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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. I 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. 

I then develop two tools based on the SR.BID schema to scaffold the processes of 

problem formulation and analogue evaluation in BID. I 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. I show that with minimal training, the four-box method was 

used by students to complete design problem specifications in 2011 and 2012 with 75% 
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of students achieving better than 80% accuracy. Finally I 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  

 ñWhen all you have is a hammer, every problem looks like a nail.ò (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 ï a major global 

economic driver ï 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.1 

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 

                                                 
1 Based on an extension of the study of Bonser 2007, see Appendix A.  
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engineering2. 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, I 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, I made three findings that 

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

                                                 
2 I 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. I will 

specify when the domain of discussion is limited to engineering only. 
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1.1.1.1 Finding 1: Designers struggle with design problem formulation in BID 

I 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. I 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 ï 

lectures, assignments, references, or tools ï for design problem formulation. 

1.1.1.2 Finding2: Design problem formulation evolves in response to biological 

analogies. 

I found that design problems evolve in response to analogical sources from distant 

domains. I 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 I observed that some design processes are solution-based designs, that is, 

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

analogies  

I found that difficulty in defining the design problem translates into difficulties in 

making analogies. This is not unexpected since analogical theories stipulate a ñtarget 

problemò which forms the basis for many processes of analogy, from retrieval to 

mapping to transfer to storage3. In my initial studies I 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 ñround-tripò ant-

                                                 
3See Gentner (1983, 1989),  Falkenhainer, Forbus, & Gentner (1989), Holyaok and Thagard (1989),  
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based resource gathering model to a ñone-wayò 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 I 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), I 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. 
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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. 

 

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 
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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, I 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 ñfunctionalò 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 ñfunctionalò decompositions. 
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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 

A verb-self phrase (self implied) 

A biological function (e.g. photosynthesis) 

40.57% 

Function 

(refinement) 

One or more means of accomplishing the function (e.g. 

pollination by insects, by air, by hand);  

One or more prepositional extensions of the function 

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

5.42% 

Structure A property, component, or material composition of a 

solution (e.g. the color red, a flower petal, and protein 

respectively)   

26.89% 

External Factors The environment (e.g. in the forest) or a condition of 

the environment (e.g. partially shaded) external to the 

system. 

5.19% 

Solution Solution is used to perform function,  

Solution performs function itself 

Solution described a method for performing function 

18.16% 

Behavior (causal) A simple causal phrase (A causes B) 

A complex causal description 

3.77% 

 

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 
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at almost any level of abstraction. Finally, I 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 ñwhyò pertains to the task for which the analogy is 

used, the ñwhatò pertains to the content of knowledge, the ñhowò pertains to the methods, 

and the ñwhenò pertains to strategic process control. I will begin with the development of 

the ñwhatò 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 
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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 design4. 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. 



11 

to be used in support of a cognitive account of design problem formulation5.  

In developing a theory that supports analogical problem evolution in biologically 

inspired design, I will begin by providing a representation, or content account. I focus 

initially on the content account, rather than a process account, for three reasons. First, 

with a content account I 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 

I 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. 



12 

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. 

I 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 

Variable Normative Normative-

Functional 

Abstract, 

computations 

solution-

generation  

Categories Full Partial None Partial 

Relationships Partial Partial None Partial 

Biological 

Domain 

None Partial* None Full 

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 theories supports a comprehensive 

content account of BID. It also shows that comparatively, the solution-generation design 
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theories do provide a higher level of support than others. Of these, SBF and SAPHhIRE 

models appear to be most promising. This leads to my second research question. 

1.2.2.2 Research Question C.1 

What adaptations to the solution-generation oriented theories are needed to fully 

support a content account of design problem formulation and evolution in BID? 

1.2.2.3 Hypothesis C.1 

SBF provides a partial content account 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 Method C.1 

I use a modified form of grounded theory, called ontologically grounded theory, to 

show that SBF as a 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 ontology, Figure 1.1, is Structured Representations for Biologically 

Inspired Design, SR.BID. I apply the SR.BID content account to new data, and validate 

the comprehensiveness and accuracy of the model using standard measures of inter-coder 

and intra-coder reliability. 
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1.2.2.5 Summary of Section 

In this section I establish the adequacy of existing theories of design to address 

Figure 1-2. The conceptual categories of SR.BID and their relationships. 
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knowledge content portion of a theory of analogical problem evolution in BID. I leverage 

SBF to derive a new content account of problem formulation, called SR.BID. I validate 

SR.BID against data generated in in the 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: analogical design and problem-solution  

coevolution. From the perspective analogical design theories, APE exhibits the classic 

retrieval-mapping-transfer behaviors one would expect in those theories. In traditional 

theories of analogical design, especially theories of 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 problem evolution 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 problem-solution 

coevolution, however, the solution in question 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 

problem-solution coevolution theories on one hand into cross-domain 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 high level task-level 

accounts of related phenomena, such as solution-based design and compound analogy, or 

from observational accounts such as the design trajectory accounts generated from my 

2006 and 2007 studies. There is as yet no systematic description of what 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. I will use SR.BID content model to provide 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 description of when and what 

is transferred in analogical problem evolution, which may then be used to inform a 

process account of APE. 

1.2.4.1 Research Question P.1 

What is the content is transferred from biological analogues to problem formulations, 

and when is it transferred in APE? 

1.2.4.2 Hypothesis P.1 

An encoding of design problem formulations in terms of SR.BID provides a reliable 

method for describing the content transferred between biological solutions and design 

problems in the process of BID. 

1.2.4.3 Method P.1 

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

problem formulation in BID, I encode data collected over the course of an extended BID 

design episode.  The data include point in time, self-generated descriptions of problem 



17 

formulations, biological analogues, and solutions generated during the semester long 

course of the design. I 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: 

¶ Either existing man-made, existing biological solutions or both are cited with 

respect to the formulation of the problem; this occurs in all problem 

formulations thus far observed. Thus design problem formulation and existing 

solutions appear to be deeply connected. 

¶ Concepts from biological solutions are not used in the initial problem 

formulation for this design episode; rather existing man-made solutions 

provide the basis for the concepts in the initial formulation. Concepts from 

biological solutions are integrated in later stages. 

¶ Certain conceptual categories are more common between problem formulation 

and biological analogues 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/constraints appear in 

common.  

In light of these insights, I follow with the conjecture of an initial, 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 account for why and how 

analogical problem evolution occurs. I will break down and investigate this 

conjectured process account in terms of six components. 

1.2.4.4 Research Question P.2 

What is a process theory of problem evolution in design that supports the 

observations made of APE in the context of BID? 

1.2.4.5 Hypothesis P.2 

The problem evolution for BID theory (PE.BID) of analogical problem evolution 

supports (a) the observations made of APE, (b) the conditions required for analogical 

identification, mapping, and transfer, and (c) the conditions required for design problem 

evolution.  

1.2.4.6 Method P.2 

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 underlying memory requirements for describing why and how problem 

evolution occurs. The 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, I will conjecture a hypothesis and provide a method of evaluation 

for that hypothesis, providing results where investigations are complete. I will restrict 

detailed investigation for this dissertation to the transformation component. For purposes 

of this introduction, I will restrict discussion to the hypothesis associated with each 

component, deferring details to Chapter 6. 
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Figure 1-3: Graphical representation of the PE.BID theory of problem evolution in biologically inspired design. 
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1.2.4.7 Designer Problem Goals 

According to Funke (2001) complex problems exhibit five characteristics that simple 

problems do not. I hypothesize that designers generate similar problem goals to resolve 

the difficulties that arise from these five characteristics. 

1.2.4.8 Hypothesis P.3 

The following table provides the five characteristics from Funke (2012) that ground 

the taxonomy of designer problem goals. 

 

Table 1-3. The five characteristics of complex problems and the goals associated with 

addressing them in complex problem solving. 

Characteristic  Description  (Funke, 2012) Goal 

Intransparency Intransparency concerns the variables involved and 

the definition of the goal. In an intransparent 

situation, not all required information about 

variables and possible goals are given.  

Intransparency requires 

from the problem solver 

the active acquisition of 

information. 

Complexity Complexity is defined based on the number of 

variables (concepts) in the given system.  

Complexity demands from 

the problem solver a 

simplification through 

reduction. 

Connectivity It is not the pure number of variables that is 

decisive for the workload on the problem-solving 

person, but the connectivity between these. 

Assuming that in a system of 100 variables every 

variable is connected to only exactly one other, the 

connectivity is lower than in a system in which all 

variables are connected to each other. 

For making mutual 

dependencies 

understandable, a model 

of the connectivity 

is required from the 

problem solver. 

Dynamics This feature explains the fact that interventions into 

a complex, networked system might activate 

processes whose impact was possibly not intended. 

It signifies that in a lot of cases the problem does 

not wait for the problem-solving person and his/her 

decisions, but the situation changes itself over time. 

Dynamic requires from 

the problem solver the 

consideration of the factor 

ñtime.ò 

Polytely Usually there is more than one goal in a complex 

situation that has to be considered. These goals may 

be in conflict. 

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 context for why and when APE 

is invoked, that is, APE is invoked in response to using particular strategy. I 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 by mapping each strategy to 

one or more observed design examples. 

1.2.4.10 Hypothesis P.4 

Table 1-4 provides a small conjectured set of design problem strategies relative to the 

first three goals in hypothesis P.3. 

Table 1-4. Design problem strategies associated with the three design problem goals. 

Goal Strategy Description 

Active acquisition of 

information  

Breadth-first 

addition 

Loosely related concepts are added in a 

breadth-first fashion, expanding the design 

space. 

 Depth-first addition Sub-concepts are added to existing 

concepts, generating conceptual depth for 

a particular concept. 

 Relationship 

addition 

Relationships are established between 

concepts  

 Simplification through 

reduction 

Elimination Concepts are removed from consideration 

in the problem space 

 Decomposition Concepts are divided into sub-concepts 

that can be considered independently; an 

interface may be necessary. 

 Partitioning Concepts are grouped into connected sets 

that can be considered independently; an 

interface may be necessary. 

Connectivity Relationship 

addition 

Relationships are established between 

concepts 

 Depth-first addition Sub-concepts are added to existing 

concepts, generating conceptual depth for 

a particular concept. 

 

1.2.4.11 Problem Transformations 

Transformations describe the low-level 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 are a ñgoal-neutralò set of primitives which may be combined to effect larger 

problem transformation strategies. Although I assume SR.BID as the underlying 

ontology, the only necessary aspect of the ontology is that of partonomic and taxonomic 

abstraction. The transformations may be generalized to any number of possible problem 

model representations. 

1.2.4.12 Hypothesis P.5 

Based on my own historical observations of problem formulations in the context of 

BID and assuming the SR.BID content account, I hypothesize the following set of 

primitive operators, called transformations, used to change problem formulations over 

time in BID. 

Table 1-5. The set of transformations used to change problem formulations in BID. 

Type  Sub-Type  Tertiary Type  Start State  End State  

Addition  Refining   A  AĄ(r)B  

 Associating   A  AĄ(a)B  

 Abstraction 

shifting  

Shifting-up (zooming 

out)  

A(1-1)  A(1)ĄA(1-1)  

  Shifting-down (zooming 

in)  

A(1)  A(1)ĄA(1-1) 

 Induced 

abstraction  

 A(1-1), A(1-

2)  

A(1)Ą(A(1-1), A(1-

2))  

 

 



23 

Table 1-5 continued 

 Decomposing  Conjunctive  A(1)  A(1)Ą(A(1-1) AND A(1-2))  

  Disjunctive  A(1)  A(1)Ą(A(1-1) OR A(1-2))  

 Disconnected   --  A  

Removal  Suppressing   AĄB  A, ¬B  

 Deleting  Disconnected  A  ¬A  

  Dependent chain AĄB  ¬A, ¬B  

  Partition (A->B)->C ¬(A->B), C 

 Reemerging  Related  AĄB:¬B AĄB  

  Novel  AĄB:¬B CĄB  

Connecting  Connect  A, B  AĄB  

 Disconnect  AĄB A, B 

 Switch Connection  AĄB AĄC 

Organizing  Partitioning   A, B, C, D, E  (AĄB)ĄCĄ(DĄE)  

 Decoupling   A, B, D, E (AĄB)(DĄE)  

 

1.2.4.13 Problem-solution Memory 

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 theory of memory content and organization in 

which problem and solution memory is partially integrated using the SR.BID content 

account. First, I assume that SR.BID provides the memory organization scheme for 

problem formulation.  Next, I note that the core concepts in the problem formulation: 

function, environment, 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, while 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, evidence shows that all problems defined in the context of BID, are defined in 

terms of one or more solutions. 

1.2.4.14 Hypothesis P.6 

SR.BID provides an organization schema for a shared memory between problem 

formulations and solutions; solutions and problems share at least environment, function, 

performance and constraints/specifications in common.  I have already documented some 

aspects of the connection between design problems and existing solutions; for example, 

from coded problem formulations we see that all problem models cite 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 memory for both 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. 

1.2.4.15 Summary of section 

Starting from the phenomenon of analogical problem evolution, I provide a content 

account for ñwhatò is transferred from the domain of biological solutions to the domain 

of problem formulation. Following from this description, I propose a process theory of 

problem evolution in design, called PE.BID, which can be broken into components: 

problem formulation; design problem goals; design problem strategies; problem 

transformations, and an integrated problem-solution memory. I provide theoretical and 

qualitative support for each component.  

1.2.5 Support Tools for BID 

In this section, I will review the four-box method of problem formulation, a tool that 

addresses the challenges of problem definition in the BID classroom. In the in situ studies 

conducted in 2006 and 2007 I found 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 challenges, including 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 I implemented the four-box method of problem formulation, which is based on 

the SR.BID content account. The four-box method of problem formulation was extended 

to analogical evaluation through a tool called the T-chart method of analogical 

evaluation. Based on the 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 web-based application.  

The implementation of the four-box method for problem formulation is assessed in 

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 of the accuracy with which students 

are able to use the method to define. The students continue to use the four-box method 

throughout the class, extending its use to include both problem formulation and 

analogical evaluation. After using the method for several additional weeks, students are 

asked to reflect over their use of tools and methods used in the classroom. The results of 

this study, including both the four-box method of problem formulation and T-chart 

method of analogical evaluation are reported in terms of a qualitative assessment of these 

student reflections. Finally, the four-box method is implemented in a web-based 

application. The web-based application demonstrates in principle how students can apply 

the four-box method to generate structured knowledge about design problems 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 Question I.1 

To what extent can SR.BID be used accurately for the design task of problem 

formulation in the context of the BID classroom? 
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1.2.6.2 Hypothesis I.1 

The four-box method (shown in 

Figure 1-4) can be used accurately 

by all students to represent design 

problems in BID.  

 

1.2.6.3 Method I.1 

The four-box method is 

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 four-box method assignments are collected and evaluated in terms of 

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 four-box method. They are provided with a take-

home final reflection assignment, which prompts for open comments about the 4-box 

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 Results I.1 

Completion rate on the 4-box portion of the assignment was greater than 95%, 

providing evidence in favor of studentsô ability to complete the task. The overall accuracy 

of student use of the four-box method, excluding the three students that did not complete 

Operational Environment 

 

Functions 

 

Specifications 

 

Performance Criteria 

 

Figure 1-4 Student designers use the four-box 

method of problem formulation to articulate a 

problem in terms of (1) operational environment, 

(b) functions, (c) specifications/constraints and (d) 

performance criteria. 
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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 accuracy was 85.6%. 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 constraints and specifications 

were used less accurately. 

1.2.6.5 Research Question I.2 

How are the SR.BID and four-box representations used in the context of biologically 

inspired design with respect to the task of problem definition? 

1.2.6.6 Hypothesis I.2 

The T-chart method of analogical evaluation can 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 Method I.2 

SR.BID and four-box representations were used in a number of assignments in class 

from week 7 until the end of the class. SR.BID and the four-box method are also included 

in the T-chart method for analogical evaluation (Figure 1-5). The T-chart method of 

analogical evaluation generates a four-box model for the design problem (left column) 

and for the biological system (right column) which can then be compared side-by-side. 

Students are encouraged to consider the implications of differences and similarities in 

their evaluation of the analogy.  
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Design Problem  Biological System 

Operational Environment  Operational Environment 

 Different  

 Similar  

 Same  

Functions  Functions 

 Different  

 Similar  

 Same  

Specifications  Specifications 

 Different  

 Similar  

 Same  

Performance Criteria  Performance Criteria 

 Different  

 Similar  

 Same  

Figure 1-5: In the T-chart method of analogical evaluation, designers compare a design 

problem to a biological system across the four-dimensions of the four-box method, using 

a simple comparison: different, 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 four-box method or SR.BID representations, although most 

of them did. Of the 34 students, all students reflected at least on either SR.BID, the four-

box method of the T-chart method. Reflections were summarized and coded. Table 1-6 

shows of positive and negative comments, summarized by category, associated with the 

four-box method. From this data I 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 I anticipated ï problem definition, clarification, and breakdown, 

focus and organization. Student comments reflect similar value association with the T-

chart representations for the purpose of evaluating analogies. 
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Table 1-6. Positive and negative comments associated with the 4-box 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/clarify problem 8 Decrease/Limit creativity 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 criteria 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 environment 1   

Visualization 1   

 

The first four of the comments on the positive side provide strong evidence for the 

value of the four-box method of problem specification: in particular that, as intended, it 

provides students with a greater capability to define/specify/clarify, breakdown, 

organize, and otherwise grapple with complex design problems. 

Encouraged by the successful implementation of the four-box and T-chart methods in 

class, I look next to addressing the problem of scalable knowledge engineering in the 

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 not yet provide a sufficient 
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return on investment such that system builders are able to get widespread adoption. 

How might these systems acquire structured data on thousands or tens of thousands 

of biological source analogues that would be necessary to drive value to the design 

users? 

1.2.7.1 Research question I.3 

To what extent can SR.BID be used to support design processes in BID over a 

distributed (e.g. web-based) platform?  

1.2.7.2 Hypothesis I.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 team-based platform in the context of BID, with minimal additional 

investment over current assignment workload. 

1.2.7.3 Method I.3 

The SR.BID Web Application is developed 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, and encouraged (by the researcher) to voluntarily use the system to enter 

problem definition information, and biological source information. Student 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 completion of desired tasks, such as entering a new 

biological system or a problem definition. Table 1-7 provides a sample of a transaction 

report for a single user. 
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Table 1-7 Sample of transaction reports for a single user for the SR.BID Web 

Application. 

USER 

ID 

DATE & 

TIME  

TRANSACTION 

TYPE 

TRANSACTION  

6 11/8/2012 

19:52 

NEW PROJECT Added Project: The Signal Seed 

6 11/8/2012 

19:56 

NEW 

REFERENCE 

Added Referenece: Project document, final 

report.pdf 

6 11/8/2012 

19:57 

NEW 

REFERENCE 

Added Reference: Project document, materials 

assessment.pdf 

6 11/11/2012 

0:05 

NEW 

REFERENCE 

Added Referenec: Project image, images of 

prototypes 1 & 2 

6 11/11/2012 

0:07 

NEW 

BIOLOGICAL 

SYSTEM 

Maple seed (samara) 

6 11/11/2012 

0:07 

NEW PROJECT Maple seed (samara) 

6 11/11/2012 

0:13 

NEW 

REFERENCE 

Added reference: samara seed distributio.pdf 

6 11/19/2012 

11:29 

NEW 

REFERENCE 

Blank entry 

6 11/19/2012 

11:30 

NEW 

REFERENCE 

Added Reference: Project document, QA.pdf 

6 11/19/2012 

11:30 

DELETE 

EXTERNAL 

FILE 

Deleted blank entry 

 

By analyzing the transaction reports, I determined that in practice, student designers 

can use SR.BID and the four-box method of representation to build complete structured 

knowledge representations of both design problems and biological systems in the context 

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

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

complete model. This, combined with the studentsô reported value from the use of these 

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

problem-solution database for the support of BID. 

Moreover, the realization of joint problem-solution models in a database organized 

according to the SR.BID framework provides proof-in-concept that SR.BID can be used 

to organize and instantiate a memory capable of performing analogical problem 
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evolution. This provides a computationally plausible support argument for the process 

model of memory developed earlier. 

1.2.7.4 Summary of Section 

We know from the previous studies in this section (studies I.1 and I.2) that student 

designers are capable of learning the four-box method of design problem description 

quickly, applying it to new design problems 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 know from this study that individual student designers can use a web-based 

platform enter this information into a distributed database of problems and biological 

systems, and that in this prototype system they can generate meaningful, multi-model 

descriptions of design problems with an investment of less than 60 minutes. From this 

data, I 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 cost, massive distributed 

collection of design problem and biological system information. This information 

provides value to designers for tasks specific to biologically inspired design, including 

design problem formulation, and analogical evaluation. 

1.3 Personal Motivation 

In this section I briefly review my personal motivation for exploring the problem of 

analogical problem evolution. 

1.3.1 My observations of BID class 

I have always been fascinated with biology, and prized the opportunity to learn about 
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biology through the eyes of design.  After witnessing in the context of the BID class at 

Georgia Tech the use of biology to generate new technical solutions for interesting 

projects, I believed that this design paradigm could truly change the world. However, I 

noticed that instructors and students struggled with 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 students struggleéand failéat a task as fundamental as defining a 

design problem. The mystery was afoot! Additionally, I saw in project after project, 

biological solutions which students considered interesting or cool always had a way of 

fitting ñjust rightò into their design problem. There was a game being played 

hereésomehow, problems and solutions were moving toward the same goal. 

Second, while students often quickly produce biologically analogies to match a 

design problem, and could on the fly generate new solutions to problems suing these 

analogies, when asked why 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 else was going on here. 

Both problem formulation and analogical explanation are real problems faced by 

designers, and central to the issues of biologically inspired design. I thought, 

understanding these issues may provide me with an opportunity to help a new, 

developing community that I believe can have a significant impact on the way we design. 

1.3.2 Parallels with PhD research 

The more I progressed on my PhD journey, the more I recognized that the struggle 

that the undergrad students had in defining a good design problem was not as uncommon 
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as I 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, something not yet solved, and 

something challenging, but with enough research behind it to make solving it tractable. 

Second, it is not enough to identify the problem; one must understand it deeply in order 

to solve it. Student designers find they get a handle on the problem quickly, they race to a 

solution, and then something unexpected happens, it doesnôt work the way they want it 

to, or their customer (the Professor) thinks there might be a better way.  There is always 

something unanticipated, something more to understand. So they learn from your 

mistakes, you research the problem, you grasp at the nuances, you study what has gone 

before and what worked and didnôt. Now you can try to solve itéand again it blows up. 

Solutions are always blowing up. Persistence through failure, I think, must be the number 

one trait of any inventor. 

Iôm not just talking about student designers anymore, but about myself and this 

research as well. PhD problems have many parallels to design problems. Thus as I was 

studying the phenomenon, I was 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 changes, often 

dramatically, in format, style and content from year to year. I assume the phenomenon of 

analogical problem evolution as observed and described is based on an underlying 

process that is consistent across these variations. (2) While the class represents a new 

domain of formal study, I 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 described occur distributed 

in time, over the course of weeks or months, and space, wherever students are able as 

well as electronic communication, I assume that instruments used to collect the data, 

mainly homework assignments, represents the honest work of students, and is not 

intentionally misrepresentative. (4) I assume the designers in the class are all student 

designers, and are representative of the BID student design population consisting of 

students mostly in mechanical engineering, biology, biomechanical engineering, and 

systems engineering; I assume that findings will generalize at least to the population of 

student designers with majors largely represented by this class; (5) I assume that the 

qualitative method of ontologically grounded theory, and resulting differential analysis to 

determine changes in problem formulation, are sound; I likewise assume SBF models of 

analogy and CPS characterizations of problems are sound; (6) Generalizations from this 

study are circumscribed by the class of generalizations that 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 classroom 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, in Chapter 2, I will situate the work in a review of related research. In 

Chapter 3, I will establish the context in which these studies occur, both in terms of the 

domain of design, and the specific classroom context. I will also describe the research 

design for the overall dissertation which consists 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 sections. In Chapter 4, I will establish 

the phenomena of interest by describing the 2006-2007 exploratory studies and the key 

findings relevant to this dissertation. Chapter 4 will end by raising the first two research 

problems I address in this dissertation. In Chapter 5, I will address the first core theme: 

design problem formulation. First I 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, I will use ontologically grounded theory to develop a 

content model of design problem formulation in BID. In Chapter 6, I will address the 

second core theme: design problem evolution. After providing a richer description of 

analogical problem evolution based on SR.BID, I will postulate a more general process 

theory of problem evolution, PE.BID. I will provide evidence in support of each of the 

fundamental concepts in the PE.BID model. In Chapter 7 I will discuss the 

implementation of three tools for design support, based on my theory of SR.BID. In 
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Chapter 8, I will situate this research in the broader context of cognitive science, design 

science, human-centered computing, and biologically inspired design. At the end of this 

section, I will conclude this dissertation with thoughts on future research. 
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2 RELATED RESEARCH  

In this dissertation I provide an account of design problem-solution representations 

and an account of the process of analogical problem evolution. These concepts are reified 

in a domain, the nascent but rapidly evolving field of biologically inspired design. The 

background research for this undertaking therefore spans problem formulation in design, 

content and process accounts of design problems and analogies, process accounts specific 

to biologically inspired design and specific to problem-solution 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 topic is important for understanding the implications of the 

research. 

2.1 Problem formulation in design 

2.1.1 Defining design as an ill-structured problem 

Simon (1973) categorized design as an ill-structured problem. That is, design as a 

class of problems are inherently under specified 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 whether a design is optimal in an absolute sense. This was similar to Rittelôs (Rittel 

& 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 design problems. Dorst (2003) discusses three degrees to which a 

problem may be ill-defined: (1) some aspects are determined by hard requirements, (2) 
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the major part is underdetermined, subject to the design choices made by the designer 

during the process, and (3) some aspects are completely undetermined and subject to the 

style of the designer. In modern design, that design problems are ill-defined is accepted 

as given; as Cross (2001) put it in his review of 30 years of design studies, ñIt is widely 

accepted that design óproblemsô can only be regarded as a version of ill-defined 

problems.ò   

2.1.2 Two schools of thought on problem structure 

There are two core schools of thought on how the structuring of ill-defined design 

problems is approached.  The first school follows 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 independent sub-problems, 

where the sub-problem can be systematical searched until a sufficient solution is 

identified. The component solutions to sub-problems 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 protocol study of design this two-phased 

approach between problem structuring and solution development, and distinguish it as 

fundamentally different from other problem-solving activities, which neglect problem 

structuring almost entirely. Gero (1993) extends the problem-space 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, this rational problem solving approach is 

representative of the positivist epistemology, suggesting that a problem exists 

independent of the problem-solver, and can be analyzed and studied objectively, yielding 
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to systematic, scientific processes. 

The other school of thought stems from Schön (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 Schön does not 

explain how such framing 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 later work ñproblem solving triggers problem setting 

(Schön 1988).ò Dorst (2003) equates this perspective to the phenomenological paradigm 

in which the construction of reality, in this case the design problem, is inherently 

subjective. As Dorst and Cross (2001) observe ñédesigners did not treat design 

assignments as an objective entity. All designers interpreted the assignment quite 

differently in awareness of their own design environment, resources and capabilities.ò 

Since the development of these two schools of thought, many case studies, protocol 

analyses, and performance 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 1970 ï 2000. Relative to problem definition, certain key points of debate 

have arisen, 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 and software design 

(Wirth 1971, Dahl, Dykstra, and Hoare 1972, Roozenberg & Eekels 1995, Pahl & Beitz 

2003) suggest a top-down 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 refined in abstraction. 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 in the rational problem 

solving school of thought. Such top-down problem definition strategies are considered as 

rational, disciplined and well-behaved design (Guindon 1990).  

Guindon (1990) observed the practice of a small number of software designers, and 

showed that rather than applying perfectly top-down strategies, software engineers are 

more ñopportunisticò, and will occasionally be seen to solve a particular sub-problem, 

prior to returning to the top-down, breadth first problem structuring activity. Likewise, 

Chadrasekaran (1990) notes that while hierarchical functional decomposition of a 

problem is an important design task, ñin many domains, constraint generation of some 

sub-problems alternate with partial designs of others, which in turn provide partial 

constraints for yet other sub-problems.ò Ball, et al (1999) counter that, rather than 

ñopportunisticò or ñill-behavedò designers are simply performing a top-down, selective 

depth-first search which is being invoked to validate the high-level design concept where 

a designer is unsure. Novices, as one might predict, tend to perform more depth-first 

problem solving than experts who, being more certain tend to provide breadth-first 

problem structuring.  In 2004, Cross counters with models from Holyoak (1991), Adelson 

& Solway (1988) and Cross & Clayborn (1998) in which he claims experts do not 

conform to breadth-first, top-down strategies. 

2.1.4 Solution-orientation  

Contrasted with traditional top-down design processes are design studies that show 
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designers often begin with solution conjectures first. Lawson (1979) formalized design as 

either problem-driven or solution-driven, and characterized the later as being more 

characteristic of design-based problem solving. The so-called solution-oriented 

approaches stand in contrast to the top-down, problem-oriented approaches. In such 

solution-oriented approaches designers quickly conjecture partial solutions to problems, 

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

proposed solutions can then be used to contextualize and more deeply understand the 

problem. Hillier, Musgrove, and OôSullivan (1972) describe the theory of conjecture-

analysis, which matches observations in architecture and in which early solution 

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

alternatives. Darke (1979) expands this theory to generator-conjecture-analysis in which 

a ñprimary generatorò, which can be an idea, or set of coupled ideas, is used to both 

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

ñprimary generatorò is imposed on the design problem by the designer.  In terms of 

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

design; ñset its boundaries, select particular things and relations for attention, and impose 

on a situation a coherence that guides subsequent moves (Schºn, 1988).ò  

There are however, some potential drawbacks to the solution-oriented approach. 

Restrepo & Christiaans (2004) show that commitment early, as with solution-oriented 

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

that ña dominant influence is exerted by initial design ideas on subsequent problem-

solving directions...a considerable effort is made to make the initial idea work rather than 

adopt a fresh point of departure.ò This may also be a function of when requirements are 
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produced. Restrepo & Christiaans (2004) show that problem oriented designers produce 

their requirements throughout the entire session, whereas solution-oriented designers 

specified their solution at the beginning of the process. Kruger and Cross (2006) show 

that for the same problem, some designers employ such solution-oriented approaches, 

while others use problem-oriented approaches. For their experiment they show that 

solution-oriented design still tends to produce creative results, but lower overall quality.  

Note this notion of solution-orientation is linked to a conjectured solution. In this 

dissertation I delineate between two different classes of solutions, and thus two different 

kinds of solution-based design. The first class, the conjectured solution, is the solution 

class with which most existing theories of design concern themselves. In all instances of 

design theory mentioned, solution-oriented processes are so-called because they include 

an early conjectured solution. The majority of theories that cite early solution conjectures 

discuss relationships between the evolution of the problem and this conjectured solution. 

The second class of solution, and the class with which I am concerned, is the class of 

solutions that currently exist, whether as a solution to the at-hand design problem or a 

solution that appears unrelated, such as a biological system. My concern is with how such 

existing solutions interact with the design problem.  In particular, how existing solutions 

outside of the traditional domain of the design problem ï existing biological solutions 

relative to engineering problems ï influence the formulation 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 problem- or 

solution-oriented, they describe the process as a co-evolution. They used the concept of 
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genetic algorithms for a well-defined design problem, to show how such co-evolution 

could occur computationally.  The use of a genetic algorithm required a routine and 

structured problem definition, limiting the degree to which the technique could 

generalize, but it served as an interesting proof of concept. Figure 2-1, adapted from their 

work shows how starting a problem P(t), a conjectured solution S(t) is generated. This 

conjectured solution generates new information (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 iterate until the solution sufficiently meets the requirements in 

the current problem state.   

 

 

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 solution 

and problem spaces. In this way, sub-problems could be defined and solved, and the 

information thus gathered could cycle back through the problem description as partial 

evolutions of problem and solution. Figure 2-2 shows the process developed by Dorst & 

Figure 2-1. Problem-solution evolution, Maher, Poon and Boulanger (1993) 
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Cross. In this case, the triangle in P(t+1) represents the development of a sub-problem 

structure, from which a sub-solution S(t+1) is developed. The information from the 

development of that sub-solution is then cycled back to inform further developments in 

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 occurs until all sub-

problems are solved sufficiently by the existing array of arranged sub-problems. 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 apparent. The 

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. 

 

While this process reflects the design process, there is a parallel with the work of 

Nersessian (2009), 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 

Figure 2-2. Problem-solution evolution, Dorst & Cross (2001) 
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scientific problem similar to what is seen in design. While the analogy does not hold 

perfectly ï 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 problem evolution, existing solutions also influence problem 

development. As shown in figure 2-3, the modification I make to the process of problem-

solution co-evolution is the inclusion of an existing solution that exists at time (0), Se(0), 

where the e stands 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 at every step. 

At any time an existing solution can be introduced into the process that lends insight into 

the current problem, transforming it, and opening up potential new solution paths. This 

provides a high-level model of what I call analogical problem evolution. 

 

 

Figure 2-3. Analogical problem evolution 



48 

2.1.5 Problem Decomposition in Design 

Problem structuring through decomposition into sub-problems occurs in both 

solution- and problem-oriented approaches. In prescriptive methods such as Pahl & Beitz 

(2003), the functional decomposition of a problem into functional sub-problems 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. That is, in the observed verbal protocols designers often provided problem 

decompositions ï in this case, a mixed combination of functional and component (form) 

decompositions ï without verbally indicating an intention of creating the decomposition. 

They note that such implicit decompositions resulted from working forward (depth-first) 

strategies that were engaged on solving a sub-problem.  Then working backward, 

feedback from the results of this working forward strategy directed the next sub-problem 

to be considered, 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 note that approximately 1/3 of the 

utterances made by designers were problem-oriented, and approximately half of those 

could be traced to implicit decomposition. They put forth a high-level cognitive model 

based on their observations that suggests that implicit decomposition 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 access to; since novices have 

smaller internal libraries than experts, they more often producing incomplete or unfit 

decompositions. This finding coincides with the earlier work of Lloyd & Scott (1994) 

who posit that domain experience leads to the ability not simply to develop a design, but 

to structure and decompose a design problem. Restrepo & Christiaans (2004) suggest that 

while the creation of design requirements is triggered by prior knowledge, it is 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 structuring, 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 that ñthe more time a subject spent in defining and 

understanding the probleméthe better able he/she was to achieve a similar result.ò  

However, from a controlled experiment conducted of 53 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 and decision making. According to Atman & 
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Chimka apparently ñsome of the freshman students seemed to óget stuckô defining the 

problem.ò  On the other hand, for seniors, the amount of time spent in problem scoping 

highly correlates with the number of constraints their final design satisfied. Seniors also 

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

plays a significant role productive problem structuring. As Cross (2004) states, ñit 

appears that successful design behavior is based not on extensive problem analysis, but 

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

information and prioritizing criteria.ò 

2.2 Content accounts of problem representations 

While major design theories assume the existence of both design problem and design 

solution representations, they tend to posit rich content accounts of solutions, content 

accounts for problems are relatively impoverished. Prescriptive accounts from the 

engineering field offer richer tools for gathering requirements, but provide little in the 

way of cognitive content accounts per se.  

2.2.1 Functional representations of design problems 

Functional representations (FR) were developed to provide a top down representation 

of a device, as a set of function/sub-function 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 strategies. Functional 

modeling, a prescriptive 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 function-flow diagrams as a means of decomposing a 

design problem. In 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 problem 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), Kirschman and 

Fadel, 1998 Hundalôs Function database (1990), the Function Basis of Stone and Wood 

(2000). While these systems of categorization have traditionally been applied to the 

systematic breakdown of small, existing solutions, e.g. a hair dryer, in principle they 

could be applied to functional descriptions of problem specifications.  

The Situated Function-Behavior-Structure (Gero, 1990, Gero and Kannengiesser, 

2004) account of design offers a description of problem as an initial set of requirements R 

taken from the external world, from which the process of Formulation produces 

interpreted functional (Fi), behavioral (Bi) and structure (Si) variables and constraints. 

While neither the characteristics of the requirements nor the process of Formulation are 

well defined, 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 Structure-Behavior-Function (Goel, Rugaber, & Vattam, 2009) account of design 

likewise does not itself offer a description of a design problem per se, but an implicit 

definition is embedded in the teleological nature of the definition of function: that is, a 

function is the desired or intended goal of the designer. This interpretation of function is 

widely used for instance by Umeda et al. (1996), Umeda and Tomiyama (1995), and 

Chandrasekaran and Josephson (2000). The AI systems built using SBF (Goel & 
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Chandrasekaran 1989, 1992; Goel, 1992; Goel et al., 1997, Bhatta & Goel, 1994, 1997; 

Goel & Bhatta, 2004) confirm this interpretation by providing to-be-solved problems in 

terms of a functional specification. The specification of function in SBF includes a given 

state, a resultant state and external stimulus. 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 designer or AI 

system has access.  

Chandrasekaran and Josephson (2000) describe a problem as a ñfunctional 

specification for the design taskò, where a specification is given as an environment and a 

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 device must also to 

do so in a manner embedded in a particular environment. 

2.2.2 Design problem formulation in practice. 

Likewise, Pahl & Beitz (2003) in the field of mechanical design propose the 

establishment of a list of requirements during problem framing. They suggest 

classification of requirements based on ñdemandsò versus ñwishesò and a tabulation of 

both qualitative and quantitative criteria. They provide the following checklist of 16 

requirements types: geometry, kinematics, forces, energy, material, signals, safety, 

ergonomics, production, quality control, assembly, transport, operation, maintenance, 

recycling, costs, and schedules.  Hundal (1990) likewise provides a general specification 

which ñshould be abstracted to solution-neutral terms.ò The specifications are broken into 
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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) 

importance of the requirement as either a ñdemandò or a ñwishò, (c) lifecycle 

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 (what the system must 

do) and operational requirements (how the system must do it) ñplay the most vital roleò 

in the conceptual design phase.  

2.2.3 Analytic representations of 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 general categories of problem concepts, based principally on the Geroôs Function-

Behavior-Structure 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 

ñdecompositionò transformation that adds child nodes to a parent node. While the goals, 

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 to biologically inspired design  

The theories discussed thus far are general theories of design. In this section, I 

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 2007, we observed the 

existence of two high-level processes for biologically inspired design based on two 

different starting points ï problem-driven and solution-based (Helms, et al 2008). Here 

we use the term solution-based to describe a process that begins without a particular 

problem in mind, and where starting point for ideation is a biological source system. The 

term solution-based or solution-driven design has been used alternatively to describe 

design processes that propose solutions prior to a deep analytical phase (Krugar & Cross, 

2006), and in biologically inspired design to describe reverse-engineering and application 

of a biological solution (Wilson, 2008) to a given problem. Similar account of solution-

based design can be inferred from prescriptive accounts of biologically inspired design, 

such as Biomimcry Instituteôs ñBiology-to-designò design spiral process (Biomimicry 3.8 

Institute, 2013). This process of problem-driven 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 & Thagard 1995; Keane 1988; 

Kolodner 1993; Nersessian 2008). Solution-based design appears new and different from 

the perspective of design theory, which is traditionally problem-driven (e.g., Dym & 

Brown 2012; French 1996; Pahl & Beitz 2003). Thus, the BID course acts as a research 

laboratory for developing identifying and studying new 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 

problem-driven, we observed that in practice the design process often began with a 

biological solution. Some classroom exercises, and many case-studies 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 solution-driven 

biologically inspired design process follows the steps listed 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 solution-based 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 solution-based design process we know that a solution must have some 

ñhooksò into problems; not just the problems the solution solves, but also the ability to 

access and modify other problems. Since this process is so heavily influenced by 

solutions, and since it represents so many of the observed cases of biologically inspired 

design, it seems natural to attempt to extend solution-based problem evolution to 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 into less complex ones is not new. But 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 design (Helms, Vattam & Goel, 2008). 

In the simplest case of compound analogical design, when a target design problem is 

presented, the designer iteratively decomposes the problem into sub-problems to create a 

problem abstraction hierarchy. The problem may be decomposed 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 hierarchy of decomposition is a function 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 complications that often 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 high-level problem itself. This retrieved analogical source not only 

provides a potential solution, it may also allow the user to infer the problem 

decomposition in the source design. This decomposition in the source design (along with 

solutions to the sub-problems) can be ñbrought intoò the current problem space. 

Each new node from the source solution decomposition integrated into the problem 
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space can act 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 decide to take further actions. The iterative feedback between 

these two processes provides a flexible problem solving framework that accounts for the 

incremental evolution of complex, compound analogical design solutions. Examples of 

compound analogical design 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 the problem 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 existing problem aspects. The solution thus generated, it is 

implied, creates new sub-problems to be solved. However, by considering only the final 

solution there is necessarily a one-to-one correspondence between analogical source and 

incorporation of the source into the final solution. Considering the evidence from the 

RaPower case study, it 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 and reported 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 solution-based problem evolution. 

2.4 Applications in support of biologically inspired design 

In this section I outline the state of the art in biologically inspired design specific 
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theories and tools. I break down support into two main categories: process and cognitive 

support for biologically inspired design, and technological support for biologically 

inspired design. While the systems outlined below support system modeling, indexing 

and search, current systems do not deeply address design problem modeling or evolution. 

Design problems are usually represented outside of the supporting system as a part of the 

design environment, often provided 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 models at the start of design, thus the freedom to alter and track 

changes to design problems is not supported. One 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 Biologically Inspired 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 (2007, 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 reverse engineering 

biological systems to abstract strategies that can be later applied 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 strategies may be used to increase 

efficiency, reduce cost, and increase weight savings. 

2.4.2 Support Technologies for Biologically Inspired Design 

General design support technology has ranged from interactive design tools that 
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retrieve design drawings (Gross & Do, 1995, Yaner & Goel, 2002) to collaboration 

across time and space. Following on the growing movement of biologically inspired 

design, several organizations and research groups are currently pursuing technology 

agendas for specifically supporting the process of biologically inspired design. 

Biomimicry 3.8 Instituteôs web portal called AskNature (http://www.asknature.org/) 

provides access to an online functionally-indexed database of research articles in 

biological sciences. The 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 design-relevant biological systems using functions as search and index terms. 

Their algorithm uses natural-language analysis, word collocation and frequency analysis, 

to enable the search and retrieval of relevant biological systems in large text volumes by 

identifying potential biologically meaningful keywords. Their algorithm was shown to 

provided for the engineer a set of non-obvious synonyms for function words that may be 

useful in searching for and retrieving relevant biological systems. 

Chakrabarti et al (2005) and Sarkar & Chakrabarti (2008) 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 demonstrates, at least in the 

laboratory context (N = 3), that using their tools with a biologically inspired design 

process versus non-biologically inspired design process increases the ideation 

effectiveness of designers by on average 165%. The tool provides the ability to the search 

of a database of 700 biological entries using the terms in the SAPPhIRE models, and to 

http://www.asknature.org/
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display a ñhuman understandableò representation of the biological system.  

Shu, et al (2007) show the feasibility of producing function basis models for 

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 at 

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 of ñbiologically meaningful keyword and functional termsò 

which  Nagel, Stone and McAdams (2010b) further extend by providing a ñthesaurusò 

that enables designers and biologists to translate standardized functional basis 

terminology into biologically equivalent terminology and vice versa, for the earlier 

developed ñmeaningful keywords and functional terms.ò This further ameliorates the 

indexing and search problem between the disparate domains. 

Vattam, et al (2010) developed a tool, DANE, based on Structure-Behavior-Function 

(SBF) models and the cognitive models 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 keywords, 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 functional 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 indexing and 

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 such supporting 

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 engineers to 

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 technological support 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 the best analogical 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 evaluate the performance of each system. 
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3 CONTEXT AND METHODOLOGY  

In this section, I 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 design in which this research takes place. I 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 design (hereafter referred to as BID) is an important and 

growing movement in design (Goel, McAdams, & Stone 2013; Shu, et al 2011; Bar-

Cohen 2011, Bonser & Vincent 2007; Yen & Weissburg 2007, Vincent & Mann, 2002; 

Benyus, 1997). The movement is driven in part by the need for environmentally 

sustainable 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 repellant paint 

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 DaVinci where his attempts to conquer flight provide 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 with a more 

ambitious design of a machine, the ñscrew airò, based on the mechanics of the screw and 

the predecessor to todayôs modern helicopter. Later, DaVinci turned to imitating nature, 
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developing winged device meant to attain flight through a flapping motion powered 

directly by a man. Finally, DaVinci developed a glider, meant to attain flight by 

leveraging power to be found in the air itself (Bartoli, et al 2009).  

This series of progressive designs forms a interesting, even representative, design 

pattern; first in the case of a pyramid shaped parachute a simple design testing 

fundamental principles of shapes and behavior; second the application of known 

engineering principles, adapting another known design, the screw, to a new domain; 

third, the superficial mimicry of a system known to produce the desired behavior, in this 

case the flapping wings of a bird to produce flight; and finally, through deeper insights of 

the mechanism of bird flight, and the adaptation of both the problem and the design to 

arrive at a suitable design. A brief read through ñThe Codex on the Flight of Birdsò 

demonstrates DaVinciôs gift for developing these deep insights through observation. 

Later, similar observations of birds, in particular shape changes in wings, provided 

critical insight to the Wright brothers in developing successful control of roll 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 recognizing this as design practice in 

its own right and exploring it as a science of design. 

As a modern trend, Bonser (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 a sigmoid growth pattern, common to information diffusion models). In a 

follow up study I conducted in 2013 (see Appendix A), using the same method as Bonser 

from 2005, but extending the data through 2012, we see a ten-fold projected increase in 
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number of patents produced through biologically inspired design, with the trend of 

innovation lasting at least through 2040. Consider further that according to the 

Encyclopedia of Life (www.eol.org), experts estimate that ñthere are at least four times 

more complex species alive on our planet as the 1.9 million than have already been 

discovered and named, and that ñof the species named, only a fraction have been studied 

in nature beyond their initial naming.ò We must be open to the possibility that the upper 

bound on the biologically inspired trend is in fact significantly greater than even the new 

trending model projects.  

In addition to the raw potential of the field to impact design and innovation, I believe 

biologically inspired design merits study by cognitive scientists for at least three reasons.  

Firstly, because biologically inspired design is fundamentally analogical, it provides ideal 

conditions for studying analogical design.  In other design methods, analogy may be one 

tool among many, to be used opportunistically, or as chance provides. Indeed many cases 

of so-called biologically inspired indeed appear to be serendipitous, including the 

famously described discovery of Velcro. This oft-cited discovery is certainly an example 

of biologically inspired design. The discovery of Velcro, however, was not the product of 

a deliberate and systematic approach to leverage biology.  As a domain of study for 

cognitive scientists, biologically inspired design is an environment that exists ñnaturallyò 

outside of the labs of cognitive scientists, that provides an extremely rich environment for 

the study of the process of analogical design. Because such biological sources are 

radically different from the domain to which they are applied, the process and products 

from these analogies are more easily observed. Often multiple analogies are seen over the 

course of an entire design trajectory (Helms, Vattam, & Goel 2008, Helms, Vattam, & 
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Goel 2009). Such prolific and easily identifiable use of analogy makes biologically 

inspired design an ideal domain for the study of the underlying processes and 

mechanisms of design by analogy. 

Secondly, biologically inspired design requires analogy-making across a wide 

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 biology is wide. Studies of interdisciplinary design 

from the emerging and important context of design between electrical and mechanical 

engineers, for example, involve crossing gaps of specific domain knowledge between one 

domain and another, but design goals, process, training and values (ethics) of the two 

disciplines remain very similar. Thus the framework of design within which the discourse 

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 knowledge.  The context 

difference is so profound that even the meaning of fundamental concepts like ñfunctionò 

present in both fields, becomes difficult to disentangle. Thus biologically inspired design 

provides a high contrast context for understanding interdisciplinary design.  

Thirdly, biologically inspired design takes place in fundamentally innovative 

contexts. The results of most cases of biologically inspired design I have studied or 

witnessed are original designs, in the sense that they are neither adaptive (the application 

of an existing system to a new task) nor variant (a change to size, quantity or arrangement 

of an existing design) designs (Gero, 2002; Pahl & Bietz, 2003). Original design requires 

the application of a new solution principle to solve a design problem. In this sense, 
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almost all biologically inspired designs are original6. Thus biologically inspired design 

provides a context for studying design where the design goal is usually innovative or 

creative design, and constraints are relaxed (the 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 goals (and rewards) for innovation and creativity. 

Biologically inspired design fosters a research context that enables innovation, something 

highly prized in design.  

3.2   The Biologically Inspired Design Class 

The theories developed in this dissertation are situated 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 biologically inspired design is driving the 

development of educational courses for supporting biologically inspired design in 

practice. Georgia Techôs Center for Biologically Inspired Design 

(http://www.cbid.gatech.edu/), offers a senior-level interdisciplinary course on 

biologically inspired design.  According to Yen, et al (2011), ñThe connection between 

engineering and biology provided by BID as a problem solving activity provides an 

excellent atmosphere in which to encourage interdisciplinarity and develop sound 

pedagogical practices.ò The course defines five key learning goals: 1. Novel design 

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

                                                 
6 Exceptional instances do occur where biologically inspired design techniques do lead to the ñre-

discoveryò of an existing solution ï for example the discovery and use of fiber composites, in the case of a 

team examining tree root structures to use in building tunnel supports [BID class final report, circa 2007]. 
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outside core domain, 4. Interdisciplinary collaboration, and 5. Application of existing 

knowledge to a new field (Yen et al, 2011). It is grounded in 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 & 

Wenger 1991; Vygotsky 1978) as well as recommendations for teaching science (e.g., 

National Research Council 2011) and biology (e.g., National Research Council 2009). 

In 2006 and 2007 I conducted in situ cognitive studies of design teams in the 

biologically inspired 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 years. For instance, problem-driven and solution-

based design processes (Helms, et al 2008) are now taught explicitly in class, and at least 

one of each type of project is required for each design team. Compound analogy (Helms, 

Vattam, & Goel 2008) is also an explicitly taught technique and the organizing 

framework of structure-behavior-function (Bhatta & Goel 1996) is embedded throughout 

classroom exercises, homework and design reports. These techniques and their 

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

3.2.1 Course Content and Assignments 

Although many elements of the course changed throughout the years, the elements 

that remained constant include content lectures, found object exercises, and one or more 

interdisciplinary team-based design projects. Lectures are focused on (a) exposing 

student designers to specific case studies in BID, (b) exposing student designers to design 

processes and representation techniques specific to biologically inspired design, and (c) 

providing designers with specific technical skills to perform design analysis, such as 
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quantitative engineering and materials analysis. The 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 and to analyze 

the solutions employed by these samples. Students are encouraged to perform 

background research by providing at least two scholarly articles on each object, and to 

perform first-hand experiments using their objects to determine the useful properties and 

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 to use, further 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 found object exercise on locomotion 

may be due during the week of a lecture on the locomotion of organisms and robots that 

involve interaction of matter with complex media complex fluids or granular media (e.g. 

lizards walking in sand or cockroaches walking over bark and leaves) 

(DanGoldmanPaper). There are between four and six found object exercises in each year.  

The design projects start by grouping an interdisciplinary team of 4-6 students 

together. Instructors ensure that each team has at least one designer with a biology 

background and a few from different engineering disciplines. In some class iterations, 

teams were allowed to select any design problem, in others, the class was focused around 

a more general design domain7 within which teams had to find a problem to work on. In 

some years teams were assembled by the instructors based student self-reported topics of 

                                                 
7 In 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 team assignment was more arbitrary8. For all projects, each team 

was to research their problem and design a solution using biologically inspired design, 

based on one or more biological systems.  While the number and timing of design 

projects varied by year (from between one to three projects), all teams presented design 

concepts at least once during the middle of the term, and then submitted 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 interdisciplinary 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, 

Jeannette Yen, Professor in the school of Biology and Director of the Center for 

Biologically Inspired Design (CBID) was the primary instructor, designer and organizing 

ñforce of natureò for the class. Jeannette received her PhD in oceanography, and performs 

research on biological oceanography and zooplankton ecology.  

Prof. Marc Weissburg in the school of Biology and Co-Director of CBID provided 

support in the first 2 years of class, and served as a guest lecturer thereafter. Prof. 

Weissburg received his PhD in ecology and evolutionary biology and studies ñthe 

mechanisms of information acquisition for fluid mechanical and chemical signals by 

animals, and the consequences of perceptual abilities for populations and communities.ò 

(http://www.cbid.gatech.edu/directors.html) 

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

                                                 
8 The exact process of team assignment varied by year and was not available for inspection. 

http://www.cbid.gatech.edu/directors.html
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Director of CBID has likewise been a part of the core instructor team. Prof. Tovey 

received his PhD in operations research, and performs research on ñinverse optimization 

for electric grid management, classical and biomimetic algorithms for robots and 

webhosting, the behavior of animal groups, sustainability measurement, and political 

polarization.ò (http://www2.isye.gatech.edu/~ctovey/) 

Prof. Ashok Goel from the School of Interactive Computing, Co-Director of CBID, 

and Director of the Design and Intelligence Laboratory (DILab), in addition to providing 

guest lectures 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 supporting 

the practice and learning of biologically inspired design. The theories of biologically 

inspired design developed in DILab, such as those mentioned earlier: Compound 

Analogy, Problem-driven and Solution-based Design, and Structure-Behavior-Function 

theory, provide the underlying theoretical scaffolding for many aspects of the course 

design.  

Table 3-1 provides a (partial) list of guest lecturers in the course. In addition to 

lectures, each team was also provided one or more faculty as mentors to provide expert 

advice when needed. In 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 mentors varied by 

team and year. 

 

 

http://www2.isye.gatech.edu/~ctovey/
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Table 3-1. Partial list of professors and lecturers for the biologically inspired design class 

at Georgia Institute of Technology, 2006-2012. 

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, Electro-optical systems laboratory 

David Oakey Founder, David 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 Tech 

Julian Vincent Department of Mechanical 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, Georgia Tech 

 

3.2.3 Student Composition 

Students in the course were self-selected from a population of interdisciplinary 
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Georgia Institute of Technology undergraduate and graduate students. The course recruits 

students from these majors: mechanical engineering, industrial and systems engineering, 

materials science engineering, biomedical engineering, and biology; though the course is 

open to any major and they sometimes get majors from industrial design, architecture, 

chemistry, mathematics, or nuclear engineering.  The course is restricted to juniors and 

seniors who have established their majors, thus are able to bring specialized knowledge to 

the design process. As documented in Yen et al (2011) in 2006 and 2007 the ratio of 

biology majors to engineers (and others) was 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 process, students are able to register on a first-come-first-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 instructor for an 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 design process training, and undergraduate engineers have little formal 

training, although they tend to have more experience. Furthermore, engineering studentsô 

experience before their senior design project tends to be with closed design problems, 

where answers involve the application of well-studied principles to well-understood 
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problems. In contrast, BID problems tend to be open ended and ill understood at the 

beginning (Yen et al, 2011). 

3.2.4 Biologically Inspired Class Design Example: RaPower, 2009 

The following provides one example of biologically inspired design from the 2009 

class. The team was formed by the instructors based on feedback from student 

preferences, and consisted of one biologist, one mechanical engineer, one industrial 

engineer, and one chemical engineer, and was provided with a focus on the problem of 

energy in the context of sustainable housing. This focus led eventually to a biologically 

inspired color changing cover for solar thermal water heaters to prevent overheating. The 

description of the design trajectory provided here is based on the analysis of four 

homework assignments turned in sequentially over the course of the semester 

approximately 2 weeks apart: a description of the problem; a midterm presentation; a 

second problem description; and the final presentation.  

The team began with the initial open-ended problem of sustainably generating power. 

After an initial meeting, the team produced a range of sustainable types of energy ï wind, 

Figure 3-1 Final design diagram of SolShield from 

the RaPower design team. 



74 

solar, water, geothermal ï discussing solutions such 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.  Cost was 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 conditions, such as the amount of wind or sun, and extreme conditions 

such as those found in Death Valley. Criteria were vague, of the character ñmore 

efficientò or ñcosts lessò.  

The midterm presentation limited discussion of existing technological solutions to 

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. High-level descriptions of the relevant functions of each biological source 

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 

one-to-one corresponding solution-modifications to the photovoltaic cell, derived from 

each of these biological solutions. Thus, in the case of the self-cleaning lotus leaf, 

students proposed a self-cleaning photovoltaic cell. Solution proposals were little deeper 

than a function-solution pairing of the type just mentioned, none of which were 

developed further. From initial description to midterm, we notice the addition of new 

functions, cleaning-self and dissipating heat which were directly associated with 

biological solutions having the same functions. I note that designers drop other heat 

related functions, such as storing and directing heat. I also 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 desert snail lives. Furthermore, the 

criteria ñpassivelyò is now associated with the heat dissipation and self-cleaning 

functions that were attached to biological solutions. Manufacturing also is a rising 

concern, as the ability to reproduce materials and effects is highlighted.  

The second problem description assignment continues its focus on solar panels and 

photovoltaic cells. All of the biological sources mentioned previously, are maintained, 

except diatoms which appear to have been dropped. Heat dissipation is discussed, but the 

design team now focuses on a flexible, moldable and self-cleaning surface derived from 

the lotus leaf, and on a newfound perceived deficiency in current solar panels ï rigidity. 

Furthermore, the operational environment has shifted from a desert 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, students raise manufacturing of nanoscale materials as 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 new solution, 

which is concerned with regulation and cooling, rather than self-cleaning 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 water heating, 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 tortoise beetle, 
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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 internal heat of the 

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 problem, one can see, in fact, the 

derivative nature of the process. Reacting to heat 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 number of previous solutions that were investigated 

so that when a new problem concept arose ï overheating -- 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 2006-2012 

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 variations. I provide a complete 

description of all of the changes that occurred in Yen et al (2014). In this section, I 

describe those changes to the structure of the class relevant to the work in this 

dissertation. 

3.2.5.1  Problem vs. Solution based design 

Initial iterations of the class assumed a tradition problem-driven design methodology. 

In 2008-2009 the concept of solution-driven 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 required in those years. In 2010-2012 the course used multiple 

designs, one design that used the problem-driven process and one design that used the 

solution-based process. In each of these years, students started with the solution-based 

design first, and presented a problem-driven design second.  

3.2.5.2  Problem-orientation 

Initial iterations of the class allowed students to define their own design problem, 

with very few constraints. The constraints that instructors imposed were framed in terms 

of generating an innovative conceptual design that could be ñpitchedò to a venture capital 

firm. In 2008 and 2009 the problem domain was curtailed to a water-related problem (e.g. 

filtration, distillation, harvesting, etc.) in 2008, and to a sustainable housing related 

problem (e.g. saving on power use, HVAC systems, reducing water consumption, etc.) in 

2009. These constraints were removed in 2010-2012 to once again allow for completely 

open problem formulation.  

3.2.5.3  Analogical evaluation 

In initial iterations of the class, student designers 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, in particular of analogical evaluation ï why 

certain analogies were selected while others were not -- was opaque in this context. 

Analysis of analogues prior to 2009 focused on student designsô ability to articulate their 

understanding of the underlying mechanism of the analogue, rather than a justification of 

the analogy itself. In 2010-2012, specific assignments and final report criteria were added 

to the course requiring students to justify their biological analogues. 
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3.2.5.4  SBF Representations 

In 2007 SBF (Bhatta and Goel, 1997; Goel, Rugaber, & Vattan, 2009) was introduced 

by instructors as a framework for organizing found object exercises. SBF is grounded in 

cognitive theories of systems thinking, and may be summarized in brief as follows: 

¶ Structure, behavior, and function form an abstraction hierarchy for systems 

thinking; behavior is an intermediate level of abstraction between structure 

and function. 

¶ Structure specifies the components of the system as well as the connections 

among them. For example, the structure of the electrical circuit in an ordinary 

household flashlight comprises of an electrical battery, a light bulb, a switch, 

and electrical connections among the battery, bulb and switch. 

¶ Behaviors specify the causal processes occurring in the system. For example, 

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. 

¶ Functions specify the outcomes of the system. For example, the function of 

the flashlight is to produce light when the switch is pressed. 

¶ 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 structure accomplishes its functions. 

¶ 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 componentsðthe battery, bulb, and switchð
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into the function of the flashlight. 

 

A subsystem or component of a complex system can itself comprise a system and 

thus have its own SBF model. Hence, SBF models of a system can have a hierarchical 

structure. For example, consider the system of the basilisk lizard, which is well known 

for its ability to run across water. If the function (F) of interest of the basilisk lizard is 

óórun on top of water,ôô one can consider the opposing limbs, tail, and wide flat feet as 

part of the structural (S). The way in which the feet move in opposition are counter-

balanced by the tail, and how the feet slap the water generating lift, then extend down and 

back creating more lift, thrust and a pocket of air in the water, and are then withdraw up 

and out through the air pocket could be considered the behavior (B) that generates the 

óórun on top of waterôô function. One could consider the muscular-skeletal system of the 

legs as a subsystem of this system used to create a subfunction óógenerate movement of 

legsôô which causes the higher-level óórun on top of waterô ôfunction. Likewise, one can 

consider the form the foot takes throughout the process as another sub-function, óóchange 

foot surface area.ôô In this way one can decompose the óórun on top of waterôô function 

into a number of sub-functions, including óógenerate movement of legsôô and óóchange 

foot surface area,ôô each ofwhich could entail another SBF model. Similarly, one can 

consider the function óórun on top of waterôô to be part of the function óóescape predatorôô 

showing that one can navigate both up and down the levels of functional abstraction in 

the SBF model hierarchy.  

The origin of SBF analysis lies in Chandrasekaranôs functional representation scheme 

(Chandrasekaran 1994; Chandrasekaran et al. 1993). Other researchers have developed 
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similar cognitively oriented approaches to thinking about complex systems, for example, 

Rasmussen (1985). Gero and Kannengeisser (2004) describe the design process itself in 

terms of function, behavior, and structure. Erden et al.(2008) provide a recent review of 

functional modeling. Note that in SBF analysis, functions are mental abstractions chosen 

by the modeler, and not intrinsic to the complex system. In the case of engineering 

systems, a functional abstraction corresponds to an intended output behavior of a system, 

subsystem, or component. However, since functions are mental abstractions, we can also 

use SBF modeling to model natural systems, including biological systems, such as the 

human heart, and ecological systems, such as forests. Even more so than engineered 

systems, natural systems exhibit layers of varied functionality at different scales, 

feedback loops, and other types of causal processes that characterize complex systems 

Students were asked as part of the Found Object homework assignments and in their 

discussions to (a) focus on a single function of the organism in question, (b) identify the 

structures relevant to accomplishing that function, and (c) provide a behavioral 

explanation for how those structures give rise to the function. Instructors facilitated these 

discussions as necessary to guide students. (In the SBF vocabulary, behavior is 

synonymous with causal explanation or mechanism.) To simplify the vocabulary, in 

2008, the SBF vocabulary was changed to a What-Why-How vocabulary, mapping 

ñWhatò to ñStructureò, ñWhyò to ñFunctionò, and ñHowò to ñBehavior.ò This was an 

attempt to both remove the ambiguous interpretation of ñbehaviorò and to formalize the 

levels of functional abstraction. Functional abstraction was considered in terms of ñwhyò 

moving up the hierarchy (more abstract, super-functions), and ñhowò moving down 

(more detailed, sub-functions). Again, students were asked to describe all biological 
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systems in these terms, both conversationally and in formal homework assignments and 

design reports.  

In 2011-2012, the framework was again changed, this time to include the SR.BID 

framework developed in this dissertation. The conceptual framework of SBF was 

integrated into SR.BID, and the SBF and WWH vocabularies were dropped from class 

materials. 

3.2.6 Role of the Researcher  

My own relationship with the course, instructors and students has varied over time. In 

2006 I passively observed the course, attending classroom lectures and reviewing design 

reports and presentations. In 2007 in addition to being a passive observer, I conducted 

two short (one-class) experiments in the class. I also worked with Prof. Jeannette Yen in 

tailoring the biologically inspired design instruction to NASA designers, through 

NASAôs NESC Academy, which was delivered in July 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 kindly invited me 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 lectures on design process each 

year. I also remained present as a passive observer during 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 instructors and with my assistance, 

SBF representations and organizing frameworks, 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 problem-driven and solution-based design processes could be 

experienced by the student designers.  

In 2007, I became aware that students were spending much of their time working on 

understanding, formulating, changing and reformulating their design problems. 

Moreover, observations indicated that the biological sources students observed influenced 

their problem formulation decisions. My involvement in the course allowed me to present 

this insight to the instructors and subsequently to advise them on how they might provide 

support to students. As a consequence of these discussions, the instructors decided to 

include open-ended, unstructured design problem statements as assignments and in team 

design reports. These interventions were theory-neutral, in that they made no 

commitments to the representation or method by which problem9 formulation occurred. 

By 2011, based on the data we had collected, I had formulated a more structured 

method of formulating problems. In 2011 and 2012, I worked closely with the instructors 

to implement several interventions in the class. These interventions were not theoretically 

neutral. In the first intervention included in 2011, the conceptual framework of Structured 

Representations for Biologically Inspired Design (henceforth SR.BID) was implemented 

using the four-box method of solution and problem specification. The framework was 

used to scaffold the T-chart method of analogical evaluation, also introduced in 2011. 

These two concepts were direct outcomes of my prior research and were implemented 

both as proof-in-concept of the tool, and as a means to collect data in a more structured 

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 

                                                 
9 While problem formulation was theory-neutral, solution formulation was often based on Structure-

Behavior-Function theory (later recast as What-Why-How or WWH). 
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SR.BID schema. In both years, I observed the classes on a daily basis and provided 

instruction on use of the four-box method, T-chart analogical evaluation method, and the 

use of the SR.BID website. I also conducted surveys and team interviews during this 

time. 

Thus my role as researcher moved from observer in 2006-2007, to advisor in 2008-

2010, to interventionist in 2011-2012. As my role changed with respect to the class, so 

too did the characterization of the research conducted during these different periods; from 

observational studies and question formulation, to qualitative encoding and theory 

building, to rich case study-based evidence building. All claims made in this dissertation 

will be considered both with respect to these levels of interaction with the class, and with 

respect to the dynamic and evolving nature of the research (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 collect data throughout 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 school were made 

available. Additional data about students, 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 also known for each student. 
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3.3.2 Classroom Content  

During observational studies of the class core instructors and guest lecturers provided 

content-based lectures about (a) BID case studies, (b) design processes and 

representations, and (c) engineering specific applications to design. The speaker and 

content lectures are indexed via reference to the course syllabus (see Figure X), which 

lists the topic covered, the speaker and the date of the lecture. This provides an index into 

the content provided, relative to the time in the design cycle and relative to collected 

student artifacts.  For example, taking the entry ñ09/20/12 Content 2: Bio inspired sensors 

Prof.Don Websterò provides an index into the lecture on plume sensing inspired by the 

blue crab, presented on September 20, 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 delivered. Specific lecture content (e.g. slides and lecture notes) was not retained 

for these studies. 
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Figure 3-2. Sample syllabus from 2012 biologically inspired design class. 

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

chapters, is also specified in the syllabus e.g. ñrecommended reading, Vogel Ch 13ò, 

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

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

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

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

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

3.3.3 Student Assignments  

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

From the syllabus and the electronic classroom repository (called T-square) the exact 

wording and instruction for each assignment is available. Found object assignments were 

common throughout all years, and were always individual (not team) assignments. 
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Specific instructions on found object assignments changed from year to year. Many 

assignments included requirements for finding and including academic references and 

reference documents, which 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 here. Documentation 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 ï 2012.   

3.3.3.1 Problem definition assignments 

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 a brief description of a design problem. In 2010, the first individual assignment 

on problem definition was given in the third week of class (note, this was in the context 

of solution-based design) and read: 

ñDefine a new or existing human problem that you think your organism 

can solve. Use search strategies to find one or more references on existing 

solutions to that problem, or for brand-new problems on technologies that 

could be used to solve that problem. Describe the current challenges with 

the existing solutions/technologies?ò 

This was followed up in week four with a team problem elaboration phase: 

ñAs a team, perform problem decompositions on the selected natural 

system and the defined human challenge, making as making links as 

possible. Iterate between solution (natural system) and technology to 

identify the key functions necessary in order to translate the biological 

system to the engineered design.ò 

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

ñFor 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 considered 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 analogies. Each 

member must be able to demonstrate a deep understanding of natural 

systems explored and the problem.ò  

Variations on the wording and timing of these assignments occurred in 2008, 2009, 

and 2010. The design problem assignment focuses student attention on early 

identification and understanding of the design problem, requiring them to more deeply 

consider the problem prior to generating solutions (as they are often quick to do). The 

progression from individual, to team, to contextualized problem definition provided an 

opportunity for progressive deepening of student problem understanding, without 

imposing constraints. From 2008 through 2010 these assignments were theory-neutral in 

that they contain no commitments to theories of problem representation. While the 

problem assignments were theory-neutral, the instructors had adopted some solution 

representations prior to the inclusion of these assignments, some of which were 

influenced by SBF. For example, in the previously quoted instructions, the term ñusing 

WWH explanationsò stands for What-Why-How, is an adaptation from SBF (see Yen 

2014 for details). In this sense, the instructors made their own commitments to a solution 

representation, which they decided to perpetuate into the problem definition assignment, 

but only with respect to biological solutions. 

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 four-box method of problem definition. For all 

problem definition assignments, except the first assignment, students were asked to use 

the four-box method of problem definition. The first problem-definition assignment 

(again a solution-based problem definition) given in week two in both 2011 and 2012 was 

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

ñNow 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 problem should 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 solving 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 hasnôt built a better solution already, 

right? Consider the existing solutions to your problem and what makes 

them good or bad. You need to think deeply about the problem you are 

trying to solve and demonstrate that you understand the problem.ò 

In week seven, I provided students with an instructional lecture for problem 

definition. This lecture provides theory content and methodology for defining a problem 

called the four-box method. This method was derived from the theories presented in this 

dissertation. Figure 3-3 provides an instructional representation of the four-box method.  

Operational Environment 

 

Functions 

 

Specifications 

 

Performance Criteria 

 

Figure 3-3. The four-box method of design problem formulation. 
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In addition to the lecture, an individual problem-definition assignment using the four-

box method is given in week seven.  The following excerpt from the instructions 

highlight the differences [emphasis added] between the four-box method and the 

theoretically neutral approach: 

Now that you have a problem in mind (weôll call this the main problem), 

use the Structured Representation for Problems that was covered in 

lecture to write minimum one-page 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 problem in terms of (1) 

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 matching ï if the 

problem required function X and the biological organism performed function X, it was a 

match. Issues of material and scale matching were mentioned, however there were no 

assignments, guidelines or rubrics in place to help either students or instructors 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 of the biological 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 selecting that 

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 existing solutions. 

We note that here, as in the initial problem scaffolding assignments, other than 

making basic commitments to the process of analogy making ï mapping from a source to 

a target ï the assignment remains theoretically neutral in terms of representation and 

evaluation processes. As with the problem definition, similar assignments are provided at 

the team and design levels. 

3.3.3.4  T-Chart assignments 

In year 2011 and 2012, we formalized the analogical evaluation assignment using the 

SR.BID schema and the four-box method of problem formulation. In 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. They are asked to build ñt-tableò representations but with little 

conceptual scaffolding (we add scaffolding in subsequent assignments). The wording of 

the assignment is as follows: 

ñYou have a biological solution in mind, and a problem at hand. Why do 

you think 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 solution and on the other 

what you know about the problem.  Note where they are alike, and where 

they are different. 
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ñNow look deeper. For each item on your list, start asking questions: how, 

what, when, where, why, who, how much, what size, how often, etc. Add 

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. 

ñConstruct an argument for why this biological solution is a good analogy 

to your problem.  

ñFinally, construct an argument for why this biological solution is a bad 

analogy to your problem.ò 

One of the key challenges highlighted as part of why students struggle with 

analogical evaluation, is that students tend to emphasize the positive aspects 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 

question. Students are asked to do this both individually, and as a team for their first 

(solution-based) design project. 

In exercises for the next two projects, we use the SR.BID schema in the form of four-

box models, to represent both design problems (e.g. elevating water, increase traction on 

icy surfaces, reduce noise from a fan blade) and biological systems (e.g. trees, 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 four-box models. Figure 3-4 is used to represent this method to the student designers 

during training. On the left, we show the design problem represented as a four-box 

model, on the right we show the biological system, and in the middle column we ask 

students to provide a qualitative comparison (different, similar, same or not applicable). 
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Design Problem  Biological System (tree) 

Operational Environment  Operational Environment 

Individuals and families -na- -- 

Maintenance staff -na- -- 

High-rise building Different Streets, parks, forests 

Atlanta, urban Similar Georgia, ubiquitous 

Temperatures 30-100F Same Temperatures 30-100F 

Functions  Functions 

Move water Same Move water 

Distribute water to units Same Distribute water to leaves 

Prevent contamination Different Transport nutrients 

Store water at height Different Evaporate water to air 

Monitor stored water Different Ensure water for respiration 

Specifications  Specifications 

Non-toxic materials Same Non-toxic materials 

Non-soluble materials Same Non-soluble materials 

Installation timing (retro-fit)  Different Construct while growing 

Installation cost Similar Cost in energy & materials 

Re-use of materials Similar Local materials 

No external additions Similar Internal structures (xylem) 

Roof-top storage Different Distributed storage  

Performance Criteria  Performance Criteria 

Height 100m Similar Height 30m 

Volume 100000 liters/day Different 100 liters/day 

Reduce energy consumption Similar Ambient energy use 

Water quality standards Different Changes to solute concentration 

Water flow/timing Different Dependent on weather 

Waste water Different 90% lost to evaporation 

Figure 3-4. The T-chart method of analogical evaluation. Designers compare a design 

problem to a biological system across the four-dimensions of the four-box 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. Within the design report instructions, they are provided the 

following instructions under the Analogy heading in the design report. 
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ñAs 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 

ñsameò in the T-table) to your problem. Then, construct an argument for 

it is a bad analogy (note the ñdifferentò in the T-table) to your problem. 

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 materials.ò 

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 (solution-based) or 

second (problem-based) design. The instructions under the Analogy section of the final 

design are more open-ended and read: 

ñAs 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 use.ò 

3.3.4 Student Design Projects 

Student design project documentation constitutes another major source of data. The 

documentation is of three forms: interim design assignments, design reports and design 

presentations. The number of design projects varied by year, as did type of 

documentation provided for each project. Here I 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 and schedule 

Projects requirements changed over the years, but can be classified as one of five 

types: open, constrained, solution-based, problem-based, and third-iteration.  

Open: In years 2006 and 2007, design teams were required to work on only one team 
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project during the semester, with only one significant constraint on the design problem ï 

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 were required to constrain their 

problem to a domain of interest. In 2008 the domain of interest was ñthe water crisis,ò 

which led to projects centered on filtration, acquisition, desalination, etc.  In 2009 the 

domain of interest was ñdynamic and sustainable housingò which led to projects centered 

on domestic energy use, heating and cooling, ventilation, water use, etc. 

Solution-based: In years 2010, 2011, and 2012 design teams were required to first 

generate a solution-based design. Design teams quickly decided on a biological system of 

interest, and identified and designed a solution for a problem that could be solved using 

that system of interest. 

Problem-driven: In years 2010, 2011 and 2012 design teams were required to 

generate a second design which used the problem-driven 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 solution-based or problem-driven designs) or (in 

one case) generate a third design using whichever method they preferred. 

3.3.4.2 Project assignments 

A number of smaller assignments related to each project were always scheduled prior 

to a final presentation and report for each project.  
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3.3.4.2.1 Problem definition assignments (see above) 

3.3.4.2.2 Solution search assignments 

These assignments entailed students finding between one and five 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 design 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, including properties 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 results that would 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) full-presentations, and (2) poster 

presentations. Full presentations entailed the delivery of a slide-show presentation by 

multiple members of the team, and were typically 20-30 minutes in duration. Poster 
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presentations were 10-15 in duration, and consisted of a team presentations using single 

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 section. Brochures were 8-panel, four-page 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 Student Surveys  

In 2012, short surveys were completed at the end of the semester by all participants in 

class. Surveys were given to students in the first 10 minutes of class, while course 

instructors were not present.  The purpose of the surveys was to understand student 

attitudes about skills required to perform analogy making and evaluation in class, and the 

use of the four-box and analogical evaluation tools for facilitating those tasks.  

3.3.6 Student Interviews & Design Sessions 

In 2012 team interviews and design sessions were conducted in the two weeks prior 

to final design delivery with all design teams in the 2012 BID@GATech class. Initial 

interviews came at the beginning of a working design session with a class instructor 

present but non-participating during the interview session. The 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 follow-up probes as required. From the attending instructorôs 
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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 10-20 minutes, was followed by a working 

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, with the studentôs permission.  

3.3.7 SR.BID 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 four-box and methods in extended, collaborative 

biologically-inspired design. I provided a 20 minute demonstration of the tool during 

class, using design data that I 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 redundant with the assignments 

students had been asked to do. See Chapter 8 for a complete description of the SR.BID 

for the Web environment. 

 

3.4 Research Method 

In this section I will describe the mix methods case study methodology used for the 

dissertation. The purpose of this section is to provide an overview of the high level 

research design. Within the case study are a number of smaller individual studies, form 

which the methodology for each will be described later in the section relevant to that 

study. 

This dissertation covers an extended case study from 2006 through 2012 in the 
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context of the BID@GATech class, which may be broken into in four phases: an 

observational phase, a content account development phase, a process account 

development phase, and an intervention phase. In each phase, one or more studies were 

conducted over one of two units of analysis: the individual student designer and the 

design team (see 3.3.4 for a description of design teams). Each of the studies used of one 

of the following different research methods: 

1. Observational studies conducted 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 experiments conducted 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 study which employs grounded theory or 

ontologically grounded theory for 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 

systematic qualitative description of the same class of artifacts. 

4. Coded design analysis is a qualitative study in which an existing coding 

scheme (SR.BID) is used to analyze artifacts and interviews collected over 

semester-long design team projects. These studies analyze either snap-shot 

documentation of design elements at a point in time, the differences in snap-

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

5. Classroom interventions in which tools 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. Computational implementation in 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 I performed in situ observational studies of the BID@GATech 

class. While there were no research problems per se driving these studies, the purpose of 

these studies was to (a) provide a descriptive account of the activities occurring the 

biologically inspired design classroom, (b) identify and describe those processes used by 

instructors and students to perform BID, in particular as they differed from standard 

design processes and theories, and (c) identify those challenges faced by students and 

designers, which may be both informed and assisted by and cognitive and computational 

sciences. The critical output of the observational phase is a set of research problems. 

During the in situ study observations took place twice weekly in the context of the 

BID@GATech course. A second researcher also participated in these studies. A research 

notebook was maintained for recording observations and field notes. Design reports and 

presentations were made available 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 compiled from 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 Goel, a senior researcher in 

the field of cognitive science and design. 

In addition to observational data gathered, two classroom based exploratory 

experiments were conducted during this phase. 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 influential on how the class framed a design problem.  

Finally, as part of the exploratory studies, I conducted a coded design analyses over a 

set of homework assignments collected in 2007 to further understand the connection 

between solution analogies and problem formulation at a point in time. The methodology 

and details for each of these experiments and assessments will be described in detail in 

subsequent sections. For easier reference, exploratory studies use the ñEò prefix in their 

designation, as shown in Table 3-2 which summarizes the exploratory studies. 

Table 3-2. Exploratory studies and associated study type. 

Study  Exploratory Studies (E) Type 

E.1 2006, 2007 in situ observation of BID classroom  Observational Study 

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

experiment 

E.3 2007 Data analysis of design problem decomposition  Coded design analysis 
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The collective findings from the exploratory phase of this case study provides 

evidence that (a) students struggle with problem formulation, (b) that biological analogies 

play a role in the formulation and evolution of design problems over the course of a 

design trajectory, and (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 design 

problem formulation and evolution in BID. 

This first problem examines the conceptual categories and relationships entailed in 

the study of design problems. Existing content accounts of design problems in design 

theory are generally either (a) prescriptive, as 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 problems that accounts for the relationship between biological 

analogies and design problems, for the breadth of biological analogies and design 

problems observed in the classroom context. This account must be capable of 

systematically describing the changes occurring in 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 problem-solution relationships, must also 

provide sufficient generalization to account for the variety of biologically systems and 

design problem observed. These observations lead directly to the first problem addressed 

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 second problem follows directly from the claim that problems evolve in response 

to biological analogies. Current theories of analogical design and problem-solution 

coevolution exist in the context of a conjectured design solution, which are different from 

existing design solutions, and even 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 of problem-solution coevolution provide an 

explanation for problem evolution in the context of a conjectured solution, no current 

theory of problem-solution coevolution provides an account for how or why a biological 

analogy may exert direct influence on the evolution of a design problem in the absence of 

such a conjectured solution.  Thus these observations lead to the second research 

problem: 

As the solution to the second problem is dependent on the solution to the first, I 

address them in order: first developing a content account, and then a corresponding 

process account.  

3.4.2 Content Account Development Phase 

During the second phase of the case study, I explore the first research question posed. 

I first conduct a literature survey on existing theories of representation of problem 

formulations. I evaluate existing theories with respect to their capability for supporting 
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the task of analogical problem evolution in biologically inspired design. From this 

evaluation I determine that SBF and SAPPhIRE representation schemas provides the 

most capability with respect to the task. I select SBF for follow up due to familiarity 

relative to the alternative.  

Starting with SBF, I 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 analysis of other theories of problem representations, the second is an 

exploratory experiment conducted in 2007 documenting the utility of SBF to aid in 

question answer in the BID@GATech class context, and the third is the documented prior 

use of the SBF ontology for describing complex biological systems in the context of the 

BID@GATech class. I use a variation on the methodology of grounded theory [Glaser & 

Strauss 1967; Strauss & Corbin 1990].  In the grounded theory methodology, a theory 

about any phenomenon is 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 content 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 the content account. During the initial formulation of the 

account, a single coder (myself) used the ontologically grounded theory method to 

analyze a series of design documents drawn from a 2009 class project. During refinement 

and validation a two-coder 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 inter-coder 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 assignment. The analytical 

application uses a more conservative dual-coding methodology, and a twelve week 

delayed intra-coder test to validate the reliability and coverage of the coding scheme. For 

easier reference, content account studies use the ñCò prefix in their designation, as shown 

in Table 3-3 which summarizes the content account studies. 

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

Study Content Account Studies (C) Type 

C.1 Development of SR.BID Ontologically grounded 

 

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, I address the second research problem. The objective is to derive a 

process account of the problem evolution in which to situate analogical problem 

evolution (APE). To begin, I first create a more detailed descriptive account of the 

phenomenon, frame in the new SR.BID content account.  Data collected in 2009 is 

analyzed by coding design documents in terms of the SR.BID content account, and 

analyzing differences in the SR.BID content models over time. This analysis provides a 

more detailed account of what is transferred during analogical problem evolution, and 

when it is transferred. This data is then used as the basis for a conjectured process 



105 

account, called PE.BID. The PE.BID account is broken into constituent components: 

problem representations; designer goals; designer strategies; problem transformations, 

and analogue memory. Each component is justified separately, with some components 

receiving a deeper treatment than others, as supporting evidence allows. 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 designer goals and my own experience. 

Designer transformations are likewise conjectured based on the identified strategies, and 

are then validated against SR.BID coded problem formulations. Finally, a model of 

analogue memory will be proposed and grounded in past observations, and is justified 

later through the implementation of a computational system in Chapter 8. For easier 

reference, process account studies use the ñPò prefix in their designation, as summarized 

in Table 3-4. 

Table 3-4. Process account summaries and associated study types. 

Study Process Account Studies (P) Type 

P.1 APE process description study using SR.BID Coded design analysis 

P.2 Developing an account of problem evolution  

 Sub-study: problem content account Grounded theory 

 Sub-study: designer problem strategies  (work-in-progress) 

 Sub-study: transformations Coded design analysis 

 Sub-study: designer problem goals Adapted from existing theory 

 Sub-study: problem-solution memory  Computational study 

 

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 their design problem 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 potential for SR.BID to support 

distributed acquisition of structured data. I 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. I  observe that students struggle with problem 

formulation in BID, and consequently with analogical evaluation. However, there 

exists no systematic support for problem formulation specific to the BID context. 

To address the problem I examine the utility of SR.BID content account developed in 

study C.1 to 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 student use, 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. I provide interventions in the 

2011 and 2012 course in the form of the four-box 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 studies, which draw from different sets of data. 

In the first study, students in both 2011 and 2012 are asked to use the four-box 

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

to use the method accurately to represent their design problem. I show that with less than 

one class period for training, 97% of students are able to complete the assignment with 

greater than 85% average accuracy. I also show there is no statically significant source of 

variance between gender, class, or major. I also show that while the four-box method 

implies a certain style of arrangement (e.g. four-boxes), students that use bulleted lists or 

natural narrative formats use the four-box method equally well. 

In the second study, as part of a take-home 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, it turns out that all students comment on 

either the four-box method, the T-chart method or SR.BID; many comment on both or all 

three. The comments are categorized and analyzed to determine the perceived value of 

the methods, relative to expected benefits.  

Couched in the success of the implementations of the four-box and T-chart methods, I 

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 representational complexity, 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 systems acquire structured data on thousands or tens of thousands 

of biological source analogues that would be necessary to drive value to the design 

users? 
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I use the SR.BID content schema and the four-box method to create a web-based 

distributed application platform capable of collecting structured data from novice 

designers, with minimal training. I have shown in the previous studies that students are 

capable of learning and using the SR.BID-based method of problem specification in a 

short period of time. In this study, I expose students to the SR.BID web-based 

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. I 

track the interactions of students with the system to determine whether or not they are 

capable of encoding structured data about BID problems and biological systems and how 

quickly they are able to do so. For easier reference, intervention studies use the ñIò prefix 

in their designation. 

Table 3-5. Intervention studies and associated study types. 

Study Technological Intervention Studies (I)  Type 

I.1 Accuracy of student use of the four-box method of 

problem formulation 

Intervention 

I.2 Qualitative analysis of the four-box method of problem 

formulation 

Intervention 

I.3 SR.BID Web Application Intervention 

 

Table 3-6 provides a summary of research problems addressed in each phase of the 

dissertation, and the studies and study types associated with those problems. Each phase 

correlates to one research problem. Within each phase, I will explore numerous research 

questions and hypothesis and I will employ multiple methods of investigation as 

appropriate. The research problems, research questions, and hypothesis associated with 

each study are reviewed in their respective chapters, along with implementation specific 

details of the research method used. 
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Table 3-6. Summary of research problems and associated studies. 

 

Exploratory Phase (E) 

E.1 2006, 2007 in situ observation of BID classroom  Observational Study 

E.2 2007 Test of biological systems on problem 

decomposition 

Exploratory experiment 

E.3 2007 Data analysis of design problem decomposition  Coded design analysis 

Content Account Phase (C) 

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 design problem formulation 

and evolution in BID. 

C.1 Development of SR.BID Ontologically grounded 

Process Account Phase (P) 

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. 

P.1 APE process description study using SR.BID Coded design analysis 

P.2 Developing an account of problem evolution  

 Sub-study: problem content account Grounded theory 

 Sub-study: designer problem strategies  (work-in-progress) 

 Sub-study: transformations Coded design analysis 

 Sub-study: designer problem goals Adapted from existing theory 

 Sub-study: problem-solution memory  Computational study 

Intervention Phase (I) 
Research Problem 3: Problem formulation in BID plays an important role in searching for and 

evaluating analogical sources. I observe that students struggle with problem formulation in BID, and 

consequently with analogical evaluation. However, there exists no systematic support for problem 

formulation specific to the BID context. 

I.1 Accuracy of student use of the four-box method of 

problem formulation 

Intervention 

I.2 Qualitative analysis of the four-box method of 

problem formulation 

Intervention 

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 not yet provide a sufficient return on investment such that 

system builders are able to get widespread adoption. How might these systems acquire structured data 

on thousands or tens of thousands of biological source analogues that would be necessary to drive 

value to the design users? 

 

I.3 SR.BID Web Application Intervention 
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4 EXPLORATORY STUDIES IN PROBLEM E VOLUTION  

In this section I will discuss three exploratory studies conducted in 2006 and 2007 in 

the context of the biologically inspired design classroom. These studies focused on 

increasing our understanding high level processes of design through the lens of existing 

cognitive theories of analogical design. While these studies uncovered many phenomena 

of research interest, I limit discussion of the findings to only those 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 design, they use existing biological solutions as a means of understanding, 

framing and articulating their human design problem. In study 1.1, I will provide 

evidence that solutions influence problem formulation at the time of problem-inception, 

as in solution-based design, where the understanding and abstraction of principles from 

a biological solution are used as indexes to find design problems to which they may be 

applied.  I will provide additional evidence in study 1.1 that solutions influence problem 

formulation during conceptual design, which will be seen in the reformulation of problem 

decomposition during compound analogical design. 

In study 1.2, I will demonstrate that when student designers are prompted with 

biological systems, those systems influence problem formulation at multiple levels of 

functional abstraction. Finally, in the context of the process of solution-based problem 

formulation in study 1.3, I will show that designers incorporate structural concepts in 

equal measure with functional concepts 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 consideration of biological systems (e.g. a bird) or aspects of the 

systems (e.g. a wing), and the function supported by the system (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 design and of problem-solution coevolution do not 

directly account for it. Claim 1, supported by the set of findings from these studies, is 

critical in that it forms the premise for the two core problems addressed in this 

dissertation.   

4.1 Study E.1: Observational Studies of the BID Class 

4.1.1 Study Motivation 

In 2006 I entered into an exploratory in situ cognitive study of the classroom research 

environment (Darden & Cook 1994; Dunbar 1995; Kurz-Milcke, Nersessian & 

Newstetter 2004; Christensen & Schunn 2008). While there were no explicit research 

questions at the outset, to quote Miles and Huberman (1994) ñany research, no matter 

how unstructured or inductive, comes to fieldwork with some orienting ideas.ò In this 

case that frame of orientation includes cognitive theories of analogical design and related 

frameworks. Thus my 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 lens of our theories of analogical 

design. Although this study was conducted in the context of a classroom setting, I 

approached the study from a design cognition perspective as opposed to a learning 

sciences perspective. That is, I was less concerned about the pedagogical approach and 

the learning outcomes of the course. Although I believe that my research will have 
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implications on the approach and conduct of the course, I was not directly involved in the 

decision-making regarding the design of the course. From my 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 E.1 

This study takes place in the context of the BID@GATech class, during the fall 

semesters 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 Materials E.1 

This study was observational. There were no experimenter generated materials used 

for this study.  

4.1.2.3 Execution of the Study E.1 

Two research scientists participated in the 2006 observational study. As an observer, I 

attended the classroom sessions, collected course materials, documented lecture content, 

and observed teacher-student and student-student interactions in the classroom. I had no 

influence on the course design or pedagogical approach. I also did in situ observations of 

a few of the teams engaged in their design projects. I minimized my intervention, only 

occasionally asking clarifying questions. 

My observations focused on the cognitive practices and products of the designers. I 

observed and documented the frequently occurring problem-solving 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, I observed and documented the natural evolution of the 

conceptual design over time. I 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 Collected E.1 

Observations from both classroom and design observations were noted in a field 

journal during class. Subsequent reflections and discussions with other participating 

researchers about observations in the class were also logged in the field journal. Final 

design reports and presentations were collected and retained in electronic format. Design 

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 Evaluation E.1 

Documents were analyzed through the lens of existing theories of analogical design 

(Clement 2008; Dunbar 2001; Gentner 1983; Gick & Holyoak 1983; Goel 1997; 

Hofstadter 1996; Holyoak & Thagard 1995; Keane 1988; Kolodner 1993; Nersessian 

2008.). Analysis and synthesis of observations occurred through weekly conversations 

with an additional research scientist, and were refined and vetted through conversations 

with a third researcher. Findings 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 Solution-based design process 

Of the biological inspired design projects observed in 2006, five out of nine followed 

a modified version of traditional problem-driven design process, in which the design 
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process progresses from an initially described design problem to a design solution. 

Surprisingly, the other four projects began with a solution-based design problem. In this 

case, the design process began with a biological system or ñsolutionò (such as impact-

resisting abalone shell), and progressed from there to identifying a problem for 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 solution to problem, each following a distinct patterns, solution-to-

problem or problem-to-solution (Helms et. al. 2008). Some classroom exercises, and 

many of the case-studies provided to the class, began with a biological solution, extracted 

a deep principle, and then found problems to which the principle could be applied. In 

general, the solution-driven biologically inspired design process follows the steps listed 

below (note again that this pseudo-algorithm only illustrates the high-level pattern of the 

problem-driven process; in practice, the actual process is not necessarily ordered 

linearly). Complete documentation of the process of solution-based design can be found 

in Helms et al 2008. 

The identification and description of the solution-based design process 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 solution-based design, the 

design problems are identified at the outset based on some set of relevant 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, directing the 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, usually late 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 analogy. While some models of analogical design address the issue of cross-

domain retrieval and transfer of knowledge (e.g., Bhatta et al. 1994). most existing 

models of analogical design are single source-based solution generation models. That is, 

given a target design problem, the process proceeds to retrieve a suitable analogue and 

modifies or adapts the retrieved 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 

single-source analogical design is not adequate for generating complex designs. In 

complex design tasks, multiple sources are often needed to solve different parts of a 

complex problem. Fully two-thirds of the designs in 2006 involved multiple biological 

source analogues. This immediately suggests interplay between two related processes, 

analogy and problem decomposition. 

Solving complex problems by decomposition, where designers break large, complex 

problems into small, less complex, ones is not new. But when we make the 

decompositions explicit in the context of analogical design, it becomes apparent how the 

processes of decomposition and analogy influence each other. Their interplay is fully 

documented in my work on the high-level conceptual framework of compound 

analogical design (Helms, Vattam & Goel, 2008, 2009). Detailed examples of compound 

analogical design are presented in Appendix C. 
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This interplay described in the compound analogy framework demonstrates strong 

interactions between the conceptualization of the design problem and the biological 

analogue(s) used to frame the solution. In the framework of compound analogy we see 

that analogical sources of inspiration may not only lead to solutions through direct 

transfer to a conjectured solution, by also through contribution to the understanding and 

the framing of the problem itself.  The discovery of a biological solution which addresses 

a problem under a sub-set of conditions, can force the problem to be restructured into 

conditions representing these sub-sets. A previously unconsidered condition can become 

a crucial concept in the design problem. In 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 and high speed conditions.  

 

4.1.3.3 Common Errors 

In this observational study I enumerated a number of common errors that student 

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

 

Error 1. Vaguely defined problems. 

Problems that are nebulously defined, such as ñlowering our dependence on oil,ò or 

ñprotecting a cell phone,ò are either too vague to yield to functional descriptions 

(resulting in no found analogies), or result in too large a search space (resulting in too 

many poorly matching analogies).  Instructor feedback defined better problem definitions 

as ñmore efficient allocation of resources to reduce energy consumed in transportationò 

and ñforming a scratch-resistant coating for cell phones.ò This observation suggests that 
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student designers have difficulty formulating design problems at the correct level of 

abstraction. 

 

Error 2. Poor problem-solution pairing. 

Frequently, designers match problems to biological solutions based on vague or 

superficial similarity, such as matching ñmaking a better dishwashing detergentò with the 

ñcleaning properties of the lotus leaf.ò  Although the function ñcleaningò is similar, the 

lotus leaf relies on the structural details of the structure to be cleaned, which a detergent 

cannot manipulate.  This observation suggests that shallow understanding of the problem, 

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

 

Error 3. Misapplied analogy. 

When making an analogy, superficial or high-level matches are often forced into an 

incongruent solution space, yielding flawed solutions.  For instance, a two-way 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 in three design revision attempts prior to it being discarded. 

This observation suggests, that even when a good analogy is selected, identifying, 

understanding and adapting to critical differences between the problem and the solution 

is critical in making an 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, I 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. I observed student design teams formulate and evolve 

(incrementally reformulate) their design problem, often with radical transformations 

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, I found that design problems evolve in response to an analogy. I 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 in turn provide new criteria for retrieving and 

evaluating new analogies, which may in turn alter the design problem formulation, and so 

on.  I observed that some design processes are solution-based designs, that is, the design 

problem is defined in terms of a problem that can be solved by an already-identified 

solution. I 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 biological analogy 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 slow- and fast-moving modes of 

stealthy movement decomposed their problem 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 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. 

4.1.4.3 Finding 3: Designers have difficulty finding and making ñcorrectò 

analogies  

Thirdly, I found that the difficulty in defining the design problem translates into 

certain difficulties in making analogies. This is not unexpected since analogical theories 

stipulate a ñtarget problemò which forms the basis for many processes of analogy, from 

retrieval to mapping to transfer to storage10. In my initial studies I observed that students 

both had difficulty (a) finding appropriate analogies, and (b) applying the analogy 

correctly to their design problem, both of which could be the result of a poorly defined 

problem (although other causes are also plausible). 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 et al (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 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 solution-based design from 2006 imply that 

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

                                                 
10See Gentner (1983, 1989),  Falkenhainer, Forbus, & Gentner (1989), Holyoak and Thagard 

(1989),  
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smaller problems. For example, a biological system that operates under two distinct 

modes for 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 way, biological 

analogues that use different strategies may lead to alternative problem decompositions. I 

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 questions: (1) do different 

biological sources create alternative conceptualization of design problems? This 

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) familiarize students with strategies for decomposing design 

problems.  The pedagogical goals were realized both by participation in the exercise and 

by a reflective post-exercise discussion conducted after the exercise.  The pedagogical 

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

4.2.2 Methodology of Study 

4.2.2.1 Research question E.1 

To what extent do biological systems influence functional decomposition of 

problems? 

4.2.2.2 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. 
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4.2.2.3 Context and Participants E.1 

The context for this experiment was the 2007 BID@GaTech class. One week prior to 

the exercise, the students received 45 minutes of classroom instruction in functional 

decomposition of design problems. Instructors believed that decomposing a problem into 

constituent sub-functions, would make explicit a number of potential connections 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 problem. Aside from the pedagogical benefits, this ensured that students were 

somewhat familiar with the method of functional decomposition presented during the 

study.  

The experiment was time-bound to 45 minutes on the day of the experiment (roughly 

half of the class period), and it was required that pedagogical as 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 Materials E.1 

At the time of the experiment, a packet was provided to each member of the class 

containing:  

¶ A filtration design problem (the same for each packet) 

¶ A shallow functional decomposition for the filtration design problem 

¶ A separating blank page 

¶ A description of one of five biological systems (see 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: 

ñThe design challenge is to conceptualize a portable, stand-alone, home-filtration 

unit that is more efficient than HEPA or ionic systems, especially with respect to the 

particles in the size range of 0.01 microns to 100 microns.  The designed system will 

address some of the disadvantages associated with the traditional HEPA and ionic 

filters. With regards to the 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 ozone production seen 

with ionic filters.  Lastly, the designed system aims to create a filtration device that is 

environmentally friendly by using sustainable materials that are also biodegradable 

or recyclable.ò 

Figure 4-1 accompanied the text, providing a diagram of relative airborne particle 

types and sizes. 

 

Figure 4-1 Figure depicting particle size range for filtration design problem, included 

with problem description in study E.1 

In addition to the problem, the class was also provided with an initial ñshallowò 

functional decomposition, shown in Figure 4-2. This decomposition was derived from a 

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

The biological 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/laravaceans (small jelly-

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. 

 

Figure 4-2. Initial ñshallowò functional decomposition provided to students for the air 

filtration problem. 

 

4.2.2.5 Execution of Study E.1 

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


































































































































































































































































































































































































































































































































































































