparison process which
could prime subsequent similarity ratings to ke conducted via comparison, even if

another process such as thematic similarity may otherwise occur.

These constraints were considered when designing the experiments reported in the rest of

this chapter.

5.1.5Selection of statistical tests

Throughout the thesis, statistical tests are used to draw inferences abothe populations
of interest from the sampled participants. Selection of which statistical test to use depends
on a number of factorsWhere possible, the specific tests used were the same as those in

the prior psychological studies upon which the research design is based. The selection of
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tests was also informed by the properties of the data, i.e., whether the variables were
normally distributed or not, matched (from the same participant) or not, and whether the
assumptions of a given statistical test were satisfiedased on these factors, statistics tests
were selected with reference to the Laerd Statistics statistical tutorials and fware
guides(Laerd Statistics, 2015a)

In some cases, the selection of statistical tests is informed by findings from prior research
(e.g.,Section7.2.1.]) or by specific properties of the dataln such cases, rationale is for the
choice of statistical test is presnted in the relevant sectionFor example, rationale is
provided in Section7.2.4.4for the use of the Wilcoxon signed rank test of group
differences (rather than a dependent-test), and extra steps taken to ensure that the test

was robust to the removal of outliers that vidate an assumption of symmetry.

52Simi Il arity experiments

5.2.1Similarity experiment 1

The first similarity experiment (Sim-P1) was carried out in Phase 1. The participants

Al i bl AOAA OEA OOEI EI AOEOU OAOET ¢ OAOES AT A x
Similarity rating task. The similarity rating task elicits numerical ratings of the similarity

of pairs of design concepts. It was adopted from similarity research in the cognitive

psychology literature (Markman and Gentner, 1993b, 1996; Tversky, 1977@nd used in

Sim-P1, SimP2andSim0 68 0AOOEAEDAT 00 xAOA AOEAA O 00/
Ai T AADOOGE ABO AOA Triildity. TEedWlere inftrudted taEfdgEtBeE T T 1 A&
similarity of the artefact represented by the sketches and text, rather than the properties

of the sketch itself. Nimerical ratings were used to evaluate the similarity manipulation

for Stimuli Set A(Section6.2). Observationof the participants informed procedural

changes that are implemented in SirfP2.

Participants. ¢ DAOOEAEDPAT 00 &£0i i OEA Owl CET AAOET CTA

Stimuli. Stimuli set A was used for this experimentl6 pairs of design concepts (2 pairs X

8 design tasks), 1 high and 1 low similarity pair from each task. The manipulation was

Ai AET C OEI EI AOEOU | * AANSRAiOSBO AT AEEEAEAT OQh

Materials. The stimuli and rating scales were presented on a computer.
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Procedure. The survey guided the participants through the similarity rating task on
screen. The first screen presented them with instructions for the experiment, the second
presented thedemographic information formand the subsequent screens presented the

concepts wth the rating scales.

One pair of concepts was presented at a time on a computer screBach pair was

displayed above a Likeritype scale ranging fromix h xEAOA p E O%@OOAIl Al
E O.10 AO Ail OEI EI AO68 4dtdne mhadtimb &ndthdreOO OAO
was no time restriction. Participants manually clicked an o+screen button to move to the

next pair and were not able to move back to prior pairs. Stimuli appeared in a random

order using a randomisation feature in the Quatics survey software. The experiment took

approximately one hour (M = 596.67s, SD = 214.58s, n = 6).

The experimenter sat inthe eye-line of the computer screen and observed the
participants. When the last pair of concepts had been rated the participantgere notified
on the screen that the experiment was complete and that they should notify the

experimenter.

5.2.2Similarity experiment 2

The second similarity experiment (SimP2) was carried out in Phase 2As per Phase 1, the
participants were observed while hey carried out the task so that the experimenter could
identify any issues with the newly added explanation portion of the task.

1 The similarity rating task . The similarity rating was the same as described in
Sim-P1.Participants provided similarity ratin gs on a 19 scale with 1 being the
least similar and 9 being the most similar.

1 The similarity explanation task .The task was adopted from previous research in
cognitive psychology using wordpairs as stimuli (Wisniewski and Bassok, 1999)
Explanations for similarity ratings can reveal whether the individual based their
judgement on the features of two concepts (indicating comparison processing) or a
thematic relation between the two concepts (indicating integration processing). It
is assumed that the act of explanation does not interfere with the similarity rating
process. This is based on prior research, in which similarity ratings of the same
stimuli setin a betweenC OT OPO A@GDAOEI AT O AAOGECT EAOA .
EAAT QWighidwski and Bassok, 1999, p. 217Avhen participants do and do not
provide explanations for their ratings.Explanations were coded to look for

evidence of featural or thematic processing. This contributes tObj. 3
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1 The commonality a nd difference listing task . The commonality and difference
listing task, also adopted from existing similarity researcli{Markman, 1996;
Markman and Gentner, 1993b)instructed participants to list as many
commonalities or differences as they can for a pair of concepts. This was intended
to be used as a preliminary test of the algorithmidevel similarity model processes
Owing to an error in assigning participants to list the commonalities or differences
for specific stimuli this was not possible, and so the task acts as a procedural pilot
for the subsequent listing task in Similarity Experiment 3 thereby contributing
indirectly to Obj. 3

1 Semi-structured interviews . Semistructured interviews were conducted after
Sim-P2 to get feedback about procedural and conceptual aspects of the
experiments. Procedural questions related to e.g., data entry and the duration of
the experiment. Conceptual questions elicited introspection from the participants
about their thought processes. Participants were informed before beginning the
experiment that they would be invited to take part in the followup interview after
completion ofthe experiment and that their participation would be valuable, but

they were reminded that they were free to leave the experiment at any time.

Five procedural changes for SiriP2 were borne out of the feedback and observation from
SimP1. These issues are stated alongside their implications Trable A71.
1. The number of total trials was increased.
2. The number of stimuli wasincreased and the number of design tasks was
decreased thereby reducing the variety of design tasks present.
Stimuli were presented onpaper rather than on a screen,
4. A requirement wasintroduced that all stimuli have textual descriptions that
explain the content of the sketch.

5. The design task was presented alongside the design concepts.

The unstructured feedback proved valuable but may not have captured the full breadth or
depth of insights that were available from the participants. Hence, the serstructured

interviews were added to SimP2.

5.2.2.1Similarity rating, explanation, and listing tasks

Participants. The participants belongedto theDAT CET AAOET CTAAOECT AZ£AI E
Specfically, they were 11 individuals, eight with at least three yearsf formal product
AAOGECT AT CET AAOET ¢ AAOAAOQEI T h Ox1 xEOE |1 AOOA
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PhD researcher with two years of experience in product design research deemed
equivalent to the required experience for this population. Participantsdemographics are
listed in Table A32.

Stimuli. Stimuli set B was used for this experimentTable 5-3). 40 stimuli, ten from each
of DTs03, 06, 07 and 09. The intended similarity manipulation was five levels of

alignability based on category position and coding siitarity.

Materials. Participants were given thestandard information materials,a stimuli booklet
and an additional instruction sheet for the listing task. Stimuli were presented on paper;
similarity ratings, explanations and listing responses were done on the computer using a
mouse and keyboardEach participant received a unique booklet with the stimuli
presented in a random orderThelisting task instruction sheet indicated whether they
should list the commonalities or differences for the corresponding pair of design concepts
in the stimulus booklet. Participants used the same booklet for the similarity rating and
the listing tasks ard thus saw the concepts in the same order for each task. The

experiment took place in thestandard experiment environment

Procedure. The experiment was carried out in two parts: (i) similarity ratings and
explanations, and (ii) commonality and differencdisting. Participants were given full
instructions for the similarity rating and explanation tasks at the beginning of the
experiment and were told that they would complete another task in part 2. They were told
that the task would involve making more judgments about the design concepts and that
full instructions would be provided in part 2. The nature of the commonality and
difference listing task was obscured to mitigate the risk that knowledge of an upcoming
comparison task would force featural processig and thus inhibit any thematic processing

that would otherwise take place.

Participants provided a similarity rating and explanation for each of the 40 pairs of

concepts. The similarity scale in the first part of the experiment ranged from 1 (not at all

OEi E1l A0Qq O1 w j AgOOAI A1 U OEI El AOgQh xEOE uv AA
with the rating scale and explanation text box simultaneously but were instructed to

provide the numerical rating first and then type an explanation without changingheir

initial rating. After providing a rating and explanation the participant could move to the

next page at their own pace, but once they had moved on, they could not return to a

previous pair. No time limit was placed on this part of the task.
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Participants were then prompted to return to the start of the booklet to begin the
commonality and difference listing task. They were given 1 minute to respond to each pair
of concepts and they were timed by the experimenter who asked them to move on after 1

minute.

Explanation coding. The coding procedure is shown ifFigure5-38 4 EA DAOOEAEDPA
Aopil AT ACET T O xAOA AT AAA AO OEAAOOOOdeindions &qh O
from the literature.
f Explanatons x AOA O1 AA Al AADAAG GAALEGABOA AT T OAE]
commonalities or differences. For exampleO" 1T OE EAOA ¢ OEAY AQAA
- tracks and displays food date, but one has [the] additional function eéfing food
AOAOE Ath®pariciphnCspedifies the function of the concepts as a common
feature and a secondary function as a difference.
T %@bl AT AGETT O xAOA O AA AT ARAA AO OOEAI AOE
external and complementary relat ion between the two concepts. For example,
O/TA ATTAAPO Ail11AAOO xAOAO AOT I OEA AEON
AT 1T AAPO xEEA i thid Oypdthétbdl exdnple, En®téadsfer of the water
from one concept to the other is a themati relation and both concepts are used
together in complementary roles in a scenario.
1 Any response that could not be coded as one of the above was coded as
Ol OEAOQG
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Figure 5-3 - Coding procedure for similarity explanations in Similarity Experiment 2 (Sim

P2).

The researcher completed the first pass of coding using the definitions given abovetbe
full sample of 439 responses. A second rater was then trained on the same definitions
using a coding handbook (Appendix &) before rating all responses. The contingency table
for the two judges is shown inTable5-5. The initial agreement was 94.99%3. 22

responses were arbitrated bya discussion leading to the final interpretation of

explanations.

Coding scheme

!

Coder training

l

Independent

Full sample of
explanations (n=439) coding

l

ICR Scores ’

ICR assessment 4"
o Qualitative over-
Arbitration

view of ‘other’ codes

l

Final interpretation
of explanations

Table5-5 - Coding cantingency matrix for similarity explanations

Rater 2
(independent)

13 |n this instance a simple percentage agreement was deemed saiint for describing agreement
between raters.This percentage agreement indicates high agreement between judges, but
+ OEDDAT AT OEA3 O Al DE Ahis@#éi OA

AT OOAODPITAO O A
happen when most of the data fall into a sirlg category(Zecet al, 2017).

Rater 1
(Researcher)
F T (0]
F 410 0 9
T 0 0 1
o] 12 0 7
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439 explanations coded, grey boxes indicate agreement (n=417)

5.2.2.2Semistructured followup interview

Following the completion of the similarity experiment, participants were asked if they
would like to participate in a semistructured follow -up interview to help evaluate the
experimental procedure and to gain insights into their cognitive processes throug
introspection. Eight openended questions were asked of seven participants who

volunteered to take part.
Method. Each interview was audio recordedand transcribed.

List of questions. Eight questions were asked.

1. Do you have any general thoughts on thexperiment; any comments you would
like to make?

2. Were there any elements of the experiment which you found to be particularly
difficult?
How do you feel about the means of data entry (i.e. via laptop)

4. Do you feel that the accuracy of your similarity judgenmgs was consistent
throughout the experiment, or do you think it changed?

5. Do you feel that the manner in which you determined similarity changed
throughout the study?

6. Do you feel that you had enough time to list the commonalities or differences of a
pair of concepts?

7. Please comment on your enerdyeffort levels towards the end of the experiment.

8. Do you have any suggestions for how the experiment might be improved?

Analysis. The responses to the questions were interpreted by the researcher. Through
iterative rounds of analysis, the content of the responses was interpreted, issues were
identified, and their implications and potential resolutions were logged. These data are

presented in Table A7-3.

5.2.3Similarity experiment 3
The third similarity experiment (Sim-P3) was carried out in Phase 3. Both th&milarity
rating task and commonality and d ifference listing task were usedto test the

hypotheses associated with the proposed model of design concept similarity judgements.
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Five procedural changes were implemented based on the responses to the semi
structured interview questions in Sim-P2.
1. A practise trial was introduced
2. Verbal assurances were given to participants that they need not worry about
repetition in their answers, but they were also instructed not to copy and paste
their responses
Some stimuli were changed (se8ection6.3.4.])
4. The time constraint on the commonality and difference listing task was removed

Some hardware was swapped owing to issues with the keyboards used

5.2.3.1Similarity rating and comnality and difference listing tasks

Participants. cx DAOOEAEDPAT OO xAOA AOAx1T £O0T 1 OEA
Stimuli. Stimuli set C was used in this experiment. This comprised two stimuli booklets,
one for a warmup (10 pairs x 1 task) and one for the main rating task (10 pairs x 3 tasks).

Each participant saw pairs spanning a range of similarities in one of ten random atk.
Materials. The materials were the same as those used in SiR2.

Procedure. The experiment was carried out in three sequential parts: (1) warmup
similarity rating exercise, (2) main similarity ratings, and (3) commonality or difference
listing. At the beginning of the experiment, the participants were given full instructions for
the similarity rating and explanations task and were told that they would complete
another listing task in part 2. Full instructions for part 2 were given aftethe completion of
part 1. The experiment took place in the standard experiment environmenho time limit

was placed on the tasks.

Participants were instructed that the purpose of the warmup was to let them become
familiar with the rating scales and that their responsse would not be analysed.

Participants rated the similarity for the 10 warmup pairs from 1 (not at all similar) to 9

i AGOOAI ATl U OEIiI Ei Abgqh xEOE v AAET C Oi i AAOAOGAI

participant could move to the next page at their own pee but could not then move back to
a previous pair. Upon completion, they were asked if they had any questions before
moving on to part 2 where they rated the similarity for the 30 pairs using the same

procedure as before.

Once the participants had compleed the ratings they were instructed to return to the start

of the booklet to begin the commonality and difference listing task. Unlike SH®2, no time
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limit was placed on the listing task; they were instructed to continue to list commonalities

or differences until they fdt they had run out.

5.2.3.2Difference coding

Differences were coded as alignable or nonalignable using a deductive coding approach,
meaning that the definitions of alignable and nonalignable differences were adopted from
the psychology literaure and applied in a design contexfThe coding process was carried
out in two rounds, both of which involve the same core elementg-{gure 5-4). That is,

codes were ddined, a sample of differences ascoded by the researcher, the same sample
was coded by an additional judge or judges and disagreements were arbitrated. At the end
of round 1, conceptual issues were identified in the application of the scheme leading to
refined code definitions for round 2. At the end of round A satisfactory level of reliability

was achieved.

As perMarkman and Gentner(1993, 1996) a conservative measure of alignable

differences was used. This means that participants may have noticed an alignable

difference but failed to report it as such. This should make relevant hypotheses more

difficult to support. For example, a participantasked with listing the commonalities and
AEEEAOAT AAG AAOxAAT A AAO AT A A 1101 OAUAT A |
i TO1T OAUAT AO Ai1606h E8A8h 1 EOOETC A 1T11TAIECI
experiment the participantwasthi EET ¢ O#AO0O0 EAOA &I 60 xEAAI Oh
Oxi 6h EB8A8h 1 EOOET C Al Al ECT AAT A AEZAZAOAT AAS
based on the content of the response, and not their inference about what the participant

= s o~ A o~ osN N

Coding round 1

: L ICR )

: | Design differences 50% of responses o Full coding
. [ coding scheme 1 from 8 ptp. (CM) kgti;(’)4;/021 Arbitration M

50% of responses
from 8 ptp. (J1)

Conceptual
issues

Coding round 2

i | Design differences 10% of responses 84|C93% o Full coding Final codes for
1| coding scheme 2 from 35 ptp (CM) koo 0797 Arbitration M analysis

10% of responses
from 35 ptp (J1&J2)

Figure 5-4 z Overview of the coding process for alignable and nonalignable differences,
Sim-P3
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Round 1. A coding book was created using definitions and examples of alignable and
nonalignable differences from studies in the psychology literatur¢Appendix 5C). The data
from the first 8 participants to complete SimP3 was cloned to conduct an initial coding
trial. 32.5% of the responses from the first 8 participants were selected using a random

number generator and codedOf 135 responses, 109 were the same and 26 veedifferent,

CEOET ¢ A PAOAAT OAGCA ACOAAT AT O 1T £ ymBox1b8

identify the source of disagreement the 26 differences were arbitrated. The results of the
arbitration, combined with the subsequent application of the codingcheme to the full

sample of data, revealed issues with the coding scheme that were addressed in round 2.

Round 2. The coding scheme was the same as described previously, with the additioi
Al O1 OEAOS6 AT AA AT A EEOA 1T Ax Al AOEEUET C
(Appendix 5D).

A sample of 245 differences was created for a test of inteater reliability (IRR). This is
13.45% of the 1822 differences listed by 35 participants in response to the commonality
and difference listing task (two participants were excluded from analysis, segection
7.2.22). This sample was derived by randomly selecting responses to the listing task
(containing an average of 4.08 differences each). This comprises responses from 27/35
participants to 26/30 stimuli. Of the 245 responsesthere were 13 cases Vkere at least 2
of 3 judges determined that the participant has spread a response (AD) over two lines.
These cases were collapsed so that they would not be counted twamed artificially inflate
the reliability score. Of the 232 differences, the judges agreed on 197 (84.91%) and
disagreed on 35 (15.09%), kalpha = 0.797. This result was taken as sufficient for moving

on to coding the full coding scheméerlhe researchemreviewed the disagreements to gain an

understanding of the causes of the differences between the judges and then coded the

entire dataset.

+0E

53Combi nati oni segpxpxarfiimenmad er i al

This section reports the two combination experiments conducte in Phases 1 and 3,
termed CombaeP1 and CombeP3 respectively.Table 5-4 shows the methods used in each

combination experiment.
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5.3.1Combination experiment 1

This sectionreports the experimental methods for CombeP1. Participants were observed

while they carried out the design concept combination taskn the design concept

combination task, participants were presented with pairs of design concepts accompanied

by the briefthat they were initially generated in response to, and were asked to combine

them to create a new concept that addressed the same brief. The participants were not

CEOAT A AAZETEOGEIT 1T &£ OAI I AETAGEIT T8 AO OEA O
processing from the participants in whatever form the participants understood the term to

mean. This task ated as an initial pilot study for the design concept combination

paradigm used again in Combd®3, thereby contributing indirectly to Obj. 4 It also

DOl OEAAA AAOA OOGAA ET Al ET EOEAI t@OEAI 1 £ Al
requirement for coding schemes Observationof the participants informed procedural

changes that are implemented in Comb®3. Participants were also timed to determine an

appropriate duration for the next combination experiment (CombeP3).

Participants. 6 people participated; all participants had ifst degrees in PDE or a related

discipline and were PhD students at the time of participation. 5 participants had

Ol AAROCOAAOAOA AT A¥YT O - AOOAOGO AACOAAO EI DOI
an undergraduate degree in sports engineering but waacluded based on their research

and teaching experience in PDParticipants' demographics are listed inTable A33.

Stimuli. Stimuli set A was used for this experirant; 16 pairs of design concepts, 2 pairs

from 8 design tasksand 1 similar and 1 dissimilar pair for each task. The manipulation

xAO AT AET ¢ OEI El AOEOU | * /SAcode20A 86 O AT AEEEAEAT
Materials. Participants were given thestandard information materials,a stimuli booklet,

sketch sheet@ndthree HB pencils. All information presentation and responses were done

on paper. The stimuli were of the same format as described in Sectidnl.2and included

the design brief.Each participant received a unique booklet that included the same siulli

in a random order

Procedure. Participants were instructed, for each pair, to combine the two concepts to
create one new concept that addressed the same brief. No time limit was placed on each

sketching trial. Specific instructions that elicit combinaibn are as follows:

0&1T O AAAE OAOEh UT O xEIl AA DPOAOAT OAA xEC

(where applicable), descriptions of those concepts. Please read the problem brief and
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then sketch a new concept that is a combination of the twasérg concepts. Sketch
this new concept on the sheets given to you; each sheet has a number which

corresponds to the tasks in the stimuli packet.

Your sketch of your concept need not be highly detailed and need not include details
such as dimensions. Yshould try to convey the key components of the concept, and
uré 1T Au AT 11T OAOA Ui 6O OEAOAEAOS8O
The experimenter sat intheeyel ET A T £ OEA DPAOOEAEDAT 080 OOEI
and observed and timed the participants using a digital timelVhen the kst pair of
concepts had been rated the participants were notified that the experiment was complete

and that they should notify the experimenter.

5.3.2Combination experiment 2

This experiment (ComboeP3) was carried out in Phase 3 and utilises Stimuli SetThe

data collected from thedesign concept combination task were used in the development
of the design concept combination coding schem&ection5.3.2.2), thereby contributing

to Obj. 4. The combined concepts weranalysed(Chapter8) to addressObj. 4. The

difficulty rating task provided subjective ratings of how difficult it was to combine each
pair of concepts. After combining a pair of concepts to create a new one, participants were
asked to rate how difficult it was to combine that pairUnlike CombgeP1 participants were

not observed.

5.3.2.1Tasks
Participants. 30D AT b1 A A£O0i i OEA O03% Al i @Nodfoitied DI DOI
participants in this experiment took part in any of the other experiments presented in this

thesis.

Stimuli. The main set of 30 pairs of design concepts from Stimuli set C was used for this

experiment. Note that the warmup booklet used in is-P3 was not used in Combd3.
Materials. The materials were the same as those for Comiseil.

Procedure. Participants were given three minutes to complete the combination task and
sketch their concept. At the end of the three minutes, they were told tonfsh what they

were doing and rate how difficult it was to combine the concepts. They were informed that
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if they were finished before the 3 minutes, they could verbally inform the experimenter

and move on to the next pair.

The instructions given to participants were based on those in CombB2 but with minor
changes to the paragraph formatting and language. Participants were asked to combine
concepts to create a new concept that addresses the same brief.

Ovs8 #11 AET AGET1T OAOE EI OOOOAOEIT O

For each task yowill be presented with a problem brief, two existing concepts and

(where applicable), descriptions of those concepts.

Your task is to combine these concepts into a new concept that satisfies the brief for
that task.

Sketch this new concept on the shegigen to you. You will be given 3 minutes to
sketch a new concept, however you may move on before this time if you are satisfied
xEOE UI 60 AiITAADPO8S

2. Difficulty rating

After each sketch please rate how difficult it was to combine the two concepts on the
OEAAO DPOT OEAARABS

The experimenter sat in the same room as the participant facing perpendicular to the
orientation of the participant, approximately two meters away. Thesetup still allowed the
experimenter to inform the participant when 3 minutes had passed, make sure they
completed the difficulty rating, and receive verbal acknowledgements if the participant
moved on to a new task earlyWhen the last pair of concepts hd been rated the
participants were notified by the experimenter that the experiment was complete and that

they were free to leave.

5.3.2.2Combination type coding

The coding of combination types took place over three roundd-igure 5-5). The first

round began with combinationtype codes from theDual-Process modebf conceptual
combination that were iteratively evolved to be applicable for coding design concepts. The
secondround was an evaluation of this coding scheme that resulted in poor inteater
reliability. This scheme was modified again and evaluated in the third and final round of

coding, resulting in satisfactory reliability.

134



Chapter5 z Materials and methods

;‘l a) Initial coding scheme development

Coding scheme vO

Iterative

4

Design combina- !

(CC definitions) coding trials (CM) tion coding
scheme 1
b) Evaluation of coding scheme v1
Design Full coding 1 (CM) ICR Design
combination Full sample (n= [ 712% ka = 0.50 Arbitration combination
coding scheme 1 763) <o RE = coding scheme 2
Independent

¢ ¢) Evaluation of coding scheme v2 and final coding

coding (J1) (14.5%

sample,n=111)

Design
combination
coding scheme 2

Partial coding (CM)
(~10% sample,
n=76)

ICR
88.15%, ka = 0.82

Full coding (CM)
Full sample (n=

:

4’{

763)

Partial coding (J1)
(~10% sample,
n=76)

Figure 5-5 z Overview of the coding process for combination types, Come3.

Initial coding scheme development ( Figure 5-5a). The initial phase of coding scheme

development began with nominal definitions of combination types from the psychology

literature (Coding scheme v0) and lead to the development of the first version of the

design concept combination coding scheme (Coding scheme v1). For each design concept,

an attempt was made to apply one of the initial codes from the conceptual combination

literature. If none of the codes were applicable a new code was defined.

Four initial definitions were adopted from Wisniewski (1996), p.438439.

1 Property-mapping - one or more properties of a constituent were asserted of the

OAZEAOAT O 1T £ OE AgréfAll A Geh ehvBiErG@iNthiOA ERATG GEI O
PENCILRAKE Aporyx BOE OOQEmRAD® h Al O
1 Hybridisation z the combined concept involves combinations of the two objects or
Al OEOGEAO OEAO xAOA AT OE 1T £ OEA TaAMBAAOOLh
DOl PAOOEAO 1T £ AT OE Al A1 APEAT O AT A A 111«
AT T AET AOETT 1 AAAAOTOAEARGe A O 1 AAAAO OAE/
1 Relationalz the combined concept involves a relation between two objects, as in

SQUIRRED

T L o~ o~ 2 s N

AT A O@disDE A E A& BinkE ReEIN O

9 Otherzthe combined concept cannot be coded as any of the above.
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The outcome of the initial coding scheme development is shown fable A61. The three
forms of combination from the Dual-Process modebf conceptual combination

(Wisniewski, 1997a) evolved into a scheme comprising 6 types of response to the design
concept combination task. These codes were Featural (F), Relational (A), Non
combinational (NC), Insufficient information to interpret sketch (I) and Unclear how
concept addresses brief (M The featural and relational codes correspond to the property
mapping and relational combinations from the initial definitions in the bullet list above.
Unexpectedly, in many responses participants had successfully created a design concept
but there wasno evidencethat combination had taken place. For some codgwultiple
sub-types were identified that were deemed to be unnecessarily granular but were

included in the descriptions of each code to help the coders.

Coding round 1. Codinground 1wascarh A T OO0 O1 AOA1I OAOA AT A EI E
#1 AET C 3AEAI A Opd AU Add reliabilifyarg, if Aecdssh O OOA | &
adapting the coding scheme. A coding booklet was created that contained a coding scheme

and coding procedure(Appendix 6C).

The researcher coded the full sample of responses which consisted of 763 design concepts
created by 29 participants in CombeP3. This initial coding of the entire sample was
conducted to test the applicability of Coding scheme v1, as up until this pointdtscheme

had not been applied to all design concepts. It was possible to apply the coding scheme

without any substantive issues.

To gain a measure of interrater reliability, an independent judge (J1) coded a randomly
selected 14.5% of the same sample. iEhsubsample excluded the participant that was
removed from the analysis(Section8.1.2.1). It alsodid not include any NR codes (no
response) to avoid artificially inflating the reliability score with responses that were
trivially easy to code.The researcherand J1 agreed on codes for 71.2% of the design
concepts (79/111), kalpha = 0.4936. This indicates poor reliability between the two
judges. Thus, although thecheme could be applied consistently by the researcher, it was

not sufficiently robust to allow an independent coder to apply the schemeonsistently.

To identify weaknesses in the coding scheme, arbitration was conducted to identify the
reasons for the 2 disagreements. The judges each presented their rationale for the code
they selected, discussed the disagreement and attempted to arriveatonsensus.

Consensus was achieved in all 32 cases and the reason for disagreement was noted.
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Of the 32 disagreemats, the researcherwas correct for 15, J1 was correct for 12, and
neither judge was correct in 5 instances. The reasons for disagreement were analysed by
the researcher and five types were identified.
f Ambiguous (3/32) zOEA AT OOAAO ATl A &toneharbottuded ECOT 006
were incorrect.
9 Difference in interpretation (7/32) z disagreement can be attributed to differing

interpretations of the design concept. When the judges discussed their

ET OAOPOAOGAOGEIT T1TA EOACA Al xafon.O0 AAZEZAOOAA
1 Insufficient info (3/32) z The judges disagreed on the interpretation but could not
ACOAA 11 A OAT OOAAOS ET OAOPOAOAOEITT 1 xETC

1 Issues withthe definition of acode (4/32) z There were issues regarding the
clarity of the ambiguous (1/4) and relational (3/4) codes.

1 Judge mistake (16/32)z disagreement was attributed to improper application of
the codes, either bythe researcher(5/15), J1 (9/15), or both judges (1/15).

If the 15 disagreements that were attributed to mistakes by the judges were not made, the
maximum agreement that could have been achieved was 85.6% (95/111). This was

interpreted to mean that the coding scheme still required development.

Two issueswere identified that could be addressed to improve the coding scheme. First,

OEA AAZET EOETT 1T &£ OOAI AGETT A1 &8 AT 1T AETAOCETT «x
AT 1 AET ACGETT ET xEEAE OA1T AT OEOU ET 1TA AiTAA
othAO AAOECT AiI 1 AADPO68 4EEO EETA 1T &£ Al il AET AGET
had been misattributed as relational. These substitution combinations can be construed as
AEOEAO OAI AGETTAI T0 EAAOOOAI AADPhAhdamile 11 O
thus be ambiguous. Secondly, the definition of a relational combination was still not clear.

This was addressed by adding a sufficient condition and extra information for defining

relational combinations. This resulted in the creation of Codingcheme v2(Table 5-6).

Coding round 2. Coding round 2 was conducted to evaluate Coding scheme v2 and code
the full set of data to produce the final codes used in the analyses. To determine whether
the new codingscheme could be applied with greater interrater reliability, a new,
randomly selected 10% of the data were selected and coded the researcherand J1
(n=76/763). The judges agreed on 67/76 codes (88.16%), kalpha = 0.816. Following the
heuristics established by (Krippendorff, 2018, p.241-242) this was taken as an acceptable

level of reliability. Subsequently, the entire dataset was coded lilge researcherusing
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Coding scheme v2. This produced the final set of codes thatre used in the analysis of
ComboP3(Chapter8).

Table 5-6 z Combination coding scheme v2

Code Label Code description

Successful trial - Combination

Featural F The newly created singledesign artefact containsunique elements
from the artefacts in both base concepts
Relational R The combined concept has been created by relating two entities

together. The two entities must be from different base concepts and
both must be novel artefacts or specific existing products designed for
use in a system.

The original entities may have beemodified (sometimes extensively)
to facilitate the creation of a new relation between them, but you
should be able tainfer that the relevant artefact in the output is a
modified version of one of the base artefacts.

A sufficient condition for a relational combination is the presence of
two spatially distinct entities that can be attributed to entities from
different base concepts

Relational combinations can also bematially co-located entitieswhere
it can be inferred that the base concepts have beeelated by an
external structural relation.

Ambiguous A Ambiguous combinations are those that can be coded as both featural
orrelatonalh AAPAT AET C 11 1T1TA80 AEOAI A

Successful trial - Non-combinational ideation

Non- NC The new design concept addresses the brief but there is no evidence

combination that combination has occurred. There are at least three kinds of nen

combinational concept:

i1 entirely new concepts,

1 modifications of one base concept (withouelements of the
other),

9 artefacts that builds on commonalities of both base concepts (but
without any transfer of elements that would indicate a featural
combination).

Unsuccessful trial

Other I Insufficient info - The representation of thedesign concept cannot be
interpreted.

U Unclear how address brief A new design concept has been created. It
is possible to infer the intent of the designer but the concept does not
appear to address the design brief.

@) Other z the conceptcannot be coded by any of the other codes

54Summar y

This chapter has described the experimental methods for all of the studies in this thesis.
This includes general materials and methods used throughout the studies (Sectibrl),
three similarity experiments (Sim-P1, P2 and P3, Sectidh2) and two combination

experiments (ComboP1 and P3, Sectiob.3). This chapter is referenced irChapters 6
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(stimuli creation), 7 (similarity results) and 8 (combination results). The correspondence

between these chapters can be seen Kigure 4-6.
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6STI MULI CREATI ON

As established inChapter4, the first requirement for empirical research(R1) was to

create pairs of design concepts of varying similarity for use in the similarity and
combination experiments. This chapter reports thee phases of stimuli creation, which can
be seen in context on the research map fRigure 4-6. In total, three sets of stimuli were
created using three different method, one for each phase of the researcBhach stimuli set
was created to facilitate the similarity and combination experiments in that phas&.he

sets were changed between phases to improve on the prior phase by implementing a
different manipulation or by introducing additional control measures to increase the

homogeneity of the stimuli within the set.

For each set, evaluation criteria were defined and the sets were evaluated using the
similarity ratings elicited in the similarity experiment in the respective phase. All stimuli
sets were created to address at least the minimum requirement of varying in similarity
(e.g., groups of high and low similarity or a range of similarity ratings). Two sets of stimuli
were initially created with the more ambitious goal d directly controlling the similarity of
pairs of design concepts by manipulating their alignabilityNeither set satisfied these
additional criteria and were either abandoned or reevaluated in terms of similarity alone.
The chapter begins wih a review of methods for creating pairs of concepts that vary in
similarity, drawn from the psychology literature (Section6.1). Sections6.2 - 6.4 report the

creation of stimuli sets A, B and C (phases 1, 2 and 3 respectively).
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6. 1Metdhso f or concept <creation

Thefirst requirement for empirical research(R1) was to create pairs of design concepts
that varied in similarity. No studies could be found in the design literature in which early
stage, sketchbased design concepts were used as stimuhor in which the similarity of
pairs of design concepts had beemanipulated. To inform the stimuli creation process,
inspiration was taken from prior experimental research into similarity judgements and
conceptual combination in the psychology literature. Four methods were reviewed along
with their benefits and limitations as methods for creating pairs of design concepts that

vary in similarity.

6.1.1Intuition and experimental evaluation.

Pairs of highly similar and dissimilar concepts can be created using a mixture of
researcher intuition and independent ratings.In a study of conceptual combination and
emergent properties, Wilkenfeld & Ward(2001) first created 90 pairs from various

cated OEAO j ET Al OAET ¢ I OOEAAT ET 00001 AT O0Oh
45 pairs were assumed to be similar and 45 were assumed to be dissimilar. 53
independent raters were then asked to rate the similarity of the pairs and these ratings

were used to select the 8 most and least similar pairs.

Benefits. In comparison with the other three classes of methods, the use of intuition as a
first-pass approximation of similarity requires relatively few resources. The method is not

limited to use with any particular kind of stimuli.

Limitations . The need for independent ratings may increase the resource requirements
for participant recruitment. The exclusive use of human judgements means does not

account for two different types of similarity and may intoduce unforeseen biases.

6.1.2Semantic similarity

Semantic similarity generally refers to some measure of the likeness of the semantic
content of words or passages, i.e., the meaning of the text.
1 The distance between theelative position of words in semartic networks such as
wordnet (Miller, 1995) or the EDR concept dictionaryfYokoi, 1995) (e.g., Nagai
and Taura, 2006; Taura, 2016Chapter 8) can be used as a measure of semnt&

similarity.
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1 Similarly, in Latent Semantic Analysis (LSALandauer, 1997)the meaning of
words or passages is derived from the contextual usage of the words in a large
corpus of text. LSA has been used to assess the similarity of hesdins in noun
noun pairs in conceptual combination(Xu and Paulson, 2013)

9 Latent Dirichlet Allocation (Blei et al,, 2003) (a machine learning technique) infers
O01 PEAOS A&O1 i xEOEET OA@OOh AT A OET OA
proportions are judged to be more similar overall. It has been used to estimate the
semantic distance between ideas for solutions to environental and social
problems from the openIDEO database (https://www.openideo.com/)(Chan and
Schunn, 2015)

Benefits. Lack of reliance on human judges, provingreater repeatability and lowering

resource demands.

Limitations. The semantic similarity methods are limited in that they require textbased
representations. Ths problematic for manipulating the similarity of design concepts sine

it cannot account for a perception of similarity derived from a sketch of a design concept.

6.1.3Artificial stimuli and manipulation of elements

The alighability of certain types of pictorial stimuli can be controlled by creating artificial
stimuli in which the constituent objects and relations are manipulated manually by the
researchers. Assuming that similarity is a product of a structural alignment viewf
similarity, this facilitates indirect control over similarity. Markman and Gentner (1996)
use this technique to create triads of pictorial scenedVisniewski and Middleton (2002)
AOAAGAA PAEOO | £ Gbnipikd gedmEtdcGHape2@eséntedi O 8

pictorially and given fictitiousnames
Benefits . Grants precise control over alignability.

Drawbacks . The use of artificial design concepts would limit the external validity of any
studies, compared with e.g., design concepts created by designers during the design
process. The method is also lavily dependent on assumptions about mental design
concept representation and what constitutes an object or relation in design. Does not
account for the potential role of thematic relations in similarity judgements or

combination.
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6.1.4Category location as@oxy for featural commonalities.

The location of concepts in a concept ontology has been used as a proxy for similarity
(Markman and Gentner, 1993b; Wisniewski and Markman, 1993This is because
membershipin a taxonomic category depends on featural simifdy to known members of
that category. Taxonomies are systems in which categories (concepts) are related to one
another by classinclusion relationships, with subordinate categories being members of
superordinate categories(Roschet al, 1976). Members of the same superordinate class
share many common properties by virtue of their common category membership. For
AgAi bl Ah AOI AEAEOOh OI1 AEET ¢ AEAEOO AT A OAAIE
category and all share many featureAn examplefrom Markman and Gentner(1993b)

can be seen irFigure6-18/ 1001 1 1T C E A ivas usBda®OptokyXok Smilarity, where
ontological distance is defined as the number of nodes that hato be traversed to get

from one of the lowest level nodes to another.

Tangible Intangible
Living Non-living External events Internal events
Animal Plant Furniture  Vehicle Events  Processes Cognitions Emotions

AAhar 4 4 4 4
'R ' 1 '

Figure6-1zAl A@ATI BT A 1T £ A GOdhaivi fldA RI&kmbanlafdiGeritnery 6 OA
(1993b). Numbersdenote ontological distance.
Benefits. Successful creation of a single category would allow for the selection of multiple

pairs of concepts at varying degrees of similarity.

Limitations. The method relies on being able to categorise design concepts in the kinds of
taxonomic concept ontologies shown irfFigure 6-1. At the time of reviewing this method, it
was not clear whether design concepts could be classified in taxonomic hierarchies, or
what the properties of those classifications would bébut see Section6.3 for a testand

evaluation of this method in a design context)
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6.1.5Summary

Four methods for manipulating the similarity of concepts were reviewed. These informed
the stimuli creation methods that were used in each phase of research.
1 The manipulation of alignability, as is the case in the artificial stimuli, influenced
the codingsimilarity method used in Phase 1 (SectioB.2).
1 The concept categorisation method was adapted for use in a design context in
Phase 2 (Sectior6.3)
1 The intuition and independent judgement method higlighted the benefits to
ecological validity in having human validation of stimuli; an idea that permeated

across all three phases.

The measures of semantic similarity were deemed not to be compatible with the eafly

stage design concepts specified in theesearch focugSection1.1.4.2.

6.2Phase 1: sti mul i set A

Stimuli Set A was created via a novel method of coding design concepts and computing
similarity from the common and different features of the pair. The goal was faroduce
two groups of high-similarity and low-similarity concepts. The method was evaluated by
the designer similarity judgements elicited in SirAP1. The success criteria for the
evaluation were that(i) the similarity ratings should be significantly higher in the high
similarity condition than in the low similarity condition, and that (ii) the similarity ratings

should not differ significantly within each of the two groups.

6.2.1Theoretical basis and coept representation

As part of research phase 1, when Stimuli Set A was created it was assumed that similarity
judgements were the result of predominantly featural processing and that thematic
processing was negligible. It was further assumed that desigmiecepts can be represented
by coding them in terms of their Function, Behaviour and Structure and that by
manipulating the degree of common and different F, B and S variables that it would be
possible to achievea priori control over human similarity judgements. These assumptions
arose from the early stages of work carried out by Dr. Hay with support from the
researcher which later evolved into a coding scheme for analysing exploratory design
ideation (Hay et al, 2020).
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The design concepts were coded with qualitative descriptions of the function, behaviour
and structure of the artefact. This coding scheme was an early projgte developed byDr.
Hay and as such the coding scheme itself is not presented as a contribution in this thesis.
The coding scheme comprised three types of codé&
1 (F) Overall function: a purpose the product fulfils in relation to the goal of the
design problem, where the goal is some future desirable state to be attained.

1 (B)Purposefulbehawourdo A PAOOEAOI AO AOPAAO 1T £ OEA
f (S)Functioncarrierd A DAOOEAOI AO PAOO 1T £ OEA DPOI AC
fundamentally involved in producing a purposeful behaviour, and in turn, fulfilling

an overall function.

The codes were developed iteratively by examining each conceggfining a code, and
grouping similar codes over time. Concepts could be coded with more than one code from

each class. An example of a coded concept is showrkrigure 6-2, Figure 6-3 and Table 6-2.

To create pairs of high and low alignability cooepts, the Jaccard coefficient of all pairwise
combinations of concepts in each design task was calculated. The Jaccard coefficient is a
measure of similarity for two sets of data, where the value is a function of the number of
matching and mismatching coés.lt is a limited form of the Tversky index (Sectior8.2.1.])
where | =1 = 1.Concepts were taken from the upper and lower ends of the range of

Jaccardcoefficient values to create the high and low similarity groups.

The Jaccard coefficient is expressed as:

g-:(
s
§

€
&

Or,

@QQQ.oszle i QB OO I
0 6 & (b (”“"m ¢ QB LEQO I

14 These three codes and the exact wording presented here were originally defined by Dr. Laura
Hay. They were working definitions at the initial time of creation and should be considered to be

temporary working definitions.
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6.2.2Method

Concept sample. Design concepts were taken from an ongoing idea generation
experiment (Appendix 3B). At the time, 36 participants had completed the experiment in
which they could create up to 3 design concepts in response to 10 design taskKhis led to
a sample of 644 design concepts across 10 design tasks. Eight of ten design tasks were
used. Two tasks (DT14 and DT19) were excluded because the solutions predominantly
involved the creation or modification of urban infrastructure (e.g., brigies, pavements and

roads) and as such were deemed to be outwith the PDE domain.

Filtering. To mitigate the chance of confounds stemming from inconsistencies in
representation modality or quality, the sample of concepts was filtered to homogenise the
quality of representation of the design concepts. Concepts were removed by the
researcherif they did not adhere to any of the criteria.
1 Sketch- The response contained a sketch of a design artefact (as opposed to only a
textual description).
1 Internal consistency- The sketch of the artefact matched the annotations and
textual description provided.
9 Address the brief- It could be inferred with little ambiguity how the presented
sketch and annotations could represent a concept that could address the brief.
1 Sketch qualityz The sketch was deemed to be of relatively high quality as decided

subjectively by the researcher.

The filtering process included a degree of subjectivity on the part of the researcher,

particularly with regard to the third criterion. Table 6-1 shows the number of concepts in

Table 6-1 z Design tasks and the number of associated design concepts used in Phase 1.

Design Task
Task # DTO3 DTO06 DTO7 DTO8 DT09 DT12 DT15 DT20
n_all 86 75 74 73 85 84 80 87
nhgs 20 20 20 18 32 40 41 45

N_all= number of design concepts associated with each design task when the concept samples were
cloned from the behavioural studyn hgse OEA T Oi AAO T £ OEI| @daliyAT AAO
OEAOAEG S8

Pair creation. The Jaccard coefficient for all pairs in a design task was calculated using the

cluster analysis function in NVivo Version 11. This returns a value between 1 and 0 for all
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pairs. Pairs were then selected by the researcher from near the top and bottom ends of the
ranges of Jaccard coefficient values, excluding values of 1 (identical) or 0 (no common

features), including only pairs where both sketches were coded as higjuality sketches.

An example of a pair of concepts from the highimilarity group is shown in Figure 6-2.

The F, B and S codes for each concept are showiT @able 6-2. In the rightmost column, a
value of 1 refers to a match and O refers to a mismatch. The Jaccard coefficient is the
number of codes shared by botlsets (n=3) divided by the number of codes in either set
(n=5) = 0.6 the greatest Jaccard coefficient for pairs in this design task was 0.6F)gure

6-3 visualises the matching and mismatching codes associated with each concept.

The output of the pair creation process was 16 pairs of concepts, including one high

similarity and one low-similarity pair from each of the 8 design tasks.
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concepts for products that reduce the negative impacts of camping.

Camping is a popular activity but can have negative environmental impacts through disruption to wildlife; litter and pollution of water sources. Generate

Same

C003-6-1

[ €001-1-3

Waste-compactor

‘ Personal refuse sack

Figure 6-2 z An example of a pair of design concepts in the high alignability group.

Table 6-2 7 The codes applied to the two design concepts Figure 6-2 and the resulting

Jaccard coefficient.

Code Concept A(C003-6-1) Concept B (C0011-3) Jacquard
F F06-05 Facilitate storage of waste FO06-05 Facilitate storage of waste 1
during camping trips during camping trips
B B06-01 Compact rubbish - 0
B06-02 Contains rubbish B06-02 Contains rubbish 1
S S06-13 Rubbish receptacle S06-13 Rubbish receptacle 1
S06-10 Mechanical compacting - 0

device

Jaccard Coefficient = 0.60

o

S06-10 -
Mechanical
compacting device

Codes™ ~Codes.
O.);_l e "’*—»Q
B0601 - Compacts
rubbish
Codes C

F06-05 - Facilitate
storage of waste
during camping tips~._

B06-02 - Contains
rubbish

506-13 - Rubbish
receptacle

Figure 6-3 z A visualisation of the common and different codes applied to the design

concepts inFigure 6-2.
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6.2.3Evaluation

To evaluate Stimuli Set A, the similarity ratings from the six participants in SkR1 were
analysed to determine:
(i) whether the mean similarity ratings for the highsimilarity group were
significantly higher than for the low-similarity group, and
(i) whether there were significant differences in the similarity ratings for the pairs

within the high and low similarity groups.

The mean similarity ratingsare shown inTable 6-3. Note that theLikert-type scale used in
this experiment ranged from 1 (high similarity) to 7 (low similarity). The ordering of this
scale onfusedparticipants and so the qualitative labels wvre reversed in subsequent
experiments (i.e., 1 was low similarity). To maintain consistency with the rest of the
experiments reported in this chapter the values have been inverted and thus Trable 6-3

higher numerical values represent greater similarity.

Table 6-3 7 Mean (M) and Standard Deviation (SD) for similarity ratings

High similarity Low similarity
tDaszig“ J Mdn n J Mdn n M- M
DTO3 0.67 5 6 0.10 3 6 2
DTO6 0.67 2.5 6 0.10 15 6 1
DTO7 0.67 6 6 0.11 3 6 3
DTO8 0.60 55 6 0.14 3 6 25
DTO9 0.75 3.5 6 0.10 5 6 -15
DT12 0.80 3.5 6 0.08 3.5 6 0
DT15 0.80 6 6 0.08 2 6 4
DT20 0.86 5.5 6 0.07 45 6 1
All 55 48 3 6

J = Jaccard Coefficient, M = mean, SD = standard deviatiom] ™ The difference between M for high
similarity and low similarity.

A MannWhitney U test was run to determine if there were differences in the rated

similarity of the base concepts in the hilg and low similarity conditions. Rated similarity

xAO OOAOEOOEAAI T U OECT EAFEAAT Minku BEQEAPAET OPRA

OEIi El A OENMd053.05W=581Dz =j4.686,p < .001. The rightmost column ofrable

6-3 shows the differences between the mean similarity ratings for the higland low-
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similarity groups. This shows that even thougloverall the ratings of the highsimilarity
group were significantly higher than those of the lowsimilarity group, in one design task

the opposite was true (DT09) and in anotherthere was no difference (DT12)

Kruskal-Wallis tests were conducted to determine whether there were differences in the

OEIi E1l AOEOU OAOET CcO &£ O OEA OOEiI Ol E EIT AAAE C
similarity ratings were statistically significantly different for differenO0 A A OE C4(7) DA OE Oh
20.610,pE 8nmt8 4EA OAI A xAO OOOA2EEB3ORPA OI 1 x O

.032. No posthoc tests were conducted for either condition.

&OI i OEAOA OAOOI 66h EO EO EIT £A Ocodkedpts @dichdds OE A
ET OAT AAAh OAOAA AO AAET C i1 OA OEIiEI AO OEAT O
significant differences within each groupndicate that the stimuli within each group were

not homogeneous.

6.2.4Discussion

It was proposed that if manipulaton of the number of common F, B and S variables could
be used to create pairs of design concepts belonging to internally homogeneous but
externally distinct levels of similarity, then it could be considered a viable method for
creating stimuli for use inthe empirical research. The results show that the method
provides a coarsegrain level of control overthe mean value of ratecsimilarity but that the
high and low similarity groups are not internally consistent nor consistently different from

each other.Thus, it did not pass the evaluation criteria.

The main implication of failing to meet the evaluation criteria was that the stimuli used in
Sim-P1 were not suitable for use in evaluating the hypothetical model of design concept
similarity judgements. Thiscontributed to the decision to stop recruitment in SimP1 and

move to Phase 2 of the research.

Although there was scope to attempt to improve the method, two issues highlighted the
need for fundamental revisions to (rather than incremental improvement dfthe method.
One issue was that the FBS coding scheme used in Stimuli Set A did not differentiate
between the problems that the concepts addressed, thereby failing to capture the
problem-focused nature of the design brief that the participants respondedt The second
issue was that coding behaviour as a standalone variable was difficult owing to the

abstract and undetailed nature of the design concepts.
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6.3Phase 2: sti mul i set B

Stimuli set B was created via a modified version of the concepategorisationmethod
described in Sectior6.1.4. Design concepts were organised into concept ontologies and
the distance between those design concepts was taken as a proxy for their similarity. The
method was evaluated using the similarity judgements from SifR2. The stimuli were
created to satisfy theminimum requirement of pairs of concepts that span a range oted
similarity (Section4.2.4). An additional goal for the method was the creatioof five levels
of similarity. Although the evaluation criteria for this goal were not met, the stimuli did

meet the minimum requirements.

6.3.1Theoretical basis

Stimuli set B was created based on theoretical assumptions held during phase 2 of the
research. As per phase one, it was assumed that featural similarity was the predominant
form of similarity and that manipulation of the common and different features of pairs of
design concepts could grana priori control over human similarity judgements.
Assumptions about design concept representation were changed following the evaluation
of Stimuli Set A. Specifically, there was a need to distinguish between the purpose and
function of a design conceptThis modification was also influenced by developments the
method for analysing problemfocused creative design ideatiorfHay et al, 2020)and is

thus partly attributable to efforts by Dr. Hay.

The method used to create stimuli set B was a modified version thfe concept

categorisation method (Sectiorb.1.4). The intention was to organise design concepts in a
concept ontology and ue category location as groxy for similarity. In line with a prior
implementation of this method (Markman and Gentner, 1993b) it was assumed that

AAGECT AT 1T AAPOO OEAO AOA Al 1T OA ET Markmah AADO
and Gentner, 1993, p.523)han those that are distant in the ontology and would thus be

rated as relatively more similar by designers.

Initial attempts were made to sort sets of design concepts into taxonomic hierarchies, but
this proved not to bepossible. The first approach was to use the same kind tafikonomy as
shown in Figure 6-1 (Markman and Gentner, 1993b) Thiswas not possible because design
concepts are all members of the tangible, neliving things class making the other
categories in the classification irrelevant The second approach was tase asmaller

taxonomy with e.g., 3 hierarchical levels, and to further decomposeangible non-living

151



Chapter6 z Stimuli creation

OEET cOh EAOAAZOAO OAOOA £AA OOGbAN exrhpliof skl E OET 1

hierarchy is shown inFigure 6-4.

Artefacts

7 T~

Furniture Vehicle Containers

/1IN /1N /\

Chair Bed Desk Car Boat Tank Bottle Jar Flask

Figure 6-4 z An example of a three level taxonomic hierarchy of artefacts.

The problem with attempting to organise design concepts into taxonomic categories, as

above, is that their novelty means that they cross category boundari€go illustrate,

consider the example inFigure 6-5. A design student generated a concept for a method of

OOAT OPT OOET ¢ xAOAO 1T OAO 111¢ AEOOAT AARO8 4EA
hoop so when pushed, it travels like a tank track I8could be argued that, if this were a

product, it could be ather a vehicle or a container. Decisions about which superordinate

category it belongs to could influence the extent to which relative position in a hierarchy is

useful for predicting perceived similarity.

Caption provided by designerO! 1 AOCA xAOAO AAT 1111
that is a hoop so when pushed, it travels like a tank
track. Thin tank tracksare on the outside to protect
innards from rough terrain.o

Figure 6-5 7 An example of a design concept created in a concept generation experiment
(Appendix 3B) and used instimulus Sh_27
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This issue has beeraised by Taura (2016, p.61), who theorised that design concepts cross
category boundaries and thus do noshare the same kind of conceptual structuras

taxonomies of objet concepts(Figure 6-6).

@
G XD
o

b)

Figure 6-6 z A comparison of the conceptual structure of (a) existing products in
taxonomic categories, and (b) design concepts in multiple taxonomic categorjggdrawn
from Taura (2016, p.61).

In light of the apparent challenges withorganising design concepts intataxonomic
classifications, an alternative approach was used to attempt to creatassificationsthat
were more suitable for design conceptdt has been proposed that design conceptsan be
classifiedin terms of common structure, behaviour, function or purposgRosenman and
Gero, 1998) Although it was not clear whether design concepts can be categorised in a
structure that reflects the relative similarity of the category membersa method was

trialled to see whetherthe position of design concepts in such a classification would reflect

perceived similarity.

A new scheme for design concept representation was defined based in part on the
systematic approach for analysing exploratory design ideatioHay et al, 2020). It was
proposed that it may be possible to categorise design concepts created in response to
problem-focused briefs according to their purpose, function and need. The variables used
to describe design concepts are defined ifable 6-415.
1 Problem and solution. The scheme makes a distinction between a problem space
and a solution space as pgiHay et al,, 2020). In response to poblem-focused

design briefs, designers identify and address a range of different sydgvoblems.

15 These variables were originally gven different names, as publishedh McTeagueet al, (2018).
The variable names have been changed to more accurately reflect the intentions of the researcher

at the time of creation
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Each designer will create a solution to one decomposed problem. Tharposeof
the design artefact must be to address thgroblem specified in the brief (or else
the task has not been completed successfully).
1 Problem. Designers decompose the problem, and the concepts created by multiple
designers can be classified according to points in the problem space. This is
assumed to occur through problem decomposition in Wich designers identify
possible causal factors for the initial problem stated in the brief. For example,
CEOAT OEA POT AT ATl T &£ 0011 AAROGOAOU AT A xA
causalissueo®O £l | A AAAT T A0 xAOOA AAAADOkherEO ADDI
stil O&I T A AOPEOAO AAEI OA EO EO OOAA AAAAOGOA
Because of 1, decomposed problems have corresponding decomposed purposes.
Each purpose is enabled by a function with a means of fulfilling that function.
9 Solution variables. The solution variables describe the artefact and its purpose
(utility in the context of the brief). The purpose of a design artefact in the context
of a problem-focused design brief is to address a problem (or suproblem). The
function of the artefact enables the purpose. The function is achieved by the
Oi AAT 66 1T & A£O01 £FET1 1 ET ¢ OEAO ~&£O01 AGEiI 18 11 OE
multiple functions and sub-functions, each addressed by a different means, it is
assumed for categrisation that design concepts can be grouped and distinguished
AO OEA £O1 AOCETT 1 AOGAT Au OEAEO Oi AET £&£O1 A

similarly .

Figure 6-7 shows an illustrative example of design concepts organised using this scheme.

The numbers denote the five levels of ontological distanc&he variables in the tree

AT OOAOPTTA O OEA OOITab O£ Pe| = PlrposctoAeh IRAS AT 1 OI 1
purpose (decomposed 1 level), &) = purpose (decomposed 2 levels), F = function, M =

means.
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Table 6-4 z Variables used to describe the design problem and solutions in Stimuli Set B.

Variable  Description Variable  Description
Problem  The problem stated in the Purpose The purpose of an artefact is its
(brief) AAOGECT AOEA&Eh £ (brief) intended utility in addressing the
Al TA xAOOAGS8 problem, with respect to human
utility. Given the problem (left), the
purpose of the artefict is specified in
OEA AOEAEh E8A8N
Al TA xAOOAG S8
Problem The maximum level of problem Purpose The purpose of the artefact
(-1) description that is not already (-1) decomposes with the problem. Given
contained within the design the problem (left), then the purpose
brief. For example, in the of the artefact may be toO OA A O A
context of unnecessary food likelihood that food expires before is
wastage, the problem mg be: OOAAGS8
OFI T A AAAT T AO
AZPEOAO AAEI OA
Problem A sub-division of the problem. Purpose  The subpurpose is to address the
(-2) For example, with the problem  (-2) sub-problem. Given the subproblem
of food expiry above, the sub on the last, the purpose of the artefact
problemmay be:O £l T A A may beto:Oi AEA OEA 0O,
before it is used because the use the expiraion OOAOA 1T £ OE
EO 110 AxAOA OE
Function  The function describes what the
artefact does in absence of the utility
to the human being. For example, a
refrigerator may display information
about the upcoming expiry date of
food.
Means A general term for the solutions to a

function (Andreasenet al,, 2015,
p.284). For example, the reans of
enabling the function (above) would
be a refrigerator with some kind of
date or food condition sensor and a
display screen.
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Figure 6-7 z An illustration of design concepts organised into hierarchical concept
ontologies.

6.3.2Method

Design concepts from four of the design tasks in the behavioural studgmplewere
filtered, organised into categories, and pairs were created at the five levels of ontological
distance.

Sample. Four design tasks were selected by the researcher from the ten used in the
behavioural study(Table A35), excluding DT14 and DT19hich were deemed beyond
the scope of the PDE domain in Phase 1 (Secti®2.2). The behavioural study dataset was
cloned at the same timepoint as in stimuli set A, and thus contained design concepts

generated by 36 participants. The dataset is summarised Fable 6-5.
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Table 6-5 z The four design tasks taken from the behavioural stud§Appendix 3B).

Task # Description

— [&] ho} o
o X )
S
R S
DT03  Domestic food waste is a serious problem due to global foo 86 9 61 16
shortages and socieeconomic imbalances. Generate
concepts for products that may reduce unnecessary food
wastage in the home.
DT06  Camping is a popular activity but can havaegative 75 20 47 8

environmental impacts through disruption to wildlife; litter
and pollution of water sources. Generate concepts for
products that reduce the negative impacts of camping.

DTO7  Long-distance water transportation may be necessary in 73 34 38 1
drought-prone developing nations but can be problematic
due toalack of resources and infrastructure. Generate
concepts for products that may facilitate water
transportation in developing nations.

DT09  Sitting in the same position for long periods may be harmfu 85 12 56 7
to health. Generate concepts for products that may facilitate
physical exercise whilst completing activities in a seated
position in the home and office.

Tot = total number of design concepts associated with that design taskxc = excluded, Amb =
ambiguous Used = design concepts used in the creation of Stimuli Set B.

Exclusion criteria. A new set of exclusion criteria were defined, removing the subjective
criterion for sketch quality and more clearly defining the rules or exclusion. The number of
AogAl OAAA AT 1 AADPOO EO OET xIiTadkeb-50mdep®AadcAl OAAAS
excluded if they met any of the following criteria.
1. The concept is not a physical artefact, i.e. they were wholly an infrastructure or
service solution.
2. The concept does not address the brief.
3. The designer identified a serious flaw in tlkir concept and annotated this flawin
their response.
4. The concept did not have both a sketch and accompanying annotation,
The design concept could not be understood upon the first inspection. For
example, when viewing the sketch and reading the annotatis and accompanying
descriptions, if it was not clear what the original creator was trying to
communicate then the concept would be excluded.

6. The means or function of the product could not be interpreted.

Categorisation, filtering and exclusion . The regarcher categorised the design concepts
based on the definitions of purpose, function and means provided iFable 6-4. Design

concepts were grouped in dp-down fashion, grouping concepts with similar purposs
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and then splitting the group according to sukpurpose, function and finally means. This

resulted in a maximum of four hierarchical layers, however, in some instances, there was

no need to divide apurpose intoasubB OOPT OA8 #1 1 AAPOO xAOA Al AO«
there were multiple categories into which they could be placed at any level.he number

I £ Al AECOI 6O Ai 1 AAPOO EO OEI Jdble&d). OEA OAI AEC

Pair creation. Pairs of design concept sketches were created by selecting concepts
according to their ontological distance in the hierarchy (Table 3). No desigrtoncept was
used in more than one pair. A total of 40 pairs of concepts were created: 2(pairs) x 5(levels
of ontological distance) x 4(design tasks). Examples are provided of pairs of design

concepts at ontological distances,13 and 5in Appendix 4A.

6.3.3Evduation

Stimuli set B was evaluated against two criteria using the similarity ratings from SiR2.
11 Participants provided similarity ratings on a £9 scale with 1 being the least similar and
9 being the most similar.

1 The first criterion was whether the stimuli spanned a range of similarity ratings.
Satisfaction of this first requirement was necessary if the data from SiR2 were to
be used to address the research questions associated with the hypothetical
cognitive model of design concept similarity jdgements.

1 The second criteron was whether the stimuli in the five levels of ontological
distance were internally homogeneous and externally distinctSatisfactionof this
criteria would mean that there were no statistically significant differences
between stimuli at the same level, buthat there were significant differences

between different levels.

The similarity explanations provided by participants in SimP2 were examined to evaluate
the concept representation scheme. The researcher analysed the explanations to search
for examplesthat would contradict the assumptions of the design concept representation

scheme (P, F and M variables).

6.3.3.1Criteria 1: pairs of concepts spanning a range of similarity ratings

The minimum requirement of the stimuli that would facilitate their use in SimP2 was that
the pairs of design concepts span a range of similarity ratingSigure 6-8 shows the
boxplots for rated similarity for all pairs and the 10 pairs from each design task, arranged

in descending order. Visual inspection of the boxplots demonstrates that the stimuli span a
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range of median similarity ratings from 19 for the whole sanple of concepts Figure 6-8,
a). A similar pattern is found for the pairs in each design task other than those from DT09
(Figure 6-8, b-e). This demonstrated the satisfaction of the minimum requirements for
stimuli creation and the utility of Stimuli Set B for use in SirP2. The distribution of the
median similarity ratings for each pair across low (13.33), medium (3.34z 6.66) and high
(6.67 7 9.00) similarity by median value is n = 14/9/17. This reflects an approximately

symmetric, bimodal distribution for all of the similarity ratings (Figure 6-9).
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Figure 6-8 - Boxplots of similarity ratings of Stimuli Set B in descending order for a) all
design tasks, and (ke) individual design tasks.

160



Chapter6 z Stimuli creation

100.0

800

60.0

Frequency

400

200

0.0

Figure 6-9 z Histogram showing frequencies of similarity ratings from SirP2.
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6.3.3.2Criteria 2: ontological distance as a determinant of similarity

The first set of criteria for stimuli set b concerned the relationship between ontological

distance and similarity. This was to test whether the similarity ratings for the stimuli on

each of the five levels of ontological distance were (i) homogeneous at the same distance

and (ii) significantly different between levels. Similarity ratings were taken from the

similarity rating task in Sim-P2.

Table 6-6 z Summary data for Stimuli Set B. Median and mean rank similarity for 8 stimuli
across 4 design tasks.

DTO3 DTO6 DTO7 DTO09 All
oD A B A B A B A B

Mdn 8.0 7.0 9.0 8.0 8.0 8.0 8.0 8.0 8

0 MR  52.64 34.14| 5541 56.45| 42.27 44.05| 39.50 31.55|349.93
n 11 11 11 11 11 11 11 11 88
Mdn 7.0 8.0 7.0 5.0 7.0 6.0 7.0 5.0 7.0

1 MR  57.45 53.64 | 53.14 30.68 | 53.68 29.05| 49.45 28.91|277.48
n 11 11 11 11 11 11 11 11 88
Mdn 8.0 6.0 3.0 7.0 3.0 55 7.0 7.0 6.0

3 MR  57.09 50.09| 2255 53.00| 23.00 39.50| 52.27 54.09|233.21
n 11 11 11 11 11 10 11 11 87
Mdn 4.0 5.0 2.0 2.0 2.0 2.0 5.0 3.0 3.0

5 MR  53.00 59.18 | 29.18 24.75| 24.09 34.30| 68.50 50.86|138.32
n 11 11 11 10 11 10 10 11 85
Mdn 2.0 2.0 1.0 1.0 1.0 1.0 5.0 3.0 1.0

7 MR  49.09 43.00| 28.73 28.73| 37.27 30.14| 76.59 62.45| 90.98
n 11 11 11 11 11 11 11 11 88

DT = design task, OD = ontological distance, Mdmmedian, n = number of similarity judgements,
EO AAI AOI AGAA

-2 E
across levels.

Similarity and ontological distance.

i AAT

OAT EB8

-2

xEOEET

there were differences in the rated similarity between design concepts at different

ontological levels (mean ranks data ifable 6-6h

scores were not similar across the five groups, as assessed by visual inspection of the

Oriié

boxplot (Figure 6-10). The mean rank of the similarity ratngs differed from distance 7

(mean rank = 90.98), to 5 (mean rank = 138.32) to 3 (mean rank = 233.21) to 1 (mean

AAAE

1 AO.

A KruskalWallis test was conducted to determine if

rank = 277.49) to 0 (mean rank = 349.93). Similarity scores were statistically significantly

different between the different levels of distancé 2(4) = 244.96, p<.001. Pairwise

comparisons were performed usingdunn's (1964) procedure with a Bonferroni

correction for multiple comparisons (adjusted pvalues are presented). There were
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statistically significant differences in similarity ratings between all pairwise comparisons
(pS 8mnpq T OEAO CoHPAL1I27EMAB-1ApE=QGAT AAO ¥
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Figure 6-10 z Boxplot of similarity ratings at five levels of ontological distance.

Within -level homogeneity. A KruskalWallis test was conducted to determine if there
were differences in the rated similarity between the pairs of design concepts at each level
of ontological distance (mean ranks data ifTable 8-6). Table 6-6 shows the mean

similarity ratings for each of the 40 pairs of design concepts. The letters A and B are
arbitrary designations that denote the two pairs from each design task at the same
ontological distance Five tests were conducted, one for eadevel. Distributions of
similarity scores were assumed not to be similar across any of the five distance levels,
based on visual inspection of the boxplotsKigure 6-11). The similarity ratings were
statistically significantly different between the design concepts within each level for
AEOOAT A7A=19.609 p=28 1t 1 ¢ Qi) = 84.2B7?p=8 1t 1 p G(A) = B6.1F 7Pp<
snmpq #A) A42Q49pdsnnpqh AOO 11 qr)-AH189AEWOAT AA m |

The results of the two sets of statistical tests show that stimuli set B fails the two
evaluation criteria.
() Similarity at different ontological levels.  The similarity ratings for the pairs of

design concepts are not significantly different for different levels of ontological
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distance. Specifically, the numerical difference observed between levels 7 and 5, as
well as 3 and 1, could be attributed to chance.

(i) Similarity at the same ontolog ical level. There were significant differences
between the similarity ratings for pairs of design concepts within the same
ontological level for four out of the five levels. This demonstrates poor

homogeneity for concepts that were intended to be equivaldly similar.

These findings led to the decision to conduct a second evaluation based on the minimum

requirement that the sample of design concepts span a range of rated similarity.
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Figure 6-11 - Boxplots of similarity ratings for each stimulus (pair of design concepts) at
five levels of ontological distance.
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6.3.3.3Insights from similarity explanations

The final evaluation of the stimuli creation method was conducted by examining the
explanations forsimilarity ratings provided in Sim-P2. The purpose of the analysis was to
identify the rationale for similarity judgements that contradicted the assumptions of the
design concept representations scheme used in Phase 2. Five issues are presented here
that are inconsistent with the PFM design concept representation scheme. They are
inferences made by the researcher based on the explanatiofiBable 6-7). The analysis

was not exhaustive nor was it conducted to identify the frequency of the counterexamples,
only that they existed. Preliminary analysis of these findings has been published

previously (McTeagueet al, 2018) but some inferences have been updated since then.

Table 6-7 - Inferences drawn from the similarity explanations
# Concept (left)

1 Participants are aware of abstract properties of design concepts such as morality and
complexity.

"both make seating uncomfortable for user. onkess sadisti¢

B  "The pull is a simple pull stringthe push is a more complex handléhat attaches to the
barrel.”

2 Participants are sensitive to the taxonomic class of category concept into which a
design concept may belong.

A "Both are tentsbut waste-reducing aspects of the two concepts are entirely different”

Similarity judgements may be focused on the user rather than the artefact.

A "Both require resistance work; howeveronetargets a specific muscle groupwhilst the
other attempts to offer a more general solution which enables working various body parts."
4  Participants identified elements of service systems in the design concepts
A "Concept 1 a service application based product; Concept 2 is a physical product.”
5 Participants commented on concepts having different numbers of functions
A "Both have exact same functiontracks and displays food datebut one has additional

function of keeping food fresh for longer"

Inferences made by the researcher are numbered {&). Examples that support each inference are
designated with letters.

These five inferences have implications for the design concept representation scheme and
the filtering applied in the process of selecting design concepts.
1 Inferences 1 and 2 suggest that participants use variables other than the purpose,
function and means variables in their similarity judgements. Example 1A shows
that a participant has made a similarity judgement based on an affective
EOACAI AT O AAT 6O OEA AACOAA 1T &£ OOAAEOI &6 EI

dimension is not explicitly accommodatedyy the P, F or M variables although may
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be an abstraction of the function or purpose of the artefact (the product in
question provides negative feedback for not completing exercises).

9 Inference 3 raises the question of the extent to which an artefacentric model of
concept representation is sufficient for capturing salient features relating to the
user, rather than the artefact. Example 3A is an explanation for concepts that can
facilitate exercise in seated positions at home or in the office. The pariziAT 08 O
similarity judgement focuses on the muscles that are activated when using the
DOl AOAO8 4EEO I AU AA AAPOOOAA ET OEA DHOOE
OOAO O AQAOAEOA A OPAAEEZEA |1 OOAI A cOi O0b
whether the PFM scheme is sufficient for capturing similarity derived from user
centred commonalities and differences.

1 Inference 4 highlights issues with the design concept filtering process. Although
AT1TAADPOO xAOA AgAil OAAA E A& Gdubiods, ikappedks Ox ET |
that some concepts remain thatontainedservice systems and that participants
are sensitive to this in their similarity judgements.

1 Inference 5 shows that participants are sensitive to thaumberof e.g., functions,
rather than what those functions areper seJamesoret al.(2005) propose that

numberis treated as an alignable difference in comparison.

These five inferencesare discussed in the context of the two prior evaluations in the

subsequent discussion.

6.3.4Discussion

Stimuli set B satisfied the requirement for pairs of design concepts that span a range of
similarity ratings (Section 6.3.3.1) but failed to meet the criteria set for multiple levels of
ontological distance (Sectior6.3.3.2. Because the stimuli satisfied the minimum
requirements for use in the similarity model evaluation, the similarity judgements elicited
in SimP2 were used to evaluate the research questions assated with the hypothesised

Dual-Process modebf design concept similarity judgements.

Despite the failure to meet the evaluation criteria for the five levels of ontological distance,
the method demonstrated a degree o priori control of similarity r atings. There were
significant differences between four of the five levels of ontological distance, suggesting
that category location may be associated with design concept similarity to some extent. In
this respect, the method was more successful than priamplementations in the

psychology literature. Markman and Gentner (1993)ound that significantly higher
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similarity ratings were given to pairs of distance 0 tharto pairs of distance greater than O,
but that there were no significant differences between any other levels. Notably, this study
does not report the homogeneity of ratings from within the same level and so a more

extensive comparison is not possible.

In light of these outcomes, it may be possible to improve the method to such an extent that
it can be used tqrovide fine-grain control over the similarity of pairs of design concepts
Although this was not done as part of this thesis, future work may benefrom a

discussion of methodological and theoretical issues that may determine the potential

scope for improvement.

6.3.4.1Methodological issues

Methodological issues may have limited or ovestated the success of the method. Two
potential issues are the reliability of the categorisation method and the filtering process.
The qualitative analysis in (Sectior6.3.3.3 revealed at least one example of products that
had service system elements in them. The filtering criteria for selecting design concepts
were intended to eliminate concepts that wee wholly service systems but did not capture
all service system elements. This issue may have been avoided by conducting the filtering
twice at separate time points or by eliciting the help of an independent judge in the

filtering process.

This previous issue raises the issue of reliability more generally. As the entire concept
creation process was carried out by the researcher there is a risk bfas in the
categorisation processFor example, if the placement of design concepts into catay
locations was influenced by personal characteristics of the researcher, or by differences in
e.g., mood and outlook over different days, then thgositions of the design concepts in the
classification (and thus the relative similarity of each pair) mayncorporate these biases

as extraneous variablesSteps taken to assess the reliability of the concept representation
scheme would have necessitated more explicit operationalisation of the PFM scheme and

may have improved the reliability and validity ofthe method.

6.3.4.2Theoretical issues (concept representation)

Issues with the theoretical basis of the categorisation method may limit the scope of
refinement that is possible with methodological improvements.
1 The research in phase 2 was carried out with thassumption that featural

processing is the predominant form of similarity processing. However, if some
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stimuli were predominantly (or additionally) processed thematically then this
would explain the significant differences within each level of ontologicalistance.

1 The PFM and variables do not capture all aspects of participant similarity ratings.
This was to be expected given the relatively coarse granularity of the
representation scheme; concepts at the same points in the ontology were assumed
to share many common features but not to have identical features. The extent to
which this leads to heterogeneity in participant responses is unclear. The
similarity -explanations show that participants are sensitive to useartefact
interaction and abstract emotiveor emergent properties. Although the five levels
of ontological distance demonstrated some degree afpriori control over
similarity ratings, these extraneous factors show that the scheme cannot capture
all aspects of human similarity judgements. It is noclear to what extent this limits
the utility of the concept categorisation method.

9 Different design tasks may elicit similarity judgements based on different
information within a design concept. The example of the similarity judgement that
focuses on the user rather than the artefacfliable 6-7, 3), in conjunction with the
inconsistent similarity ratings given for the exercise taskFigure 6-8, €), suggest

that the design task itself may act as a confound for similarity judgements.

These issues were considered when establishing thieoretical basis for stimuli set C.

64Phase 3: sti mul i Set C

Stimuli Set C is a modified version of Stimuli Set B where more stringent inclusion criteria
have been applied and 12 of the pairs have had at least one design concept swapped with
equivalent cancepts from the same ontologies used in Stimuli Set B. The previous set of 40
pairs from 4 design tasks has been split into a warmup set (10 pairs from 1 design task)
and the main set (30 pairs from 3 design tasks). The pairs were shown to satisfy the

minimum requirement of spanning a range of similarity ratings.

6.4.1Theoretical basis

Stimuli set C was created by modifying stimuli set B. This was done because Set B had
already been shown taspan a range of rated similarity but some limitations could be
overcome by further filtering. Owing to the limitations of the purposefunction-means

representation scheme, phase 3 was initiated without any explicit assumptions about the

169



Chapter6 z Stimuli creation

mental representation of design concepts. Rather, tHgtimuli Set B was modified to

address the limitations discussed in Sectio®.3.4

6.4.2Method

Stimuli set C was created by making two kinds of modifications to set B. 10 pairs of design
concepts weremoved to create a warmup set and a new round of filtering and exclusion

was conducted.

Creation of a warmup set. Stimuli set B comprised 40 pairs of design concepts (4 design

tasks x 10 pairs). To create stimuli set C, all 10 pairs from DTQ3he seated exercise brief,

were placed into a separate warmup booklet. DT09 was moved to a warmup because the
distribution of similarity ratings (Figure 6-8e) wasinconsistent with the pattern of

descending similarity found in the pairs from the other three tasks. The remaingn30

PAEOO jo $4 @ pnm PAEOOQ OAI AET AA ET OEA Oi AE

updated exclusion criteria. No replacements were made for the warmup set (DT09).

Exclusion criteria. The updated exclusion criteria are listed ifTable 6-8, showing the
criteria used for stimuli sets B and C. The original criteria were reapplied and three new
criteria were added. The new criteria were added tdurther homogenise the design
concepts and to bring them more in line with the kinds of products that the PDE
participants would be familiar with.
1T 4EA AOEOAOEIT & O AgAl OAET ¢ Ai T AADPOO OEAC
infrastructure changes was made rare severe by including a second requirement
that the concept does notontain any service system or infrastructure elements.
1 Design concepts that had two sulpurposes were swapped out for equivalent
concepts that had one sulpurpose.
1 Concepts were exclded if the artefacts functioned by being acted upon by the
AT 6eoi 11 AT Oh OOAE AO AU OAAET ¢ AET AACOAAA
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Table 6-8 z Filtering and exclusion criteria for Stimuli Set C

Description Stimuliset B Stimuli set C
The concept is not a physical artefact, i.e. they were wholly an Y Y
infrastructure or service solution,

The concept contains elements of a service system or involves Y
modifications to industrial supply changes to implement

The concept does not address the brief, Y Y
The designer identified a serious flaw in their concept and Y Y
annotated this flawin their response,

The concept did not have both a sketch and accompanying Y Y
annotation,

The sketch representation could not be deciphered, or Y Y
The means or function of the product could not be interpreted. Y Y
The design concept has two functions that address the brief an Y

there is a similar singlefunction design concept in the sample.

The artefact functions by being acted upon by the eirenment. Y

Summary of changes. Table A46 contains a list of the stimuli in Stimuli Set C and shows
the design concepts that were changed alongside the reasons for the changes. 14 design
concepts from 12 pairs were swapped. The swapgere becausehe stimuli violated the
requirements of noservice system elements (5)no passive functions (4),no dual

functions (3) and a lack of clarity (2). The main set of 30 pairs in stimuli set C has 18 pairs

in common with set B.

6.4.3Evaluation (simirity manipulation check)

The intended IV manipulation for Stimuli Set B was that the pairs of design concepts
spanned a range of mean rated similarity across the sample of 30 pairs. Evaluation of the

set was conducted by visual inspection of the similanytratings taken from SimP3.

As intended, the stimuli spanned a range of similarity ratings along the-f@oint scale.
Figure 6-12 shows the boxplots of Sim(all) after outlier removal (see Sectiod) for (a) all
pairs, and (b) the ten pairs from each design task (lz d), arranged by descending median.
This demonstrates that the stimuli set still adheres to the minimum requirement for
stimuli creation after modification from stimuli set B. The distribution of the median
similarity rati ngs for each pair across low (43.33), medium (3.34z 6.66) and high (6.67z
9.00) similarity by median value is n = 14, 6, 10. This reflects a bimodal distribution for

Sim(all) with a higher frequency of lowsimilarity ratings across the set Figure 6-13).
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Figure 6-12 z Boxplots for Sim(all) ordered by descending median similarity, a) all design
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Figure 6-13 z Histogram showing frequencies of similarity ratings Sim(all) from SirsP3.
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6.4.4Discussion

One implication ofcreating Stimuli Set C by modifying Set B is that the formevill

inherent any biases present in the latter. One possible risk is that Stimuli Set B contains a
stimulus compatibility bias towards featural processing. Stimulus compatibility means

that some stimuli may be more or less compatible with one kind of pre®ssing, i.e., featural
or thematic. If Set B were more compatible with say, featural processing than thematic
processing, then this may carry over to Set C and influence the results of the similarity and
combination experiments in Phase 3. This was congded during the analysis and

discussion of SimP3 and CombeP3, but no problems were identified.

65Chapter summary

This chapter has presented the development and evaluation of three stimuli sets A, B and
C that correspond to the three phases of research2 and 3as shown in the research map
(Figure 4-6). The development of each set was presentddcluding the theoretical basisof
the method, the procedure for creating the stimuli, their evaluation and a discussion of the
strengths and weakresses of each methad
9 Stimuli Set A was created based on the assumption that the similarity of pairs of
design could be controlled by manipulating the degree of common Function,
Behaviour and Structure variables. The stimuli were created by coding the dga
AT TAAPOO AT A OEI EI AOEOU xAO AT i pOOAA AU
used in SimP1 and CombeP1. The stimuli set did not meet the success criteria
and conceptual issues were identified in the stimuli creation method.
9 Stimuli Set B was creted based on the assumption that the similarity of pairs of
design concepts could be manipulated based on the position of a design concept in
a concept ontology. A different concept representation scheme was used this time,
describing design concepts in tens of Purpose, Function and Means variables. The
stimuli satisfied the minimum requirement of spanning a range of similarity
ratings, based on the similarity ratings from SirP2.
1 Stimuli Set C was created by modifying the stimuli in set B to preserve the range of
similarity ratings and adhere to more stringent exclusion criteria. Again, the
stimuli satisfied the minimum requirement of spanning a range of similarity
ratings, based o the similarity ratings from Sim-P3. In a departure from the
previous two phases, stimuli set C was made in advance of, rather than after the

establishment of a design concept representation scheme.
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The stimuli created through the methods in this chaptewere summarised in the materials
and methodschapter (Table 5-3)
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CONCEPT SI MI LARI
JUDGEMENTS

This chapter presents the analysis, results and discussion of two experiments carried out
to satisfy Obj. 3 - to propose and test a cognite model of design concept similarity
judgementsTesting of the model involved two steps, as shown in the research plan
(Figure 4-5):

1 Answer the researchquestionsz determine the number, type, and prevalence of
cognitive processes involved in design concept similarity judgemeriis was
carried out by the similarity experiment in phase 2 (SiraP2).

9 Test the hypotheseg evaluate predictions of th&ructural Alignment model of
comparisontbased similarity judgementsThis was carried out by the similarity

experiment in phase 3 (SimP3).

Similarity Experiment 1 (Sim-P1) was conducted as a pilot study to test the experimental
procedure for the similarity rating task and to facilitatethe evaluation of Stimuli set A so
no results from this experiment are reported in this chapterThe results fromSim-P2 and
SimP3are discussed in Sectio®.1to evaluate the proposedualProcess modebf design

concept similarity judgements.
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71Si mi l arity ePRPBeri mentulal Samd
processing in explanations for

Similarity Experiment 2 (Sim-P2) was designed totest the research questions associated

with the cognitive model of design concept similarity judgementsThis involved

answering three research questions(Table 7-1). The procedure for this experiment is

reported in Section5.2.28 0 AOOEAEDAT 006 xOEOOAT A@bl AT AGEI
ratings were analysed todetermine whether their similarity judgements x AOA OZAAOOOA
AAOAAGHh 1 AAT ET ¢ OE A ComdénAnd difefetr featkes fAd 11 OEA
conceptsi O OOEAT AOGEASGHh | AAT ET Cextorealadd coniplerdentanh OA A A
relations between the two design concepts. Featural responses would indicate that

similarity judgements occurred via a comparison process and thematic responses would

indicate that similarity judgements occurred via a scenario creation process.

Table 7-1 z The research questions addrssed in SimP2

Ref. Research question

RQz S1 Can the explanations for design concept similarity ratings be coded as feattvased
and thematic?

RQzS2 What is the relative prevalence of each explanation type?

RQzS3  What is therelationship between concept pair similarity and the type of similarity
explanation?

7.1.1Results
7.1.1.1Featural and thematic processingsimilarity explanations

A total of 439 explanations were examined from 440 responses (one similarity rating was

not accomparied by an explanation)/ £ tow A@DP1 AT AOGET 1T Oh -tpg¢ xAO
AAOCAA8R TTTA xAOA AT AAA AO OOHNeichchrEndrdnth AT A ¢
an independent judgeachieved94.99% agreement on the entire samplg417/439)

(Section5.2.2.7). The 22 disagreements were resolved in arbitration. Of these, two were
ACOAAA O1 AA EAAOOOAI OAODPI 1T Oshetampleiothe OEA OAO
similarity ratings and the explanations given for a pair of design concepts is shovim

Figure 7-1 and Table 7-2 (p.177). All of these responses were coded as featural.

These results address both research questions. The agreement between two judges shows
that explanations for similarity ratings can be codedeliably as featural explanationd RQ
S1). Since no thematic relations were foundhe ability of judges to agree on thematic

relations has not been demonstrated. All explanations for rated similarity that could be
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coded unambiguously were featurebased expanations (RQ-S2). As the responses were

overwhelmingly featural, the third research question (R@3) was rendered redundant.

Original brief: Camping is a popular activity but can have negative environmental impacts through disruption to wildlife; litter and pollution of water sourc-
es. Generate concepts for products that reduce the negative impacts of camping.

o — SEIC Sorsg

\ {‘ \ ' ;' e

Bin that sits outside tent wall, but can be opened from inside Septic storage tank to prevent pollution to nutrient rich mud and potential
insects. Portable and sealable after use with biodegradeable funnel for ease
of storage.

Figure 7-1 z Pair of design concepts Sb_15

Table 7-2 z Examples of similarity ratings and explanations for stimulus Sb_15

ID Commonalities Sim

1 Concepts address different sigsues. 1

2 Both contain waste (and smell) to prevent external pollution. Differences inthe 3
mechanism to open/close, containment and location of the device.

3 Both store waste 3

4 both concerned with waste produced by the campers

5 First one address a human issue the other an environmental issue. but they are | 4
bins and for use in the wild so not too un similar.

6 Both seek to reduce ill effects of waste on environment; however, achieved by 2
different mechanisms. one approachesbbish, the other deals with something else

7 both concern storage of waste 4

8 Similar that waste is enclosed, but how and the form of the product enclosing it is 3
very different.

9 Both facilitate storage of rubbish during camping, thoughrbore simple, hasless 7
structural complexities

10  One looks at trash the other bodily waste 1

11  Both are bins but different approaches 3

ID = participant number, Sim = similarity rating (1-9 scale)
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711260t her 86 codes

4EA ¢x OAODPI T OAO Al Afable A0 Nane @ thdserdspohsdsicouldE OO A A
clearly be labelled as featureébased or thematic23 responses are generic ssertions or

negations of high similarity or extreme difference4/27 responses do contain indications

of thematic (external and complementary) relations but are sufficiently ambiguous that

clear thematic processing cannot be inferred.

The 23/27 assertions of similarity or differenceare listed in Table A7-2. Examples of these
OAOPT T OAO AOAd OAEEZAOAT O EAAAQGOG fharideh, but AT 11T AA
DOl AOAOO AAI EOAOET ¢ EO AOA OAOU AEAZAAEAOAT 0868
features of the concepts nor do they make generic mentiorabout e.g. the function,

behaviour or structure of the responses, and thus they cannot beded as featurebased.

Further, they do not include evidence of external or complementary relations between the

two concepts and thus cannot be coded as thematic.

The four responses that could potentially be construed as thematic are listed Trable 7-3.
The thematic aspects of the responses are highlighted in the subsequent list along with the
rationale for not coding them as thematic.

f Response2zIfAT OE Ai 1T AAPOO xAOA CEOAT OEA, EAAO(
IO EEZ£ OEA PAOOEAEDPAT O EAO ET OAOPOAOAA Al C
then this could be construed as a featurdased commonality An alternative
interpretation is that this response is neither featurainor thematic, but rather
represents a unique kind of explanation in which two design concepts are placed
into a scenario with a third entity, i.e.the category conceptofa®| £AFEAA AEAEO

1 Response 5 z The participant may havedescribed an external and
AT 1Dl Al AT OAOU OAI ACEAAROEK&DPI EAOKAART DEADOC
that the other concept addressegdowever, the language is not sufficiently clear to
unambiguously interpret the explanation.

1 Response Bz This responsecould be construed as thematic on the basis that they
could be used together to perform complementary roles in a scenariblowever,
given the lack of any explicit language that places the two design concepts iato
external relation, they cannot be coded as thematic.

1 Response 2% The same rationale applies as for response 26.
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Table7-3-, EOO 1T £ OEI EIl AOEOU A@gbil AT ACET T O AT AARAA
Response # Response (verbatim)
24 both related to the office chair

very similar, use case could be developed in the first to meet the need:

25 that the second has identified.
26 one transports one makes it.
27 One is a method of collecting the water while the other is a method of

transportation

7.1.2Discussiomf Sim-P2

To probe the number and type of cognitive processes involved in design concept similarity
judgements, participants were asked to rate the similarity of pairs of design concepts and
explain their ratings. Three research questions were asked: (R®L) do the explanations
contain featural or thematic reasons for similarity judgements, (R€2) what is the
prevalence of each type of explanation, and (R€8) what is the relationship between the

similarity of the pairs and the type of explanation?

Resporses to the explanation task were coded as featuteased if they mentioned the
common or different features of a pair of design concepts, and thematic if they contained
evidence of an external and complementary relationship between the two design concepts.
The PDE patrticipants predominantly (93.85%) provided featurebased explanations for
their similarity ratings. Of the remaining responses, none could clearly be labelled as
feature-based or thematic. This indicated that designers made similarity judgment®kely
through a feature-based process, i.e., via comparison. The answers to R&lsand S2
rendered the third redundant; only one explanation type was identified and so it was not

possible to measure the relationship between similarity and explanatiotype.

Two limitations of Sim-P2 are the sample size and the confirmationist reasoning used to
provide evidence of designer cognition. 11 participants provided 39 explanations to 40
pairs of design conceptsPrior studies of domaingeneral similarity judgements have

found individual differences in similarity judgements(Simmons and Estes2008), where
participants tend to consistently favour featural or thematic stimuli in a forceechoice

task. It is possible that the 11 participants all favoured featural judgements of similarity
ratings, but other participants might favour thematic judgements. Additionally, an absence
of evidence for thematic processing does not imply evidence of absence. As thematic
relations are thought to have an additive influence on similarity ratinggSection3.2.3),

there might be an unobserved influence of thematic processing that is hdominant
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enough to come through in the similarity explanations but may nonetheless contribute to
a perception of increased similarity Degpite these limitations, the evidence from SirP2
was used to justify moving on to test the predictions of the Structural Alignment model.
The main implication of these limitationsis that the findings are used to provide evidence

for comparison, but not o rule out thematic processing entirely.

72Si mi l arity ePRPBerilTementng (Be mp
t hSer ucAlurgamiment model of simil a

The results of the previous experimenindicated that similarity judgements were carried
out via feature-based processing and no evidence of thematic processing was found. This
was taken as justification for movingon to evaluate predictions of theStructural
Alignment modelof comparison-based similarity judgements Five hypotheseswere
proposed (Section4.22.1, and summarised inTable 7-4, below) that make predictions
about therelationships between outcome measures frontwo tasks: rated similarity (from
a similarity rating task) and the number of listed commonalities and differences (from a
commonality and difference listing task). The methods and analysis are adopted from
Markman and Gentner(1993), and Markman and Gentner(1996). If, as predicted, all
hypotheses relating to theStructural Alignment modelare supported, it would indicate
that the comparison process identified through the results of the previous experiment

occurs via a process of structural alignment.
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Table 7-4 - Similarity model hypotheses

Ref. Hypothesis

Similarity should increase as a function of commonalities and decrease as a functior

HzSla of differences and commonalities should influence similarity more than differences.

Alignable differences should be more important in evaluating similarity comparisons

HZz S1b than nonalignable differencegMarkman and Gentner, 1996)

Similar concepts should be associated with an increased humber of commonalities
HzS2 and dissimilar concepts should be associated with@ecreased number of
commonalities.

HzS3 There should be a numerical link between commonalities and alignable differences.

HzS4 Alignable differences should be more numerous than nonalignable differences.

7.2.1Analytic considerations and definitions of variables

7.2.1.1Selection ofbtatisticaltests

The statistical tests used weremultiple regression analysegLaerd Statistics, 2015b)for
Hlaand HIho AAOOT 1 &-Goni2i tokelafiods (Laerd Statistics, 2018)for H2 and
H3, andthe Wilcoxon signedrank test of group differences(Laerd Statistics, 2015c)or
H4.In addition to the general considerations for selectiorof statistical tests(Section

5.1.5), aditional considerations were made based on findings from prior research

Regression analyses were used with the caveat that prior research had highlighted issues
with multicollinearity. Markman and Gentner(1993) carried out regression analyses with
similarity as a criterion variable and Com, AD and ND as predictor variablethe same
analysis planned for H1b in this thesisThey found that Com was a positive independent
predictor and ND was a significant negative predictor, butontrary to expectations,AD did
not significantly predict similarity. They proposed that this may be attribuable to the
significant positive correlation between commonalities and alignable differencesThis is
predicted by the Structural Alignment model asshown in Figure 3-3. They appear to have
EECEI ECEOAA Al EOOOA 1T &£ i1 01 OEATT1ETAAOEOUR 1
(positive) impact of commonalities on similarity from the (predicted negative) impact of
this prediction, they conducted an additional experiment using d&rced-choice taskand
demonstrated thatalignable differences did indeed influence similarity morethan
nonalignable differences(Markman and Gentner, 1996 Exp. 2 (but seeEstes and Hasson
(2004) for empirical concerns). In the present research, regression analyses are carried
out, checking for multicollinearity, with the acknowledgement that the same issue might

arise and require additional empirical research.
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Correlational analyses were used to analyse the relationship between rated similarity and
the number of commonalities(H2) and the relationship betweencommonalities and
alignable differences (F8). An alternative approach would have been bithe data into
groups of e.g., low, medium and high similarity ahconducting statistical tests of group
differences) (e.g.,(Markman and Gentner, 1993b, 1996) This is beneficial in that it allows
the use of irdividual-level data Correlations require the use of mean or median values for
each of the 30 pairs of design conceptsecause each similarity rating has a corresponding
list of commonalities or differences, but not both This means that inferences about the
stimuli can only be made at the aggregate levétor example, in investigating the
relationships between rated similarity andthe number of listed commonalities, it may be
possible to say that, on average, highly similaoncepts have many commonalities. It
would not be possible to conclude that all participants that rate a pair of concepts as
highly similar would list many commonalities.However, binning the data loses a valuable
quality of the data; that the central teidencies of the stimuli vary fairly linearly across the
similarity scale (Section6.4.3). Moreover, decisions about how many bins to create would
be arbitrary and may have unforeseeable influences on the analyséscknowledging the
aforementioned limitations, correlational analyses are used in the subsequent analyses to
preserve the variation in baseconcept similarity (Section6.4.3.3 PAAE £ZEAAIT 1 Uh
product moment correlations were used to be consistent with prior researcliMarkman

and Gentner, 1996)

7.2.1.2Definition of variables

The variables used in the analyses of the similarity hypotheses adefined in Table 7-5.
Three variables are usedn analyses involvingsimilarity ratings. This is because
participants provided similarity ratings for every pair, but only listed the commonalitiesor
the differences for any given pair. To limit the potential influence of group diérences it is
beneficial to correlate responses provided by the same participants. For example, when
investigating the relationship between similarity and listed commonalties, it would be
beneficial to use only similarity ratings with matching commonalityratings from the same
DAOOEAEDAT 08 41 OEEO AT Ah OEOAA 1T AAOGOGOAO

0 A/

/E

3EI El AOEOU | AOGAEAA xEOE Aii 1171 A1 EOEAO O3EIj A

AE A£Z£AOAT A ATBe tidee Eirhilprify rafiEbi@s are tested in Sectiof.2.3.3to assess

the validity of using Sim(com)and Sim(dif) as proxies for Sim(all).
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Table 7-5 - Shorthand designations and definitions for variables in Similarity Experiment

3.

Variable Definition

Sim(all) Rated similarity derived from all similarity responses. Sim(all) is
used when investigating the relationships between rated similarity,
number of listed commonalitiesand number of listed differences.

Sim(com)  Rated similarity from responses with matchirg commonalities.
Sim(com) is used when investigating the relationships between
rated similarity and the number of listed commonalities.

Sim(dif) Rated similarity from responses with matching difference
responses. Sim(dif) is used when investigating thestationships
between rated similarity andthe number of listed differences

Com Number of listed commonalities

Dif(tot) The number of listed total differences. The sum of AD and ND

AD The number of listed alignable differences.

ND The number of listed nonalignable differences.

7.2.2Descriptive statisticand example responses

37 individuals participated in Similarity Experiment 3, rating the similarity of 30 pairs of

design concepts and listig either the commonalities or differences for that pair.

7.2.2.1Example response

An example of the commonalities and differences listed for a pair of design concepts is

shown belowin Figure 7-2 and Table 7-6. Differences have been coded as alignable or

nonalignable. Alignable differences being those that vary along a common dimension, and

nonalignable differences being those tharefer to a feature of one design concept but not

the other.
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may reduce unnecessary food wastage in the home.

Original brief: Domestic food waste is a serious problem due to global food shortages and socio-economic imbalances. Generate concepts for products that

e O
Pty
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T
sk ¥

_
i ians

Food waste bin integrated into multi bin that has a scale an it to emphasize
to people how much they are throwing away

Waste bin with sensor which dentifies how much food is in it and sends
information to “authorities’ if you have too much food waste -> fined!

Figure 7-2 z Pair of design concepts Sc_06

Table 7-6 z Examples of commonalities and differences listed for stimulus Sc06.

ID | Commonalities ID | Differences Code
2 1 Both uses sensors to measure food 3 | One focuses on punishment as a deterrent; AD
waste the other provides information
3 22:2 :liiﬁ{g;:gx;igoffo\ziste One is linked to a mobile network, the AD
- other is completely local
1 both are bin like structures pietely
1 both require waste to be inserted One product is integrated alongside a AD
conventional system, the other is
integrated into a conventional system
One utilises feedback to theiser, the other | AD
only sends feedback and information to a
third -party (authorities)

6 Both products use the concept of telling | 5 | one gives fines ND
the person just how much they are e hfood ND
wasting by using some sort of scale and oneldentrlies each foo
limit to consumption one alerts more than just the user to the . AD

waste produced

10 | 9 Both sense food amount. 11 ' Right can be a compact design vs left AD
1 Both discourage food waste. requiring different areas.

T EOIE glvebqut a measurement. left uses different materials such as glass | AD
T Both are bins. etc vs Right can use one main material.
12 | { both identify how much food is inside | 15 | one notifies the user the other fines them : AD
by weight : P :
1 both alert user to how much they are one is attached onto existing bins ND
affecting the environment. one encourages good practice ND
1 both are variants ofhousehold bins - .
one is deterring to users ND

ID = participant number, AD = alignable difference, ND = nonalignable difference
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7.2.2.2Responseexclusionsand outlier removal

Two participants were excluded and somalid not complete the entire listing task. The two
exclusions were based on poor quality responses to the listing taskable 7-7 shows a
representative example from eactparticipant. Participant 16 simply described both
concepts in every pair. Participant 31 predominantly listed the features of the two
concepts, and it was unclear whether any of the features were supposed to be linked.
Some participants exercised their mht to leave the experiment at any point. This resulted
in fewer responses to the listing task but the randomisation of the stimuli spread this loss
across the sample. The mean number of responses for each variable, after excluding two
participants and bebre outlier removal, is n = 31 for Sim(all) and n = 15 for all other
variables. Full details of the number final number of responses are provided in Section

7.2.2.3after outlier removal.

Table 7-7 - Representative example responses for the two participants excluddtbm
analyses

ID Example response

16 oneis an app on a fridge interfaceelling the user what is going out of date
by tracking the sell date.

the other is a fridge that gives a signal of when something is going out of

AAOA AOO AT AOTI 80 OAIl OEA OOGAO xE.
31 L: pocket sized

R: sizeable unit

R: vacuum pump not integrated into 1 unit

r: larger portions

ID = participant number.

Outliers were identified from boxplots and responses 3 or more units from the edge of the
interquartile range (IQR) were removed. Outliers were removed from similarity ratings as
these could have arisen fromdatsh T OOU A OOT OO0 1 O 1 Adnéndod N& 1
values for the number of listed commonalities or differences were considered outliers as
there is no conceptual or methodological reason to discount e.g., an unusually large

number of responses to the listing task.

Figure 7-3 shows boxplots for the1049 values of Sim(all) acros$0 pairs of design
concepts and outliers have been marked with unique numbers that are used for reference
can be onsidered arbitrary. Using the rule of 3 units or more from the edge of the inter

quartile range (IQR) provided a less severe removal of outliers than the default option in
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SPSS. For example, SPSS flags data point #691 Abterisk above pair 19,Figure 7-3) as
an outlier, but a rating of 2 is not problematic for a set of values Mdn = 1. B€sponses
were removed using this method. Boxplots for similarity ratings after manual outlier

removal are shown inFigure 7-4.
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Figure 7-3 z Boxplot of Sim(all) for each pair of design concepts before outlier removal.
Outliers (circles and astersks) shown here are calculated by SPSS and numbers can be

considered arbitrary.
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Figure 7-4 z Boxplot of Sim(all) for each pair of design concepts after outlier removal.
Outliers (circles andasterisks) shown here are calculated by SPSS after manual outlier
removal but are not treated as outliers for subsequent analyses.
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7.2.2.3Data summary

Table 7-8 presents a summary of the meaand medianvalues, standard deviationsthe
number of responsesand the total number of items listedfor each \ariable acrossthe
three design tasks after outliers have been removed. The same values per stimulus can be

found for each pair of design concepts ifiable A74 to Table A7-6.

Table 7-8 Values for all variables across each of the three design tasks and in total.

DT Sim(all) Sim(com) Sim(dif) Com Dif(tot) AD ND
M 4.81 4.84 4.83 3.28 3.31 2.25 1.01
03 SD 2.77 2.79 2.85 1.84 1.82 1.43 1.33
(pairs Sum 489 507 345 155
1-10) Mdn 5.00 5.00 5.00 3.00 3.00 2.00 1.00
n 340 149 153 149 153 153 153
M 4.82 4.75 4.92 3.28 3.34 1.83 1.49
06 SD 3.00 2.99 3.00 1.80 1.99 1.32 1.64
(pairs  Sum 466 481 264 214
11-20) Mdn 5.00 5.00 5.00 3.00 3.00 2.00 1.00
n 343 142 144 142 144 144 144
M 4.21 4.25 4.16 3.52 3.97 2.70 1.29
07 SD 2.59 2.61 2.54 1.93 2.28 1.65 1.74
(pairs Sum 553 612 416 199
21-30) Mdn 4.00 4.00 4.00 3.00 3.00 3.00 1.00
n 346 157 154 157 154 154 154
M 4.61 4.61 4.63 3.37 3.55 2.27 1.26
SD 2.80 2.80 2.81 1.86 2.06 151 1.59
Total Sum 1508 1600 1025 568
Mdn 4.00 4.00 4.00 3.00 3.00 2.00 1.00
n 1029 448 451 448 451 451 451

Note:DT = Design taskM = Mean,Mdn = Median,SD = Standard Deviation, n = numberegponses,
Sum = total number of items listed across all responses

7.2.3Preanalysis data checking

Two sets of analyses are conducted before the main analysis:

1. Itis beneficial to analyse the responses to all 30 pairs as one homogeneous set to
maximise theavailable data points for performing correlation analyses. This
assumes some degree of homogeneity across the three design tasks test this
assumption,the median responses for each outcome measure are compared across
the three design tasks are compared (Sections2.3.1and 7.2.3.2. Significant
differences in the response distributions between design tasks may suggest that
the design task itself is an extraneous variable, which may in turn influence the
analysis or interpretation of the data.

2. Sim(all) has been split into two proxymeasures, Sim(com) and Sim(dif), to satisfy

methodological requirements (Section/.2.1). A strong correlation with a high
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percentage of the variance explained wouléhdicate that Sim(com) and Sim(dif)
variables are suitable proxy measures for Sim(all). Thus, the degree of association

between mean Sim(com) and mean Sim(dif) is examined (Secti@t2.2.3.
The implications of the results from these tests are discussed in Secti@r?.3.4

7.2.3.1Analysis of rated similarity across design tasks

Individ ual-level data are used to test for differences in the similarity responses (Sim(tot),
Sim(com) and Sim(dif)) to the stimuli from the three design tasks (DT03, DT06 and DT07).
None of the similarity responses were normally distributed as assessed by Shapif E1 E3 O
test, (p <.001) and as is supported visually iRigure 7-5. It should be expected that rated
similarity is not normally distributed as the stimuli set has beershown to span a range of

similarity values along the 19 scale Section6.4.3).
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Figure 7-5 z Frequency histograms for a) Sim(all), b) Sim(com) and c¢) Sim(dif).

Due to the violation of normality, the non-parametric Kruskal-Wallis H test was used. An
assumption of the KruskaiWallis H test is that the responses for the three design tasks
have the same distribution shape. It can be seen kigure 7-5 that the shape of the

distribution of similarity responses is similar for Sim(all), Sim(com) and Sim(dif). Thus,
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the KruskalWallis H test was used to compare the median value of the responses across
three design taskqFigure 7-6). Specifically, this involves taking all responses to a given
design task, i.e. responses by 30 participants for 10 concepts in each task, and comparing

them with the responses for the other tasks.

le

1T 1

03 06 07

Design Task

(a)

1T I

F—o
—
F—-

Sim(com)
L)

I
I

Sim(diff)

IS
EN

w
w

L1 I 1

03 06 07 03 06 07

Design Task Design Task

(b) (©)

}_'

Figure 7-6 - Boxplots for three measures of rated similarity for each design task.

Differences across design tasks for Sim(all). Median similarity ratings were

significantly different between design tasks?2 (2) = 9.266, p=.010. Pairwise comparisons
were performed using Dunn's(1964) procedure with a Bonferroni correction for multiple
comparisons. Adjusted pvalues are presented. This post hoc analysis revealed statistically
significant differences in median rated similarity between DTO7 and DTO03p(= .02%), and
DTO7 and DTO6 p =.026), but not for DTO6and DT03 { =1.000).

Differences across design tasks for Sim(com). Median rated similarity changed
between DT03 DT06 and DTO7, but the differences were not statistically significapt (2)
=3.668, p= 160.

Differences across design tasks for Sim(dif). Median rated similarity changed between
DTO03, DTO6 and DTQ7, but the differences were not statistically significaft (2) = 5.552,
p=.0&2.
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In summary, the median similarity responses to the 10 pairs of design concepts in DT07
were significantly lower than those in DT06 and DT03 when using the variable Sim(all),
but there was no significant difference when using the proxy measures Sim(com) and

Sim(dif). The implications of this are discussed in Section2.3.4

7.2.3.2Analysis of the number of listed items across design tasks

A similar procedure to the one used in the previous section is used to test for differences

in the outcome measures for the listingask (Com, Dif(tot), AD, ND) across the three

design tasks (DT03, DT06, DTOAFigure 7-7). Again, individuatlevel data are used. None

of the listing task variables wee normally distributed, as assessed by Shapird E1 E8 O OA OC

(p < .001)and so thenon-parametric Kruskal-Wallis testwas used again.
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Figure 7-7 z Frequency histograms for the number of listed a) Com, b) Dif(tot), C) AD, and
d) ND.

The null hypothesis for the KruskalWallis H test is that the distributions of the goups are
equal. If it can also be assumed that trehapeof the distribution is the same for the

groups, then the differences between groups can be attributed to a difference in medians.

Through visual inspection of the histogramsigure 7-7) and boxplots Figure 7-8), the
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distributions of each outcome measure across the three design tasks appear somewhat
similar, indicating that it may be appropriate to compare the group medians. However, in
the case of he NDs a KruskalWallis H test shows that there are significant differences
across the three design tasks, even though the median value is the same across the three
design tasks (Mdn = 1, sekigure 7-8¢). Thus, forNDs, the Kruskal-Wallis H test cannot be
used to compare differencesn the median values. It can, however, be used to compare the
mean ranksof the distributions, although this has comparatively less desqstive power.
Thus, for consistency in the subsequent statistical tests, the Kruskélallis H test is used

as a comparison of mean ranks for the number of listed items (C, Dif(tot), AD, ND) in each
design task. All post hoc analyses apmirwise comparisonsthat were performed using
Dunn's (Dunn, 1964) procedure with a Bonferroni correction for multiple comparisons.

Adjusted p-values are presented.
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Figure 7-8 z boxplots for the number of items listed in the commonality and difference
listing task for three design tasks. Com = commonalities, Dif(tot) = total listed differences,
AD = alignable differences, ND = nonalignable diffenees.

Number of listed commonalities across three design tasks. The mean rank of number
of listed commonalities changed from DT03 (mean rank 218.46) to DT06 (mean rank =
219.13) to DTO7 (mean rank =235.09), but the differences were not statistically

significant, 72 (2) = 1677, p= .432.

Number of listed total differences across three design tasks. The number of listed

total differences were statistically significantly different between the design task$2 (2) =
9.845, p=.007. The post hoc analysis revealed statistically significant differences in rated
similarity between DT03 (mean rank =213.85) and DT07 (mean rank =252.22) (p = 026),
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and DT06 (mean rank =210.87) and DTO7 p = 016), but not for DT and DTO06 p =
1.000).

Number of listed alignable differences across three design tasks. The number of listed
alignable differences were significantly statistically different between design task# (2) =
24.723, p< .001. The post hoc analysis revealed statistically significant differences in
number of alignable differences between DT0O3 (mearank =226.02) and DT06 (mean
rank =187.99) (p=.081), DT06 and DTO7 (mean rank 261.52) (p < .001),and DT03 and
DTO7 (p = .014).

Number of listed nonalignable differences in each design task. The number of listed
nonalignable differences was signifiantly statistically different between design tasks?2

(2) =9.033, p=.011. The post hoc analysis revealed statistically significant differences in
number of nonalignable differences between DT03 (mean rank 206.60) and DT06 (mean
rank =249.70) (p =.009) but not for any other pairs of values, including DTO7 (mean rank
=22311).

In summary, there were statistically significant differences in the distribution of the
number of listed differences across design task@ncluding Diff(tot), AD and ND), but not

for the distribution of the number of listed commonalties.

7.2.3.3Test of association between Sim(com) and Sim(dif)

I 0AAOOIT T-th@nerd@irefa®Awias run to assess the relationship between mean
Sim(com) and mean Sim(dif) for 30 pairs oflesign concepts. Neither mean Sim(com) nor

mean Sim(dif) were normally distributed, as assessed by ShapivE1 E8 O OAOOh 3 EI
=12),Sim(dif) (p=.2).! O0AAOOI 180 Al OOAI AGETT xAO AAOOE,
normality. Visual inspectionof the scatterplot of mean Sim(com) against mean Sim(dif)

(Figure 7-9) indicates that there is a linear relationship between the two variables and no

outliers. There was a statistically significant, strong positive correlation between

Sim(com) and Sim(dif), r(28) = .99, p< .001with 99.4% of the variance explained. The

strong positive correlation between the two similarity ratings suggests thathe

participants responded to the similarity rating task in a similar way, regardless of their

allocation in the listing task.
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Figure 7-9 7 Scatter plot of mean rated similarity with matching commonality rating
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point represents one of 30 pairs of design concepts.

7.2.3.4lmplications of data checking findings on further analysis

Two sets of analyses were conducted to determine (i) whether participants responded in a

similar way to the design concepts from the three design taskand (ii) whether

participants rated similarity in the same way regardless of whether they listed the

commonalities or the differences of concepts.

With regards to (ii), the use of Sim(all), Sim(com) and Sim(dif) (see Secti@n2.1for the

rationale behind these variables), it appears that participants provided similarity ratings

in a homogeneous way regardless of whether they listed commonalities or differences for

a given pair of concepts. This should be expected since the similarity ratings occurred

before the participantsreceived their listing task instructions. This supports the use of the

Sim(com) and Sim(dif) variables as proxy measures for Sim(all).

With regards to (i), significant statistical differences were found for the distribution of

mean rated similarity and the distribution of the number of listed differences across the

three design tasks. Generally, stimuli in DTQO7 tended to elicit lower simildy ratings and

more listed differences, the number of listed Coms was consistent, but the number of
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listed ADs and NDs wsgenerally inconsistent across the design taskslone of these
statistical differences violates the requirements of the stimuli, i.e, that they span a range of
similarity ratings. Nor are they expected to interfere with any of the correlational or
regression analyses. However, some possible implications were identifi@dncerning H4

which prompted additional analyses as reported in thasection (Section7.2.4.9.

7.2.4Results

For all statistical tests presented in this section{.2.4), all tests of normality wereassessed
by Shapiro7 E1 E6 O OAOO O11 AOO T OEAOXxEOA OOAOGAA8 #Ii

some cases despite violations of normality.

7.2.4.1Testing hypotheses 1a and Bimilarity, commonalitiesrad differences

SHlastates thatsimilarity should increase as a function of commonalities and decrease as a
function of differences, and commonalities should influence similarity more than differences
Hla is a prediction common tdoth the Contrast and Structural Alignment modeland

was included as a firstpass test of the applicability of featural models generally.

A multiple regressionanalysiswas run to predict the value of mean rated similarity

(Sim(all)) based on the mean number of listed commonalities (Com) arthe mean

number of listed total differences (Dif(tot)). There was linearity as assessed by patrtial

regression plots figure 7-10, a and b). There was no evidence of multicollinearity, as

assessed by tolerance values greater than 0.1. There was one instance in which the

studentized deleted residual was greater than +3 standard deviations §lue = 317). This

entry was examined, but there were no apparent data entry or conceptual issues that

warranted its removal. There were no leverage values greater than 0.2 and no values for

#1 TE80 AEOOAT AA AAT OA p8 4EAsabsésO0by®PIOIT 1T £ 1
(Figure 7-10, c).

The multiple regression model was significantRe=0.770, K2, 27) =45.107, p< .001, with
an adjustedRe of 0.753. Both commonalities ( =1.598, p<.001) and total differences [ =-
883, p=.006) were significant predictors of Sim(all) explaining77% of the variance in
rated similarity . Regression coefficients and standard errors can be foundTable 7-9.
That the unstandardized regression coefficient is greater for commonalities tima
differences indicates that commonalities count more towards similarity than differences
count against similarity, consistent with previous findings in nordesign contexts
(Krumhansl, 1978; Markman and Gentner, 1993b, 1996; Tversky, 197.7)
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Partial Regression Plot

Dependent Variable: Sim(all)
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Figure 7-10 z Charts for multiple regression b determine how much Sim(all) changes with
Com and Dif(tot). Panels show a) Partial regression plot of Sim(all) and Com, b) partial
regression plot of Sim(all) and Dif(tot), and c) FP plot of standardized residuals.

Table 7-9 - Summary of multiple regression analysis for Hypothesis l1a.

95% CI for B

Variable B

Sk Beta Sig.
LL UL
Intercept 2.398 -1.305 6.101 1.805
Com 1.598 1.008 2.188 .288 .633 <.001
Dif(tot) -.883 -1.488 -0.278 .295 -.341 .006

Note. B = unstandardised regression coefficient; SEb = Standard error of the coefficient; Beta =
standardized coefficient; Cl = Confidence Interval; LL = Lower limit; UL = upper limit.

SH1b states thatalignable differences should be more important in thedlgement of

similarity than nonalignable differencesThat is, changes in the number of listed alignable

and nonalignable differences should predict changes in similarity, and the unstandardized

regression coefficient for alignable differences should bgreater than that of the

nonalignable differences A multiple regression was run to determine whether changes in
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the independent variables Com, AD and ND, predict changes in the dependent variable

Sim(all).

There was linearity as assessed by partial regssion plots (Figure 7-11, ac). There was no

evidence of multicollinearity, as assessed by tolerance values greater than 0.1. The

studentized deleted residual forpair 3 was greater than +3 standard deviations (value =

3.48). The leverage values were greater than 0.2 for four pairs (paifi, 20, 21, 26). There

x AOA 11

OAl OAO AI O Thérd vie o dat&edty Aricdndeptialissuesh

that could be atributed to the influential points and thus no action was taken. The

assumption of normality was met, as assessed by aHplot (Figure 7-11, d).
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Figure 7-11 - Charts for multiple regression to determine how much Sim(all) changes with
Com, AD, and ND, a) Partiedgression plot of Sim(all) and Com, b) partial regression plot
of Sim(all) and AD, c) m partial regression plot of Sim(all) and ND, and d)APplot of

standardized residuals.
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Table 7-10 - Summary ofmultiple regression analysis for hypothesis 3.

Variable B 95% ClI for B Sk Beta Sig.
LL UL
Intercept 1.872 -1.967 5.711 1.868
Com 1.695 1.075 2.315 .302 .676 .000
AD -1.025 -1.867 -.183 410 -.262 .019
ND -.480 -1.245 .286 372 -.148 .209

Note. B =unstandardised regression coefficient SE= Standard error of the coefficient; Beta =
standardised coefficient, Cl = Confidence Interval, LL = Lower limit, UL = upper limit.

The multiple regression model was significantRe=0.761, F(3, 26) =26.092, p< .001,
summary in Table 7-10, with an adjusted Rof 0.733. Commonalities [ =.1722, p<.001)
and alignable differences |(=-1.036, p=.016) added statistically significantly to the
variance in the similarity ratings. The regression coefficient for nonalignable differences
was not significant { =-0.469, p=.210). In other words, mean rated similarity increases by
1.722 for every additional unit of mean listed commonalities when all other variables are
held the same and decreases byQ36 for every alignable difference listed when all other

variables are held the same.

The result of the first regression analysis indicates thatimilarity changes as a positive
function of commonalities and a negative function of total differences and commonalities
contribute more to similarity than differences detract from it. This is consistent with both
the Contrast and Structural Alignment moels. The results of the second regression
analysis show that it isalignable differences, not nonalignable differences, that are

responsible for the detraction in perceived similarity.

7.2.4.2Testing hypothesis 2 Correlational relationship between similaritydathe
number of commonalities

SH2 states thatsimilar concepts should be associated with an increased number of
commonalities and dissimilar concepts should be associated with a decreased number of
commonalites! 0 AAOOT T-hdnerd OrrelatOv@s run to assess the relationship
between mean Sim(com) and mean Com for all 30 pairs of design concepts. Visual
inspection of the scatterplot of Com against Sim(com}(gure 7-12) indicates that there is
a linear relationship between the two variables and no outliers. The mean values for Com
were normally distributed, (p = 101), but the mean values for Sim(com) were notp(=
0.12).
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There was astatistically significant, strong positive correlation between mean rated
similarity (Sim(com)) and mean number of listed commonalities (Com), r(28) = .82, p<
.001 (one-tailed), with Sim(com) explaining 684% of the variance in ComThis shows that
on awerage, concepts with higher similarity ratings have more listed commonalities, and

concepts with lower similarity ratings have fewer listed commonalities.
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7.2.4.3Testing hypothesis B Correlational relationships betweeammonalities and
alignable differences

SH3 statesthat concepts with many commonalities should also have many alignable
differencesThat is, there should be a positive correlation between the mean number of

listed commonalities andthe mean number of listed alignable differences for the sample of
concepts. Additionally, given that there is a positive correlation between similarity anthe

number of commonalities(Section7.2.4.2, there should by extension also be a positive

correlation between rated similarity and the number of alignable differeces.
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Commonalities and alignable differences. | 0 AAOOT T-Gdnerd @irefatidAias
run to assess the relationship between the mean number of listed commonalities (Com)
andthe mean number of listed alignable differences (AD) for all 30 pairs of depi
concepts. Visual inspection of the scatterplot of mean Com against mean Aly(re 7-13)
indicates that there is generally a linear relation, but thathere are outliers that may
violate this assumption. Both Comg = 101) and AD (p =476) were normally distributed.
There was no statistically significant correlation between the number of listed
commonalities andthe number of listed alignable differerces,r(28) =-.302, p=.0%2 (1-
tailed), with 9.1% of the variance explained. The direction of the association is also

contrary to the expected positive correlation.
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Similarity and alignable differences. The Structural Alignment modelpredicts a positive
correlation between similarity and the number of listed alignable differencedy extension

I £ OEA DPi OEOCEOA A1 OOAI AOGET 1T A AGomdnAdorrekatioh AT A
was run to assess the relationship between mean Sim(dif) and mean AD for all 30 pairs of

design concepts. The mean number of listed AD was normally distributedh € .476), but

mean rated Sim(dif) was not p = .012). There was a statistically significant, moderate

negative correlation between rated similarity andthe number of listed alignable

differencesr(28) =-.471, p= .004 (1-tailed), with 22.2% of the variance explained. This is
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contrary to the predictions of the Structural Alignment modelbut is consistent with the

direction of association between Com and AD.

Scatter Plot of AD by Sim(dif)

1 2 3 4 g i} 7 8 9
Sim(dif)

Figure7-14-3 AAOOAO PI 1T O T £ | AAT OAOAA O3EIj AEZAQS
for 30 pairs of design concepts.

Taken together, these findings show no support for H2. The key prediction, that concepts

with many commonalities should have many alignable differences, was not supported. Nor

was the related secondary prediction that rated similarity should increase with the

number of alignable differences. Contrary to expectation® moderatenegativecorrelation

was found betwee similarity and alignable differences.

7.2.4.4Testing hypothesis ¥ Number of alignable versus nonalignable differences

SH4 states thatalignable differences should be more numerous than nonalignable
differencesThat is, participants should list more alignable differences than nonalignable
differences on the whole. This prediction can be tested with individudevel data since the
alignable and nonalignable differences come from the same participant. For the entire
sample of responses to 30 pairs of design concepts, there wereldf@sponses to the listing
task in which a participant listed a difference and these differences have been codzsl
alignable or nonalignable. lwas expected that there should be statistically significantly

more alignable differences listed than nonalignable differences across the entire sample.
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To determine the appropriate statistical technique for testing hypotlesis 3, the
distribution of the difference between alignable and nonalignable differences (ADND)
was computed. The individuallevel difference scores were not normally distributed as
assessed by Shapird E1 E 8 < @A.JK& Shapiro7 E1 E 8§ On b®dv&IPsersifive
with large sample sizegField, 2009; Ghasemi and Zahediasl, 2012; Oztuetal, 2006),
but visual inspection of thehistogram (Figure 7-15, b) and QQ plot (Figure 7-15, c) reveal

a tail on the data that result in a positively skewed, nonormal distribution .

Owing to the violation of normality, a Wilcoxon signeegrank test was used to determine
whether there was a difference between the number of listed alignable and nonaligniab
differences. One of the requirements of this test is that the data are symmetrical, but the
same tail on the data that make the distribution of AIND nonnormal also violates the
symmetry of the distribution of values. Thus, the Wilcoxon signedank test was repeated

after removing the outliers shown in Figure 7-15a.
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