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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 and innovation 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, I develop a cognitive model of BID, build computational 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 analogues 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 formulation analogical problem
evolution. I use the method of grounded theory to develop a knowledge schema called
SR.BID (for structured representations for biologically inspired design) for representing
design problem formulations. I show through case study analysis that SR.BID provides a
useful analytic framework for understanding the two-way interaction between problems
and solutions.

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

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

XX



of students achieving better than 80% accuracy. Finally 1 describe a web-based
application for interactively supporting BID practice including problem formulation and
analogue evaluation.

Thus, my dissertation develops 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 interactive web-based tool for
supporting BID practice. Through a better cognitive understanding of BID and
computational methods and tools for supporting its practice, it also contributes to

computational creativity.
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1 INTRODUCTION

“When all you have is a hammer, every problem looks like a nail.” (Maslow,
1966). In the context of design, perception of the design problems changes depending on
the available solutions. But how and why do design problems change, and what role does
the hammer play? Moreover, in the context of innovative design — a major global
economic driver — what is the role of problem inception and evolution; and again, 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),

I 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
leveraging 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
double in the next 5 years.?

In addition to generating innovative designs, BID provides novel opportunities for the
study of analogical design in design practice. The practice of BID relies fundamentally on

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

! Based on an extension of the study of Bonser 2007, see Appendix A.



engineering?. Whereas much research in analogy explored the processes of analogical
design computationally, in the lab, and through historical accounts, BID now provides an
active, growing in situ environment in which to 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 human-computer 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 design
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 root. This provides a unique
opportunity for the study of new tools and technologies in community relative free from
incumbent processes and methods. In this dissertation, | will build and apply cognitive
models of BID and deploy tools and processes to this community, changing at least the

local landscape of BID practice.

1.1.1 Observational Studies of Biologically Inspired Design
In the context of a series of exploratory studies in 2006 and 2007 in an
interdisciplinary BID class at Georgia Institute of Technology, | made three findings that

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

2| will use engineering as the typical application of BID, although 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 to determine their own design problems, student designers struggle
to formulate their design problem. | observed that student design teams formulate and
evolve (incrementally reformulate) their design problem, often with radical
transformations. This struggle is 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 problem-related function concepts discussed throughout the design;
and only 8% of problem-related function concepts initially 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 design solutions. In the observed context, there was no explicit support —
lectures, assignments, references, or tools — for design problem formulation.
1.1.1.2 Finding2: Design problem formulation evolves in response to biological
analogies.
| found that design problems evolve in response to analogical sources from distant
domains. | refer to this phenomenon as analogical problem evolution (APE). A design
problem may provoke consideration of an analogy, which then instigates an alteration to
the design problem formulation. This new design problem formulation may in turn
generate new criteria for retrieving and evaluating additional analogies, which may in
turn alter the design problem formulation, and so on. Three observations support of this
finding. First | observed that some design processes are solution-based designs, that is,

the design problem is defined in terms of an already-identified solution. Second, |



observed the phenomenon of compound analogical design in which multiple biological
analogues were used during an extended design episode. In 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 considered. For example, in one observed case, the
design team upon learning of a biological analog with both slow- and fast-moving modes
of stealthy movement decomposed their problem of stealthy movement into slow and fast
modes. Third, | observed that concepts associated with biological analogues that were
considered during the design process, such as a particular function or environmental
condition, were perpetuated throughout a design, even though the biological analogue
was no longer discussed nor used to generate intermediate or final solutions. While
existing theories of analogical design account for the observed solution generation
aspects of BID, these theories do not fully account for the problem evolution aspect of the
APE phenomenon. Likewise, existing theories of design problem evolution do not
account for the influence of analogous solutions.
1.1.1.3 Finding 3: Designs have difficulty finding and making “correct”
analogies
| found that difficulty in defining the design problem translates into difficulties in
making analogies. This is not unexpected since analogical theories stipulate a “target
problem” which forms the basis for many processes of analogy, from retrieval to
mapping to transfer to storage®. In my initial studies | observed that students both had
difficulty (a) finding appropriate analogies, and (b) applying the analogy correctly to their
design problem, both of which would result from a poorly defined problem. As an

example of an incorrectly applied analogy, a design team applied a “round-trip” ant-

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



based resource gathering model to a “one-way” traffic-control problem. The design team
did not recognize that their problem was framed as a one-way problem while the solution
was framed as a round-trip, and as a result they did not properly adapt the model to solve
their problem. The challenge of an imprecise or dynamic problem-target is not unique to
BID; for example in scientific inquiry, problem formulation is likewise dynamic.
Nersessian & Chandrasakaran (2009) provide a description of the use of analogy in such
a context. Moreover that problem definitions change over time in design is well known.
Thus while this observation appears intrinsic to BID, it generalizes to any design domain

where analogies may be found.

1.1.2 Exploratory Experiments on Problem-Solution Interaction
In 2007 | conducted two exploratory experiments to better understand the nature of
the interaction between problem definition and biological analogues. In the first
experiment, informed by my work on compound analogy in which students used
analogues to facilitate problem decomposition (Helms, Vattam & Goel, 2008), | sought to
better understand the role of biological analogies in problem decomposition.
1.1.2.1 Research Question E.1
To what extent do biological systems influence functional decomposition of
problems?
1.1.2.2 Hypothesis E.1
The introduction of biological analogues 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 Method E.1
In this experiment a facilitated functional decomposition was carried out for 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 to collectively further

decompose the design problem. Figure 1.1 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)

Figure 1-1. The final problem decomposition of a filtration design problem created
during an in-class 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 to the biological sources were able to 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 across all major
branches of the decomposition. Most 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 solutions, and environmental
factors in their decompositions. The next experiment followed up on this notion by
examining the different kinds of concepts students used in “functional” decomposition
assignments.

1.1.2.4 Research Question E.2

To what extent are student problem decompositions purely functional versus a mix of

functional and other conceptual categories?
1.1.2.1 Hypothesis E.2

Student problem decompositions will follow a mixed conceptual decomposition

strategy.
1.1.2.1 Method E.2

After training and several exercises in class on functional 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 was analyzed by conceptual type. Table 1-1
provides a definition of the different conceptual types used, and the relative frequency of

their appearance in “functional” decompositions.



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

Category Definition Percentage ‘

Occurrence
| Function ~ A verb-noun phrase - 40.57% '
A verb-self phrase (self implied)
A biological function (e.g. photosynthesis)
Function One or more means of accomplishing the function (e.g. 5.42%

(refinement) pollination by insects, by air, by hand);
One or more prepositional extensions of the function
(e.g. movement on water, on air, on land)

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

External Factors The environment (e.g. in the forest) or a condition of 5.19%
the environment (e.g. partially shaded) external to the
system.

Solution Solution is used to perform function, 18.16%

Solution performs function itself
Solution described 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 solution-based 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 prompts problem 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 sub-problems 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, but low-speed copepod in the example.

The experiment in problem decomposition demonstrated that when student designers

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



at almost any level of abstraction. Finally, | show that in solution-based problem
decompositions solution-dependent concepts such as the parts or materials 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 formulate problems 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 observational and exploratory studies, the initial research problems
concern the development of an underlying theory of analogical problem evolution (APE)
in BID, to be followed by interventions based on those theories. One productive means to
frame a theory of analogical design is to ask four questions: why, what, how and when
(Goel, 1997). In this framing, the “why” pertains to the task for which the analogy is
used, the “what” pertains to the content of knowledge, the “how” pertains to the methods,
and the “when” pertains to strategic process control. | will begin with the development of

the “what” which I will call the content account.

1.2.1 Design Problem Formulation in BID

Student design performance suffers as a result of the large number of concepts that
are dropped through the design process in design problem formulation. In each 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



for design problem reformulation as a high level process account, (Hillier 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
theories of 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 function/function decomposition (Altshuller, 1984;
Sturges et al, 1996; Kirshman, Fadel & Jara-Almonte, 1998; Hundal, 1990;
Stone and Wood, 2000; Pahl & Beitz 2003)
3. Abstract, computational accounts (Newell & Simon, 1972; Simon, 1973;
Gero, 1996)
4. Solution-generation focused accounts (Goel and Chandrasakaran, 1989; Goel,
1992; Bhatta and Goel, 1994; Gero, 1990; Gero and Kannengiesser, 2004;
Sarkar ad Chakrabarti, 2008).

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

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

4 This 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 supported as they must be in BID.
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to be used in support of a cognitive account of design problem formulation®.

In developing a theory that supports analogical problem evolution in biologically
inspired design, | will begin by providing a representation, or content account. | focus
initially on the content account, rather than a process account, for three reasons. First,
with a content account | can more accurately and consistently describe the phenomenon
of design problem formulation, including how that content changes over time. Second,
the content account provides the underlying language for describing the process account;
that is the content account provides the set of concepts over which the process account
must act. Third, much as a requirements gathering document may be used to facilitate
problem definition in domains in which best practices are well established, a content
account for problem formulation in BID may provide a principled method for developing
tools to facilitate and focus the problem formulation and related tasks. This leads to the

first research problem.

1.2.2 Research Problem 1
While many theories of design problem representation exist, it is unknown to
what extent current content theories of design support analogical 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 design. The 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 six criteria: (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
problem-evolution, and (f) support for cognitive models.

Each design theories may be categorized into one of four main types of design theory.
| evaluate each category of theories with respect to my six critera. The evaluation of each
category of theory is based on evaluating the capability of any theory to fulfill the
requirements of the variable. 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. Table 1-2 shows the evaluation results.

Table 1-2. 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 six variables
provided by each category of problem formulations

Normative Normative- Abstract, solution-
Functional computations genera