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SUMMARY

Biologically inspired design (BID) is a widespread and growing movement in modern
design, pulled in part by the need for environmentally sustainable design and pushed
partly by rapid advances in biology and the desire for creativity andvation in
design. Yet, our current understanding of cognition in BID is limited and at present there
are few computational methods or tools available for supporting its practice. In this
dissertation| develop a cognitive model of BID, build computatal methods and tools
for supporting its practice, and describe results from deploying the methods and the tools
in a Georgia Tech BID class.

One key and novel finding in my cognitive study of BID is the surprisingly large
degree to which biological angoes influence problem formulation and understanding
in addition to generation of design solutions. | call the process by which a biological
analogue influences the evolution of the problem formulaimadogical problem
evolution | use the method of graded theory to develop a knowledge schema called
SR.BID (for structured representations for biologically inspired design) for representing
design problem formulations. | show through case study analysis that SR.BID provides a
useful analytic framework founderstanding the twway interaction between problems
and solutions.

| then develop two tools based on the SR.BID schema to scaffold the processes of
problem formulation and analogegaluationin BID. | deployed the two tools, the four
box method of prdlem specificationand the Fchart method of analogical evaluation, in
a Georgia Tech BID class. | show that with minimal training, the-baxr method was

used by students to complete design problem specifications in 2011 and 2012 with 75%

XX



of students ackving better than 80% accuracy. Finally | describe a -baded
application for interactively supporting BID practice including problem formulation and
analogue evaluation.

Thus, mydissertatiordevelops a cognitive model of analogical problem evolution in
BID, a knowledge schema for representing problem formulations, a computational
technique for evaluating biological analogues, and an interactivebasdal tool for
supporting BID practice. Through a better cognitive understanding of BID and
computational rathods and tools for supporting its practice, it also contributes to

computational creativity.
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1 INTRODUCTION

AWhen all you hewer yi spraobh a@ammdrooks | i ke
1966) In the context of design, perception of the design problemsgyekahepending on
the available solutions. But how and why do design problems change, and what role does
the hammerplay? Moreover, in the context of innovative desigra major global
economic driveii what is the role of problem inception and evolutiomg @gain, what
does that hammer have to do with it? Using the context of biologically inspired design
(BID) as a domain of investigation, considering biological solutions (in lieu of hammers),

| will endeavor to answer these questions and more.

1.1 Background

Biologically inspired design (BID), also known as biomimicry, biomimetics, or
bionics, motivated by the need for innovation and driven by a heightened cultural
awareness and desire for sustainable design, is a rising method of design. BID espouses
leveragng naturally evolved systems and the discoveries made in a 3.8 billion year old
design laboratory in which only the best designs survive. As a domain for innovation,
BID is associated with at least 3,500 new US patents, a number which is projected to
doubk in the next 5 years.

In addition to generating imvative designs, BID providesvd opportunitiesfor the
study of analgical design in design practicéhe practice of BID relies fundamentally on

the process of analogical design; the transfer fradtdmain of biology to the domain of

1 Based on an extension of the study of Bonser 2665 Appendix A.



engineering Whereas much research in analogy explored the processes of analogical
design computationally, in the lab, and through historical accoBisnhow provides an
active, growingn situ environment in whicha observe of analogical design in practice.
Furthermore, since BID incorporates a less well explored domain for design theories, that
of biology, it also provides a new domain in which to further develop and extend existing
theories of analogical design.

BID also provides a unique opportunity for the study of hue@mputer interaction
in both design and in pedagogical practice. The practice of BID dates back to at least Da
Vinci, and is likely far older. However, the systemization of BID as a formal wlesig
method is a much more recent endeavor. Because the field of biologically inspired design
is nascent, the processes and products developed by the community of practice are neither
fully understood nor have prescriptive methods taken deep fidos provdes a unique
opportunity for the study of new tools and technologies in community relative free from
incumbent processes and methddsthis dissertation, | will build and apply cognitive
models of BID and deploy tools and processes to this communitygicigpat least the

local landscape of BID practice.

1.1.1 Observational Studies of Biologically Inspired Design
In the context ofa series of exploratorystudies in 2006 and 2007 inna
interdisciplinaryBID classat Georgia Institute of Technology, | made thiieings that

are important for the future development of the discipline of BID.

21 will use engineering as the typical application of Bithough it is not limited to engineering;
alternatively, architecture, computer science, or one of many other design fields may be substituted. | will
specify when the domain of discussion is limited to engineering only.



1.1.1.1 Finding 1: Designers struggle with design problem formulation in BID

| found that in a design context that stresses innovation and creativity, where
designers are allowed ttetermine their own design problems, student designers struggle
to formulate their design problem. | observbat student design teams formulate and
evolve (incrementally reformulate) their design problem, often with radical
transformationsThis struggleis ongoing, and often dramatic. In one observed design
project, over the course of the project (one semester) the design team was observed to
discard 87% of the problemnelated function concepts discussed throughout the design;
and only 8% of problennelated function concepisitially discussed were present in the
final design. While high conceptual turnover allows for broad exploration, it comes at the
expense of deep understanding of the design problem, which in turn leads to naively
conceived designotutions. In the observed context, there was no explicit support
lectures, assignments, references, or tbdts design problem formulation.

1.1.1.2 Finding2: Design problem formulation evolves in response to biological
analogies.

| found that design problenevolve in response tanalogical sources from distant
domains | refer to this phenomenon as analogical problem evolution (APE). A design
problem mayprovoke consideration @n analogywhich theninstigates an alteration to
the design problem formulationThis new design problem formulation may in turn
generatenew criteria for retrieving and evaluatirsglditional analogies, which may in
turn alter the design problem formulation, and soTdweeobservations suppodf this
finding. First | observed thadome design processes are solubased designs, that is,

the design problem is defined in terro an alreadyidentified solution.Second,|



observed the phenomenon of compound analogical design in which multiple biological
analogues werased during amextended design episad@ compound analogical design
it was found that a biological analogy can initiate a decomposition of the problem in a
way that the design team had not yet considdfedexample,n one observed case, the
design team upon learmgyrof a biological analog with both slevand fastmoving modes
of stealthy movement decomposed their problem of stealthy movement into slow and fast
modes.Third, | observed thatoncepts associated withiological analogues that were
considered during theesign process, such as a particular function or environmental
condition, were perpetuated throughout a design, evamgkhthe biological analogue
was no longer discussed nosed to generate intermediate or final solutions. While
existing theories of aalogical designaccount for the observed solution generation
aspects of BID, these theories do not fully account foptbblemevolutionaspect of the
APE prenomenon Likewise, existingtheories of design problem evolutiado not
account for the influerecof analogous solutions.
1113 Finding 3: Designs have difficulty f
analogies

| found that difficulty in defining the design problem translates into difficulties in
making analogies. This is not unexpected since analogical theoriespsu| at e a fAtarg
probl emo which forms the basis for many pro
mapping to transfer to storagen my initial studies | observed that students both had
difficulty (a) finding appropriate analogies, and (b) applying th@agy correctly to their
design problem, both of which would resulbrdn a poorly defined problem. Aan

example of an incorrectly applied analogydesign teama ppl | ed -t &a i f-0 0 @amd

3See Gentner (1983, 1989%Falkenhainer, Forbus& Gentner (1989), Holyaok and Thagard (1989),



based resource ga-hgoi #wanteohpboem. Thetdesigrateafmo n e
did not recognize that their problem was framed as an@yeproblem while the solution

was framed as a roustdp, andas a result they did nproperly adapt the model to solve

their problem. The challenge of an impreasealynamicproblemtarget is not unique to

BID; for example in scientific inquiry, problem formulatiols likewise dynamic.
Nersessian & Chandrasaka@909) provide a description of the use of analogy in such

a context. Moreover that problem definitions change @weg in design is well known.

Thus while this observation appears intrinsic to BID, it generalizasyalesign domain

where analogiesay befound.

1.1.2 Exploratory Experiments on Problem-Solution Interaction
In 2007 | conducted two exploratory experimemtsetter understand the nature of
the interaction between problem definition and biological analogues. In the first
experiment, informed by my work on compound analogywhich students used
analogues to facilitate problem decomposition (Helms, Vattam &,@0608),| sought to
better understanithe role ofbiological analogieg problemdecompogion.
1.1.2.1 Research Questida.1
To what extent do biological systems influence functional decomposition of
problems?
1.1.2.2 Hypothesi€.1
The introduction of biological at@gues to student designers will yield greater range
of concepts in a functional decomposition of a design problem, than a decomposition

without biological analogue prompts.



1.1.2.3 MethodE.1
In this experiment a facilitated functional decomposition was caruédioo a single
problem as a group exercise in class, until students were satisfied with the decomposition.
Student groups were then provided with different sources of biological systems with a
diverse range of functions. The students were then asked lkecteely further

decompose the design problefigurel.l shows the results of their final decomposition.

Capture the
“good stuff”
(unknown)

Suck in air with
bellows (baleen
whale)

Inject particles
into water
(unknown)

—

Control water Filter water
flow (jelly fish) (baleen)

Use multiple size
filters (diatom)

Match particle
usinggeometry
of particle type.
(hemoglobin)

Release caught
particles
(hemoglobin)

Figurel-1. The final problem decomposition affiltration designproblemcreated
during an inclass exercise. Green boxes represent the initial (given) decomposition, blue
represent the decomposition after a single iteration, pink represent the decomposition
after students were provided with biological analogue systems.

Students after exposure toetibiological sources were able add 50% more new

functions than they had described in their previous functional decompositions. Functions



were added at every level of abstraction in the decomposition, and atrosajor
branches of the decompositionobt of these (6 of 8) additions could be traced directly
back to one biological source of inspiration.

Although this study involved purely functional decompositions, | noted that students
often referred to other concepts, such as structures, other ss|uiwh environmental
factors in their decomposition3.he next experiment followed up on this notion by
examining the different kinds of concepts st
assignments.

1.1.2.4 Research Questida.2

To what extent are student pleim decompositions purely functional versus a mix of
functional and other conceptual categories?

1.1.2.1 HypothesiE.2

Student problem decompositions will follow a mixed conceptual decomposition
strategy.

1.1.2.1 MethodE.2

After training and several exercises in classfunctional decomposition, in which
both instruction and examples emphasized decompositions that were purely functional,
students were asked to submit functional decompositions of problems as assignments in
class. The composition of decompositions waalyaed by conceptual typd.able 1-1
provides a definition of the different conceptual types used, and the relative frequency of

their appearance in Afunctional o decompositio



Table1-1 Conceptual categas, definitions and the percentage of their occurrence in
student functional decomposition assignments, measured over all occurrences.

Category Definition Percentage '
Occurrence

Function A verb-nounphrase 40.57%

A verb-selfphrase (self implied)

A biological function (e.g. photosynthesis)
Function One or moraneansof accomplishing the function (e.¢ 5.42%
(refinement) pollination by insects, by air, by hand);

One or moreprepositional extensianof the function

(e.g. movement on water, on air, on land)

Structure A property, componenr material composition of a 26.89%
solution (e.g. the color red, a flower petal, and prot
respectively)

External Factors The environment(e.g. in the forest) or aonditionof 5.19%
the environment (e.g. partially shadesRternal to the
system.

Solution Solutionis used to perform function, 18.16%
Solutionperforms function itself
Solutiondescribed a method for performing function

Behavior (causal) A simple causal phrase (A causes B) 3.77%
A complex causal description

1.1.3 Summary of Exploratory Findings

The process of solutiebased design, occurring naturally in roughly half of the
observed cases of BID, depends on an initial seed biological source from which a
principle may be extracted and which in turn promgtsblem inception. Compound
analogy, occurring equally as frequently, entailed the use of multiple analogues in the
development of a solution to a system. A compound analogy is often the result of a
partitioning of a design problem into independent-gudblems each of which can be
addressed by a different biological source. The cause for this partitioning is often a
biological source itself, as in the stealthy, butdspeed copepod in the example.

The experiment in problem decomposition demonstratedithah student designers

are prompted with biological analogues, they are capable of redefining a design problem



at almost any level of abstraction. Finally, I show that in solth@ased problem
decompositions solutiedependent concepts such as the parteaterials of a biological
system, serve as fundamental conceptual components of student problem formulation,
occurring equally as frequently as functional concepts. Taken in combination, this
evidence demonstrates that when student designers formulatderps in the
biologically inspired design classroom context, beginning with problem inception and
continuing throughout conceptual design, biological analogues influence problem

conceptualization.

1.2 Research Problems and Questions
Supported by my observahal and exploratory studie$et initial researclproblems
concern the development of an underlying theorgraflogicalproblemevolution (APE)
in BID, to be followed by interventions based on those theddies. productive means to

frame a theory of athagical design is to ask four questions: why, what, how and when

(Goel, 1997) . I n this framing, the Awhyo

used, the fAiwhato pertains to the content
and t h eperfaimshoestrabegic process control. | will begin with the development of

the Awhat o which | wi || call the content

1.2.1 Design Problem Formulation in BID

Student design performance suffessaaresult of the large number of concepts that
are droppd through the design process in design problem formuldfioeach design
problem reformulation, some design thinking must be cast aside or reworked to integrate

into the new design problem conceptualization. While many theories of design account

per

of Kk
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for desgn problem reformulatioras a high level process accoutillier et al, 1972;
Darke 1979; Maher et al 1993; Dorst & Cross, 2001; Pahl & Beitz 2003, to name a few)
many are silent on the content and methods of design problem reformulation. Some
theoriesof design do specify design problem representations, and can be grouped
according to the following four categories:
1. Normative, based on best practice (Wirth 1971; Dahl, Dykstra, and Hoare,
1972; Roozenberg & Eekels, 1995)
2. Normative and based on functiamiiction decomposition (Altshuller, 1984;
Stuiges et al, 1996; Kirshman, Fadel & Ja&danonte 1998; Hundal, 1990;
Stone and Wood, 200Pahl & Beitz 2003)
3. Abstract, computational accounts (Newé@&l Simon, 1972; Simon, 1973;
Gero, 199)
4. Solutiongeneratiorfocused accountsoel and Chandrasakaran, 1989; Goel,
1992; Bhatta and Goel, 199Gero, 1990;Gero and Kannengiesser, 2004;
Sarkar ad Chakrabarti, 2008).

While any of these representations may be used to support design problem
formulation, and many hayéhey were not conceived with the goal of supporting the task
of design problem formulatiom the context ofinalogical designor in the context of
BID specifically. BID requires support of broader processes (analogical retrieval,
mapping, transfer, aneivaluation) and domains (biology) than is required for traditional

engineering design Additionally, many of these theories were not designed or intended

4This is not to say that analogical design and/or biological sources may not occur in traditional design.
Rather that they are neither typical nor required, and thus not necessarily suppdhteygl must be in BID.
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to be used in support ofcagnitive accoundf design problem formulatidn

In developing a theoryhat supports analogical problem evolution in biologically
inspired design, Wwill begin by providinga repesentation, or content accouhtffocus
initially on the content account, rather than a process account, for three reasons. First,
with a content ecountl canmore accurately and consistently describe the phenomenon
of design problem formulation, including how that content changes over time. Second,
the content account provides thiederlyinglanguage for describing the process account
that is thecontent account provides the set of concepts over which the process account
must act. Third, much asrequirements gathering document may be used to facilitate
problem definition in domains in which best practices are well established, a content
accountfor problem formulation in BIDmay providea principled method for developing
tools to facilitate and focus the problem formulation and rel&tskis This leads to the

first research problem.

1.2.2 Research Problem 1

While many theories of design problem repreentation exist, it is unknown to
what extent current content theories of design supporainalogical design problem
formulation and evolution in BID.

1.2.2.1 Literature Review

| first evaluate existing design literature against a set of criteria necessary to fully
support process of problem evolution in biologically inspired desldgme degree to
which a design theory may be considered to support a cognitive theory of design problem

evolution in BID may be inferred based on swuiteria (a) the taxonomy of problem

5 While the abstract, computational accounts do provide insight into design cognition, they do so at a
very high level e.g. providing descriptions in terms of state spaces and state space search.
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concepts, (b) the taxonomy of problem concept relationships, (c) support for the
biological domain, (d) support for processes of analogy, (e) support for processes of
problemevolution, and (f) support for cognitive models.

Eachdesign theoriemay be catgorized into one of four main types of design theory.
| evaluate each categooy theories with respect tmy six critera The evaluation of each
category of theory is based on evaluating the capabilitenyftheory to fulfill the
requirements of the vable. Each category is ranked on a three point scale: full support,
partial support or none (does not support). This evaluation establishes the extent to
which each theory category provides an underlying cognitive account for problem

evolution in BID.Tade 1-2 showgsheevaluationresults.

Table1-2. Amount of support for a cognitive theory of analogical problem evolution,
measured in terms of full support, partial support or no support, for each of siXesria
provided by each category of problem formulations

Variable Normative Normative- Abstract, solution-
Functional computations  generation
Categories Full Partial None Partial
Relationships Partial Partial None Partial
Biological None Partial* None Full
Domain
Analogical Focus None Partial* None Full
Problem Focus Full Full Full None
Cognitive Focus  None Partial Full Full

* recently developed theories and applications support some aspects of BID
The above table shows that no single category of the@upports a comprehensive

content account of BID. It also shows that comparatively, the solgBaeratiordesign

12



theories do provide a higher level of support than others. Of these, SBF and SAPHhIRE
models appear to be most promising. This leads teengnd research question.
1.2.2.2 Research Questiod.1
What adaptations to thsolutionrgeneration orientedheoriesare needed tdully
support a content account of design problem formulation and evolution in BID?
1.2.2.3 Hypothesi<.1
SBF provides gartial content acount of analogical design that may be used as a
seed ontology to discover the underlying account of problem formulation and evolution
in BID.
1.2.2.4 MethodC.1
| use a modified form of grounded theory, called ontologically grounded theory, to
show that SBF as seed ontology may be applied to problem formulation data to form a
comprehensive account of the content account. The account is enriched by adding,
modifying or deleting concepts and relationships as required, through several iterations.
The resulting ontogy, Figure 1.1, is Structured Representations for Biologically
Inspired Design, SR.BID. | apply the SR.BID content account to new data, and validate
the comprehensiveness and accuracy of the model using standard measuresadenter

and intracoder rdiability.
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Figurel-2. The conceptual categories of SR.BID and their relationships.
1.2.2.5 Summary of Section

In this section | establish the adequacy of existing theories of design to address
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knowledge content portion of a theoryasfalogical problem evolution in BID. | leverage
SBF to derive a new content account of problemmidation, called SR.BID. | validate

SR.BID against data generatednrthe BID design course.

1.2.3 Problem Evolution in BID

Analogical problem evolution (APE) as a phenomenon lies at the intersection of two
not yet integrated aspects of design theory: anakigdesign and problessolution
coevolution. From the perspective analogical design theories, APE exhibits the classic
retrievatmappingtransfer behaviors one would expect in those theories. In traditional
theories of analogical design, especially tieoof analogical design as applied to BID,
transfer occurs between a biological source and a conjectured design solution. APE
exposes a new opportunity for the application of analogical theories of design to not only
solution generation, but to problemodwtion as well. Second, as an instance of problem
solution coevolution, APE describes a phenomenon whereby a design problem evolves in
response to the evaluation of a solution. Unlike in traditional proBlaotion
coevolution, however, the solution imegtion is neither a new conjectured solution nor a
solution within the current (engineering) domain. Rather APE uses an existing (analogue)
solution from the domain of biology. APE provides the opportunity to extend existing
problemsolution coevolutionteories on one hand into credsmain solutions and on

the other hand into existing solutions, as a means to evolve problems.

1.2.4 Research Problem 2
Current theories of analogy account for analogical evolution of solutions; while
current theories of problem evolution account for problem evolution in the context

of conjectured solutions. Analogical problem evolution in response to existing
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analogical solutions remains unaccounted for in design theory.

Until now, descriptions of APE have been inferred from highel tasklevel
accounts of related phenomena, such as solbised design and compound analogy, or
from observational accounts such as the design trajectory accounts generateayfrom
2006 and 2007 studieShere is as yet no systematic descriptionmbfat knowledge
content is transferred in the process or when the transfer takes place. The SR.BID content
account enables the systematic encoding and analysis of the underlying problem models
associated with the process. | will use SR.BID content modgirdgide a detailed
description of changes to the problem model over time, and to relate those changes to
concepts to identified analogies. This will provide a richer descriptiovheh andwhat
is transferred in analogical problem evolution, which may tbe used to inform a
process account of APE.

1.2.4.1 Research Question.P

Whatis the content is transferred from biological analogues to problem formulations,
andwhenis it transferred in APE?

1.2.4.2 Hypothesis.1

An encoding of design problem formulations in termsSR.BID provides a reliable
method for describinghe contentiransferred between biological solutions and design
problems in the process of BID.

1.2.4.3 Method P1

APE is a subset of problem formulation in BID. Using the SR.BID content account of

problem formuation in BID, | encode data collected over the coursanaxtended BID

designepisode The data include point in time, sgiénerated descriptions of problem

16



formulations, biological analogues, and solutions generated during the semester long
course ofthe design. | construct from these encodings for each point in time a design
problem model. Qualitative differential analysis of the models, which include biological
analogues, will be used as indicators of conceptual transfer from biological analogues to
problem conceptualization.

Initial analysis provides a breadth of additional information for consideration in a
process model of APE:

1 Either existing mammade, existing biological solutions or both are cited with
respect to the formulation of the problerthis occurs inall problem
formulatiors thus far observed. Thus design problem formulation and existing
solutions appear to be deeply connected.

1 Concepts from biological solutions amot used in the initial problem
formulation for this design episodeather existing mamade solutions
provide the basis for the concepts in the initial formulati©ancepts from
biological solutions are integrated in later stages.

9 Certain conceptual categories are more common between problem formulation
and biological analgues than others. For example, while 38% of functional
concepts that appear in problem formulations also appear in biological
analogues, only 20% of performance criteria are found in common, only 17%
of operational environments, and no specifications/caimss appear in
common.

In light of these insights, | follow witkhe conjecture of amitial, high level process

account of analogical problem evolution for biologically inspired design, called the
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(PE.BID) model The PE.BID model will provide an aagot for why and how
analogical problem evolution occurs. | will break down and investigate this
conjectured process account in terms of six components.
1.2.4.4 Research Question.P
What is a process theory gfroblem evolution indesign that supports the
observabns made of APE in the context of BID?
1.2.4.5 Hypothesis.2
The problem evolution for BIDtheory PE.BID) of analogical problem evolution
supports(a) the observations made of APE, (b) the conditions required for analogical
identification, mapping, and transfeand (c) the conditions required for design problem
evolution.
1.2.4.6 Method P2
I will first propose PE.BID, a process account of problem evolution. Figure 2
provides a graphical representation of the PE.BID theory. This account specifies the
processes and uedying memory requirements for describimdyy and how problem
evolution occursThe PE.BID model provide a framework to scaffold the investigation of
the model components; e.g. problems, goals, strategies, memory, and transformations.
For each component,will conjecture a hypothesis and provide a method of evaluation
for that hypothesis, providing results where investigations are complete. | will restrict
detailed investigation for this dissertation to the transformation component. For purposes
of this introduction, | will restrict discussion to the hypothesis associated with each

component, deferring details to Chapter 6.
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Figurel-3: Graphical representation of the PE.BID theory of problem evolirtibiologically inspired design.
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1.2.4.7 Designer Problem Goals
According to Funke (200Xgomplex problems exhibit five characteristics that simple
problems do not. | hypothesize that designers gensiaitar problem goals to resolve
the difficulties that aris from these five characteristics.
1.2.4.8 Hypothesis B
The following table provides the five characteristics from Funke (2012) that ground

the taxonomy of designer problem goals.

Tablel-3. The five characteristicof complex problems and the goals associated with

addressing them in complex problem solving.

Characteristic  Description (Funke, 2012)

Intransparency concerns the variables involved
the definition of the goal. In an intranspare
situation, not all required information abo
variables and possible goals are given.

Intransparency

Goal

Intransparency

require
from the problem solve
the active acquisition o
information.

Complexity is defined based on the number
variableg(concepts)n the given system.

Complexity

Complexity demands fron
the problem solver ¢
simplification through
reduction.

It is not the pure number of variables that
decisive for the workload on the problesalving
person, but the connectivity between thes
Assumingthat in a system of 100 variables eve
variable is connected to only exactly one other,
connectivityis lower than in a system in which &
variables are connected to each other.

Connectivity

For making mutual
dependencies
understandable, a mod
of the comectivity

is required from
problem solver.

the

This feature explains the fact that interventions it
a complex, networked system might activate

processes whose impact was possibly not intenc
It signifies that in a lot of cases the problemsloe
not wait for the problersolving person and his/he
decisions, but the situation changes itself over tit

Dynamics

Dynamic requires from
the problem solver the
consideration of the facto
Ati me. o

Usually there is more than one goal in a comple»
situation that has to be considered. These goals
be in conflict.

Polytely

Conflicts due to
antagonistic goals require
the forming of
compromises and the
definition of priorities.
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1.2.4.9 Design Problem Strategies
Goals will in turn lead to strategies which provide the carfiexwhy andwhenAPE
is invoked, that is, APE is invoked in response to using particular strategy. | will
hypothesize a small set of strategies that may be employed to achieve some design
problem goals. As with goals, I will validate the hypothesis bppireg each strategy to
one or more observed design examples.
1.2.4.10Hypothesi.4
Table1-4 provides a small conjectured set of design problem strategies relative to the

first three goals in hypothesis P.3

Table1-4. Design problem strategies associated with the three design problem goals.

Goal Strategy Description

Active acquisition of Breadthfirst Loosely related concepts are added ir

information addition breadthfirst fashion, expanding the desic
space.

Depthfirst addition  Subconcepts are added to existil
concepts, generating conceptual depth
a particular concept.

Relationship Relationships are established betwe
addition concepts
Simplification through Elimination Concepts are remogefrom consideratior
reduction in the problem space
Decomposition Concepts are divided into swoncepts

that can be considered independently;
interface may be necessary.

Partitioning Concepts are grouped into connected ¢
that can be considered independienan
interface may be necessary.

Connectivity Relationship Relationships are established betwe
addition concepts

Depthfirst addition  Subconcepts are added to existil
concepts, generating conceptual depth
a particular concept.

1.2.4.11Problem Transfrmations

Transformations describe the ldevel operations that may occur over either problem
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concepts or relationships that result in the gradual shift in the problem model over time.
They areneatfigbal set of pri mit i ¥eetslargerhi c h
problem transformation strategies. Although | assume SR.BID as the underlying
ontology, the only necessamspect of th@ntology is that of partonomic and taxonomic
abstractionThe transformations may be generalized to any number of popsdileem
model representations.
1.2.4.12Hypothesis P&

Based on my own historical observations of problem formulations in the context of
BID and assuming the SR.BID content account, | hypothesize the following set of
primitive operators, callettansformationsused to changeroblem formulationover

timein BID.

Table1-5. The set of transformations used to change problem formulations in BID.

Addition  Refining AA (B

Associating A AA (a)B
Abstraction Shifting-up (zooming A(1-1) A(1DA A(1-1)
shifting out)

Shifting-down (zooming A(1) A(DA A(1-1)

in)
Induced A(1-1), A(Q- ADA (A(1-1), A@-
abstraction 2) 2))
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Decomposg

Disconnected
Removal

Suppressing

Deleting

Reemerging

Connect

Connecting

Disconnect

Switch Connection

Organizing

Partitioning

Decoupling

Table 15 continued

Conjunctive A(1)
Disjunctive A(1)
AAB

Disconnected A
Dependent chain AA B
Partition (A->B)->C
Related AA B:-B
Novel AA B:-B
A B

AA B
AA B

A B,C D E

A B,DE

1.2.4.13ProblemsolutionMemory

AL)A (A(1-1) AND A(1-2))

A(1)A (A(1-1) OR A(:2))

-A

-A, -B

~(A->B), C

AAB

CAB

AA B

A B

AAC

(AAB)A CA (DAE)

(AA B)(DA E)

How are the memories of design problems and design solutions organized in memory

such that problem and solution concepts may be partially integrated? The final
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component of the PE.BID theory is a theorymé&mory content and organizatiom
which problem and solution memoryis partially integrated using the SR.BID content
account First, | assume that SR.BIprovides the memory organization scheme for
problem formulation. Next, | note that the core concepts in the problem formulation:
function, enwonment, performance criteria and specifications/constraints, have
corresponding concepts in solution representation. However, it is not necessarily the case
that all concepts in a problem representation are also represented in a solution; for
example, whe a problem may specify a function at a high level, the lower level
functions which a particular solution implements may not be. Likewise, not all
performance criteria in a problem formulation may be relevant to a particular solution.
Moreover, evidencehows that all problems defined in the context of BID, are defined in
terms of one or more solutions.
1.2.4.14Hypothesis 6

SR.BID provides an organization schema for a shared memory between problem
formulations and solutions; solutions and problems share atdegsonment, function,
performance and constraints/specifications in comnmidrave already documented some
aspects of the connection between design problems and existing solutions; for example,
from coded problem formulations we see that all problerdeisocite existing solutions.
The degree to which they cite different types of concept varies by conceptual type.
Additionally, one can test memory organization using a computational tool to test that
SR.BID can, in principle, be used to create a memaryp&h biological solutions and
design problems. The hypothesis can be validated computationally by demonstrating that

such a memory can be instantiated and used in an application for the tasks of retrieval,
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mapping and transfer.
1.2.4.15Summary of section

Startirg from the phenomenon of analogical problem evolution, | provide a content
account for dAwhato is transferred from the
of problem formulation. Followingrém this description, | proposeprocess theory of
problem evolution in design, calle@E.BID, which can be broken into components:
problem formulation; design problem goals; design problem strategies; problem
transformations, and an integrated problesiution memory. | provide theoretical and

gualitative suppd for each component.

1.2.5 Support Tools for BID

In this section, | will review the fotlbox method of problem formulation, a tool that
addresses the challenges of problem definition in the BID classroom.iinditestudies
conducted in 2006 and 2007 lufnd that students experienced considerable difficulty in
formulating design problems of their own creation. Since design problems provide both
index and evaluation criteria for the biological analogies, poorly defined problems yield
additional challengesncluding difficulty searching for and evaluating analogies. While
process and tool support were provided to assist student designers with the task of search,
problem formulation and analogy evaluation remained unaddressed. To address this
challenge | impgmented the fodibox method of problem formulation, which is based on
the SR.BID content account. The feawx method of problem formulation was extended
to analogical evaluation through a tool called thech@rt method of analogical
evaluation. Based orhé success of these tools, SR.BID was tested as an underlying

framework for distributed knowledge acquisition for biologically inspired design, through
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a webbased application.

The implementation of the fodnox method for problem formulation is assessed
three ways. First, after students are trained on the method, they are provided with an
assignment which requires the use of the method. The ability of students to use the tool
after a single training session is measured in terms addberacywith which students
are able to use the method to define. The students continue to use thexfonethod
throughout the class, extending its use to include both problem formulation and
analogical evaluation. After using the method for several additional weaekignss are
asked to reflect over their use of tools and methods used in the classroom. The results of
this study including both the foubox method of problem formulation andchart
method of analogical evaluati@me reported in terms of a qualitati@esessment of these
student reflections. Finally, the foebox method is implemented in a wbhsed
application. The welbased application demonstrates in principle how students can apply
the fourbox method to generate structured knowledge about deswgpleprs and

biological systems with minimal cost.

1.2.6 Research problem 3
Problem formulation in BID plays an important role in searching for and
evaluating analogical sources. However, we observe that students struggle with
problem formulation in BID, and consequently with analogical evaluation. No tools
exist to support problem formulation or analogical evaluation in BID.
1.2.6.1 Research Questidnl
To what extent can SR.BID be used accurately for the design task of problem

formulation in the context of the BID clemom?
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1.2.6.2 Hypothesid.1

OperationaEnvironment Functions

The fourbox method ghown in

Figure 1-4) can be used accurately
Specifications Performance Criteria

by all students to represent design

problems in BID.

Figurel-4 Student designers use the fdaax
method of problem formulation to articulate a
problem in terms (1) operational environment,
1.2.6.3 Method 11 (b) functions, (c) specifications/constraints and (

] performance criteria.
The fourbox metlod s

implemented in 2011 and 2012 within the existing framework of the class as a
replacement for generic problem definition assignments at the individual and team levels.
After training in the fowbox method assignments are collected and evaluatedms te
number of student assignments completed, and accuracy with which the method is used.
Students are provided with a survey at the end of the semester which seeks to understand
opportunities for improvement in the febhox method. They are provided Wit take
home final reflection assignment, which prompts for open comments aboutbitre 4
method. Conclusions are drawn from student use data, surveys and reflections with
respect to the feasibility of the system for systematically encoding problems in
biologically inspired design, as well as for design improvements for future
implementations.
1.2.6.4 Study Results1l

Completion rate on the-Hox portion of the assignment was greater than 95%,

providing evidence in favor Thdovesdl accumeyt s6 abi |

of student use of the fodmox method, excluding the three students that did not complete
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the assignment, was measured over a total 1058 concepts. For all concepts across both
years and all concept types, average student accuracy8wé%o. There was no
statistically significant variance in accuracy across years, gender, major, or method of
reporting. There was a variance in accuracy across concept types; where operational
environment concepts were more accurately used, while constend specifications
were used less accurately.
1.2.6.5 Research Questidn2
How are the SR.BID and fodoox representations used in the context of biologically
inspired design with respect to the task of problem definition?
1.2.6.6 Hypothesid.2
The T-chart methodf analogical evaluationan be used accurately by all students to
evaluate and compare analogies, and to provide support for explaining why analogies
were selected.
1.2.6.7 Methodl.2
SR.BID and fowbox representations were used in a number of assignments in class
from week 7 until the end of the cla&R.BID and the foubox method are also included
in the T-chart method for analogical evaluation (Figur®). The TFchart method of
analogical evaluation generates a fbox model for the design problem (left coin)
and for the biological system (right column) which can then be comparetsgide.
Students are encouraged to consider the implications of differences and similarities in

their evaluation of the analogy.
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Biological System
Operatioml Environment Operational Environment

Similar

Same

Functions Functions

Similar

Same

Specifications Specifications

Similar

Same

Performance Criteria Performance Criteria

Similar

Same

Figurel-5: In the T-chart method of analogical evaluation, designers compare a design
problem to a biological system across the foumensions of the fodbox method, using
a simple comparisonifferent, similar, or same.

As a final exam, students submitted open reflections on their experiences with the
tools and methods they were taught in class. The reflections were guided such that a
student need not discuss the ftwax method or SR.BID repsentations, although most
of them did. Of the 34 students, all students reflected at least on either SR.BID, the four
box method of the -Ehart method. Reflections wesummarized and coded. Tabké 1
shows of positive and negative commemsismmarized bygategory,associated with the
four-box method. From this data | can infer that students were more positive about the
method than negative by a wide margin (nearly 3 to 1), and that they found it valuable for
many of the reasons | anticipatédproblem defnition, clarification, and breakdown,
focus and organizatiorStudentcomments reflecsimilar value association wittthe T-

chart representations for the purpose of evaluating analogies.
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Table1-6. Positive ad negative comments associated with tH@A method of problem
formulation. Comments are gathered from student reflections at the end of the 2012 BID
class, and are summarized by category.

Positive Comments 29 Negative Comments 10
| Define/specify/clarifyoroblem 8  Decrease/Limitcreativity 3 |
Breakdown, problem 6 Limited to a single environment 2
Focus 2  Confusing, categorizing concepts 1
Organize data/knowledge/problem 2  Confusing, redundant 1
Search, aid 2  Confusing, specification v performance criger 1
Understand, system 2  Difficult to learn, to use initially, different at first 1
Analogy, matching 1 Increased workload 1
Direct inquiry 1
Easier than another system 1
Evaluate, problem 1
Understanding, SR.BID 1
Useful, operational envanment 1
Visualization 1

The first four of the comments on the positive side prositeng evidence for the
value of the fourbox method of problem specificatiomn particular that, as intended,
provides students with a greater capability to fide/specify/clarify, breakdown,
organize, and otherwise grapple with complex design problems

Encouraged by the successful implementation of thelfoMrand Fchart methods in
class, | look next to addressing the problem of scalable knowledge engineetirey

context of BID.

1.2.7 Research problem 4
From observations of systems implemented to support BID, we know there is a
tradeoff between representational complexity, cost of representation and potential

value/tasks supported. Existing support systems do noget provide a sufficient
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return on investment such that system builders are able to get widespread adoption.
How might these systemscquire structured data on thousands or tens of thousands
of biological source analogues that would be necessary dave value to the design
users?
1.2.7.1 Research questidr3
To what extent can SR.BID be used to support design processes in BID over a
distributed (e.g. webased) platform?
1.2.7.2 Hypothesid.3
The SR.BID for Web Application can be used to support designers for problem
definition, biological analogy building, and analogical search and evaluation, over a
distributed teanbased platform in the context of BID, with minimal additional
investment over current assignment workload.
1.2.7.3 Methodl.3
The SR.BID Web Application is dewsged and deployed over a short window in the
context of the BID classroom. Students are provided with a brief 20 minute training
session in class, amhcouraged (by the researcher)oluntarily use the system to enter
problem definition information, antiological source informatiorStudent interactions
with the system are recorded in a database to determine the amount and type of
interaction students engage in with the tool. Timing of transaction data is analyzed to
determine the length of time for cpietion of desired tasks, such as entering a new
biological systenor a problem definition. Table-1 provides a sample of a transaction

report for a single user.
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Table1-7 Sample of transaction reports fosiagle user for the SR.BID Web

Application.
USER DATE & TRANSACTION TRANSACTION
ID - TIME - TYPE
6 11/8/2012 NEW PROJECT Added Project: The Signal Seed
19:52
6 11/8/2012 NEW Added Referenece: Project document, fi
19:56 REFERENCE report.pdf
6 11/8/2012 NEW Added Reference: Project document, mater
19:57 REFERENCE assessment.pdf
6 11/11/2012 NEW Added Referenec: Project image, images
0:05 REFERENCE prototypes 1 & 2
6 11/11/2012 NEW Maple seed (samara)
0:07 BIOLOGICAL
SYSTEM
6 11/11/2012 NEW PROJECT Maple seed (samara)
0:07
6 11/11/2012 NEW Added reference: samara seed distributio.pdf
0:13 REFERENCE
6 11/19/2012 NEW Blank entry
11:29 REFERENCE
6 11/19/2012 NEW Added Reference: Project document, QA.pdf
11:30 REFERENCE
6 11/19/2012 DELETE Deleted blank entry
11:30 EXTERNAL
FILE

By analyzing the transaction reports, | deterrditieat in practice, student designers
can use SR.BID and the febox method of representation to build complete structured

knowledge representations of both design problanisbiological systems in the context

of the class on biologically inspired design. Moreover, such representations can be

entered into the systein comparatively little time; between 20 and 40 minutes for a

complete model. This, combined with the studeat

reported val

ue

from

methods in class, suggests that the system can be used to build a distributed, joint

problemsolution database for the support of BID.

Moreover, the realization of joint problesolution models in a database orgadize

according to the SR.BID framework provides prgotoncept that SR.BID can be used

to organize and instantiate a memory capable of performing analogical problem
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evolution. This provides computationally plausiblsupportargumentfor the process
modelof memorydeveloped earlier.
1.2.7.4 Summary of Section

We know from the previous studies in this section (studies 1.1 .@nhdhht student
designers are capable of learning the foox method of design problem description
quickly, applying it to new design pri@ms with greater than 80% accuracy in most
cases, and that they find value in the methodology for ordering and organizing their
thinking about their design problems. Moreover there is some evidence in support of it
use in analogical evaluation.

We also kow from this study that individual student designers can use eéhasdd
platform enter this information into a distributed database of problems and biological
systems, and that in this prototype system they can generate meaningfulnoudti
descriptiors of design problems with an investment of less than 60 minutes. From this
data, | claim that viewed as an underlying scaffold for both tools and technology,
SR.BID and the SR.BID Web Application can be used for low cosgssive distributed
collection of design problem and biological system informatioifhis information
provides value to designers for tasgpecific to biologically inspired design, including

design problem formulation, and analogical evaluation.

1.3 Personal Motivation
In this section | brieff review my personal motivation for exploring the problem of

analogical problem evolution.

1.3.1 My observations of BID class

| have always been fascinated with biology, and prized the opportunity to learn about
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biology through the eyes of design. After witniegsin the context of the BID class at
Georgia Tech the use of biology to generate new technical solutions for interesting
projects, | believed that this design paradigm could truly change the world. However, |
noticed that instructors and students stradglith critical key aspects of the class.
First, students struggled with the formulation of design problems. This took me by
surprise. Gerogia Tech is one of the top engineering universities in the country! How
could engineering sétatdeaatsaskraggfeédadenhtal
design problem. The mystery was afoot! Additionally, | saw in project after project,
biological solutions which students considered interesting or cool always had a way of
fitting Aj ust r i ghem There twas at game beingdptaged g n pr ot
hereésomehow, problems and solutions were mov
Second, while students often quickly produce biologically analogies to match a
design problem, and could on the fly generate new solutions to probl&ngs these
analogies, when askeuhy these analogies were good, students started back with blank
faces. Students had an intuitive notion of why an analogy matched a problem, but when
pressed they had no framework for articulating why. Something elseoivaisan here.
Both problem formulation and analogical explanateme real problemsfaced by
designers and central to the issues of biologically inspired design. | thought,
understanding these issues may provide me with an opportunity to help a new,

devebping communitythat| believe can have a significant impact on the way we design

1.3.2 Parallels with PhD research
The more | progressed on my PhD journey, the more | recognized that the struggle

that the undergrad students had in defining a good design prelds not as uncommon
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as | thought. Identifying a design problem in a world filled with potential problems is
difficult. First what problem to pick? In innovative design, the problem has to be
interesting. It must be a problem people care about, sometithget solved, and
something challenging, but with enough research behind it to make solving it tractable.
Second, it is not enough to identify the probjeme must understand it deeply in order
to solve it. Student designdiad they get a handle ondlproblem quickly, they race to a
solution, and then something unexpected happe
to, or their customer (the Professtrinks there might be a better wayhere is always
something unanticipated, something more talarstand. Scathey learn from your
mistakes, you research the problem, you grasp at the nuances, you study what has gone
bef ore and what worked and didnodt. Now you ca
Solutions are always blowing up. Persistence thindailure, | think, must be the number
one trait of any inventor.
|l 6m not j ust talking about student desi gne|
research as well. PhD problems have many parallels to design problems. Thus as | was

studying the phenomenoias living it as well. All the more reason to find a solution!

1.4 Limitations and Assumptions
The limitations of my research are that: (1) All data for this research is collected
within an undergraduate class on biologically inspired design, which chaofjes
dramatically, in format, style and content from year to year. | assume the phenomenon of
analogical problem evolution as observed and described is based onderlying
process that is consistent across these variations. (2) While the clasentspeesew

domain of formal study, | assume that the design actions of biologically inspired design
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in this class are more broadly representative of design actions of biologically inspired
design. (3) The designs studied and the resulting phenomena dédsmeitur distributed

in time, over the course of weeks or months, and space, wherever students are able as
well as electronic communication, | assume that instruments used to collect the data,
mainly homework assignments, represents the honest work oénssudand is not
intentionally misrepresentative. (4) | assume the designers in the class are all student
designers, and are representative of BB student design populatiooonsisting of
students mostly in mechanical engineering, biology, biomechaeigiheering and
systems engineering; | assuthat findings will generalize at least to the population of
student designerwith majors largely represented by this clags) | assume that the
gualitative method of ontologically grounded theory, andltesudifferential analysis to
determine changes in problem formulation, are sound; | likewise assume SBF models of
analogy and CPS charaagmations of problems are sound; (6) Generalizations from this
study are circumscribed by the class of generalimattbat may be drawn from the case

study methodology.

1.5 Delimitations
The delimitations of the research are: (1) that only student designers are selected for
study; this expert designers, engineers or biologists are excluded from this study; (2) only
the clasroom context is studied; design experience outside of the context of a classroom
is excluded from this study; (3) the raw data concerning problem formulations are
representations created for and in the context of homework assignments; data concerning
problem formulations outside of the context of homework assignments is not used; (4)

that construction of a model using ontologically grounded theory, with reliability
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statistics >80% are valid; models and coding constructed with less reliability must be

discarded or changed and retested over new data.

1.6 Organization

This dissertation is organized around the three core themes: design problem
formulation, design problem evolution and support for design in BID. Prior to discussing
the core themes, i@hapter?2, | will situate the work in a review of related research. In
Chapter3, | will establish the context in which these studies occur, both in terms of the
domain of design, and the specific classroom context. | will also describe the research
desgn for the oveall dissertation whicltonsists of a series of studies conducted under a
larger case study framework. Subsequent sections will describe the methodologies used
for specific individual studies contained in those section€Hapter4, | will establish
the phenomena ointerest by describing the 262007 exploratorystudies and the key
findings relevant to this dissertatio@hapterd will end by raising the first two research
problems | address in this dissertatiomChapter 5 | will address the firstare theme:
design problem formulation. First | will assess the relative strengths and weaknesses of
existing theories with respect to design problem formulation in the context of BID.
Using SBF as an ontological seed, | will use ontologically groundexhthe develop a
content model of design problem formulation in BID.CGhapter 6 | will address the
second core theme: design problem evolution. After providing a richer description of
analogical problem evolution based on SR.BID, | will postulate a meneral process
theory of problem evolutiorRE.BID. | will provide evidence in support of each of the
fundamental concepts in th®E.BID model. In Chapter 7 | will discuss the

implementation of three tools for design support, based on my theory of SRiBID
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Chapter8, | will situate this research in the broader context of cognitive science, design
science, humanentered computing, and biologically inspiressidn. At the end of this

section, | will concludéhis dissertation with thoughts on future r@sh.
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2 RELATED RESEARCH

In this dissertation provide an account oflesignproblemsolution representations
and an account of the processaaglogicalproblem evolutionThese concepts are reified
in a domainthe nascent but rapidly evolving field bfologically inspired designThe
background research for this undertaking therefore gpanen formulation in design
content and process accounts of design problems and analogies, process accounts specific
to biologically inspired design and specific problemsolution coevolution, and finally
we round the research out with a review of existing applications for the support of
biologically inspired design. While this dissertation is not focused on the deployment of
technology per se, the last topicimportant for understanding the implications of the

research.

2.1 Problem formulation in design

2.1.1 Defining design as an ilstructured problem

Simon (1973)categorized design as an-structured problem. That is, design as a
class of problems are inherently @ndspecified and include uncertainty not only with
respect to the proper end result, but also with respect to what method(s) might be applied

to achieve a result. Even the result itself is subject to uncertainty, in that one may never

know whetheradesg i s opti mal in an absolute sense.

& Webber, 1973) concept of wicked problems. The categorization of design as an ill
structured problem extends as far back as Reitman (1964) who highlights the under
specification of dsign problems. Dorst (2003) discusses three degrees to which a

problem may be Hdefined: (1) some aspects ateterminedby hard requirements, (2)
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the major part isinderdeterminedsubject to the design choices made by the designer

during the processnd (3) some aspects are completatgleterminecind subject to the

style of the designer. In modern design, that design problems-dediiled is accepted

as given; as Cross (2001) put it in his revie
acceptd t hat design Oprobl emsé can -defined y be reg

probl ems. o

2.1.2 Two schools of thought on problem structure

There are two core schools of thought on how the structuring-défihed design
problems is approached. The first schimlows the initial work on rational problem
solving from Simon (Simon 1973, Newell and Simon 1972). In this view, a problem
constitutes a search space, which can be broken down into independentldains,
where the sulproblem can be systematical sgwed until a sufficient solution is
identified. The component solutions to sutoblems can then be synthesized into an
overall solution. Thus, a problem is first structured, and then a solution is synthesized.
Goel and Pirolli (1994) show through a prodd study of design this twphased
approach between problem structuring and solution development, and distinguish it as
fundamentally different from other problesolving activities, which neglect problem
structuring almost entirely. Ge(@993) extendshie problermspace and search metaphor
to suggest that exploration in design is a process which creates new design state spaces or
modifies existing state spaces, extending the amount of space which can be explored for
design. As Dorst (2003) points out, ghirational problem solving approach is
representative of the positivist epistemology, suggesting that a problem exists

independent of the problesolver, and can be analyzed and studied objectively, yielding
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to systematic, scientific processes.
The other shool of thought stems from Schén (1983) and what he calls reflective
practice. From this viewpoint designers subjectively frame a problem often in
conjunction with the generation of one or more possible solutions. While Solesmot
explain how such fraing occurs, he ties together the inherent subjectivity of the problem
as viewed by the designer with the notion that solutions provide a fundamental lever in
framing the problem. As he states in | ater wo
(Schbn1 988) . 6 Dor st ( 2p6ctve Jo the ghenanerotogigetadigsn p er s
in which the construction of reality, in this case the design problem, is inherently
Ssubjective. As Dor st and Cross (2001) obser
assignments sa an objective entity. All designers interpreted the assignment quite
di fferently in awareness of their own design
Since the development of these two schools of thought, many case studies, protocol
analyses, and permance tests have been conducted usually through one lens or another.
Cross 2001) provides a comprehensive summary of 36 studies conducted in the thirty
years spanning 19702000. Relative to problem definition, certain key points of debate
have arien, which can be traced back to the difference in schools of thought on design

problems.

2.1.3 Top-down design

Standard prescriptive methodologies for mechanical engineering inérgodesign
(Wirth 1971 Dahl, Dykstra, and Hoare 197Rpozenberg & Eekels 199Pahl & Beitz
2003 suggest a topown analysis of the problem using function decomposition

strategies, for instance. In such a case, in each step of the process detailed design
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decisions are deferred until the entire problem is sufficiently refinedstraction. Such
processes, while acknowledging the iterative nature of design, suggest that an initial
problem formulation can be divorced from solution and analyzed objectively prior to
solution instantiation. These methodologies are firmly rooted inratienal problem
solving school of thought. Such talown problem definition strategies are considered as
rational, disciplined and webehaved design (Guindon 1990).
Guindon (1990) observed the practice of a small number of software designers, and
showed that rather than applying perfectly 4dpwn strategies, software engineers are
more Aopportunistico, and wil |l o-prablers,i onal |y
prior to returning to the tedown, breadth first problem structuring activity. Likew)
Chadrasekaran (1990) notes that while hierarchical functional decomposition of a
problem is an i mportant design task, Al n man:
subproblems alternat with partial designs of others, which in turn provide partial
constraints for yet other sypr obl ems. 6 Bal | , et al (1999) o
Aopport unibsethiacvee dor dfeislilgner s a-dosvn, seiectiyel v per f ol
depthfirst search which is being invoked to validate the Hegrel design concepthere
a designer is unsure. Novices, as one might predict, tend to perform mordirdepth
problem solving than experts who, being more certain tend to provide bfgatlth
problem structuring. In 2004, Cross counters with models from Holyoak (1994l50kd
& Solway (1988) and Cross & Clayborn (1998) in which he claims experts do not

conform to breadtiirst, top-down strategies.

2.1.4 Solution-orientation

Contrasted with traditional tegown design processes atesign studies that show
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designers often begiwith solution conjectures first. Lawson (1979) formalized design as

either problerrdriven or solutioadriven, and characterized the later as being more

characteristic of desighased problem solving. The -salled solutiororiented

approaches stand in mnast to the tolown, problerroriented approaches. In such

solutionoriented approaches designers quickly conjecture partial solutions to problems,

with very little problem structuring or definition occurring prior. Analysis of the

proposed solutions nathen be used to contextualize and more deeply understand the

probl em. Hi llier, Musgrove, andcofegt@e | | i van (

analysis which matches observations in architecture and in which early solution

conjectures are seen to rdlyi reduce the search space by eliminating incongruent

alternatives. Darke (1979) expands this theorgdneratorconjectureanalysisin which

a fAprimary generator o, which can be an i dea,

narrow down the search ggaand to provide a starting point for the designer. The

Apri mary generatoro is imposed on the design

reflective practice, this primary generator can then be used to frame the problematic

desi gn; i s e telect padicularahingscrad relators,for atention, and impose

on a situation a coherence that guides subsedq
There are however, some potential drawbacks to the sclotiented approach.

Restrepo & Christiaans (2004) show tleaimmitment early, as with solutiesriented

approaches, can lead to design fixation. This is not unexpected, as Rowe (1987) observed

t hat fa domi nant influence iIis exert-ed by ini

solving directions...a considerablecaetfis made to make the initial idea work rather than

adopt a fresh point of departumnementsdidri s may a
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produced. Restrep& Christiaans (2004) show that problem oriented designers produce
their requirements throughotihe entire session, whereas soluarented designers
specified their solution at the beginning of the process. Kruger and Cross (2006) show
that for the same problem, some designers employ such setutemted approaches,
while others use problemriented approaches. For their experiment they show that
solutionroriented design still tends to produce creative results, but lower overall quality.

Note this notion of solutiororientation is linked to @onjectured solution In this
dissertationl delinede between two different classes of solutions, and thus two different
kinds of solutiorbaseddesign. The first classhe conjectured solution is the solution
class with which most existing theories of design concern themselves. In all instances of
design theorymentioned, solutiomriented processeme secalled because thawclude
anearly conjecturedsolution. The majority of theorighat citeearly solution conjectures
discuss relationshgbetwesn the evolution of the problem and th@njecturedsolution.
The second class of solution, and the clagh which | am concerneds the class of
solutions that currently exist, whether as a solution to theteind design problem or a
solution that appears unrelated, such as a biological system. Mycameath how such
existing solutionsinteract with the design problem. In particular, hexisting solutions
outside of the traditional domain of the design probleexisting biological solutions
relative to engineering problenisinfluence the formul@gon and evolution of the design
problem.

Maher, Poon and Boulanger (1993) used a slightly different term for the relationship
between problem and solution. Rather than classifying the processes as prblem

solutionoriented, they describe the processa ceevolution. They used the concept of

44



genetic algorithms for a wetlefined design problem, to show how suchegolution

could occur computationally. The use of a genetic algorithm required a routine and
structured problem definition, limiting thelegree to which the technique could
generalize, but it served as an ingtireg proof of concept. Figure R adapted from their

work shows how starting a problem P(t), a conjectured solution S(t) is generated. This
conjectured solution generates new mfation (show as a small blue box), which is then
transferred to the designers understanding of the problem, generating problem P(t+1).
This new problem definition, in turn, is used to generate the next solution iteration
S(t+1). The process can iteratetiuthe solution sufficiently meets the requirements in

the current problem state.

P(t) / P(t+1)
Su(0 s (t+1

Figure2-1. Problemsolution evolutionMaher, Poon and Boulanger (1993

Subsequently, Dorst & Cross (2001) examine and elaborate on the notion of co
evolution and include in their definition the concept of partial structuring of the @oluti
and problem spaces. In this way, fubblems could be defined and solved, and the
information thus gathered could cycle back through the problem description as partial

evolutions ofproblem and solution. Figure2shows the process developed by Dd&rst
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Cross. In this case, the triangle in P(t+1) represents the development cpenisiain
structure, from which a seolution S(t+1) is developed. The information from the
development of that susolution is then cycled back to inform further developmants

the problem. Note once again, these are conjectured solutions that are being evaluated in
the context of the problem and informing the problem development. The process of sub
problem creation, solution generation, and new problem formulation occuralustib-
problems are solved sufficiently by the existing array of arrangeepmaiidems. As
described by Dorst and Cross, the process continues until a bridge is built between
solution and problem such that the solution to the existing problem is appahe
metaphor implies the bridge is extended from each side (problem and solution) of the

gap, until it makes a solid connection somewhere in the middle.

P(t) » P(t+1) > P(t+1)
A / 5
S(t) » S(t+1 S(t+1

) A ) A

Figure2-2. Problemsolution evolutionPorst & Cross (2001)

While this process reflects the design process, there is a parallel with the work of
Nersessiarf2009), in which a scientific problem is understood in terms of a simulation. A
simulation represents the embodiment of a conjectured solution about the scientific

problem at hand. The simulation evolves interactively with the understanding of the
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scientific problem similar to what is seen in design. While the analogy does not hold
perfectlyi design is intended to change the world, scientific inquiry to understand it
there is a striking similarity in the iterative processes seen here.

In analogical poblem evolution existing solutions also influence problem
developmentAs shown in figure B, the modification | make to the process of problem
solution ceevolution is the inclusion of aexisting solution that exists at time (Oy®,
where the e stals for existing. In subsequent stages the subscript n stands for a
conjectured (new) solution. As before, the solution may iterate until solution and problem
match occurs. In this case, however, a conjectured solution is not necessary stegvery
At any time an existing solution can bmtroduced into the process tHands insight into
the current problem, transforming it, and opening up potential new solution paths. This

provides a highevel model of what | caknalogical problenevolution.

P iP +1) ——— P(t1+2 » P(t+3
(t) | (t ). (t LA (t ‘A
o
Se(O). o St S (t+2) ——— S (t+3)
) B .A .A

4

Figure2-3. Analogical problem evolution
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2.1.5 Problem Decomposition in Design

Problem structuring through decomposition into -putblems occurs in both
solution and problerroriented approaches. In prescriptive methods such as Pahl & Beitz
(2003, the functional decomposition of a problem into functiondsgroblems is an
explicitly defined part of the design process. However, some studies show that such
decomposition seems to happen even without conscious direction.

Ho (2001) documented the use of both implicit and explicit decomposition of
problems. Thais, in the observed verbal protocols designers often provided problem
decomposition$ in this case, a mixed combination of functional and component (form)
decomposition$ without verbally indicating an intention of creating the decomposition.
They notethat such implididecompositions resulted fromorking forward (deptHirst)
strategies that were engaged on solving aoblem. Then working backward,
feedback from the results of this working forward strategy directed the neprcblem
to be cosidered, again, implicitly.

Liikkan & Pertulla (2009), based on the work of Ho in 2001, applied the implicit and
explicit decomposition strategies to their analysis of a group of mechanical engineering
students in a controlled experiment setting. They nbé approximately 1/3 of the
utterances made by designers were prokdelented, and approximately half of those
could be traced to implicit decomposition. They put forth a eglel cognitive model
based on their observations that suggests that impletomposition occurs during
problem interpretation activity, which explicit decomposition occurs during solution
generation activity. They note that explicit decomposition, which occurred only twice,

had no correlation with the quality of results.
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Additionally, they claim that such implicit decomposition is driven from a library of
pre-existing decompositions possessed by the designer. The amount and ability to match
such relevant decomposition knowledge with an initial problem is dependent on the size
of the internal library of decompositions the designer has accesste; novices have
smallerinternal libraries tharexperts they more often producing incomplete or unfit
decompositions. This finding coincides with the earlier work of Lloyd & Scott4)199
who posit that domain experience leads to the ability not simply to develop a design, but
to structure and decompose a design probRestrep & Christiaans (2004) suggest that
while the creation of design requirements is triggered by prior knowletge,also
triggered by knowledge acquired during design by interaction with the solution or with

external sources of information.

2.1.6 Time Spent on Problem Structuring

Restrepo & Christiaans (2004) show that information gathered for the purpose of
problem stucturing, for example about users or the environment, requires additional
interpretation and manipulation before it can be used by the designer. This is in contrast
to gathering solution information, for example material specifications, the application of
which is a known process for the designer.

Christiaans (1992) suggest t hat At he more
understanding the problasmétoh ea cbheitetveer aa bd iemihl e
However, from a controlled experiment conducté®® engineering students, Atman &

Chimka (1999) show that for freshman students design quality is inversely proportional

to the amount of time spent on problem definition, whereas it is positively correlated with

the amount of time spent in evaluation ahetcision making. According to Atman &

49



Chi mka apparently fAsome of the freshman st ud:¢
probl em. 0o On the other hand, for seniors, tF
highly correlates with the number of consttaitheir final design satisfied. Seniors also

asked for more information during the design process. This suggests that experience

plays a significant role productive probl em
appears that successful design behawdrased not on extensive problem analysis, but

on adequate problem scoping and on a focused or directed approach to gathering problem

information and prioritizing criteria.?o

2.2 Content accounts of problem representations
While major design theories assume thestence of both design problem and design
solution representationshey tendto posit rich content accounts of solutions, content
accounts for problemsre relatively impoverished Prescriptive acounts from the
engineering fieldoffer richer tools forgathering requirements, but provide little in the

way of cognitive content accounts per se

2.2.1 Functional representationsof design problems

Functional representations (FR) were developed to provide a top down representation
of a device, as a set of funatisubfunction relationships. While these representations
focus on existing or designed artifacts and not on problems per se, these representations
touch on problem formulation and/or imply problem representation stratégiestional
modeling,a prescrifive technique usually considered part of conceptual design offers
another method for defining a design problem. The systematic approach of Pahl and Bietz
(Pahl and Beitz, 2003) advocates functflmw diagrams as a means of decomposing a

design problem.n such a diagram, a design is conceptualized as a set of interconnected
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functions. Each function transforms a specified set of inputs into a specified set of

outputs, which in turn may be passed to another function as inputs. In this case, the

design prol®m considers externalities to the system as the set of initial input flows into

the system. Several taxonomies of flow and function types exist, for example Altshuller

(1984) provides a list of 30 functional descriptions, Sturges et al. (1996), Kirscimtian a

Fadel , 1998 Hundal s Function database (1990)
(2000). While these systems of categorization have traditionally been applied to the

systematic breakdown of small, existing solutions, e.g. a hair dryer, in princge t

could be applied to functional descriptions of problem specifications.

The Situated FunctieBehaviorStructure Gero, 1990,Gero andKannengiesser,
2004)account of design offers a description of problem as an initial set of requirements R
taken fromthe external world, from which the process Bdrmulation produces
interpretedfunctional (F), behavioral(Bi) and structure (S) variables and constraints.
While neither the characteristics of the requirements nor the process of Formulation are
well defned, this high level view of problem representation attends to the interpreted
nature of functional requirements; that is for each designer (or interpreter), a set of
requirements may be translated differently.

The StructureBehaviorFunction (GoelRugaler, & Vattam 2009 account of design
likewise doesnot itself offer a description of a design problem perbsg,an implicit
definition is embedded in the teleological nature of the definition of function: that is, a
function is the desired or intendedaj of the designer. This interpretation of function is
widely usedfor instance by Umeda et al. (1996), Umeda and Tomiyama (1995), and

Chandrasekaran and Josephson (200@e Al systems built usingSBF (Goel &
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Chandrasekaran 1989, 1992; Goel, 1992; @oell., 1997, Bhatt& Goel, 1994, 1997;
Goel & Bhatta, 2004)onfirm this interpretation by providing-be-solvedproblems in

terms of a functional specification. The specification of function in SBF includes a given
state, a resultant state and extestahulus. External stimulus may serve to incorporate
salient factors from the operational environment. The problem can be constrained further
through limitations in the components (structural elements) to which the desigAér
systemhas access.

Chandasekaran and Josephson (200D)e scr i be a probl em

as a

specification for the design tasko, where a s

set of behavioral constraints for the environment. It is the task of the designer to create a

device that in some mode, meets the established constraints in the environment. They

distinguish their definition from the traditional definition of design which is to generate a
a device to satisfy a set of behavioral constraints, by adding that the dexstalso to

do so in a manner embedded in a particular environment.

2.2.2 Design problem formulation in practice.

Likewise, Pahl & Beitz (2003in the field of mechanical design propose the
establishment of a list of requirements during problem framing. Theyestg
classification of requirements based on
both qualitative and quantitative criteria. They provide the following checklist of 16
requirements types: geometry, kinematics, forces, energy, material, sigaigt), s
ergonomics, production, quality control, assembly, transport, operation, maintenance,

recycling, costs, and scheduledundal (1990)ikewise provides a general specification

idemas

which fAshould benahbhstrrdct ed mtssarelifdkaminiopre ci f i c a
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(a) proposed and existing systems, which considers constraints from both the existing

design and the context of systems into which the designed system is to be integrated; (b)

i mportance of t he requi rement, (cpbfecyde t her a
specifications including planning and design, production, marketing, product use, and
scrapping/recycling; and (d) type of requirements including engineering/technical,

economic, ergonomic, legal and other. Functional requirements (whaystesm must

do) and operational requirements (how the sys

in the conceptual design phase.

2.2.3 Analytic representationsof problems

Recently Dinar, et al (2011, 2012) looked at representations that can be used to
compare problem formulations in design. They establish a Problem Map framework with
five gener al categories of problem eoncept s,
BehaviorStructure model. The five categories are Function, Behavior, Artifact
(Stucture),Requirement and Issue. A problem map is the set of states of these concepts
and their relationships to each other at a point in time. One can compare problem maps
from one state to another to determine changes to problem maps over time. They further
amplify their work by delineating a set of transformation types that may be carried out on
a problem map to show differences between one state and the next, for instance a
Adecompositiono transformation that adds <chil
context and details differ, their thinking is similar in principle to this dissertation work
and serves as additional validation for the need for more robust models to analyze

problem change over time.
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2.3 Design process accounts specific wologically inspired design
The theories discussed thus far are general theories of design. In this section, |
discussed theories of design developed specifically to account for certain observations of

the practices of biologically inspired designers.

2.3.1 Problem-driven and Solution-based design.

During in situ cognitive studies conducted in 2006 and 2Q@0%,0bserved the
existence of two highevel processes for biologically inspired design based on two
different starting point$ problemdriven and solutionbased(Helms, etal 2008). Here
we use the term solutiepased to describe a process that begins without a particular
problem in mind, and whemgarting point for ideation is lsiological source system. The
term solutiorbased or soluticdriven design has been used wadtgively to describe
design processes that propose solutions prior to a deep analytical phase (Krugar & Cross,
2006), and in biologically inspired design to describe revenggneering and application
of a biological solution (Wilson, 2008) to a giveroplem.Similar account of solution
based design can be inferred from prescriptive accounts of biologically inspired design,
suchaBBi omi mcry | nstoidtest g fil@icassy Bigngmciy 8.& |
Institute, 2013)This process of problemriven design is an instantiation of the cognitive
process of analogical reasoning (Clement 2008; Dunbar 2001; Gentner 1983; Gick &
Holyoak 1983; Goel 1997; Hofstadter 1996; Holyoak & Thagh®85; Keane 1988;
Kolodner 1993; Nersessian 2Q0&olutiorbaseddesign appears new and different from
the perspective of design theory, whichtraditionally problemdriven (e.g., Dym &
Brown 2012 French 1996; Pahl & Beitz 20D3Thus, the BID course acts as a research

laboratory for developing identifying and studginew BID constructs and processes.
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2.3.2 Solution-based Biologically Inspired Design Process

Whereas the normative biologically inspired design process taught in the class was
problemdriven, we observed that in practice the design process often began with a
biological solution Some classroom exercises, and many -sasgies of biological
design, began with a biological solution, extracted a deep principle, and then found
problems to which the principle could be applied. In general, the solitioen
biologically inspired design process follows the steptet below

Step 1: Biological Solution Identification

Step 2: Define the Biological Solution

Step 3: Principle Extraction

Step 4: Reframe the Solution

Step 5: Problem Search

Step 6: Problem Definition

Step 7: Principle Application

The process of solutiebased design provides many clues about how problems and
solutions might be organized in memory, and how they must interact with each other. As
a result of the soluticbased design process we know thaolution must have some
Ahookso into probl ems; not just the probl ems
access and modify other problems. Since this process is so heavily influenced by
solutions, and since it represents so many of the obseased of biologically inspired
design, it seems natural to attempt to extend sohltased problensvolutionto account

for this process as well.

2.3.3 Compound Analogy
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Solving complex problems by decomposition where designers break complex
problems intoless complex ones is not newBut when we make the decompositions
explicit in the context of analogical design, it becomes apparent that the processes of
decomposition and analogy influence each other. We describe their interplay as
compound analogical desighlelms, Vattam & Goel, 2008).

In the simplest case of compound analogical design, when a target design problem is
presented, the designer iteratively decomposes the problem inpsahlbems to create a
problem abstraction hierarchyhe problemmay bedecmmposed along functional lines,
although we have observed other lines of decomposition (temporal, structural, etc.), often
intermingled. Assuming that the problem is decomposed along functional lines, each
node in this hierarchyf decompositionis a funcion to be achieved. Each function
(node) can be used as a cue to retrieve known solutions that achieve that function.
Solutions are transferred to the current problem, and aggregated to generate the overall
solution. This process explains complicatioret thften arise during reintegration, as the
solutions from disconnected analogies may not integrate cleanly at their boundaries, or
may have overall constraint mismatches.

In many cases, it may not be obvious to the designer how to decompose a problem
into manageable subparts. In this case, the designer might then search for an analogous
solution based on the higavel problem itself. This retrieved analogical source not only
provides a potential solutipnit may also allow the user to infer the problem
decomposition in the source desigirhis decomposition in the source design (along with
solutionstothesupr obl ems) can be AfAprablenuspdtce i nt o0 t he ¢

Each new node from the source solution decomposition integrated into the problem
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space caract as an additional cue for retrieving another set of solution analogues. This
process can continue iteratively leading to the incremental development of the problem
space. At every stage of this iterative process, the designer can evaluate the partial
solutions available and can dde to take further actions. Tlterative feedback between
these two processes provides a flexible problem solving framework that accounts for the
incremental evolution of complex, compound analogical design solutasnpkes of
compound analogicalesign are presented in Appendix B

In compound analogy the biological source solution influences the final design
outcome. Each analogy brought into the problem changes the conceptualization of the
problem itself; modifying theoroblem model considered for subsequent iterations. In
developing the process of compound analogy, however, only the end design was
considered; this creates the impression that the analogies are implemented directly to
generate a solution to an existipgoblem aspects. The solution thus generated, it is
implied, creates new stfroblems to be solved. However, by considering only the final
solution there is necessarily a etmeone correspondence between analogical source and
incorporation of the sourcento the final solution. Considering the evidericem the
RaPower case studit is reasonable to suggest that many such transfers are made from
analogical sources to the problem description; only the final problem description and
solution were observed dmeported upon in the compound analogy process. Considered
across an entire design trajectory, compound analogy as reported, may be a secondary

effect of the more routine solutidrased problem evolution.

2.4 Applications in support of biologically inspired design

In this section | outline the state of the art in biologically inspired design specific
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theories and toold.break down support into two main categories: process and cognitive
support for biologically inspired design, and technological supportbfologically

inspired designWhile the systems outlinedelow support system modeling, indexing

and search, current systems do cetplyaddress dégn problemmodeling orevolution.

Design problems anesuallyrepresented outside of the supporting sysés a part of the
designenvironmentpftenprovided as a design brief or in the form of a requirements list,

or both. Problems are either not represented by the system or are expressed as lightweight
and usually fixed modelat the start of design, thube freedom to alter and track
changes to design problems is not suppo@ate contribution of this dissertation is that

it can be used to build tools to fulfill this need, and a prototype system is provided.

2.4.1 Process and Cognitive Support for Biologicallynspired Design

Several research groups have evaluated biologically inspired design from a cognitive
perspective. Linsey, Wood and Markman (2008), Mak and Shu (2008), Helms, Vattam
and Goel (2008, 2009), Helms et al (2008), Vattam, Helms and Goel 2009), report
on cognitive studies of biologically inspired design, while Vincent et al. (2006) proposes
a normative theory of biologically inspired design based on the TRIZ theory of
innovative design. Wilson and Rosen (2007) provide a process for reregseeering
biological systems to abstract strategies that can bedpfdied to problems, and Singh
et al. (2009) provide a set of strategies for transformation that biological systems employ
which might be applied to engineering design. Such strategggsbe used to increase

efficiency, reduce cost, and increase weight savings.

2.4.2 Support Technologies ér Biologically Inspired Design

General design support technology has ranged from interactive design tools that
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retrieve design drawings (Gmsk Do, 1995,Yaner & Goel, 200P to collaboration
across time and spacEollowing on the growing movememf biologically inspired
design several organizations and research groups are currently pursuing technology
agendas fospecificallysupporting the process oblogically inspired design.

Biomimicry 3 . 8 | n web pdrtal tabbe@skNature http://www.asknature.ordy/

provides access to an online functionaligexed database of research articles in
biological sciencesThe database is situated in the context of a social networking site
enabling designers to better connect with biology researchers.

Chiu & Shu (2007)developed an algorithm that enables engineers to peruse large
texts for desigfrelevant biological systesnusing functions as search and index terms.
Their algorithm uses naturinguage analysis, word collocation and frequency analysis,
to enable the search and retrieval of relevant biological systems in large text volumes by
identifying potential biologidly meaningful keywords. Their algorithm was shown to
provided for the engineer a set of rpolovious synonyms for function words that may be
useful in searching for and retrieving relevant biological systems.

Chaklrabarti etal (2005) and Sarkar & Chakrabiaf2008) describe a computational
tool (IDEA-INSPIRE) for aiding biologically inspired design, using the SAPPhIRE
representation schema to enable functional, behavioral and structural search and
referencing of biological source systems. Their work dematest, at least in the
laboratory context (N = 3), that using their tools with a biologically inspired design
process versus ndrologically inspired design process increases the ideation
effectiveness of designers by on average 165%. The tool provalabithy to the search

of a database of 700 biological entries using the terms in the SAPPhIRE models, and to
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di splay a fihuman understandabl edo representat:i
Shu, et al (2007) show the feasibility of producing function basis etaotbr
biologically systems, and then provide a case study demonstrating the usefulness of using
function basis models for analogical transfer between existing biological and
technological systems. Importantly, they note the process of analogy may occur a
different levels of functional abstraction. Nagel, Stone and McAdams (2010a), further
extend the concept of abstraction to include both category and scale abstractions. Cheong,
et al . (2011) provide a basis ofnafibitelrongiocal |
whi ch Nagel , Stone and McAdams (2010b) furt|
that enables designers and biologists to translate standardized functional basis
terminology into biologically equivalent terminology and vice versa, for theeearli
devel oped fAmeaningf ul keywords and functional
indexing and search problem between the disparate domains.
Vattam, et al (2010) developed a tool, DANE, based on StruBteiaviorFunction
(SBF) models and the cogniéivmodels developed in Helms, Vattam, and Goel (2008,
2009). This tool provides designers with both the capability to construct SBF models of
biological and technological systems, as well as to search and browse a library of such
tools using functional keywrds, functional relationships (graph navigation), and
keyword search. This tool has been implemented in the context of a biologically inspired
design class, where it was useful for generating useful discussions among student teams
on the challenges of fational naming, indexing and retrieval, and in the case of one
design team, proved useful for helping students structure their design thoughts in terms of

abstract functions.
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Vattam and Goel (2011) have likewise developed a model based tool for indeding an
retrieval of relevant documents associated with biological systems that may be relevant
for a design case. Such indexing and retrieval is a common yet challenging task in the
classroom environment, where students are required to retrieve many suchisgippor
documents to further their understanding of the biological systems to be transferred.

In the systems developed by Nagel, Stone and McAdams and those developed by
Vattam, Wiltgen, Helms and Goel, designers may directly inspect functional models of
biological systems. Such systems use these models to not only index and search for
relevant biological sources, but also to transfer useful design concepts from biology to the
design context. Such models benefit from structural independence, enabling enigineer
transfer functional models and then implement with alternative structures more amenable
to human manufacture and with performance characteristics specific to the design
problem at hand.

These systems above represent the state of the art in techablsgpport for
biologically inspired design. The research results for the tools so far developed are
focused primarily on indexing, retrieval and transfer of analogies for design; that is, given
some target problem, how does one find and transfer that@sigical source system to
help solve the design problem. Despite this commonality, one challenge of evaluating
these tools is that each uses a different set of design problems, is implemented in a

different context, and uses different criteria to evaulé performance of each system.
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3 CONTEXT AND METHODOLOGY

In this section, | discuss the context of study both in terms of the newly evolving
discipline of BID, and more specifically in terms of the interdisciplinary class on
biologically inspired desiy in which this research takes place. | will follow the
discussion of context, with a discussion of the overall case study research design used in

this dissertation.

3.1 Biologically Inspired Design

Biologically inspired designhereafter referred to as BIOy an important and
growing movement in designGpel, McAdams, & Ston®013 Shu, et al 2011Bar-
Cohen 2011Bonser & Vincent 2007; Yen & Weissburg 200/incent & Mann, 2002;
Benyus, 1997). The movement is driven in part by the need for environmentally
swstainable development, and partly by the recognition that nature can be a powerful
source of inspiration for technological innovations. Common examples of biologically
inspired design include: fasteners (Velcro) inspired by the burr plant, dirt repeliant p
inspired by the lotus plant, more efficient and quieter wind turbine blades inspired the
fins of whales, etc.

Biologically inspired design has a rich tradition in design, dating back at least as far
as DaVinciwhere his attempts to conquer flight pide an excellent study in the
practice In attempting to conquer flight, DaVinci began first with the design of a
parachute, based on the simple geometry of a pyramid. This was followed witine
ambitiousd esi gn of a mac hi n e the mebhanicé of the serew aad r 0 , bas

the predecessor to todayodés modern helicopter.
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developing winged deviceneant to attain flight through a flapping motion powered
directly by a man.Finally, DaVinci developed a glidermeant to attain flight by
leveraging power to be found in the air itg@hrtoli, et al2009)

This series of progressive designs forms a interesewgn representatiyedesign
pattern; firstin the case of a pyramid shaped parachaitsimple design testing
fundamental principlesof shapes and behavjosecond the application of known
engineering principles, adaptirgnotherknown design the screw to a newdomain
third, the superficial mimicry of a system known to produce the desired behaviois in t
case the flapping wings of a bitd produce flightand finally,throughdeeper insightsof
the mechanism of bird flight, and the adaptation of both the problem and the design to
arrive at a suitable design. Ahtbroéf Breddoth
demonstrates DaVincios gi ft for devel oping t
Later, similar observations of birds; particular shape changes in wings, provided
critical insight to the Wright brothers in developing successful confrablb during
flight. Even today, modern aeronautics still looks to birds as models of control and
maneuverability in flight.While biologically inspired design has been in practice for
centuries, only now, in the past two decades, are we recognizirgsttiesign practice in
its own right and exploring it as a science of design.

As a modern trend, Boas (2006) projects that as of 2005 we are a little more than
half-way through a 40 year innovative growth cycle in biologically inspired design
(assuming asigmoid growth pattern, common to information diffusion models). In a
follow up study | conducted in 2013 (see Appendjx dsing the same method as Bens

from 2005, but extending the data through 2012, we seefalteprojectedincreasan
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number of ptents produced through biologically inspired design, with the trend of
innovation lasting at least through 2040. Consider further that according to the
Encycl opedi a of Life (www.eol .org), experts e
more complex sgcies alive on our planet as the 1.9 million than have already been
di scovered and named, ponlda fracion havefibeei studiece s peci e
in naure beyond their initial namingdWe must be open to the possibility that the upper
bound on e biologically inspired trend is in fact significantly greater than even the new
trending model projects.
In additionto the raw potential of the field to impact design and innovatibelieve
biologically inspired desigmerits study by cogtive scientists for at leasthreereasons
Firstly, becauséiologically inspired design is fundamentally analogidgbrovides ideal
conditions for studying analogical desigm other design methods, analogy may be one
tool among many, to be used opportunaty, or aschanceprovides. Indeed many cases
of socalled biologically inspired indeed appear to be serendipitous, including the
famously describediscovery of VelcroThis oftcited discovery igertainlyan example
of biologically inspired design.hediscoveryof Velcro, howeverwas not the product of
a deliberate and systematic approach to leverage bioldgy.a domain of study for
cognitive scientists, bi ol ogically inspired d
outside of the labs afognitive scientists, that provides an extremely rich environment for
the study of the process of analogical desiBecause such biological sources are
radically different from the domain to which they are applied, the process and products
from these anabies are more easily observed. Often multiple analogies are seen over the

course of an entire design trajectory (Helms, Vatt&nGoel 2008, Helms, Vattan&

64



Goel 2009). Such prolific and easily identifiable use of analogy makes biologically
inspired degin an ideal domain for the study of the underlying processes and
mechanisms of design by analogy.

Secondly, biologically inspired desigrequires analogymaking across awide
disciplinary gap. Whether the design domain is industrial, chemical, materials,
mechanical or aeronautical engineering, architecture, computer science, or industrial
design, the leap from that domain to biolagyide Studies of interdisciplinary design
from the emerging and important context of design between electrical and mathanic
engineers, for example, involve crossing gaps of specific domain knowledge between one
domain and another, but design goals, process, training and Yatbes) of the two
disciplines remain very similar. Thus the framework of design within whicdidoeurse
occurs provides many shared points of reference. This is distinctly not so for biologically
inspired design. The context in which a biologist operates differs as much in goals,
process, and value (ethics), as it does in fundamental domain kigewlelrhe context
di fference i s so profound that even the meani
present in both fields, becomdifficult to disentangleThus biologically inspired design
provides a high contrast context for understanding irgeiglinary design.

Thirdly, biologically inspired design takes place in fundamentally innovative
contexts. The results of most cases of biologically inspired design | have studied or
witnessed are original designs, in the sense that they are neithevexdiet application
of an existing system to a new task) nor variant (a change to size, quantity or arrangement
of an existing design) designSd€ro, 2002Pahl & Bietz,2003. Original design requires

the application of a new solution principle to solvedesign problem. In this sense,
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almost all biologically inspired designs are origfhdlhus biologically inspired design
provides a context for studying design where the design goal is usually innovative or
creative design, and constraints are relaxieel degree to which depends on the context).
The context of all instances of design in this dissertation, which takes place over seven
years in the context of a biologically inspired design classroom, involves unconstrained
design with explicitly stated g&a (and rewards) for innovation and creativity.
Biologically inspired design fosters a reseacontext that enables innovation, something

highly prized in design

3.2 The Biologically Inspired DesignClass

The theories developed in this dissertation agated in the context of a course on
biologically inspired design taught at the Georgia Institute of Technology. This section
will cover the details of the course, and its evolution over time.

The rapid growth and interest in the field of biologicallypinsed design is driving the
development of educational courses for supporting biologically inspired design in
practice. Georgi a Techos Center for Bi
(http://www.cbid.gatech.edu/), offers a sedievel interdisciplinary course on
biologically inspired design. According to Yen, etal (20fL)f he connecti on bet\
engineering and biology provided by BID as a problem solving activity provides an
excellent atmosphere in which to encourage interdisciplinarity and develop sound
pedagg i c al p Tha cdurnsec definesdfive key learning godls: Novel design

techniques, 2. Interdisciplinary communication, 3. Science and engineering knowledge

6 Exceptional instances dooccurevih e bi ol ogically inspired design techn
di scoveryo of iaforexample the disoogerysam luse bfifilemcomposites, in the case of a
team examining tree root structures to use in building tunnel supports [BID dalssfiort, circa 2007].
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outside core domain, 4. Interdisciplinary collaboration, and 5. Application of existing
knowledge to a new fieldYen et al, 2011). It is grounded the theory and practice of
interdisciplinary research and education, recommended in the cognitive and learning
sciences (e.g. Ausubel 2000; Bransford, Brown & Cocking 2000; Bybee 1997; Lave &
Wenger1991; Vygotsky 1978) as well ascommendations faieachingscience (e.g.,
National Research Council 2011) and bioldgyg., National Research Council 2009).

In 2006 and 2007 tonducted in situ cognitive studies of design teams in the
biologically inspred design class. These studies have already led to the advancement of
new cognitive frameworks for biologically inspired design, and have influenced how the
class is structured over the last five yedsr instance, problerdriven andsolution
based degn processeg¢Helms, et al 2008) are now taugiplicitly in class, and at least
one of each type of projectiiequired for each design tea@ompound analogy (Helms,
Vattam, & Goel 2008) is also an explicitly taught technique and the organizing
framewok of structurebehaviorfunction Bhatta & Goel 1996 is embedded throughout
classroom exercises, homework and design repdrtese techniques and their

justification are fully described in Yeet al 2011, and Yen et al 2014

3.2.1 CourseContent and Assignmens

Although many elementsf the coursechanged throughout the yearke elements
that remained constairiclude contentlectures, found object exercises, and one or more
interdisciplinary teanbaseddesign projed Lectures are focused ofa) exposing
student designers to specific case studies in Bdpexposing student designers to design
processesnd representation techniqugsecific to biologically inspired design, and (c)

providing designers with specific technical skills to perform design asalgsch as
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guantitative engineering and materials analysibe lectures are provided by a
combination of course instructors and guest lecturers with experience in the field.
Found object exercises require designers to bring in biological samples ardyiean
the solutions employed by these sampl&udents are encouraged to perform
background research by providing at least two scholarly articles on each object, and to
perform firsthand experiments using their objects to determine the useful proenties
functions. For instance a student may expose a closed pine cone to a humid environment
or directly to water and measure the rate at which the pine cone opens. After the first
found object exercise, which is open to any object the student cares fortins, found
object exercises are focused on particular properties or functions such as locomotion,
sensing, or hierarchical materials. These found object exercises are usually paired with a
corresponding BID case study lecture, for instance a foundtabjeccise on locomotion
may be due during the week of a lecturetlom locomotion of organismend robots that
involve interaction of matter with complex mediemplex fluids or granular med{a.g.
lizards walking in sand or cockroaches walking over baakd leaves)
(DanGoldmanPaperThere are between four and six found object exercises in each year.
The design projects start by grouping an interdisciplinary team-®fstudents
together. Instructors ensure thatcleaeam has at least one designer with a biology
background and a few from different engineering disciplines. In some class iterations,
teams were allowed to Ieet any design problem, in othetke class was focused around
a more general design domaimithin which teams had to find a problem to work bm.

some years teams were assembled by the instructors based studepiostdtl topics of

”1n 2008 the design domain was addressing solutions for the global supply of potable water; in 2009
the design domain was design for adaptable, sustainable housing.
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interest, in other years teamssignment was more arbitrérior all projects, ach team
was to research theproblem and design a solution using biologically inspired design,
based on one or more biological system@#/hile the number and timing of design
projects varied by year (frofmetweenone to three projects)]ldeams presept design
conceptsat least one during the middle of the ternandthen submied final designs

during the last two weeks of class along with a final design report.

3.2.2 Course Instructors

The biologically inspired design class at Georgia Institute of Technology, is team
taught by an intelisciplinary group of instructors. Several core instructors organize and
lead the class, while many guest lecturers providing content lectures throughout. The
composition of core instructors and guest lecturers varied year by year. In all years,
Jeanne# Yen, Professor in the school of Biology and Director of the Center for
Biologically Inspired Design (CBID) was the primary instruciesigneand organizing
Aforce of natureo for the class. Jeannette re
reseach on biological oceanography and zooplankton ecology.

Prof. Marc Weissburg in the school of Biology and-Qicector of CBID provided
support in the first 2 years of class, and served as a guest lecturer thereafter. Prof.
Weissburg received his PhD ineet ogy and evolutionary biol og:
mechanisms of information acquisition for fluid mechanical and chemical signals by
ani mal s, and the consequences of perceptual a

(http://lwww.chid.gatech.edu/directors.himl

Prof. Craig Tovey from the School of Industrial and Systems Engineering and Co

8 The exact process of team assignment varied by year and wasailable for inspection.
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Director of CBID has likewise been a part of the core instructor team. Prof. Tovey
received his PhD in operatisn r esear ch, and performs research
for electric grid management, classical and biomimetic algorithms for robots and
webhosting, the behavior of animal groups, sustainability measurement, and political

polarization dttp(//www?2.isye.gatech.edu/~ctovey/

Prof. Ashok Goel from the School of Interactive Computing;Bx@ctor of CBID,
and Director of the Design and Intelligence Laboratory (DILab), in addition to providing
guest lecttes on design representation and process has also played key role in the design
of the class. Prof. Goel performs research on cognitive theories of biologically inspired
design and design learning as well as artificial intelligence technologies for sagpor
the practice and learning of biologically inspired design. The theories of biologically
inspired design developed in DlLab, such as those mentioned earlier: Compound
Analogy, Problerdriven and Solutiotbased Design, and StructeBehaviorFunction
theory, provide the underlying theoretical scaffolding for many aspects of the course
design.

Table 31 providesa (partia) list of guest lecturers in the caa. In addition to
lectures, ach teamwas also providedne or more faculty as mentdis provice expert
advice when neededn some years, project teams met with mentors independently
outside of class, while in some years mentors were invited into the classroom to provide
advice during working design sessions. Design team engagement with merntatdyar

team and year.
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Table3-1. Partial list of professo@ndlecturers for the biologically inspired design class
at Georgia Institute of Technology, 200612.

Lecturer Affiliation

Bert Bras School of Mechanical Engineering, Georgia Tech
Charlie Camarda Senior Advisor for Innovation, NASA

Young-Hui Chang School of Applied Physiology, Georgia Tech

Mehmet Dogu Research Knowledge Manager, Perkins & Will

Dan Goldman School of Physics, Georgia Tech

Connie Hensler Director of Lifecycle Assessments, Interface Carpets
David Hu School of Mechanical Engineering, Georgia Tech

David Ku School of Mechanical Engineering, Georgia Tech
Jason Nadler GTRI, Electreoptical systems laboratory

David Oakey Founder, Dgid Oaky Designs

John Reap School of Mechanical Engineering, Georgia Tech

Jim Spain School of Civil and Env. Engineering, Georgia Tech
Mohan Srinivasarao School of Polymer, Textile and Fiber Engineering, Georgia 1
Julian Vincent Department of Mechacal Engineering, University of Bath
Steven Vogel Department of Biology, Duke University

Bruce Walker School of Psychology, Georgia Tech

David Webster School of Civil and Env. Engineering, Georgia Tech
Claudia Winegarten Industrial Design Program, Gegia Tech

3.2.3 Student Composition

Students in the course weselfselectedfrom a population of interdisciplinary
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Georgia Institute of Technology undergraduate and graduate stutleatsourse recruits
students from these majors: mechanical engineeringsindl and systems engineering,
materials science engineering, biomedical engineering, and biology; though the course is
open to any major anthey sometimes get majors from industrial design, architecture,
chemistry, mathematics, or nuclear engineeriiifpe course isestricedto juniors and
seniors who have established their majors, thus are able tospanmlized knowledg®

the design processAs documented irYen et al (2011) in 2006 and 2007 the ratio of
biology majors to engineers (and othess)s approximately 1:4, which shifted to a ratio

of 3:5 in subsequent years. The ratio of biologists to other majors was accomplished by
shifting the allocation of available slots for a given major during registration. In the initial
registration processtudents are able to register on a fasinefirst-served basis for a
course only so long as slots for their major remain open. After all students have had the
opportunity to register for their major, students are able to register for unfilled slots in
other majors. In this way, architecture or industrial design majors, for example, may be
able to register for unfilled slots for materials science engineers. Even after registration,
during the first weeks of class, students are able to petition the iostioicen exception

to gain entry into the class. The number of students and process by which the instructor
accepted students who petition is unknown.

One important observation about the students entering the class is that biologists have
no required desgn process training, and undergraduate engineers have little formal
training, although they tend to have more exp
experience before their senior design project tends to be with closed design problems,

where answes involve the application of webtudied principles to wellinderstood
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problems. In contrast, BID problems tend to be open ended and ill watkrst the

beginning (Yen et ak011).

3.2.4 Biologically Inspired ClassDesign Example: RaPower, 2009

il

Incident Light "/ / Reflected Light

Glass Substrate
Air Gap

Thin Film Stack
Reflective Membrane

Figure3-1 Final design diagram of SolShield frol
the RaPower design team.

The following provides one example of biologically inspired design from the 2009
class. The team was fored by the instructors based on feedback from student
preferences, and consisted of one biologist, one mechanical engineer, one industrial
engineer, and one cheral engneer, and was provided withfacus on the problem of
energy in the context of sustainable housings Tocusled eventuallyto a biologically
inspired color changing cover for solar thermal waterdrsab prevent overheating. The
description ofthe design trajectoryprovided hereis based on the analysis of four
homework assignments turned in sequentially over the course of the semester
approximately 2 weeks apad:description of the problem; a midterm presentation; a
second problem descriptipand the final presentation.

The team began with the initial opended problem of sustainably generating power.

After an initial meeting, the team producgthnge of sustainable types of energyind,
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solar, water, geothermaldiscussing solutionsush as wind turbines, photovoltaic cells,

towers of liquid sodium heated through reflected light, chemical batteries, and storage of

energy for later use using compressed air. The design team also mentioned fat as a means

of storing energy in biology. Cbwas highlighted as a salient constraint on their design.

The designers also ranged extensively in discussing different places in which the current
technologies were used: from coastal areas, to farms and cities; they also discussed

relevant weather conitbns, such as the amount of wind or sun, and extreme conditions

such as those found in Death Valley. Criter
efficientdo or fAcosts | esso.

The midterm presentation limited discussion of existing technological solutons t
photovoltaic cells and coal plants, however a wide range of biological sources were
considered including the desert snail, diatoms, photosynthesis, enzyme reactions, and the
lotus leaf. Highlevel descriptions of the relevant functions of each biologscairce
were described, for example that the function of the desert snail is heat dissipation,
performed by the structure of its shell. The designers proceeded with proposing simple
oneto-one corresponding solutiemodifications to the photovoltaic cellierived from
each of these biological solutions. Thus, in the case of theclealiing lotus leaf,
students proposed a seleaning photovoltaic cell. Solution proposals were little deeper
than a functiorsolution pairing of the type just mentioned, noat which were
developed further. From initial description to midterm, we notice the addition of new
functions, cleaningelf and dissipating heatvhich were directly associatedith
biological solutions having the same functiohsiote that designers droother heat

related functions, such as storing and directing hedso note that while the mirror/heat
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tower solution is dropped, the environment in which it operates, the desert, remains in

place, and is also the same environment in which the desgrliges. Furthermore, the
criteria #dnApassivelyo is now as s-oleanimgt ed with
functions that were attached to biological solutions. Manufacturing also is a rising

concern, as the ability to reproduce materials and effebighlighted.

The second problem descriptiassignmentontinues its focus on solar panels and
photovotaic cells.All of the biological sources mentioned previousdye maintained,
except diatomsvhich appear to have been dropped. Heat dissipatidisgsissed, but the
design team now focuses on a flexible, moldable aneck=hing surface derived from
the lotus leaf, and on a newfound perceived deficiency in current solar paiggtiity.
Furthermore, the operational environment has shifted fodesert focus, to a more
dynamic environment with greater temperature range. As well, the team is focused on
the need to connect their solution to a home (part of the initial design requirement).
Again, studentsaise manufacturing of nascale materialgs a concern, as well as the
need for materials to be sustainable. The criteria focus has shifted from passive response
in the midterm presentation to increased efficiency.

Figure 3-1 provides a graphic of the final design. Students arrive at a newosplut
which is concerned with regulation and cooling, rather thanckedining and flexibility.

The design team appears to have radically evolved the problem, now no long working
with photovoltaic cells, but looking at solar thermal collectors for watatirigg which

run the risk of overheating and damaging their internal structure. The solution is a
dynamic feedback regulation mechanism from enzymes discussed in the midterm,

combined with a solution inspired from a new biological organism, the tortoetke be
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which has a shell which it uses for camouflage by changing color. The designers intend
to use a mechanism similar to the tortoise beetle to alter the color of the thermal
collectors to change the amount of heat captured, depending on the intatnad tie

unit. The final design, the SolShield, is the first solution generated as more than a simple
function-solution concept.

While this final problem appears to be a new probleme can see, in fact, the
derivative nature of the process. Reactinghtat has been embedded in the teams
thinking all along, from the mirror/heat tower, to the desert snail, to the operational
environment of the desert, to the concept of dynamically responding to the environment.
These concepts were influenced by a nundbgrevious solutions that were investigated
so that when a new problem concept aiiosgerheating- the team was able to pivot to

the new problem focus and quickly come up with a dramatic, creative solution.

3.2.5 Key Changes in the Classroom Environment 202012

One of the key assumptions of this research is that while each class is unique in terms
of students, instructors, and syllabi, the observed phenomena remain constant and are
supported by similar cognitive processes over these variatiomsvide acomplete
description of all of the changes that occurred in Yen et al4j20a4 this section, |
describe those changes to the structure of the class relevant to the work in this
dissertation.

3.25.1 Problem vs. Solution based design

Initial iterations of the lass assumed a tradition probleimven design methodology.

In 20082009 the concept of solutiadriven design was introduced to the course as a

process that could be used for student design, although it remained optional and only one
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design project was qeired in those years. In 20PD12 the course used multiple
designs, one design that used the prokdeiwven process and one design that used the
solutionbased process. In each of these years, students started with the $f@sédn
design first, and msented a problewriven design second.
3.25.2 Problemorientation

Initial iterations of the class allowed students to define their own design problem,
with very few constraintsThe @nstraintsthat instructors imposedere framed in terms
of generatinganirmv ati ve conceptual design that coul d
firm. In 2008 and 2009 the problem domain was curtailed to aneltged problem (e.qg.
filtration, distillation, harvesting, etc.) in 2008, and to a sustainable housing related
problem (e.g. saving on power use, HVAC systems, reducing water consumptioim etc.)
2009. These constraints were removed in 20Q02 to once again allow f@ompletely
open problem formulation.

3.25.3 Analogical evaluation

In initial iterations of the class, stuttedesigners identified (usually) numerous
biological sources and applied a subset of these to develop a solution. How many
analogies were made, and how well these translated into a design were the major criteria
for evaluation. The process of analogue particular of analogical evaluatioin why
certain analogies were selected while others were--nefas opaque in this context.
Analysis of analogues prior to 2009 focused
understanding of the underlying mecism of the analogue, rather than a justification of
the analogy itself. In 202R012, specific assignments and final report criteria were added

to the course requiring studentgustify their biological analogues.
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3.254 SBF Representations
In 2007 SBRBhata and Goel, 1997; Goel, Rugaber, & Vattan, 20683 introduced
by instructorsas a framework for organimy found object exerciseSBF is grounded in
cognitive theories of systems thinking, and may be summarized in brief as follows:

1 Structure, behaviorand function form an abstraction hierarchy for systems
thinking; behavior is an intermediate level of abstraction between structure
and function.

1 Structure specifies the components of the system as well as the connections
among them. For example, the sture of the electrical circuit in an ordinary
household flashlight comprises of an electrical battery, a light bulb, a switch,
andelectrical connections among the battery, bulb and switch.

1 Behaviors specify the causal processes occurring in the sysberax&mple,
the behavior of the flashlight is that when the switch on the flashlight is
pressed, current flows from the battery to the bulb, and the bulb converts
electrical into light energy.

1 Functions specify the outcomes of the system. For exampldunicgon of
the flashlight is to produce light when the switch is pressed.

1 Behaviors provide causal mechanistic explanations of how the structure of the
system accomplishes its functions. For example, the behavior of the flashlight
explains how its structa accomplishes its functions.

1 A behavior of a system specifies the composition of the functions of its sub
systems into the system functions. For example, the behavior of the flashlight

composes the functions of its componéntse battery, bulb, and swié
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into the function of the flashlight.

A subsystem or component of a complex system can itself comprise a sysiem
thus have its own SBF model. Hence, SBF models of a system can hararahical
structure. For example, consider the system of thdidkaizard, which is well known
for its ability to run across water. If the function (F)ioferest of the basilisk lizard is
66run on top of wa topposing lémbsp taileand veide flatfeehasi der t h ¢
part of the structural (S). The way which the feet move in opposition are counter
balanced by the tail, and how tfet slap the water generating lift, then extend down and
back creating more lifthrust and a pocket of air in the water, and are then withdraw up
and out throughhe air paket could be considered the behavior (B) that generates the
66ruthoppnof water 66 funct i on -skelétal systeamoofithed consi d
l egs as a subsystem of this sysnovementofsed t o cr
| egs 6 6 whhe bighedceawesle s6 6 r un 6ofnuntcapg omf. watkemwd s e,
consider the form the foot takes throughoutphecess as anothersttbu nct i on, &6 chang
foot surface ar ea.etco mprostehitshewadyrame ocnarnt op o
into a umber of sudunctions,i ncl udi ng O00generate movement o
foot surface area, 66 each ofwhich could enta
consider the functiod 6r un on top of water 66 to be part o
showing thatone can navigate both up and down the levels of functional abstraction in
the SBF model hierarchy.

The origin of SBF analysis | ies schemeChandr ase

(Chandrasekarah994; Chandrasekaran et aB93). Other reearcherdiave developed
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similar cognitively oriented approaches to thinking about comgystems, for example,
Rasmussen (1985). Gero and Kannengeisser (2004) desgwiblesign process itself in
terms of function, behavior, and structure. Erden e2@08) provide a recent review of
functional modeling. Note that in SBF analysisctions are mentabstractions chosen
by the modeler, and not intrinsic to tisemplex system. In the case of engineering
systems, a functional abstractioorresponds toraintended output behavior of a system,
subsystem, or componettowever, since functions are mental abstractions, we can also
use SBF modelingo model natural systems, including biological systems, such as the
human heartand ecological systems, such fasests. Even more so than engineered
systems, natural systems exhibit layers of varied functionality at different scales,
feedbacKoops, and other types of causal processes that characterize complex systems
Students were asked as part of theriebObjet homework assignmengnd in their
discussions to (a) focus on a singlactionof the organism in question, (b) identify the
structures relevant to accomplishing that function, and (c) providebehavioral
explanation for how those structures give tséhe function. Instructors facilitated these
discussions as necessary to guide students. (In the SBF vocabulary, behavior is
synonymous with causaxplanation or mechanisjnTo simplify the vocabulary, in

2008, the SBF vocabularwas changedo a WhatwWhy-How vocabulary, mapping

AWhat o to fiStructureo, AWhyo to AFunctiono,

attempt to both remove the ambiguous interpre
levels of functional abstraction. Functional abstractionevasn si dered i n terms o
moving up the hierarchy (more abstract, stipernct i ons) , and Ahowo mo

(more detailed, sufunctions). Again, students were asked to describe all biological
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systems in these terms, both conversationally and in foramakWwork assignments and
design reports.

In 20112012, the framework was again changed, this timed¢tude theSR.BID
framework developed in this dissertation. The conceptual framework of SBF was
integrated into SR.BID, and the SBF and WWH vocabulariesevdropped from class

materials.

3.2.6 Role of the Researcher

My own relationship with the coursmstructors and studeritas varied over time. In
2006 | passively observed the course, attending classroom lectures and reviewing design
reports and presentatis. In 2007 in addition to being a passive observer, | conducted
two short (oneclass)experimend in the class. | also worked with Prof. Jeannette Yen in
tailoring the biologically inspired design instruction to NASA designghrough
NASAOGs NES Cwhicle vaad aeliwgred iduly 2008.

In Fall 2008 and beyond, my role was more involved both in terms of course design
and instruction. As the theories developed by myself and my colleagues in DILab
influenced the pedagogy of the class, Prof. Yen kindljtedvme to assist in the overall
design of the course. In 2008, 2009, and 2010 my involvement included assisting Prof.
Yen in course design and in providing one or two guest lecturetesign process each
year.l also remained present as a passive obséeng some of this time, and provided
limited feedback to the instructors on observations of conceptual designs submitted by
the students. During this time, at the behest of the instruataiswith my assistance
SBF representations and organizing feavorks, functional decomposition, and solution

based design were incorporated into the course, and the number of conceptual designs
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was increased so that both probldnven and solutiofbased desigprocesses could be
experienced by the student designers

In 2007, | became aware that students were spenaiingh of theirtime working on
understanding, formulating, changing and reformulating their design prablem
Moreover,observations indicatethat the biological sources students observed influenced
their problem formulatiordecisionsMy involvement inthe course allowed me fesent
this insight to the instructors and subsequently to advise them on how they might provide
support to studentsAs a consequence of these discussions, the instructors di¢oide
include operended, unstructuredesign problenstatementgs assignments and in team
design reports.These interventions were theamgutral, in that they made no
commitments to the representation or method by whiioblen? formulation occurred.

By 2011, based on the data we had collected, | had formulated a more structured
method of formulating problems. In 2011 and 2012, | worked closely with the instructors
to implement several interventions in the cld3wese interventions were not theoretically
neutral.In the firstintervention included in 2011, the conceptual framework of Structured
Representations for Biologically Inspired Design (henceforth SR.BID) was implemented
using the fowbox method of solution and problem specification. The framewak
used to scaffold the-€hart method of analogical evaluation, also introduced in 2011.
These two concepts were direct outcomes of my prior research and were implemented
both as procfn-concept of the tool, and as a means to collect data in a moctuséd
format for further study. In 2012, these two interventions continued, as well as the late

introduction of a website structured around team design collaboration using the same

® While problem formulation was theeneutral, solution formulation was often based on Strueture
BehaviorFunction theory (later recast as WAvEhy-How or WWH).
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SR.BID schema. In both years, | observed the classes on a daily basoaided
instruction on use of the fodomox method, Ichart analogical evaluation method, and the
use of the SR.BID website. | also conducted surveys and team interviews during this
time.

Thus my role as researcher moved from observer in-2008, to adisor in 2008
2010, to interventionist in 20312012. As my role changedgith respect to the class, so
too did the characterization of the research conducted during these different geoiods;
observational studies and question formulation, to qualitaéiveoding and theory
building, to rich case studyased evidence buildindll claims made in this dissertation
will be considered both with respect to these levelatefaction with the clasgand with
respect to the dynamic and evolving nature of teearch(classroom)environment

itself.

3.3 Data and Data Collection
A number of different methods were employed to collected data from the context of
study for this dissertation. This section enumerates the type of data and the methods used
to collectdatathroughout the seven year course of study. One or more of each of the

following sources was used in each study.

3.3.1 Student Demographics

For all students registered in the class, gender, major and year in schoohackre
available Additional data about studts, including academic design experience, design
experience outside of the university, motivation for taking the class, etc. may have been
collected as part of individual survey protocols (as described in each protocol).

Membership in design projects is@aknown for each student.
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3.3.2 Classroom Content

During observational studies of the class core instructors and guest lecturers provided
contentbased lectures about (a) BID case studies, (b) design processes and
representations, and (c) engineering spea@fplications to design. The speaker and
content lecturesire indexedvia reference to the course syllab{ggee Figure X)which
lists the topic covered, the speaker and the date of the IeThiseprovides an index into
the content provided, relative the time in the design cycle and relative to collected
student artifacts. For examptakingtheentryi 0 9/ 20/ 12 Content 2: Bi o
ProfDon Websted pr ov i d e s thalacture ondplime sensirigspired by the
blue crab, presentech&eptembeR0, 2012 Note, as the course is very tightly scheduled,
and heavily dependent on guest lectures, these lectures are scheduled well in advance of
the class. There are no known deviations between the scheduled content lectures and the
lecture dévered. Specific lecture content (e.g. slides and lecture notes) was not retained

for these studies.
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Introduction to
Biologically Inspired
Design.

Evolution as designer.
Found Qbj. Primer

Week | Exercise Content Homework Assignments
# Tuesdays Thursdays (Due noon Tuesdays)
Solution Based Design
W1 | 8/21/1z: 8/23/12: 8/23/12

Recommended reading: Vogel ch. 1,2, Fish: Mech E article, Helms et al.

2009 [see T2]
Assignment 1: Individual: Found Biological Object 1

w2

8/28/12:

Review Found B. Object
+ Investigate nature:
search strategies.

8,/30/12:
Solution Based Design,

Analogy Making + Discuss overall
project activities.

8/30/12
Recommended Reading: Vogel ch. 12, 14 [see T"2]
Assgn.2: Indv.: Solution driven Problem Definition + Analogy

w3

9/4/12
Problems and Problems
review.

Problem choice for
design 1.

9/6/12
Structured Representation for
solutions + examples of complete
assignment.

9/6/12
Recommended Reading: in biolocomotion (posted on T2), Vogel Ch.
8,9,10.

Assgn.3: Indv: Found B.Objeet? (focus on locomotion)

Team: Quantitative Analysis 1.

w4

9/11/12
Review Found B. Object
+QA.

9/13/12

Content 1: Bio inspired locomotion
Prof. Young Hui Chang, Applied
Physiology

9/13/12
Recommended Reading: Vogel Ch. 6 + Sensing/Signaling readings:
posted on T2

Assgn.4: Indv: Found B.Objects (focus on sensing)

W5

9/18/12
Review Found B. Object
+ Team Design.

9/20/12
Content Z: Bio inspired sensors
Prof. Donald Webster, CEE

9/20/12
Recommended Reading:: Vogel ch. 13
Assgn.5:_Team: Design Draft + Presentation.

Figure3-2. Sample syllabus from 2012 biologically inspired design class.

Additional reading supplied tstudents in the form of academic papers, or book

chapters, isalso specified in the syllabus efj.r e c o mme nd e d

read:i

ng,

(Vogel, 2000) In some years the reading was mandatory, and followed by a quiz, in other

years, simply recommended. Redev papers supplied to students may also be found in

the resources tab in-Jquare (online class collaboration and management software),

along with their upload date. This combination of records provides an index of content

topics delivered to the studersisd on what date from 2006 through 2012.

3.3.3 Student Assignments

Student assignment data represdhe majority of the data used in these studies.

From the syllabus anthe electronic classroom repository (calleegsquarg the exact

wording and instructioffor each assignment is available. Found object assignments were

common thoughout all years, and were alwaywdividual (not team) assignments.
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Specific instructionson found object assignmenthangedfrom year to year. Many
assignments includecequirenents for finding and includingcademic redfrences and
reference documentsshich were also retained. In addition to found object assignments
and design project data (covered in the next section), four special classes of assignment
data are outlined herdocumentation of these four types of assignments and their
variations was collected through regular (weekly or monthly) meetings with the core
instructor Jeannette Yen during the summer and fall semesters of 2008.
3.3.3.1 Problem definitiorassignments

In 2008 through 2010 additional emphasis was added on design problem
formulation. Design problem formulation assignments took three forms. The first form
was individual articulation of a design problem. In this exercise, students were asked to
provide abrief description of a design problem. In 2010, the first individual assignment
on problem definition was gen in the third week of class (note, this was in the context

of solutionbased desigrgnd read:

fiDefine a new or existing human problem that youkilyiour organism
can solve. Use search strategies to find one or more references on existing
solutions to that problem, or for brastew problems on technologies that
could be used to solve that problem. Describe the current challenges with
the existing saltions/technologiesy

This was followed up in weelour with ateam problenelaboration phase:

AAs a team, perform problem decompositions on the selected natural
system and the defined human challenge, making as making links as
possible. Iterate betweenlgton (nhatural system) and technology to
identify the key functions necessary in order to translate the biological
system to the engineered design. o

And finally for this design iteration a presentation of the design problem in the
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context of the overallesign during a design charrette:

fiFor first midterm critique, present your design, show what organisms
you started with and which ones you used in your design, using WWH
explanations and analogical reasoning for your decisions. Show the
problems you consated for your organism, and provide a detailed
explanation of which problem your design will solve. Why did you choose
that problem over the others? Each team will have 12 minutes to present
their design, problem definition and their best biological anedegEach
member must be able to demonstrate a deep understanding of natural
systems explored and the problem.

Variations on the wording and timing of these assignments occurred in 2008, 2009,
and 2010. Thedesign problem assignment fooces student atteton on early
identification andunderstanding of the design problem, requiring them to more deeply
consider the problem prior to generating solutions (as they are often quick fbhdo).
progression from individual, to team, to contextualized problemmitiefa provided an
opportunity for progressive deepening of student problem understandiitigout
imposing constraintdzrom 2008 through 2010 these assignments were tmswtyalin
that they containno commitmentsto theoriesof problem representation While the
problem assignments were theomgutral, he instructorshad adopted som solution
representations prior to the inclusion of these assignments, some of which were
influenced by SBFFor example,n thepreviously quoted instructions,h e ts;ng m A u
WWH e x p | astaads ifoo What@Why-How, is an adaptation from SBF (see Yen
2014for detaik). In this sense, the instructors made their own commitmentsatuton
representation, which they decided to perpetirsio the problem definition assignent
but only with respect to biologicablutions

3.3.3.2 Four-box assignments

In 2011 and 2012, based on the theories of problem representation developed in this
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dissertation, students were taught the foox method of problem definition. For all
problem dehition assignments, except the first assignmstuitlents were asked to use
the fourbox method of problem definition. The first problefafinition assignment
(again a solutiofbased problem definition) given in week two in both 2011 and 2012 was

again mant to be theoretically neutral, and was worded as follows:

fiINow that you have a solution and a function defined, and you have some
insight into how the biological solution works, think about what kind of
problem you can solve using it. Ideally, the pesblshould be small,
tractable, and something that you could prototype or implement as a
senior design project. Write a succinct one or two paragraph description
of the design problem you are trying to solve. You should NOT write about
how you intend on sahg the problem just yet. Focus on the design
problem you are trying to solve and what makes it problematic. There
must be good reasons why someone hasnét bu
right? Consider the existing solutions to your problem and whaemak
them good or bad. You need to think deeply about the problem you are
trying to solve and demonstrate that you understand the prablem.

In week seven, | provided students with an instructional lecture for problem
definition. This lecture provides theocpntent and methodology for defining a problem
called the fowbox methodThis method was derived from the theories presented in this

dissertationFigure 33 provides an instructional representation of the-foax method.

OperationaEnvironment Functons

Specifications Performance Criteria

Figure3-3. The fourbox method of design problem formulation.
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In addition to the lecture, an individual probletefinition assignment using the feur
box methodis given in week seven. The following excerpt from the instructions
highlight the differences [emphasis added] between the-Hoxr method and the

theoretically neutral approach:

Now that you have a problem in mind (wedoll
usethe Structured Representation for Problems that was covered in
lecture to write minimum orgage description of the design problem you
are trying to solve. After you write up your problem, follow the four box
process outlined in lecture to define your lplem in terms of1)
environment, (2) function, (3) specifications/constraints, and (4)
performance criteria and why each is important.

3.3.3.3 Analogical evaluation assignments

Much as in 2008 problem definition was identified as a key course element requiring
additional attention in the course structure, so too it became apparent that scaffolding was
required for analogical evaluation. Guidance for what constituted a valid or useful
analogy in the context of design relied largely on the idea of function matchirthe
problem required function X and the biological organism performed function X, it was a
match. Issues of material drscale matching were mentiondtywever there were no
assignmentsguidelines or rubrics in place to help either students or itshsi evaluate
the fitness of an analogy. As with problem definition, in 2008 assignments were added to
focus student attention on the process of analogical evaluation.

Again, citing 2010 assignment instructions, in week three students were given the

following assignment:

In class we described how analogies can be used to solve problems. To
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make an effective analogy, some source (e.g. biological system) needs to
be mapped to some target (e.g. your problem specifications). Using the
deep understanding ofdtbiological systems obtained from 2 KEY pdf.s
and your deep understanding of the limitations of existing solutions to the
problem that you identified obtained from 2 KEY pdf.s, construct an
effective analogy. Briefly describe your motivation for seledtiag)
analogy: Why is the source relevant to the problem? What are the
analogical mappings to your problem specifications? Where are the
sources and target different? Provide a rationale for why you selected this
design and its proposed benefits over éxgssolutions.

We notethat here, as in the initial problem scaffolding assignmeuitser than
making basic commitments to the process of analogy mékmagpping from a source to
a targeti the assignment remains theoretically neutral in terms of repedss and
evaluation processes. As with the problem definitionjlamassignments are provided at
the teamand design levels.

3.3.3.4 T-Chart assignments

In year 2011 and 2012, we formalized the analogical evaluation assignment using the
SR.BID schemand thefour-box method of problem formulatiom week three of class,
along with defining individual problems (as described above) students are asked to
complete an individual analogical evaluation assignment between their problem and a
biological source. Theyar e asked-tabl eduwi rdpriegsent ati ons
conceptual scaffoldingwe add scaffolding in subsequent assignmeisg wording of

the assignment is as follows:

AYou have a biological solution in mind, and a problem at hand. Why do
you thirk the solution fits the problem? What are the commonalities
between the biological solution and the problem it is attempting to solve,
and the design problem you identified in Part 2. Make a T table, list on
one side what you know about the biological Bofuand on the other
what you know about the problem. Note where they are alike, and where
they are different.
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fINow look deeper. For each item on your list, start asking questions: how,
what, when, where, why, who, how much, what size, how often, étc. Ad
these new insights to your T table, and note whether the answers to these
questions bring out (1) similarities or (2) differences or (3) there is no
corresponding match.

AConstruct an argument for why this biological solution is a good analogy
to your poblem.

fiFinally, construct an argument for why this biological solutioa tsad
anal ogy to your problem. o

One of the key challenges highlighted as part of why students struggle with
analogical evaluatigns that students tend to emphasize the positipeas of the match,
while ignoring those elements that do not match (but might be important). It is for this
reason that we ask for the construction of arguments both for and against the analogy in
guestion. Students are asked to do this both individualig as a team for their first
(solutiontbased) design project.

In exercises for the next two projects, we use the SRIBH2man the form of four
box modelsto represent bottesign problems (e.g. elevating water, increase traction on
icy surfaces, @uce noise from a fan blade) abidlogical systems (e.drees polar bear
feet, owl wings, etc.)Representing design problem and biological system in this way
enables a comparison between the two using the common conceptual categories found in
the fourbox modelsFigure 34 is used to repsent this method to the studel@signers
during training. On the left, we show the design problem represented as-lofour
model, on the right we show the biological system, and in the middle column we ask

studentdo provide agualitativecomparison (different, similar, same or not applicable).
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Biological Systen{tree)

Operational Environment Operational Environment
Individuals and families -na -
Maintenance staf -Ne& --
High-rise building Streets, parks, forests
Atlanta, urban Similar Georgia, ubiquitous
Temperatures 3Q00F Same Temperatures 3Q00F
Functions Functions
Move water Same Move water
Distribute water to units Same Distribute water to leaves
Prevent contaminatio Transport nutrients
Store water at heig Evaporate water to air
Monitor stored wate Ensure water for respiration
Specifications Specifications
Non-toxic materials Same Non-toxic materials
Non-soluble materials Same Non-soluble materials
Installation timing (retrefit) Construct while growing
Installation cost Similar Cost in energy & materials
Re-use of materialg Similar Local materials
No external additions Similar Internal structures (xylem)
Rooftop dorage Distributed storage
Performance Criteria Performance Criteria
Height 100m Similar Height 30m
Volume 100000 Iiters/da_ 100 liters/day
Reduce energy consumpti Similar Ambient energy use
Water quality standard Changes to solute concentration
Water flow/timing Dependent on weather
Waste wate 90% lost to evaporation

Figure3-4. The T-chart method of analogical evaluation. Designers comparagndes
problem to a biological system across the fdumensions of the fodnox method, using
a simple comparison: different, similar, or same.

For the second design, students conduct as a team the analogical evaluation in their
second design report. Withithe design report instructions, they are provided the

following instructions under th&nalogyheading in the design report.
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AAs before, construct an analogy between your problem and you

biological source. The table below provides a good example of using

SR.BID to build an analogy between a tree and the problem of moving
water to the top of a high rise building in Atlanta. For each biologically

solution, construct an argument for why it is a good analogy (note the
As ame o -talke)td Yo prdblem. ©n, construct an argument for
it is a bad anal ogy -tébe)adyeurpgrdblem.idi f f erent o
Consider in particular the scale at which the analogies occur, and make

sure to highlight any similarities and differences with respect to scale.

Likewise for material

Students are asked to perform an analogical analysis for their third design iteration,
which is usually (with one exception) an iteration on either their first (solnésed) or
second (problerbased) design. The instructions undex Analogy section of the final

design are more opeanded and read:

AAs before, construct an analogy between your problem and you
biological source. Make sure to provide a narrative description in
addition to any charts or tables you care to ose.

3.3.4 StudentDesign Projects

Student dsign project documentation constitutes another majorceoof data. The
documentations of three forms: interim design assignments, design reports and design
presentations. The number of design projects varied by year, as p&d diy
documentation provided for each project. Here | provide a summary of the (a) project
types and schedule by year, (b) type of material available and (c) schedule of material
collection by year.

3.3.4.1 Project types andchedule

Projectsrequirements changeolver the years, but can be classified as onévef

types open, constrained, solutidrased, problerbased, and thirderation

Open:In years 2008 and 2007, design teams were required to work on only one team
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project during the semester, with only agignificant constraint on the design problém
that the final design must be presentable in a venture capital format (thus it must solve
some need in the world, have a viable customer segment, etc.)

Constrained: In years 2008 and 2009, design teams wquéreéd to constrain their
problem to a domain of interest. In 2008 the
which led to projects centered on filtration, acquisition, desalination, etc. In 2009 the
domai n of dymamie aneéistainables ingo which | ed to proj
on domestic energy use, heating and cooling, ventilation, water use, etc.

Solutionbased: In years 2010, 2011, and 2012 design teams were required to first
generate a solutiebased design. Design teams quickly decioleé biological system of
interest, and identified and desegha solution for a problem that could be solved using
that system of interest.

Problemdriven: In years 2010, 2011 and 2012 design teams were required to
generate a second design which usedptieblemdriven design process. Design teams
decided on a problem, identified a large number of possible biological systems that might
solve that problem, and generated a design solution based on one or more of those
biological solutions.

Third-iteration: In years 2010, 2011 and 2012 design teams were allowed to either
iterate one of their earlier designs (the soluti@sed or problerdriven designs) or (in
one case) generate a third design using whichever method they preferred.

3.3.4.2 Projectassignments
A numbe of smaller assignments related to each project were always scheduled prior

to a final presentation and report for each project.

94



3.3.4.2.1 Problem definition assignments (see above)

3.3.4.2.2 Solution search assignments
These assignments entailed students finding betweearwhfive different organisms

to be used as inspiration to solve their design problem.

3.3.4.2.3 Analogical evaluation assignments (see above)

3.3.4.2.4 Environmental impact assessment
These assignments entailed students measuring and evaluating the impact of their
final desgn on the environment, in terms of carbon emissions, toxic materials, energy

cost, etc.

3.3.4.2.5 Materials analysis
These assignments entailed students evaluating a number of alternative materials to
be used in the construction of their final design, includingp@mies such as strength,

toughness, cost, recyclability, manufacturability, etc.

3.3.4.2.6 Quantitative analysis
These assignments entailed students performing a justified quantitative analysis,
demonstrating in concept that their design could provide resultswbald meet
customer demand (for example, measuring the theoretical number of gallons of water a
fog-harvesting device would collect under a variety of conditions).
3.3.4.3 Project presentations
Design presentations were of two kinds (1) -fuksentations, and (2poster
presentations. Full presentations entailed the delivery of adliole presentation by

multiple members of the team, and were typically3Ominutes in duration. Poster
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presentations were 115 in duration, and consisted of a team presentatising $ingle
printed poster.
3.3.4.4 Project reports

Project reports were of two kinds: (1) full reports, and (2) brochures. Full reports
entailed student delivery of a variable length reports usually covering in detail the topics
outlined in the assignments secti Brochures were -Banel, fourpage reports that
provided abbreviated summaries of the design. They were intended to quickly express the
essential aspects of the design (only), and were significantly less detailed than full project

reports.

3.3.5 StudentSurveys

In 2012, short surveys were completgdhe end of the semestgyr all participants in
class. Surveys were given to students in the first 10 minutes of class, osbilge
instructors were not present. The purpose of the surveys was to understemd stu
attitudes about skills required to perform analogy making and evaluation in class, and the

use of the foubox and analogical evaluation tools for facilitating those tasks.

3.3.6 Studentinterviews & Design Sessions

In 2012 team interviewand design sessiswere conducted in the two weeks prior
to final design delivery with all design teams in the 2012 BID@GATech diaisigl
interviews came at the beginning ofwaorking design session with a class instructor
presentout nonpaticipating during the irdrview sessionThe interviews were intended
to review design process information with respect to problem understanding and
evolution, and to solicit current design challenges and goals. Interviews followed a high

level script, allowing for followmup probe as requi r ed. From the
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perspective, the interviews provided rich background information on the design process,
allowing them to provide more targeted advice.

The design interview, which lasted from-20 minutes, was followed by aonking
session design in which the instructor provided additional design mentoring for the
student design teams. The working session lasted for the remainder of the hour. Both

interview and design sessions were recorded,

3.3.7 SRBID for the Web

In 2012, students were introduced to the SR.BID for the Web environment, an online
proof-of-concept tool for the use of the febox andmethods in extended, collaborative
biologically-inspired design. | provided a 20 minute demonstratibthe tool during
class, using design data that | previously entered. Data on student use was subsequently
collected in the form of transaction summaries by student login ID. Use was voluntary,
had no influence on student grades and was largely redundidgnths assignments
students had been asked to do. Ghapter 8for a complete description of the SR.BID

for the Web environment.

3.4 Research Method
In this section | will describe the mix methods case stmdyhodology usedbr the
dissertation. The purpesof this section is to providenaoverviewof the high level
research desigrWithin the case study are a number of smaller individual stufdiems,
which the methodology foeach will be described later in the section relevant to that
study.

This disseration covers an extended case studgm 2006 through 2012 in the
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context of the BID@GATech class, which may be broken intdour phases: an
observational phase, acontent account developmerghase, aprocess account
developmenphase and anintervention phase In each phase, one or more studies were
conducted over one ofwvb units of analysisthe individual student designend the
design team (see 3.3.4 for a description of design te&ash of thestudiesused of one

of the followingdifferentreserchmethods:

1. Observational studiesonducted during the observational phase, these studies
entail collection of materials and observations of the BID@GATech class in
situ, and retrospective analysis through the lens of cognitive theories of
analogy.

2. Exploratory experimentzonducted during the observational phase entailing
small, pilot experiments in the BID@GATech class that serve to establish
support for further investigation of the phenomenon which are their subject.

3. Ontologically grounded studywhich employs grounded theory or
ontologically grounded theorfpr constructing and validating content theories
of biologically inspired design, using artifacts collected in the BID@GATech
class; and through the established content theory, enables a mean for
sysematic qualitative description of the same class of artifacts.

4. Coded design analysis a qualitative studyin which an existing coding
scheme (SR.BID) is used to analyadifacts and interviews collected over
semestefong design team project§hese stdies analyze either snaghot
documentation of design elements at a point in time differencesn snap

shots in design elementsver an extended time period, or trace a design
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trajectory over a short design session.

5. Classroom interventions which tods based upon the theories established in
this dissertation, are implemented in the context of the BID@GATech
classroom for the purpose of understanding the degree to which these
technologies are adopted and accurately used by student designers.

6. Computatimal implementationin which computational applications based
upon the theories established in this dissertation are implemented and shown
to be computationally feasible.

A more detailed description for each methodology will be discussed in the section

corresponding to the relevant study.

3.4.1 Exploratory Phase

In 2006 and 2007 performedin situ observational studies of the BID@GATech
class.While there were no research problems per se driving these stiigajrpose of
these studiesvasto (a) provide a deriptive account of thectivities occurring the
biologically inspired desigelassroom (b) identify and describe those processes used by
instructors and students to perform BID, in particular as they differed from standard
design processes and theoriasd (c) identify those challenges faced by students and
designers, which may be both informed and assisted by and cognitive and computational
sciencesThe critical output of the observational phase is a set of research problems.

During the in situ studybservations took place twice weekty the context othe
BID@GATech courseA second researcher also participated in these studieseanch
notebookwas maintainedor recording observations and field notes. Design reports and

presentations were ma@deailable to the researchers at the conclusion of the class. For
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each of the design teams, design trajectories tracing (a) the conceptual development of
the design, and (b) the biological source(s) of inspiration associated with each design
were compiledrom the periodic presentations and collected works of the students. Case
studies in biologically inspired design presented or made available by the instructors (as
additional reading) were also collected. The two researchers discussed findings after each
session, and reviewed findings periodically with Prof. Ashok Gasé&nior researcher in

the field of cognitive science and design.

In addition to observational data gathered, two classroom based exploratory
experiments were conducted during thisase The first of these experiments tested the
effectiveness of the different representation types for assisting individual students
understand and reason about biological systems. The second experiment tested whether
biological source analogies were influental how the class framed a design problem.

Finally, as part of thexploratorystudies,| conducted a coded design analysesra
set of homework assignments collected in 2@®7urther understandhe connection
between solution analogies and problenmfolationat a point in timeThe methodology
and details for each of these experimeand assessmengll be described in detail in
subsequent sectionBor easier reference, exploratory studies usditke0 pr ef i x i

designation, as shown in Tat#€ which summarizes the exploratory studies.

Table3-2. Exploratory studies and associated study type.

E.1 2006, 2007n situobservation of BID classroom ‘ Observational tidy

E.2 2007 Test of biological systems on problem decomposition Exploratory
experiment

E.3 2007 Data analysis afesignproblem decomposition ‘ Coded design analysit
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The collective findings from thexploratory phase of this case studyovides
eviderce that(a) students struggle with prtdm formulation(b) that biological analogies
play a role in the formulation and evolution of design problems over the course of a
design trajectoryand (c) that students have difficulty making appropriate analogies
These observational studies form the basis for the first two research problems.

3.4.1.1 Research Problem 1

While many theories of design problem representation exist, it is unknown to
what extent current content theories of design can support the process of dgsi
problem formulation and evolution in BID.

This first problem examines the conceptual categories and relationships entailed in
the study of design problems. Existing content accountdesign problemsn design
theory are generally either (a) prescuptias in requirements gathering protocols, or (b)
very abstract(e.g. functions and constraints). For a study of problem evolution, we
require a lens by which the problem may be systematically examined. We require a rich
content account of design problethst accounts for the relationship between biological
analogies and design problems, for the breadth of biological analogies and design
problems observed in the classroom contekis account must be capable of
systematically describing the changes odnogrin a design problem in such a way that
one can correlate such changes with the biological analogy. The developed system, a
content account of design problems and prokdefmtion relationships, must also
provide sufficient generalization to account the variety of biologically systems and
design problem observe@ihese observations lead directly to tirst problem add¥ssed

in this dissertation
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3.4.1.2 Research Problem 2

Current theories of analogy account for analogical evolution of solutions; while
current theories of problem evolution account for problem evolution in the context
of conjectured solutions. Analogical problem evolution in response to existing
analogical solutions remains unaccounted for in design theory.

The secondoroblem followsdirectly from theclaim that problems evolve in response
to biological analogies. Current theories afalogical design angroblemsolution
coevolution exist in the context of a conjectured design solution, which are different from
existing design solutions, arel’en more different from design solutions from distant
domains.Theories of analogical design do not address the issue of problem evolution as a
first class phenomenon. While theories mioblemsolution coevolution provide an
explanation for problem ewation in the context of a conjectured solutiow current
theory of problenssolution coevolution provides an account for hamwhy a biological
analogy may exedirectinfluence on the evolution of a design problenthe absence of
such a conjectured dution. Thus these observations lead to the second research
problem:

As the solution to thesecondproblem is dependent on the solutiontbe first |
address them in order: firgleveloping a conténaccount, andhen a corresponding

process account.

3.4.2 Content Account Development Phase
During the second phase of the case studyplore the first research question posed.
| first conduct a literature survey on existing theories of representation of problem

formulations. | evaluate existing theories witspectto their capability for supporting
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the task of analogical problem evolution in biologically inspired deskgom this
evaluation | determine that SBF and SAPPhIRE representation schemas provides the
most capability with respect to the task. | sel8BF for follow up due to familiarity
relative to the alternative.

Starting with SBF, | derive a content account called SR.BID from data about
biologically inspired design. The selection of SBF is predicated upon three data points:
the first is the angbis of other theories of problem representations, the second is an
exploratory experiment conducted in 2007 documenting the utility of SBF to aid in
guestion answer in the BID@GATech class context, and the third is the documented prior
use of the SBF onltogy for describing complex biological systems in the context of the
BID@GATech classl use a wariation on the methodology of groundégaory [Glaser &
Strauss 1967Strauss& Corbin 1990]. In the groundedheéory methodology, a theory
about any phenomendas derived (solely) from data. In a recent variation, the theory is
derived from data but the coding scheme is seeded with a predefined ontology [Lamp &
Minton 2007].

The ®ntent account development and validation occurs in three stages: the initial
formulation of the content account, refinement and validation of the content account, and
analytical application of thecontent account. During the initial formulation of the
account, a single coder (myself) used the ontologically grounded theory method to
amalyze a series of design documents drawn from a 2009 class project. During refinement
and validation a twaoder system was used to elaborate the coding schema using a new
data set from a 2010 homework assignment. Independent coding of a subset of the

documents and intecoder tests are to validate the reliability and coverage of the coding
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scheme. During analytical application the refined SR.BID schema is used to code and

analyze a third set of data from a different 2010 homework assignirfentanalytical

application uses a more conservative etaling methodology, and a twelve week

delayed intrecoder test to validate the reliability and coverage of the coding sclieme.

easier reference, content account studiesuse®® pr ef i x | nasshoveni r desi gr

in Table 33 which summarizes the content account studies.

Table3-3. Content account studies and associated study type.

Study Content Account Studies(C) Type
C1 Development of SR.BID | Ontologicallygrounded

The result of the content account study is SR.BID, a robust content account of
problem formulation that can be used to support continued qualitative analysis of
problem formulation, as well as to support a process account of analogical problem

evolution.

3.4.3 Process Account Development Phase

In this phase, | address the second research probleenobjective is to derive a
process account ofhe problem evolutionin which to situate analogical problem
evolution (APE). To begin, | first create a moretailed descriptiveaccount of the
phenomenon, frame in the new SR.BID content accounata [Bollected in 2009
analyzedby coding design documents in terms of ®RBID content accountand
analyzing differences in the SR.BID content models ovee.tifhis analysis provides
more detailed account of what is transferred during analogical problem evolution, and

when it is transferred. This data is thesedas the basis for aonjecturedprocess
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account called PE.BID. The PE.BIDaccount is broken int constituent components:
problem representations; designer goals; designer strategies; problem transformations,
and analogue memory. Each component is justified separatigly some components
receiving a deeper treatment than others, as supportingneeidalows Problem
representations are justified using the SR.BID schema, developed in the previous section.
Designer goals are accounted for using an existing theory of complex problem solving.
Designer strategies are proposed based on the designsragoiamy own experience.
Designer transformations are likewise conjectured based on the identified strategies, and
are thenvalidated against SR.BID coded problem formulations. Finally, a model of
analogue memory will be proposed and grounded in pastwvaeers,and is justified

later through the implementation of a computational system in Chapteor8easier
reference, process acc oundesigsdtiandas susmatizece t

in Table 34.

Table3-4. Process account summaries and associated study types.

Study Process Account StudieP) Type

P.1 APE procesdescriptionstudy using SR.BID Coded design analysis

P.2 Developing an account of problem evolution
Substudy:problemcontentaccount Grounded theory
Substudy:designer problem strategies (work-in-progres}¥
Substudy: transformations Coded design analysis
Substudy: designeproblem goals Adapted from existing theory
Sub-study:problemsolution memory Computational stdy

3.4.4 Tools and Interventions
This phase addresses two additional research problems discovered in the exploratory

phase of the research. The first research problem is grounded by the need to provide
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students with additional support for specifying theirigieproblem in the context of
BID. The second research problem takes a broader perspective on the field of BID, and is
driven by the need to provide structured data across massive numbers of biological
systems for access by designers. It examines the tjabtdor SR.BID to support
distributed acquisition of structured data. | will begin by addressing the first of these
research problems.
3.4.4.1 Research Problem 3

Problem formulation in BID plays an important role in searching for and
evaluating analogical sources| observe that students struggle with problem
formulation in BID, and consequently with analogical evaluation.However, there
exists no systematicigpport for problem formulation specific to the BID context

To address the problem | examine the utilitys®&.BID contehaccount developed in
study C.1to provide support for problem formulation and analogical evaluation in the
context of the BID@GATech class. From previous experience we know that such tools
must have a low investment threshold for studes#, must provide perceived value to
students and instructors, and students must be able to use the tools with a degree of
accuracy and reliability necessary for the supported task. | provide interventions in the
2011 and 2012 course in the form of therfbox method of problem formulation, and
the T-chart method of analogical evaluation. These interventions are tightly integrated
with the class design, instruction and assignments. After students use these interventions,
they are analyzed in two studiesiish draw from different sets of data.

In the first study, students both 2011 and 2012re asked to use the febiox

method of problem formulation as a homework assignment. Student assignments are
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evaluated in terms of the ability of students to coneptbe assignment as expected, and

to use the method accurately to represent their design problem. | show that with less than
one class period for training, 97% of students are able to complete the assignment with
greater than 85% average accurd@lso fiow there is no statically significant source of
variance between gender, class, or major. | also show that while thbdfounethod
implies a certain style of arrangement (e.g. foaxes), students that use bulleted lists or
natural narrative formats @she fourbox method equally well.

In the second study, as part of a tékene final exam students are asked to reflect
over their use of tools and methods taught in class. Although which tools and methods
students comment upon are left up to them, mduout that all students comment on
either the fowbox method, the Ehart method or SR.BID; many comment on both or all
three. The comments are categorized and analyzed to determine the perceived value of
themethods, relative to expected benefits.

Couded in the success of the implementations of thelfourand Fchart methods, |
address the fourth and final research problem.

3.4.4.2 Research problem 4

From observations of systems implemented to support BID, we know there is a
tradeoff between representationalcomplexity, cost of representation and potential
value/tasks supported. Existing support systems do not yet provide a sufficient
return on investment such that system builders are able to get widespread adoption.

How might these systemacquire structured data onthousands or tens of thousands
of biological source analogues that would be necessary dave value to the design

users?
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| usethe SR.BID content schema and the fbox method to create a wélased
distributed application platform capable of legting structured data from novice
designerswith minimal training. | have shown in the previous studies that students are
capable of learning and using the SR.Bl&sed method of problem specification in a
short period of time. In this study, | exposwdents to the SR.BID webased
application, and encourage students to use it in whatever way they choose. Student use is
entirely voluntary, on the students own time and bears no weight on student grades. |
track the interactions of students with theteys to determine whether or not they are
capable of encoding structured data about BID problems and biological systems and how
quickly they are abletodosb.or easi er reference, Il nterventio

in their designation.

Table3-5. Intervention studies and associated study types.

Study Technological Intervention Studies(l) Type

1.1 Accuracy of student use of the felbox method off Intervention
problem formulation

1.2 Qualitative analys of the fousbox method of problen| Intervention
formulation

1.3 SR.BID Web Application | Intervention

Table 3-6 provides a summary of research problems adddasseach phase of the
dissertationand the studies and study types associated with thoslem®Each phase
correlates to one research problem. Within each phase, | will explore numerous research
guestions and hypothesis and | will employ multiple methods of investigation as
appropriate. The research problems, research questions, and hypassesiated with
each study are reviewed in their respective chapters, along with implementation specific

details of the research method used.
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Table3-6. Summary of research problems and associated studies.

|
Exploratory Phase (E)

E.1l 2006, 2007n situobservation of BID classroom | Observational Study

E.2 2007 Test of biological systems on probld Exploratory experiment
decomposition

E.3 2007 Data analysis afesignproblem decompositiorl Coded design anais

Content AccountPhase (C)

Research Problem 1:While many theories of design problem representation exist, it is unknoy
what extent current content theories of design can support the process of design probldatiém
and evolution in BID.

C1 Development of SR.BID | Ontologically grounded
Process Accounfhase (P)

Research Problem 2:Current theories of analogy account for analogical evolution of solutions; \
current theories of problem evolution account for problem evolution in the ¢omteconjectured
solutions. Analogical problem evolution in response to existing analogical solutions re
unaccounted for in design theory.
P.1 APE process description study using SR.BID | Coded desigmanalysis
P.2 Developing an account of problem ewtibn
Substudy: problem content account | Grounded theory
Substudy: designer problem strategies | (work-in-progress)
Substudy: transformations | Coded design analysis
Substudy: designer problem goals | Adapted from existing theory
Substudy: problen-solution memory | Computational study

Intervention Phase (I)

Research Problem 3:Problem formulation in BID plays an important role in searching for
evaluating analogical sources. | observe that students struggle with problem formulation in B
consequently with analogical evaluation. However, there exists no systematic support for [
formulation specific to the BID context.

.1 Accuracy of student use of the felbox method of| Intervention
problem formulation
1.2 Qualitative analysis ofthe fourbox method off Intervention

problem formulation
Research Problem 4From observations of systems implemented to support BID, we know thel
tradeoff between representational complexity, cost of representation and potential valt
supporte. Existing support systems do not yet provide a sufficient return on investment sut
system builders are able to get widespread adoption. How might these systems acquire struct
on thousands or tens of thousands of biological source analttatesould be necessary to dri
value to the design users?

1.3 SR.BID Web Application | Intervention
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4 EXPLORATORY STUDIES IN PROBLEM EVOLUTION

In this section | will discuss threexploratorystudies conducted in 2006 and 2007
the context ofthe biologically inspired desigrclassroom These studiesocused on
increasingour understanding high level processes of design through the lens of existing
cognitive theories of analogical desigithile these studies uncovered many phenomena
of research intergsl limit discussion of the findings to onthose relevant to problem
evolutions.

In the context of biologically inspired design classroom, when designers are
formulating their problem, both at the time of inception and/or in later phases of
conceptual dsign, they use existing biological solutions as a means of understanding,
framing and articulating their human design problem. In study 1.1, | will provide
evidence that solutions influence problem formulation at the time of prehlesption,
as insolution-based designwherethe understanding and sthaction of principles from
a biological solutionare used as indexes to find design problems to which they may be
applied | will provide additionalevidencein study 1.1 thasolutions influence problem
formulation during conceptual desigwhich will be seenn the reformulation of problem
decomposition during compound analogical design.

In study 1.2, | will demonstrate that when student designers are prompted with
biological systems thosesystemsinfluence problem formulation at multiple levels of
functional abstractionEinally, in the context othe process o$olutionbased problem
formulation in study 1.3, | willshow that designers incorporate structuahcepts in
equal measure with functional ampts in problem decompositions, even alternating

between the two. This implies a process of problem understanding in which student
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designers move between consideratiobiofogical systemge.g. a bird) or aspects tife
systemge.g. a wing), and the fiction supported by thgystem(e.g. generate lift). This
is reinforced by the process of compound analogy, shown in study 1.1.

This claim is significant in that, despite its frequency, current theories of analogical
design, of biologically inspired desigand of problensolution coevolution do not
directly account for it. Claim 1, supported by the set of findings from these stiglies
critical in that it forms the premise for the two core problems addressed in this

dissertation.

4.1 Study E.1: Observationd Studiesof the BID Class

4.1.1 Study Motivation

In 2006 lentered into an exploratony situ cognitive study of the classroom research
environment (Darden & Cook 1994; Dunbar 1995; Kuvilcke, Nersessian &
Newstetter 2004; Christensen & Schunn 2008hile there were no explicit research
guestions at the outset, to quote Miles
how unstructured or inductive, comes to fieldwork wsthmeorientingi d e a sthisd0 | n
case that frame of orientation include®gnitive theaes of analogical design and related
frameworks. Thusny goal for these studies was to provide descriptive accounts of the
products and processes of biologically inspired design, which appeared to be
fundamentally analogical at the outset, through the lgihour theories of analogical
design. Although this study was conducted in the context of a classroom sdtting,
approached the study from a design cognition perspective as opposed to a learning
sciences perspective. That is, | wlass concerned abouid pedagogical approach and

the learning outcomes of the course. Althoughelieve thatmy researchwill have
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implications on the approach and conduct of the coursasnot directly involved in the
decisionmaking regarding the design of the coursenirmy perspective the classroom
provided a setting where we could observe designers engaged in biologically inspired

design.

4.1.2 Methodology of Study
4.1.2.1 Context and Participants.1
This study takes place in the context of the BID@GATech class, during the fall
samesters of 2006 and 2007. The course met twice weekly for 1.5 hours, and each
classroom session was attended by the researcher. See sections 3.3.1 and 3.3.2 for
descriptions of the context and student designer participants.
4.1.2.2 MaterialsE.1
This study was olesvational. There were no experimenter generated materials used
for this study.
4.1.2.3 Execution of the Study.1
Two research scientists participated in the 2006 observational study. As an observer, |
attended the classroom sessions, collected course matoelsnented lecture content,
and observed teachstudent and studestudent interactions in the classroom. | had no
influence on the course design or pedagogical approach. | algosiid observations of
a few of the teams engaged in their designgmtsj | minimized my intervention, only
occasionally asking clarifying questions.
My observations focused on the cognitive practices and products of the designers. |
observed and documented the frequently occurring prebtdning and representational

activities of designers as part of the design process. Some of these activities were part of
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the design process explicitly taught by the instructors. Others emerged during practice. In
terms of the design products, | observed and documented the naturaloevoluthe
conceptual design over time. | also attended the final oral presentations of the design
teams to the class, and read the design briefs the teams submitted with their projects.
4.1.2.4 Data CollectectE.1

Observationsfrom both classroom and design obsgions were notedn a field
journal during class.Subsequenteflections anddiscussionswith other participating
researchergbout observations in the class were also logged in the field jotinal.
design reports and presentations were collectedetathed in electronic formabResign
trajectories such as the project described in section 3.2.4 were synthesized from the

breadth of data collected.

4.1.2.5 Method of Evaluatioft.1
Documents were analyzed through the lens of existing theories of analogigal des
(Clement 2008; Dunbar 2001; Gentner 1983; Gick & Holyoak 1983; Goel 1997,
Hofstadter 1996; Holyoak & Thagart995; Keane 1988; Kolodner 1993; Nersessian
2008). Analysis and synthesis of observations occurred through weekly conversations
with an additonal research scientist, and were refined and vetted through conversations
with a third researchefFindings were limited to a report of observations. Each finding

was supported by multiple student design documents.

4.1.3 Results of Study
4.1.3.1 Solutionbased desigprocess
Of the biological inspired design projeatdserved in 20Q6ive out of ninefollowed

a modified version of traditional probledriven design process, in which the design
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processprogressedrom an initially described design problem to a desigruson.

Surprisingly, the othefour projects began with a solutidyased design problem. In this

case, the design process began with-a biologi
resisting abalone shell), and progressed from there to identifyingokeprdor which the

biological system might provide a useful solution.

Thus,while the normative biologically inspired design process pointed to a problem
driven approach, we observed that the biologically inspired design process also
progresses from soion to problem, each following a distinct patterns, solutmn
problem or problento-solution (Helms et. al. 2008). Some classroom exercises, and
many of the casstudies provided to the class, began with a biological solution, extracted
a deep principleand then found problems to which the principle could be applied. In
general, the solutiedriven biologically inspired design process follows the steps listed
below (note again that this pseudalgorithm only illustrates the higlevel pattern of the
probdem-driven process; in practice, the actual process is not necessarily ordered
linearly). Complete documentation of the process of soldiased design can be found
in Helms et al 2008.

The identification and description of the solutioased design prose demonstrates
that very early on in the process of design, knowledge of a biological solution can
influence the formulation of a design problem. In the case of solbasad design, the
design problems are identified at the outset based on some s&hvaint features (such
as function) that they have in common with a biological source. Moreover, the fixation of
certain aspects of the design solution will cause similar fixation in the design problem.

This manifests in a kind of confirmation bias, dinegtthe attention of the designer to
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those aspects of the problems that are most in alignment with the already selected
biological solution, while causing students to dismiss issues that are in disagreement until
they are forced to confront them, usuadlyel in the process (Yen et all 2011).

4.1.3.2 Compound Analogy

Another key fining in the 2006 observational study the description of the process of
compound analogWwVhile some models of analogical design address the issue of cross
domain retrieval and transfer é¢howledge (e.g., Bhatta et al. 1994). most existing
models of analogical design are single sodorased solution generation models. That is,
given a target design problem, the process proceeds to retrieve a suitable analogue and
modifies or adapts the redved design to generate a solution to the target problem. From
the cases of BID observed in the 2006 observational study, it is apparent that this form of
singlesource analogical design is not adequate for generating complex designs. In
complex designasks, multiple sources are often needed to solve different parts of a
complex problemFully two-thirds of the designs in 2006 involved multiple biological
source analoguedhis immediately suggests interplay between two related processes,
analogy and piteiem decomposition.

Solving complex problems by decompositiovhere designers break large, complex
problems into small, less complex, snes not new But when we make the
decompositions explicit in the context of analogical design, it becomes appanetiieho
processes of decomposition and analogy influence each atheir. interplayis fully
documented in my work on théighlevel conceptual framework otompound
analogical desigr{Helms, Vattam & Goel, 2008009. Detailedexamples of compound

analogcal design are presentedAppendixC.
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This interplay described in the compound analogy framework demonstrates strong
interactions between the conceptualization of the design problem anoiolbgical
analogue(s) used to frame the solution. In the fraonkewf compound analogy we see
that analogical sources of inspiration may not only lead to solutions through direct
transfer to a conjecturezblution by also through contribution to the understanding and
the framing of the problem itselfThe discoveryf a biological solution which addresses
a problem under a stdet of conditions, can force the problem to be restructured into
conditions representing these sais. A previously unconsidered condition can become
a crucial concept in the design probleim.the case of a stealthy underwater robot, for
example, the realization that a biological source moved stealthily but only when moving
slowly, forced designers to consider different conditions of speed. The problem became

partitioned along low speed angyjh speed conditions.

4.1.3.3 Common Errors
In this observational study | enumerated a number of common errors that student

design teams make. Among them, three are of particular interest:

Error 1. Vaguely dfinedproblems

Problems that are nebulously definedu ch as Al owering our depenc
Aprotecting a <cell phone, O ar e either too v
(resulting in no found analogies), or result in too large a search space (resulting in too
many poorly matching analogieshstructor feedback defineether problem definitions
asimore efficient allocation of resources to 1

and Af or mi-rnegs ias tsacnrta tccoha t This @bsdrvation saggdsts thgh hones . 0
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student designers havaeffetulty formulating design problems at the correct level of

abstraction

Error 2.Poor problemsolution pairimg.

Frequently, designers match problems to biological solutions based on vague or
superficial similarity, d$wabBhasgmadteckirgenf ma kv
Acl eaning pr oper tAltheught chfe tftuen clt o tomns fdlcd &fa.nd ng o i
lotus leaf relies on the structural details of the structure to be cleaned, which a detergent
cannot manipulate. This observation sigyghat shallow understanding of the problem,

the biological source solution, or both, may lead poor analogy choices

Error 3. Misapplied malogy

When making an analogy, superficial or highrel matches are often forced into an
incongruent solution spa, yielding flawed solutions. For instance, a-tmeay traffic
optimization algorithm derived from ant foraging behavior, applied directly to a
throughput traffic optimization problem yielded an erroneous model. Fixation on this
erroneous model resulted three design revision attempts prior to it being discarded.
This observation suggests, that even when a good analogy is seidetetifying,
understanding and adapting to critical differences between the problem and the solution

is critical in makingan effective transfer

4.1.4 Summary of 2006 Observational Studies

The observations above support three key findings.
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4.1.4.1 Finding 1: Designers struggle with design problem formulation in BID

Firstly, | found that in a design context that stresses innovation aativityy where
designers are allowed to determine their own design problems, student designers struggle
to formulate their design problem. | observed student design teams formulate and evolve
(incrementally reformulate) their design problem, often withicaldtransformations
which require discarding or modifying existing solution design(s). This struggle is
ongoing, and often dramatic.

4.1.4.2 Finding2: Design problem formulation evolves in response to biological
analogies.

Secondly, | found that design problemgolve in response to an analogy. | refer to
this phenomenon as analogical problem evolution (APE). A design problem may give
rise to an analogy that instigates an alteration to the design problem formulation. This
new design problem formulation may inruprovide new criteria for retrieving and
evaluating new analogies, which may in turn alter the design problem formulation, and so
on. | observed that some design processes are scldised designs, that is, the design
problem is defined in terms of @roblem that can be solved by an alreatbntified
solution. | also observed the phenomenon of compound analogical design in which
multiple biological analogues were applied to derive a solution. In compound analogical
design it was found that a biologi@nalogy can initiate a decomposition of the problem
in a way that the design team had not yet considered. In one observed case, the design
team upon learning of a biological analog with both slawd fastmoving modes of
stealthy movement decomposedith@oblem of stealthy movement into slow and fast

modes. While theories of analogical design in BID account for the observed solution
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generation aspects of BID, these theories do not fully account farébéemevolution
aspect of théAPE prenomenon Likewise, existing theories of design problem evolution
do not account for the influence of analogous solutions.
4143 Finding 3: Desigers have difficulty finding an:i
analogies

Thirdly, | found that the difficulty in defining the design problémnslates into
certain difficulties in making analogies. This is not unexpected since analogical theories
stipulate a fAtarget problemd which forms the
retrieval to mapping to transfer to storiyén my initial sudies | observed that students
both had difficulty (a) finding appropriate analogies, and (b) applying the analogy
correctly to theirdesign problem, both of whiclouald be theresultof a poorly defined
problem (although other causes are also plausiblée challenge of an imprecise or
dynamic problenrtarget is not unique to BID; for example in scientific inquiry, problem
formulation is likewise dynamic. Nersessian et al (2009) provide a description of the use
of analogy in such a context. Moreover thablppem definitions change over time in
design is well known. Thus while this observation appears intrinsic to BID, it also

generalizes to other domains where analogies are found.

4.2 Study E.2: Biological Source Influence on Problem Decomposition

4.2.1 Study Motivation
Findings on compound analogy and soluimased design from 2006 imphpat

information from biological analogues can be used to decompose design problems into

0See Gentner (1983, 198%Falkenhainer, Forbug, Gentner (1989}1olyoak and Thagard
(1989),
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smaller problemsFor example, a biological system that operates under two distinct
modes fo stealthy travel depending on its speed, may inform a designer to break down a
similar problem into modes that depend on the speed of travel. In this whgidal
analogues thatsedifferent strategies may lead to alternative problem decompositions. |
conducted an exploratory experiment in 2007 to test whether different biological
analogues might lead to different problem decompositions.

This pilot experiment attempted to answer the following questidnsdo different
biological sources create alative conceptualization of design problemshisT
classroom exercise had both research and pedagogical goals. As a pedagogical device,
the exercise served to (1) educate students on biological systems that might be useful to
their design project, (2) fafarize students withstrategies for decomposing design
problems The pedagogical goals were realized both by participation in the exercise and
by a reflective poséxercise discussion conducted after the exercise. The pedagogical

goals served as additial incentive for the students to participate fully in the exercise.

4.2.2 Methodology of Study
4.2.2.1 Research questida.1
To what extent do biological systems influence functional decomposition of
problems?
4.2.2.2 Hypothesi€.1
The introduction of biological analoguesdtmdent designers will yield greater range
of concepts in a functional decomposition of a design problem, than a decomposition

without biological analogue prompts.
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4.2.2.3 Context and Participants.1

The context for this experiment was the 2007 BID@GaTech cassweek prior to
the «ercise, the students received #bnutes of classroom instruction fnctional
decomposition of design problemsstructors believed that decomposing a problem into
constituent sufbunctions, would make explicit a number of potahttonnections to
biological sources of inspiration that may otherwise remain hidden. This should in turn
increase the number and diversity of biological sources that could be applied to a given
design problemAside from the pedagogical benefits, thissered that students were
somewhat familiar witithe method of functional decompositigpmesented during the
study.

The experiment was tirdgound to 45 minutes on the day of the experiment (roughly
half of the class period), and it was required that pegiagbas well as experimental
goals were met. Due to time and pedagogical constraints, as well as the exploratory
nature of the experiment, a facilitated group decomposition was elected in lieu of a more

robust study at the individual level.

4.2.2.4 MaterialsE.1
At the time of the experiment, a packet was provided to each member of the class
containing:
1 Afiltration design problem (the same for each packet)
1 A shallow functional decomposition for the filtration design problem
1 A separating blank page

1 A description of one of five biological systenfsee Appendix D for details)
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The design problem was paraphrased from a design problem used by a design team

from the previous years, and read as follows:

AThe design <c¢hal |l eappreable; standilone, lomdiltcatopt ual i z e
unit that ismore efficient than HEPA or ionic systems, especiaitli respect to the

particles in thesize range of 0.01 microns to 100 microfi$e designed systemill

addresssome ofthe disadvantages associated witte traditiond HEPA and ionic

filters. With regards tothe HEPA filters, the system will eliminate the need for the

expensive replacement filters, and will operate at a lower energy output. The system

will also resolve the problems of decreasing efficiency and ozmuigtion seen

with ionic filters. Lastly, thedesigned systeaims to create a filtration deviclat is
environmentally friendly by usingustainable materials that are also biodegradable

or recyclable 0

Figure 41 accompanied the text, providing a dmg of relative airborne particle

types and sizes.

0.000! 0.001 oo 0.1 10 100 1000

:
Viruses | ‘

Tobacco Smoke l

Smog

Figure4-1 Figure depicting particle size range for filtration design problem, included
with problem description in study E.1

In addition to the problem,he class was also provided withn i nsihtailall o wid
functional decompositigrshown in Figure 4. This decomposition was derived from a

complete decomposition of this problem which | had generated previous to the
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conceptualization of this experiment.

Thebiological sources included in the packets were taken as a subset of the biological
sources described in the final report from the previous year for the same design problem.
They included a) mussels, b) baleen whales c) diatoms, d) salps/laravaceangl(gmal
fish like organisms), and e) hemoglobin. Descriptions and images were provided for each
source, and were copied from the descriptions provided in the final design report from the

previous team.

Figure4-2. Il ni tial #Ashall owo functional decomposi
filtration problem.

4.2.2.5 Execution of Studkg.1

Packets were prearranged, such that each of the five biological systems occurred in
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