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ABSTRACT

Looking beyond the provided or presented problem can allow new perspectives to
emerge, revealing the potential for more varied and creative solutions. Current engineering and
design research has primarily focused on the generation of ideas, and little research has
investigated how engineering designers engage in identifying and refining problem definitions, a
process called “problem exploration.” Past research has established that knowledge about how to
perform problem exploration is important for improving our understanding of how presented
problems turn into successful design solutions. However, existing problem exploration methods
are not based on learning theory, and there is little empirical evidence about their effectiveness in
education or practice. Therefore, the goal of this research is to investigate how engineering and
industrial design students and practitioners explore problem spaces. The results characterize the
cognitive strategies evident in finding, developing, and refining design problems.

This paper presents the results of two studies on the cognitive processes engineers and
designers use to explore and define problems. Overall, the results demonstrated that problem
exploration is associated with making shifts in design decisions. The first study focused on
problem exploration strategies used by engineering and design practitioners through a content
analysis of problem statements from web-based design competitions calling for novel solutions.
The analysis resulted in an initial set of problem exploration strategies, or cognitive heuristics,
extracted from the submitted solutions. The results also demonstrated that a single presented
problem can be redefined by designers in a number of different ways. The second study
examined individual cognitive processes through a think-aloud protocol study of five
engineering design students (senior and graduate level) as they explored presented problems. The

results of this study provided a more in-depth look at the problem exploration process, and



demonstrated that while common problem exploration heuristics emerged, each engineer
displayed a distinct way of looking at the problem.

These results will support the development of instructional materials for dissemination in
both educational and practice settings in order to assist students, educators, and practitioners in
their problem exploration processes. The project findings will help to better prepare designers
and engineers to develop problem descriptions that represent core needs, and to frame them in
ways that facilitate innovative solutions, ultimately resulting in solutions that address the real

problems of the 215 Century.



CHAPTER 1. INTRODUCTION

In today’s world, the success and perhaps even survival of individuals, companies,
and nations as a whole rests on the ability to think and act creatively and innovatively!.
Creativity has been defined as the ability to produce new and unique ideas by looking at
things from a different perspective, while innovation is the implementation of that
creativity?2. In engineering, innovation is the execution of a new idea in a tangible way
through introducing process, system, or product solutions. Today, the value that creativity
and innovation offer within engineering is their ability to facilitate the development of novel
and effective solutions despite the increasing complexity of problems and the rapidly
changing nature of technology”.

The majority of new problems are characterized by novelty — new needs demand new
solutions — and cannot be solved by replication®. For example, combatting climate requires
fulfilling the world’s energy needs through innovative technology; replicating an existing
solution, such as burning coal, will not suffice. Creativity and innovation by engineers is an
absolute requirement in order to generate novel solutions to challenging problems®. Despite
this call for innovation, engineering education appears to lag behind in addressing creativity
and innovation; according to Cropley, this stems from a resistance to change,
overspecialization, and lack of knowledge about how to teach creativity and innovation in the
engineering classroom®. Engineering instructional programs instead emphasize understanding
narrow and deep technical specifications, and teach students to solve well-defined problems
with convergent, analytical solutions. As a result, students receive little or no exposure to ill-

defined problems, where the exact nature of the presented problem, solution paths, or



expected solutions are unknown®. An ill-defined problem does not reduce to previously
recognized methods; instead, creativity is required to identify potential solution paths using
divergent thinking, invention, and other skills®. Traditional engineering problem solving
methods have also been shown to be less efficient in arriving at “optimal” solutions’ for more
multifaceted problems, such as those encountered in practice.

Engineering practice shows evidence of this gap between traditional problem solving
and the need for creative and innovative solutions to challenging problems®®. A study
conducted by Lyles and Mitroff found that the majority of engineering managers simply
apply processes suited for well-defined problems to ill-defined problems®. When problems
on the job require more creative problem-solving skills, engineers often fall back to
traditional solution procedures not appropriate to the problem?°. Creative skills are especially
important when a problem is ill-defined or unknown, as are the majority of problems faced in
current engineering practice. But which creative skills are needed to address challenging, ill-

defined problems, and to uncover innovative solutions?

Problem Exploration in Engineering Design
In 1938, Albert Einstein and Leéopold Infeld published their book, the Evolution of
Physics, and asserted that, “The formulation of a problem is often more essential than its
solution, which may be merely a matter of mathematical or experimental skill. To raise new
questions, new possibilities, to regard old problems from a new angle, requires creative
imagination and marks real advance in science”!! (p. 92). In theoretical physics, the
structuring of the problem may be the true challenge; however, is problem formulation as

critical for design engineers? The Gestalt psychologists developed a general theory of



problem solving where the first step in the creative process is to explore and understand the
problem at hand*2. By considering ill-defined problems more deeply, routes to innovative
solutions may be uncovered. As Max Wertheimer stated,

“The function of thinking is not just solving an actual problem but

discovering, envisaging, going into deeper questions. Often, in

great discoveries the most important thing is that a certain question

is found. Envisaging, putting the productive question is often a

more important, often a greater achievement than the solution of a

set question.” (p. 123)

But problems also differ in many important ways that are relevant to their solution.
According to Getzels!®!4, there are ten common types of problems defined by characteristics
such as whether the problem exists or is created, whether the problem is suggested by the
solver or another and whether a known solution exists or must be devised. Well-defined or
well-structured problems are traditionally used in instruction, so people are most familiar
with them and can solve them using specific methods. This is likely because well-defined
problems have a definitive or “convergent” solution, so are amenable to instructional testing
for knowledge of specific concepts, methods, and skills'®. However, many problems
encountered by engineers today are ill-defined, with vague or unknown parameters for
potential solutions>1. Some of these ill-formulated problems are referred to as wicked
problems®”8, where the information is confusing, many clients and decision makers express
conflicting values, and ramifications of actions within a system are challenging to predict!’.

The most significant characteristic of a wicked problem is there is no single, ‘right’

way to represent them, opening up alternatives for designers to think and act divergently. An



engineer’s creative skills are called upon to frame the problem in such a way as to remove, or
minimize, the “wickedness,” and define a problem that can be solved. Consider the problem,
“How can we dispose of plastics?”” Engineers have designed new recycling methods;
however a creative reframing of the problem might be, “How do we make disposable
plastics?”” Solutions to this reframed problem include a new generation of biodegradable
plastics. When the problem is explored and refined to a deeper, more causal understanding,
more creative and innovative solutions follow. Innovation may occur through asking different
questions beyond the ones presented!®. Problem definitions circumscribe the set of possible
solutions; as a result, problem exploration is crucial in order to search for innovative
solutions outside of the overly-constrained set.

The significance of exploring the problem space has been apparent for a lot longer
than most people are aware. In 1961, the The Evolution of Physics was published asserting
that “the formulation of a problem is often more essential than its solution, which may be
merely a matter of mathematical or experimental skill. To raise new questions, new
possibilities, to regard old problems from a new angle, requires creative imagination and
marks real advance in science”!! (p. 92). According to Einstein, the structuring of the
problem is the true challenge and if designers are to be good at the solving of problems, they
must be good at the exploration of problems.

Several modern studies have identified the creation or reframing of a problem as a
key practice in design and design thinking?®-2%, as well as creative work in general?*?,
Innovative solutions are more likely to result when designers are more explicit about the way
a problem is viewed, and choose to either work deliberately within that frame or to seek out

alternative frames®2?’. A study conducted by Cross?® found that successful and experienced



designers are proactive in problem framing, actively imposing their own specific perspective
onto the problem to direct their search for potential solutions. Csikszentmihalyi?® defined this
exploration as problem finding, and demonstrated its importance in a variety of outcome
measures, including the quality of a single work of art, reputation of eventual art portfolios,
and career art sales 18 years later. Christiaans study of designers also found that the more
time spent defining and understanding the problem, the more creative the result. Even in
elementary students, Okuda et al.3! found that interest in exploring and redefining problems
was the single best predictor of real-world creative activities®.

These studies support the claim that posing the “right” problem to solve may be a
significant step in the creative process®®. However, most engineering research and instruction
has focused on strategies for solving problems, rather than on ways to explore new problems
or reframe existing ones3*. To create innovation in engineering, we need to better understand
the problem exploration process, and how expert engineers explore problems and find
innovative solutions. By increasing our knowledge of how practitioners generate truly
innovative designs, we can apply this knowledge to address the gaps in learning to innovate
within engineering education. By understanding what advanced engineers have learned to do
to explore problems, educators will be in a better position to develop ways to help beginning
engineers develop more expert-like skills. Consequently, the present study focuses on the

state of problem exploration skills in both engineering classrooms and industry settings.

Heuristic Use in Engineering Design
Formal approaches to solving well-structured problems begin with development of a

theoretical search space including all possible operations (moves toward a goal) in all



possible orders; then, this space is systematically searched until a solution is uncovered®. IlI-
structured problems cannot be addressed in this way, since it is impossible to identify the
solution search space for these problems®. Most design problems in engineering require
novel solution paths because the search space cannot be constrained to specific, known
“operators” moving toward solutions. With ill-defined problems, an exhaustive search for all
possible pathways to solutions is, by definition, impossible®.

This characterization of an (artificially) intelligent search process diverges from the
observations of human reasoners at every level of expertise®. Human problem solvers solve
problems through the use of “heuristic” strategies, or short cuts to solutions that do not
guarantee the (or any) solution. The term “cognitive heuristic” refers to shortcuts in
processing that people use in complex problem solving®’. For example, the availability
heuristic can be used to conclude that air travel is more dangerous than driving in a car
because examples of publicized crashes come more easily to mind, and so are judged to be
more frequent®. The heuristic in this case — the estimation of frequency of occurrence by
determining how readily it comes to mind — is a default reasoning strategy seen in decision
making that may sometimes lead to poor decisions®.

In some circumstances, the use of heuristics may be harmful, as in the case of biases
introduced by heuristics®® (e.g. availability bias®®, representativeness heuristic®); however,
heuristics exist because people find they provide a fast, easy guide to decisions that are often
“good enough,” and highly advantageous in most settings** 3. Many disciplines have
identified specific domain heuristics comprising expertise, including mathematical problem-
solving**, education®, artificial intelligence®®, user interface design*’, design for behavior

change*®, cooperation in groups*®, behavioral economics®®®!, and decision research®>°3, From



a design perspective, where ill-defined problems are prevalent, the use of heuristics can
prove valuable. Behavioral research shows that experts utilize heuristics effectively, and
suggests that heavy use of heuristics by experts distinguishes them from novices®. Some
research even suggests that heuristics can sometimes lead to optimal solutions when they
focus on key variables in the problem space®.

Previous research on engineering design has successfully utilized the theoretical
framework of cognitive heuristics to identify “Design Heuristics” for idea generation®-°2,
Research on Design Heuristics shows that they help designers push past the initial, obvious
solutions that come to mind and to generate more innovative solutions. This paper seeks to
apply the same theoretical framework of “cognitive heuristics” to the process of problem
exploration. How do expert designers use cognitive heuristics to explore and refine
problems? Examining how engineers change problems to facilitate their solution may lead to
the discovery of novel ways of approaching problems, and as a result, discovering innovative
solutions may become more likely. If specific heuristics for exploring problems can be
identified, they may assist current and future engineers in developing the necessary creative

skills for finding and exploring problems, leading to innovative solutions.

Research Motivation
To summarize, because creativity and innovation are critical in design engineering,
greater attention to the problem exploration process is required to identify specific strategies.
Learning how expert designers explore problems will allow the identification of methods to
improve these skills, and would benefit the field of engineering design. However, there is a

lack of empirical studies investigating specific methods for framing and redefining design



problems®3. Some texts and popular books offer techniques, but they are not derived from
empirical studies of engineering practice, nor is their effectiveness empirically validated. In
addition, there is no evidence that the introduction of these methods successfully impacts
problem exploration, or increases the likelihood of creating innovative solutions.

To address these gaps, the purpose of this research is to identify and document
problem exploration as performed by expert and novice design engineers. The goal is to
identify a set of empirically-based, cognitive heuristics to help find, develop, and refine
design problems. By studying how engineers explore ill-defined problems, the impact of the
problem exploration process on solutions can be appreciated. This paper reports the results of
two separate empirical studies of problem exploration heuristics guided by the following
research questions:

Q1. How do engineering students and practitioners explore and develop problems?

Q2. What are the common heuristics used in structuring design problems requiring

innovative solutions?

Thesis Structure
To address these research questions, data was collected from two sources: (1) content
analysis of existing design problems and solutions (Chapter 2); and (2) interviews and
protocol studies with engineering students in classroom settings (Chapter 3). Specifically,
Chapter 2 elaborates on the problem exploration processes of practitioners, and identifies an
initial set of problem exploration heuristics that can be used to enhance one’s ability to find,
frame, and define a problem in order to generate novel solutions. Chapter 3 illustrates the

problem exploration processes of five engineering students at the senior and graduate levels.



Both chapters contain an extensive literature review of research on problem exploration,
including common definitions, importance, and existing strategies. Finally, Chapter 4
summarizes the conclusions drawn from the thesis, and details plans for future work.
References for each chapter’s contents are provided at the end of each chapter. Appendix A
includes the IRB approval forms for the research studies reported in this thesis, Appendix B
displays the full list of problem exploration heuristics extracted from the study in Chapter 2,
and Appendix C contains the informed consent document provided to each participant for the

study detailed in Chapter 3.
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CHAPTER 2. INVESTIGATING THE USE OF COGNITIVE HEURISTICS IN THE
EXPLORATION OF ENGINEERING DESIGN PROBLEMS

Modified from a paper to be submitted to Design Studies.

Jaryn Studer!, Colleen Seifert?, Shanna Daly?, Seda McKilligan®

Abstract

The way a design problem is structured influences the types of solutions that can be
generated and may have an impact on the creativity and innovation of those solutions. Thus,
this paper explores cognitive strategies used by professional engineers and designers to
identify and reframe design problems. A sample of 218 problem descriptions were collected
from various sources and analyzed to see how the problem definitions evolved during design.
The analysis resulted in the extraction of 42 problem exploration heuristics evident in
designers’ re-crafting of the presented problem to inform the development of instructional
materials to help improve the problem exploration skills of both engineering design students

and practitioners.

Introduction
Engineering creativity and innovation are, on the whole, the core of any competitive,
industrial, and ever-progressing economy.! Innovative engineering and design solutions are
rooted in the generation of ideas, which are built and iterated upon throughout the design

process.>* However, these ideas are impacted by the way the design problem is presented. A

! Primary researcher and author, Master’s student, lowa State University, Ames, IA

2 Reviewer, Department of Psychology, University of Michigan, Ann Arbor, M

3 Reviewer, Department of Mechanical Engineering, University of Michigan, Ann Arbor, Ml

4 Reviewer, Department of Industrial Design, lowa State University, Ames, IA, Major professor
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problem that is defined with incorrect presumptions concerning needs and opportunities can
result in significant monetary losses as well as problem solving ineffectiveness.>” Since
engineering design problems are intentionally open-ended, there is often incomplete
information about the problem, even less information about the solution, and very limited, if
any, information about how to transition from the current problem state to the final solution.
This limited information means that engineering design problems require a great amount of
structuring by the designer® in order to create opportunities for innovative solutions.

According to Karl Duncker,® the process of finding a solution is more accurately seen
as a continual restructuring of the problem. He states that over time this problem
restructuring can lead to the discovery of “essential” properties of the solution that will, in
turn, help dictate an appropriate solution to the problem. Therefore, creativity and innovation
require looking beyond the provided or presented problem in order to discover the “real”
problem worth solving, a process we refer to as problem exploration. One way to encourage
this type of innovation is to facilitate engineers and support designers in taking different
perspectives on design problems, and then generating possible solutions based on those
differing perspectives. Supporting problem exploration requires evaluating and
understanding the cognitive processes that professional engineers and designers use to define
unique problems.°

Problem exploration has been highly researched in the field of psychology, however,
little empirical research has been conducted on problem exploration as it relates to
engineering design and scholars have not come to consensus on a common definition.
Several sources define problem exploration as a research phase involving such things as data

collection,'13 feasibility studies,'* and market research.'® However, these sources do little to
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explain how to use the research collected to effectively explore the problem in order to

generate innovative solutions. For this paper, we define problem exploration as the first stage

of the design process prior to idea generation encompassing three distinct processes: problem

finding, problem framing, and problem defining. The definitions of these processes,

synthesized from prior research, are provided in Figure 1.

PROBLEM
FINDING

Changing the way problems are envisaged, posed,
formulated, and created

(Getzels, 1975; Getzels, 1979; Getzels & Csikszentmihalyi, 1976; Hoover,
1994; Mumford et al., 1994; Okuda et al., 1991; Runco, 1994; Wakefield,
1985)

PROBLEM
FRAMING

Altering perspectives about a problem description to reveal
patterns of reasoning and problem solving that are
associated with a particular way of “seeing” the problem,
and leading to the possibility to “act” within the situation

(Dorst & Cross, 2001; Dzbor & Zdrahal, 2002; Schon, 1983; Stumpf &
McDonnell, 1999; Tversky & Kahneman, 1981; Wright et al., 2015)

PROBLEM
DEFINING

Considering the goal or ideal state desired in order to define
how much of the problem exists, whether it is worth
solving, and even whether or not there is a problem

(Higgins, 1989)

Figure 1. Synthesized definitions of problem finding, problem framing, and problem

defining®®16-2°

Problem finding has been suggested as the most crucial component of creativity and

as initiation of thought toward solutions.*¢°3! Problem framing provides avenues for non-

standard and innovative responses to a problem.3232 This process allows the designer to

“see”, “think”, and “act” to create a novel standpoint from which a problem can be tackled.*?

Problem defining is often used interchangeably with problem finding, which may justify the
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lack of research on the topic. Problem defining serves as the bridge between the problem
exploration stage and the idea generation stage. After finding and framing the problem, the
designer defines the problem that will serve as the basis for generating solutions.
Existing Problem Exploration Strategies

The importance of the problem exploration stage of design has been well
established®* 3 and there are several documented strategies to help guide designers in
framing and redefining design problems. Table 1 provides an overview of current problem
exploration techniques in the literature. All these techniques propose trigger questions that
may assist engineers in critically assessing the presented problem and further defining it.
Several popular strategies were proposed by Fogler and LeBlanc®” to assist in defining “the
real problem” underlying a given engineering problem. These include: 1) employing critical
thinking questions that will probe assumptions and explore different viewpoints; 2) using the
present state/desired state analysis and the Duncker diagram?® to analyze the differences
between the current situation and end goal; 3) using Parnes’ statement-restatement method,®
which suggests triggers, or prompts, to help to evolve the problem statement (e.g. “placing
emphasis on different words and phrases”); and 4) using the Kepner-Tregoe problem analysis
technique®® by focusing on four dimensions of the problem (identify, locate, timing, and
magnitude) supported by prompted questions (e.g. “What is the problem versus what is not
the problem?”). These strategies have been practiced in engineering curricula, although their
effectiveness has not been empirically tested.

The problem exploration technique, S Whys”*? is frequently used within the Toyota
Motor Corporation and is one of the only methods proven to be applied in professional

engineering design. This method repeatedly asks “Why?” in order to explore the cause and
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effect relationships underlying a problem. MacCrimmon and Taylor*! identified complexity
as a limitation in problem formulation, and provided a review of decision strategies to
overcome it: 1) determining the problem boundaries, or examining the assumptions; 2)
examining changes, or focusing on any alterations in the problem description; 3) factoring
into sub-problems using methods such as morphological analysis*? and attribute listing,*® and
4) focusing on the controllable components, or selective focusing.** One of the more recent
strategies was proposed by Spradlin® that included steps for defining problems that any
organization can employ on its own. The steps were comprised of establishing the need for a
solution (e.g. basic need, desired outcome, and benefits), justifying the need, contextualizing
the problem, and writing the problem statement. Although there are a number of current
problem exploration strategies existing today, these methods are not derived from empirical
data nor the analysis of existing design problems. There is also little evidence of any of these
methods, with the exception of “5 Whys”, in use during professional engineering design or in
engineering curricula. Most importantly, there is no existing evidence about whether the use
of these techniques would increase the likelihood of creating innovative solutions. This paper
sets out to fill these gaps in the current problem exploration strategies.

Table 1. Existing problem exploration techniques?

Technique Description and Resources

Present state/desired state  Means to determine the real problem by first describing the
analysis and Duncker present state (where you are) and then describing the desired
diagram state (where you want to go)®2°

Process to recognize underlying assumptions, scrutinize
arguments, and assess ideas and statements using Socratic
Questions to prompt the designer®”4

Critical Thinking
Algorithm

Method to evolve the problem statement to its most accurate
representation of the problem using different triggers such as
“place emphasis on different words and phrases”®

Parnes’ statement-
restatement method

Technique that determines the “four dimensions of the
problem” including identify, locate, timing, and magnitude by
determining the distinction between “is” and ““is not”%°

Kepner-Tregoe problem
analysis technique
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Table 1 continued

5 Whys

Technique that involves asking questions (“Why?”) until you
get to the root cause of the problem?°

Attribute listing

Method that involves listing attributes of the problem space,
considering the value of each attribute (“what does this
give?”), and modifying attributes to increase value, decrease
negative value or create new value*®

Selective focusing

Technique that focuses on the problem components that can
be manipulated**

Spradlin’s Problem-
Definition Process

Process that includes establishing the need for a solution,
justifying the need, contextualizing the problem, and writing
the problem statement*®

Problem Exploration Heuristics

The aim of this paper is to introduce a new approach to identifying strategies in the

problem exploration process. Following Newell and Simon’s*® definition of the solution

space, we define the “problem space” as a bounding of the set of all problems that are

possible perspectives on a presented problem. Problems that lead to creative solutions are

rarely solved with systematic, linear approaches; instead, people often use heuristics to

generate possible pathways to solutions.*® Taken from psychology, a cognitive heuristic is a

simple rule of thumb used to generate a judgement or decision.*® Cognitive heuristics are not

guaranteed to lead to a determinate decision, or to serve as a search algorithm; rather, they

describe specific methods for best guesses at potential solutions. Heuristics capture problem

situations that tend to occur in our experiences, along with solutions that tend to work.>°

Recent work argues that heuristics are highly advantageous in most disciplines®3

and design in the idea generation phase.>*-%! Behavioral research shows that experts utilize

heuristics effectively, and suggests that heavy use of heuristics by experts distinguishes them

from novices.®? Some research even suggests that heuristics can sometimes lead to optimal

solutions when they are focused on key variables in the problem space.®®
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Designers may have general heuristics that they apply when exploring the problem
space even when, or especially when they have little prior knowledge of the domain. Thus,
we propose that problem exploration can take place through successfully applying different
problem exploration heuristics to investigate the potential problem space of descriptions. We
define problem exploration heuristics as cognitive strategies that help designers transition
from a surface description of a problem to deeper, more novel problem understandings.
These heuristics may help provide opportunities for surprising, uncommon views that lead to
innovative solutions.

Research Questions

This paper takes an important first step in understanding how problems are explored
and how that exploration impacts solutions by identifying specific ways engineering
designers explore problems. In this study, we investigated problem exploration heuristics
evident in existing engineering design problems taken from a variety of sources, and
analyzed how the problem description impacted the final solutions generated. We focused on
identifying heuristics that offer a means of generating new problem statements by guiding
specific types of variations within the problem context. This paper reports the results of this
analysis and is guided by the following research questions:

1. In order to specify the nature of problem exploration heuristics and the specific
transformations they provide, can a method be created that does not rely on the
verbal report of the designer?

2. Can the designed method be used by different coders to come up with similar

results?
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3. What are problem exploration heuristics and can they be extracted from existing,
novel problems?
4. How often is each problem exploration heuristic observed and in what type of

design problems?

Methods

The primary goal of the present study was to examine the way heuristics are used by
professional designers in the problem exploration stage of the design process. The study
reported here assesses problems from online innovation challenges, as well as published
books that detail the design process of award-winning products. Each source contains the
given problem description, or challenge, and most data sources also contain the solutions
generated by professional designers in response to the problem presented to them.
Data Collection
We gathered a set of 218 engineering design problems from a variety of sources, including
online innovation challenges and published books of award-winning successful products. The
problem statements were selected based on clarity of the problem description and the
accessibility of the subject matter for a range of audiences, including design and engineering
students, researchers, and practitioners. Table 2 provides an overview of the sources used for
this study including the source description, the data provided, and the number of problems

gathered.
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Table 2. Summary of Problem Sources

Source Name Source Description Data Provided i
Problems
Online crowdsourcing
platform for innovative
solutions working with
InnoCentive organizations such as NASA, e Problem background 36
Booz Allen Hamilton, and e Solution requirements
Thomson Reuters
(www.innocentive.com/ar/
challenge)
e Introduction to the
Global community of problem
Unbranded designers that submit ideas to e Presented problem
Designs solve product design statement 102
challenges e Solution designs and
(www.unbrandeddesigns.com) descriptions for finalists
and semi-finalists
Platform for crowdsourcing
IdeaConnection | innovative solutions * Presented problem 3
(www.ideaconnection.com) statement
Design Secrets: o Detaile_d description of
Products: 50 Published book by the the de3|g_n process
Real-Life Industrial Designers Society of | * Information on how the 29
Projects America (2001) problem transitioned
Uncovered intoa market-ready
solution
Design Secrets: o Detaile_d description of
Products 2: 50 | Published book by Lynn Haller the de3|gr1 process
Real-Life and Cheryl Dangel Cullen * Information on how the 48
Design Projects | (2006) problem transitioned
Uncovered into a market-ready
solution

Online Innovation Challenges

For this study, we selected three online innovation platforms to gather engineering
design problems — InnoCentive, IdeaConnection, and UnbrandedDesigns. These platforms
are used by institutions to crowdsource solutions from external solvers by initiating

challenges, or specific problems that need solving. For InnoCentive and IdeaConnection, we


http://www.innocentive.com/ar/
http://www.unbrandeddesigns/
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selected only the challenges related to mechanical engineering, in order to narrow the scope
to engineering product design. A total of 39 challenges, or presented problem statements,
from both of these sources met this criteria and were added to the data set. The solutions to
the InnoCentive and IdeaConnection challenges were not provided by the sources, and
therefore not used in our study.

The challenges on UnbrandedDesigns concentrated on consumer product design and
were selected if the challenge had been completed and winners had been chosen, in order to
gather the full set of data for each challenge. Four challenges met these conditions and the
presented problem statements for each were added to the data set. The solutions were also
provided for each of these challenges, which included the reframed problem statements by
the designer as well as the design that resulted from these problems. A total of 102 reframed,
or discovered, problem statements were added to the data set.

Published Books

Two product design books (Design Secrets: Products: 50 Real-Life Projects
Uncovered 1 and 2) were chosen for this study, because of the case study approach to each
award-winning product described in the book. This provided a quality outlook on how the
problem was initially outlined and what occurred in the reframing of the problem to create
the finished product. The product description was used to extract the discovered problem
through reframing. If the problem and the steps taken to reframe the problem were not
apparent, the product was excluded. A total of 77 problems were extracted from the two

books and added to the data set.
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Problem Exploration Heuristic Extraction Method

Our method for extracting problem exploration heuristics is based on previous
research on Design Heuristics,>>®+%* which involved identifying major elements and key
features of the products for functionality, form, user-interaction, and physical state. Once
these features were identified, a content analysis of the needs, design criteria, and the
solution was performed, which led to creating comparisons with the other products with
similar features. We adapted this approach for this study in order to focus on the elements
within a design problem statement and to compare the similar elements across problems.

For our study, the major elements of each of the engineering design problem
statements were identified and the problems were then categorized based on these elements.
Examples of the major elements identified include user criteria, environmental context, and
primary stakeholders as they were identified in many of the problems. If both the presented
problem and the discovered problem statements were provided, we analyzed the differences
between the two statements to extract information about the transition and the reframing of
the problem and then categorized these differences. After the elements were identified and
the problems were categorized, the problems including the same element were compared
with each other in order to explore the commonalities and discords. The heuristics and their
definitions were then extracted from these elements. This entire systematic process will be
referred to as the Problem Exploration Heuristic Extraction Method, which is illustrated in

Figure 2.
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Figure 2. lllustration of the Problem Exploration Heuristic Extraction Method

Table 3 provides a detailed breakdown of each step of the Problem Exploration
Heuristic Extraction Method as well as a demonstration of how each step was applied using
example problem statements. This detailed extraction process was tested and refined using the
first set of data from the InnoCentive website and then applied to the remaining set of data to
ensure viability across data sources.

Table 3. Application of Problem Exploration Heuristic Extraction Method using an

example problem

Step Step Description | Application of Step
Presented problem statement

Select a problem

STEP 1 | statement from the “Oppressed, remote villagers need to be able to embrace clean
source list. water solutions and have access to them when in and around the
home. ”

List of major elements

e  Primary stakeholders — oppressed, remote villages

e  Current state limitation — access to existing clean water
solutions

e Primary goal — provide access to existing clean water
solutions

e Environmental context — in and around the home

Identify the major
STEP 2 | elements of the
problem.
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Table 3 continued

If a revised problem
statement was

Revised problem statement

“Poor people that don 't live close to water need to be able to obtain
and store clean water when in isolated villages. ”

List of major elements

STEP 3 | provided, identify the
major elemerts of the e  Primary stakeholders — poor people
revised problem. e  Current state limitation — clean water
e  Primary goal — obtain and store clean water
e Environmental context — isolated villages
e Sijtuational context — don’t live close to the water
Explanation of differences
The limitation of the current state was changed from not being able
Analyze the to access existing clean water solutions to not gettir_1g clean water.
. This, in turn, changed the primary goal of the solution from
STEP 4 differences between_ providing access to existing solutions to obtaining and storing clean
the two statements, if e . o
applicable. water. Also, a more speuﬂc gnwronmgntal a|1d S|tu‘z‘;1t|or1al pontext
was added by specifying “in isolated villages” and “don’t live close
to water”. Primary stakeholder was also changed from “remote
villagers” to a broader demographic group: “poor people”.
Heuristics observed in creating the original statement
o Identify a primary stakeholder
o Describe the principle limitation(s) of the current state
e  Specify the primary goal the desired solution is trying to
achieve that will eliminate or reduce the principle
limitation(s)
Derive heuristics both e Identify a specific environment where the desired solution
used by individual shouldbeused ~— . .
e Identify a specific situation in which the desired solution
STEP5 problem stat_en_]ents as should be used (final statement only)
well as heuristics used
':ﬁereframe/restructure Heuristics observed in the comparison between the revised and
problem =
the original problem statements
¢ Change the principle limitation by analyzing the root cause
of the problem
e  Change the scope of the primary goal
e  Provide a more specific environment in which the desired
solution should
Alternative problem statements
Select another Presented Problem - “School children in sub-Saharan Africa need
STEP 6 | problem that uses the | to be able to adequately protect themselves against disease in

same heuristic(s).

primary/elementary schools.”

Discovered Problem — “School children need to be able to be clean
as they transition from classrooms and other areas when they are in
school.”
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Table 3 continued
Explanation of differences

. Both sets of problem statements changed the current state limitation
Determine how each | 1, 31aly7ing the root cause of the problem. The first set initially

problem used the focused on how to use existing solutions, but ended up focusing on
STEP 7 | heuristic to identify creating a new solution to solve the real issue. In the second set,

Q|fferent ways of they went from focusing on protecting against disease to preventing

implementation. disease all together. Both sets also added a specific situation in

which the final solution should be used with the first set focusing on
where (“don’t live close to water”) and the second set focusing on
when (“transitioning between classrooms”)

Deriving a potential problem exploration heuristic from the problem definitions,
especially when focusing on the problem transition, requires interpretation. The data
provided no intermediate steps for the problem exploration process or a description of the
designer’s thinking progression during this process. The success of this extraction approach
is not determined by the correctness of the derived heuristic. It is possible that the practicing
engineers or designers may not agree with the characterization of the derived heuristic.
However, the standard adopted for this analysis is whether the proposed problem exploration
heuristic is observed in other design and engineering problems, and whether it appears to
offer a transformation that can be successfully applied to problems that might lead to novel
solutions.

Coding Analysis

For this project, 218 separate problem statements were gathered from the various

sources and analyzed using our Problem Exploration Heuristic Extraction Method.

Preliminary Analysis

The first 36 problem statements gathered from InnoCentive were used to build the
extraction method and gather the initial set of heuristics, or codes, which were further

developed as more data were collected. An experienced engineer coded the first set of
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potential problem exploration heuristics due to the engineering focus of the problems
collected from InnoCentive. The extracted heuristics are shown in Table 4.

Table 4. Problem exploration heuristics identified from the first 36 problems

# | Observed Heuristic # of Occurrences  Percentage
1 | Describe the principle limitation(s) of the current 16 44%
state

2 | ldentify the primary goal 15 42%
3 | Identify secondary functionality 14 39%
4 | ldentify a specific situation 11 31%
5 | Identify specific cost and time constraints 11 31%
6 | Add constraints on material used 19%
7 | Specify manufacturing or supply chain constraints 17%
8 | Identify user criteria 14%
9

Add criteria to benefit the environment 11%
Describe a specific environment 11%

Incorporate an existing concept into the primary goal 8%
in a novel way

N
= O

7
6
5
Identify constraints of the specific environment 5 14%
4
4
3

[EEN
N

13 | Specify a primary stakeholder 3 8%
14 | Add criteria to allow for the user to reconfigure 2 6%
15 | Add mobility to the context 1 3%
16 | Incorporate an existing solution into the primary goal 1 3%
TOTAL 108 100%

Using the first set of data, the coder analyzed each problem statement using the
Problem Exploration Heuristic Extraction Method and identified potential heuristics used in
framing the problem. Each heuristic identified captured a specific element of the problem
statement that could impact potential solutions generated if added, modified, or removed. For
example, in one of the problems, the designer decided to focus the solution to address needs
of veterans by stating “create ways to reassign motions and buttons on gaming controllers to

provide alternative access for veterans...” In a separate problem, the designer focused on
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women and children by stating “allow families, particularly the women and children that are
usually tasked with water collection, to spend less time walking distances to collect water
and more time on activities that can bring in income and improve the quality of life”. Both of
these problems would be vastly different if the primary stakeholder was changed to represent
a different population, which in turn would impact the type of solutions generated to solve
these problems. This observation resulted in the heuristic “Specify a primary stakeholder”
and both problems were coded to this heuristic. As the heuristics were being extracted, a
general description was given to each to describe how the heuristic was used in the problem
statement. Each heuristic was described so as to be readily observable as a new element
within a given problem and applicable to many different engineering design problems. The
heuristic description was further developed as the heuristic was observed in subsequent
problem statements. Through this process, a total of 16 heuristics were identified from the
first 36 problem statements from the InnoCentive data set. The frequency of use for each
heuristic in the initial set of problems in shown in Table 4.

Next, a second independent coder with a background in Industrial Design analyzed
the first 36 design problems using the same method as the initial coder. Before the analysis,
each of the heuristics were verbally described to the second coder and written descriptions of
each heuristic were provided for review as needed. The problem statements were provided to
the second coder in the same order the data was collected. After completion of the analysis,
the two coders met to compare their observations and refine the initial set of heuristics and

descriptions to be utilized in coding the remaining data.
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Final Analysis

Using the revised set of heuristics, the same two coders from the initial analysis
worked independently to analyze the remaining 182 problem statements using the heuristic
extraction method. The coders worked independently in order to validate the effectiveness of
the heuristic extraction method and showcase the ability of two separate coders to extract
heuristics from the problem statements. In the final analysis, a total of 26 new problem
exploration heuristics were discovered and added to the coding list. The agreement between
the two coders (an industrial engineer and industrial design student) in the final analysis was
90% overall. This number represents the percentage of observations in which both coders
positively scored a given problem as containing a specific heuristic, or interrater reliability.
The heuristic descriptions and title names were then further refined based on the new data as
agreed upon by both coders. After completion of the analysis, a total of 42 problem
exploration heuristics were identified including a brief title and a detailed description for

each heuristic.

Results
Problem Exploration Heuristics
The main focus of this paper was to document ways in which professional designers
explore problems. For this study, we observed how the designer transitioned from the
presented problem (i.e. design challenges) provided to them to the problem interpreted by the
designer to generate potential solutions. Using the seven step heuristic extraction method, 42
problem exploration heuristics were documented from the set of engineering design

problems. Table 5 presents the identified problem exploration heuristics extracted from the
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dataset along with the identified title. Appendix B contains the full set of problem
exploration heuristics with the detailed descriptions of how to use each heuristic effectively
based on the observations. Each heuristic relates to a specific attribute within the discovered
design problem and describes how the designer transformed the attribute after analyzing the
problem statement, or challenge, that was initially presented to them.

The problem exploration heuristics were identified a total of 428 times in the 218
problem statements. This observation confirms our hypothesis that problem exploration
heuristics do occur, in great numbers, in the work of professional engineers and designers.
The observed counts for each heuristic are shown in Table 5. The table indicates that some
heuristics were used frequently, including Detail the required functions (40 occurrences),
Prioritize use cases (21), and Find the root cause (20), while others, including List
individuals or groups that are associated with the primary stakeholder and Describe
secondary stakeholders, were only seen in one problem each. Additional data is needed to
confirm if the heuristics that were only seen in one or two problems are applicable to the
field of design as a whole.

Table 5. Problem exploration heuristics identified in the problem analysis of the entire
set of 218 engineering design problems

Rank Heuristic Title # of Occurrences
1 Detail the required functions 40
2 Include multiple ways to interact 39
3 Integrate mobility 24
4 Prioritize use cases 21
5 Find the root cause 20
6 State the desired outcome 20
7 Add potential limitations 19
8 Break down the addressed limitation(s) 19
9 Determine the end user and detail their needs 19
10 Determine the required cost 17
11 Describe secondary functions 17
12 Expand the setting 16
13 Break down the desired outcome 15
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Table 5 continued

14 Describe material characteristics 14
15 Focus on eco-friendly solutions 14
16 Describe the desired visual attributes 13
17 Integrate existing products to address secondary 12
functions
18 Describe an existing solution to use as conceptual 12
inspiration
19 Define the characteristics of the setting 9
20 Substitute the individual primary stakeholder for a 8
group
21 Describe the environmental conditions 7
22 Describe the required manufacturing process and its 7
limitations
23 Incorporate user customization in manufacturing 6
process
24 Substitute the primary stakeholder group for an 6
individual
25 Describe the brand values 5
26 Expand the primary stakeholder group 5
27 Describe the primary stakeholder 4
28 Describe the required size and space attributes 2
29 Expand the scope 2
30 Consider existing solutions 2
31 Break down the primary stakeholder group 2
32 Shift focus to cultural issues 2
33 Examine assumptions 1
34 Brainstorm ways to eliminate the root cause 1
35 Brainstorm ways to eliminate environmental 1
restrictions
36 Focus on education 1
37 Describe the required maintenance needs 1
38 Focus on economic growth 1
39 Incorporate more scenarios 1
40 Describe a future scenario 1
41 Describe secondary stakeholders 1
42 List individuals or groups that are associated with 1
the primary stakeholder
TOTAL 428

Examples of Heuristic Use
The problem exploration heuristics in Table 5 attempt to describe the designers’

strategies evident in transforming the presented problem. To illustrate, two examples of a



32

presented and an interpreted problem are provided, followed by a description of the problem
exploration heuristic evident in the transformation, how the designer likely applied these
heuristics to the presented problem description, and the final concept generated from the
interpreted problem.

Example #1

Presented Problem Statement: Consider the mobile worker and define a concept to

facilitate individual work in a shared work environment. Develop an innovative solution to a

clearly defined problem, optimized for today’s mobile worker that is both technically and
visually appropriate for the workplace.

Interpreted Problem Statement: Working in open spaces fosters creativity and
collaboration, yet this communal atmosphere possesses security issues. Mobile workers who
utilize this type of space express concern about having their belongings stolen or losing their
spot at the table when stepping away temporarily. Design a solution that allows office

workers, students, coffee shop goers, and anyone else that works in a communal space to

quickly secure their belongings without having to pack up multiple items and lug them

around.

Observed heuristic #1: Break down the desired outcome

This heuristic focuses on the primary outcome of the solution. It is the cornerstone
of the design and refers to the tangible goal you are directly trying to accomplish. The
aim of this heuristic is to help narrow the scope of the problem to make it more
manageable to solve. The steps for using this heuristic are:

1. Analyze the primary outcome the desired solution is attempting to

accomplish.
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2. Break the presented outcome into distinct subcategories.

3. Choose one of the subcategories to use as the new primary outcome to narrow
the scope of the problem.

4. Detail the narrowed outcome in the problem statement.

5. Determine if the other subcategories identified can be used as secondary
outcomes, or outcomes that you wish to accomplish but will forgo to achieve
the primary outcome.

6. Detail the secondary outcomes in the problem statement (if applicable).

“Facilitate individual work in a shared work environment” is a very broad
outcome. In order to make the problem more manageable, the designer selected a
smaller outcome to focus the design on, “secure their belongings”. Figure 3
illustrates the use of this heuristic in Example 1 by breaking out the presented

outcome into subcategories and selecting one to focus the final solution on.

SUBCATEGORIES

Provide privacy for
individual work in shared
work environment

PRESENTED OUTCOME
Facilitate individual : Secure individual !
work in a shared work  belongings in communal |
environment :l workspace :

Selected primary outcome for new problem

Provide individual
storage in shared work
environment

Figure 3. Demonstration of how the designer used the heuristic Break down the desired
outcome
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Observed heuristic #2: Expand the primary stakeholder group

This heuristic focuses on the primary stakeholders, an individual or group that
will benefit the most from or will be significantly impacted by the final solution.
Identifying the correct primary stakeholder is key to a project’s success and getting
the right people involved in the development of the solution. The goal of this heuristic
is to broaden the primary stakeholder group to encompass more individuals. The steps
for using this heuristic are:

1. Make a list of larger groups that the current primary stakeholder group is a

part of and groups that are related to the primary stakeholder group.

2. Analyze the characteristics and interests of each group.

3. Select one or more groups to be the new primary stakeholder.

4. Detail these groups in the problem statement as the new primary stakeholder.

In Example 1, the presented problem focused on today’s mobile workers as the
primary stakeholder group. In the discovered problem statement, the designer decided
to broaden the focus to not only include office workers, but also students, coffee shop
goers, and anyone that works in a communal space. Figure 4 illustrates the use of this
heuristic in Example 1 by brainstorming larger stakeholder groups the current
stakeholder is a part of, selecting one or more of those groups to focus the solution

on, and determining the primary needs of the group(s) selected.
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Teleworkers work environment

Figure 4. Demonstration of how the designer appeared to use the heuristic Expand the

primary stakeholder group

Observed heuristic #3: Find the root cause

This heuristic focuses on examining the current state and the limitations that are
producing the problem in the first place. This will allow the designer to identify the
root cause of the problem instead of focusing on the symptoms, which will be more
beneficial to all stakeholders involved. The steps for using this heuristic are:

1. Write down the limitations or flaws of the current state that are inhibiting

people achieving the task at hand.

2. Select one of these limitations that the final solution should address.

3. Explore what is causing this limitation to determine the root cause of the

problem.

4. Detail the limitation and the root cause of the problem in the problem

statement.
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The presented problem did not specify what limitation the solution is trying to
solve. Instead it went with a general approach, by saying “develop an innovative
solution to a clearly defined problem”. It was up to the designer to explore the
limitations of the current state and choose one to focus on. In this case, the designer
determined that stolen belongings or having to lose a spot in a communal area was a
current limitation for workers on the go. The designer then determined this limitation
was due to workers not being able to secure their belongings in communal spaces
without packing up and taking everything with them. Figure 5 illustrates the use of
this heuristic in Example 1 by listing the current limitations, selecting one of the

limitations to focus on, and determining the root cause of the limitation.

CURRENT STATE LIMITATIONS

@ Too many devices to
carry around

® High noise level in
open, communal spaces

ROOT CAUSE OF LIMITATION

i i There’s no way to secure
| Theft of i L

@ beloneines ! |[| belongings in communal space
lmmm e e gne ' without taking everything with you

Selected limitation to focus on

No balance between
® personal and
collaborative work

Figure 5. Demonstration of how the designer used the heuristic Find the root cause

The final problem statement included each of the three observed heuristics, and this
led the designer to create a solution for a scroll top lock box that will allow the user to lock
up their items in a communal space if they have to step away. Figure 6a demonstrates the

scroll top lock box concept. Figure 6b shows alternative solutions to the same problem that
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were generated by other designers based on each of their individual interpretations of the
presented problem. The diversity of solutions demonstrates that problem exploration
heuristic use can create a multitude of varied design problems. Based on these designs being
selected as semi-finalists and finalists in the given design challenge, this suggests that
heuristic use may result in more innovative and creative solutions. This supports the claim
that problem exploration heuristics may move designers to consider novel ways of
approaching problems, and provide the opportunity for surprising, uncommon interpretations

of the problem space.

g B Finalist - Winner

Semi-finalist

®

Finalist

1 LB

Figure 6. lllustrations of (a) final solution generated from the interpreted problem
statement discussed and (b) other solutions generated from the same presented problem

Example #2

Presented Problem Statement: Motorola Mobility opened a new manufacturing facility in
Dallas, Texas and needs a custom reception desk.
Interpreted Problem Statement: Design a custom reception desk for the new

manufacturing facility in Dallas, Texas for Motorola Mobility. The facility is eco-friendly

with a lot of natural materials and the reception area is the focal point when entering the

building. The design should be no longer than 5’x7’ to fit in the space and_be made of
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plywood. The Motorola brand represents innovation in technology and efficiency so the desk

should reflect that while also being unique and telling a story. The desk should imitate

louvres that are designed to give shade and protect the interior of a building.

Observed heuristic #1: Define the characteristics of the setting

This heuristic focuses on the positive and negative aspects of the setting to
account for when designing the final solution. It is necessary to analyze potential
spaces where the final solution may be implemented to ensure that it can be
accommodated and used effectively. The steps for using this heuristic are:

1. Ifasetting is already defined in the presented problem, skip to step 4.

2. Make a list of potential settings in which the final solution could be used.

3. Select one setting to be the focus during problem solving.

4. Define the positive/negative characteristics of the setting and detail these

characteristics in the problem statement.

In this case, the specific setting was already provided in the presented problem —
the Motorola Mobility manufacturing facility in Dallas, Texas. The most suitable
solution to this problem may have not been discovered without first analyzing the
facility. The designer showcased knowledge of the facility by stating it is “eco-
friendly with a lot of natural materials and the reception area is the focal point when
entering the building”. Figure 7 illustrates the use of this heuristic by the designer in
Example 2 by making a list of potential settings in which the final solution will be
implemented, selecting one to focus on, and describing the specific characteristics of

the setting.
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POTENTIAL SETTINGS
Motorola Mobility
corporate headquarters
Chicago, IL
CHARACTERISTICS
_________ * Eco-friendly
: Motorola Mobility | * Natural materials
I manufacturing facility | ﬂ[ Describe * Reception area is the
L Dallas, TX I focal point of the space
_________ * Small space
Motorola Mobility IT
Department
San Francisco, CA

Figure 7. Demonstration of how the designer used the heuristic Define the
characteristics of the setting

Observed heuristic #2: Describe the brand values

This heuristic focuses on how the company brand should be reflected in the final
solution. By describing the brand values in the problem, the solution may better
reflect the company and what it stands for. The steps for using this heuristic are:
1. Describe the values of the brand.
2. Determine how these values can be incorporated in the aesthetic of the final
solution.

3. Detail these values and the desired aesthetic in the problem statement.

In this example, the designer specified that the Motorola brand “represents innovation
in technology and efficiency”. These represent values that the designer wished to
incorporate in the final solution. Figure 8 illustrates the use of this heuristic in
Example 2 by making a list of values the Motorola company has and evaluating how

these values can be placed in the final design.
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Motorola
Mobility

Statement

Not intricate piece

Timeless
design

Eco-friendly
Sleek
look

Builtin
o sealing
Sustainability
From materialin

Easily sourced materials new ways
(Plywood)

Easily built

Figure 8. Demonstration of how the designer used the heuristic Describe the
brand values

Observed heuristic #3: Describe an existing solution to use as conceptual

inspiration
This heuristic focuses on existing solutions and how they can be used as
inspiration for the final solution. The inspiration does not have to come from a similar
solution. The inspiration could also come from solutions that may have similar
outcomes or functions. The steps for using this heuristic are:
1. Analyze the primary outcome of the desired solution and brainstorm existing
products that may have a similar outcome.
2. Determine if any of the concepts could be used in a new way to solve the
limitation you are addressing.
3. Select one concept as inspiration and detail the characteristics of it in the

problem statement.

For this example, the designer was inspired by louvres and the way they give

shade and protect the interior of a building. The designer incorporated these functions
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of the final solution in the discovered problem. Figure 9 illustrates the use of this
heuristic in Example 2 by brainstorming areas of inspiration, narrowing it down to

one idea, and specifying characteristics of that idea to be used in the final design.

Gives shade
e Improves

pr ~~. ventilation
Y

Monet’s
Paintings

A
Louvres y

A P 7,
See - -7 Provides
Protects the interior privacy

of the building
Desk

Spaceship

Figure 9. Demonstration of how the designer used the heuristic Describe an
existing solution to use as conceptual inspiration

Reception

Circuit
boards

The final problem statement included each of the three observed heuristics detailed
above as well as Describe material characteristics, Integrate existing products to address
secondary functions, and Describe the required size and space attributes. This led the
designer to create a solution for a plywood desk with attached seating. Figure 10a shows this
solution and Figure 10b shows other solutions that were generated based on other designers’
interpretation of the presented problem. Just like in the previous example, this demonstrates
the generativity principle of problem exploration heuristics: A large number of problems can
be generated from the presented problem through the application of a variety of heuristics

which may result in more innovative and creative solutions.
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A B Finalist - Winner

Finalist

Figure 10. Illustrations of (a) final solution generated from the interpreted problem
statement discussed and (b) other solutions generated from the same presented problem
Multiple Heuristic Use

The total number of heuristics extracted per problem ranged from 1 to 9, and in
almost all of the problems (202 of 218), multiple heuristics were observed. The average
number of heuristics used in each problem across the dataset is 3 heuristics, however, there
are several problems that utilize 6 or more heuristics, punctuated by a problem that applied 9
heuristics. The observed problem definitions suggests the frequent application of heuristic
combinations, rather than an approach where each problem demonstrates the application of a
single heuristic. Heuristic combinations are evident in the provided example problems where
at least three heuristics were observed in each example. For the problems with the most
heuristics evident, 3 of the top 5 were selected as finalists by the design challenge judges in
their respective online innovation design challenges, and the other two were semi-finalists.
This finding suggests a relationship between the use of multiple problem exploration
heuristics and the creativity of the final solution by the designer, which meets the expectation
that using multiple heuristics may increase the likelihood of generating innovative solutions.

However, further research is needed to validate this relationship.
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Discussion

The primary objective of this study was to investigate how designers explore
problems and how heuristic use during problem exploration impacts the solutions generated.
To meet this objective, a new methodology was created to standardize the extraction of
problem exploration heuristics from a diverse set of engineering design problems. The use of
the extraction method resulted in a set of 42 problem exploration heuristics gathered from
218 problems. The problem exploration heuristics vary in that some identify constraints or
address the primary stakeholders, while others explore desired outcomes or scenarios for the
solution. As expected, the number of heuristics extracted indicates heavy use of heuristics by
designers when exploring the problem space and demonstrates that heuristic use can be
quantitatively documented using problem descriptions from a variety of sources. The
prevalence of heuristic use suggests their importance when exploring the problem space. In
addition, the variety of heuristics extracted indicates there are a number of different ways a
problem can be interpreted and reframed, resulting in a diverse set of solutions to one given
problem. Therefore, by using problem exploration heuristics, designers gain the ability to
develop problem descriptions that represent core needs, and to frame them in ways that
facilitate innovative solutions addressing real problems in the world.

The majority of the problem exploration heuristics identified in this study can be
applied to a wide variety of design problems to support exploration of the problem space.
However, a few heuristics extracted in this study may be domain-specific, depending on the
type of design challenges selected in the study. For example, the heuristic “Describe the
brand value” (extracted from a challenge involving the design of a new reception area for the

Motorola Company), would be applicable only when designing for a specific brand and may
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not be relevant in all circumstances. In addition, the frequency with which each heuristic was
seen in this study should mirror its frequency of use by designers in industry due to the
comprehensiveness of the design problems selected. However, some heuristics may be more
prevalent while others may be less common as additional data is collected to confirm the
widespread use of these heuristics in design problems. The supplementary data may promote
a more precise view through which problem exploration heuristics are used most frequently
in engineering design.

Unlike existing problem framing strategies, the problem exploration heuristics
identified provide an empirically based strategy for exploring the problem space prior to idea
generation. However, some of the extracted heuristics show similarities to the previously
identified framing strategies, including Spradlin’s Problem-Definition Process.*® Using
Spradlin’s process, the designer would answer the following questions when establishing the
need for the solution: “What is the desired outcome?” and “Who stands to benefit and why?”
These questions can be compared to the heuristics “State the primary outcome,” and
“Describe the primary stakeholder,” respectively. The “5 Whys” strategy” is very similar to
the heuristic “Find the root cause” in that both analyze the existing problem to find the
underlying problem that requires a solution. When comparing the problem exploration
heuristics to the majority of existing framing strategies, however, the identified heuristics
offer more explicit guidelines of how to define the problem within a context. For example,
using Parnes’ statement-restatement method,*® the designer may use the prompt of “placing
emphasis on different words” to rethink the problem. This may allow the designer to focus,
for example, on the desired outcome of the problem; however, the method does not provide

clear directions on how to reframe a problem. Using the problem exploration heuristic
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“Break down the desired outcome,” the designer is told not only to focus on the primary
outcome, or the goal state the designer is trying to achieve, but also is given explicit
guidelines for breaking the outcome into smaller sub-goals and selecting a more manageable
scope for the problem.

In addition, the results indicate that designers in the study generally used multiple
heuristics simultaneously when reframing the provided problem. The results also suggest a
correlation between the number of heuristics used and the creativity of the solution
generated, as measured by the selection of the final design as a semi-finalist or finalist in the
corresponding design challenge. This indicates design expertise may involve repeated
experience with the simultaneous application of multiple heuristics. Those with more
experience using heuristics could be more adept at exploring the solution space prior to
attempting to solve the problem, and as a result, produce more innovative solutions. The
application of heuristic combinations used to explore problems could be an indication of the
designer’s unique style in moving through the problem space. Alternatively, problem
exploration heuristics could fall into categories that many designers learn with experience in
various design domains. More research is required to determine which of these alternatives
accurately reflects problem exploration heuristic use.

The findings from the present study are limited to the observation of heuristic use in
the 218 problem descriptions gathered for this study. However, the design challenges were
selected for their diversity, and were intended to provide a rich view of problems within the
design community. The observed heuristics were studied through written problem statements
and solution descriptions provided from each source, and may not reflect a designer’s

thoughts during the problem exploration process. However, the designer may not be aware of
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using heuristics when exploring the problem space and the methodology created for this
study provided a reliable, consistent approach to extracting the problem exploration
heuristics. Future research may investigate how designers approach problem exploration in
real time and document their thought processes as they explore the problem space. Problem
exploration heuristics could be examined through think-aloud protocol studies and interviews
with both engineering and design practitioners and students to provide views of problem
exploration as it occurs. It would also give us the opportunity to ask questions to better
understand the evolution of the problem space. Although the results of the study did
showcase a correlation between creative, novel solutions and heuristic use, we also plan to
validate the effectiveness of problem exploration heuristics in design practice, and to
determine which heuristics are shown to enhance innovation most effectively.

The results of this study, as well as future studies, will ultimately lead us to determine
how problem exploration heuristics can be effectively taught in engineering design courses to
better prepare engineers and designers for challenging problems. Many engineering and
design undergraduates are provided with general instructions for finding, framing, and
defining problems; however, it is less common to learn specific cognitive strategies for
problem exploration that may lead to defining novel problems, and in turn, generating more
creative solutions. By using problem exploration heuristics, a novice or expert designer can
choose a heuristic, apply it to the current problem, and see where the resulting transformation
leads. Exposure to a variety of heuristics, and experience in applying them to many different
problems, may lead to the development of expertise in problem exploration and innovation.

For many engineering design students and professionals, simply having an arsenal of
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heuristics to try might lead to improvement in problem exploration, and add to one’s ability

to generate multiple problem definitions for a given problem.

Conclusion

This research study suggests that there are specific strategies useful in understanding
a presented engineering design problem. These problem exploration heuristics capture
alternative perspectives and differing levels of problem scope that may lead to more varied
and innovative solutions. The goal of this study was to compile a preliminary set of problem
exploration heuristics from the problems and solutions created by professional engineers and
designers. This study provides a base for comparison in future research, and the set of
heuristics will likely expand with further development. Expanding the problems and
solutions to other design sources will better reflect the engineering design community as a
whole. These results, as well as the results of future research, will inform the development of
instructional material for dissemination in educational and professional settings to assist
engineering design students and practitioners in improving their skills in exploring problem

spaces and producing creative solutions.
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CHAPTER 3. CASE STUDIES OF PROBLEM EXPLORATION PROCESSES IN
ENGINEERING DESIGN
A paper accepted by 2017 ASEE Conference Proceedings, Columbus, OH

Jaryn Studer®, Shanna Daly®, Jaclyn Murray’, Seda McKilligan®, Colleen Seifert®

Abstract

Looking beyond the presented problem can allow new perspectives to emerge,
opening up the possibility of more varied solutions. Little research exists about how
engineering designers engage in this process, which we call problem exploration. In a study
with engineering students, each student talked aloud as they worked to create design
solutions; next, we asked them to explain their problem focus and to define the problem they
addressed in each solution. The protocols revealed multiple cognitive strategies used to
structure and frame the presented problem in alternative ways. Further research is aimed at

empirically-based design tools to support problem exploration in engineering design.

Introduction
Creativity and innovation play a pivotal role in engineering, especially because of the
complex, ambiguous, and varying contexts in which engineering design occurs. Creativity is
defined as departing from norms through divergence, making unusual associations, and

seeing unexpected solutions.! However, engineering education often focuses on solving
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convergent and well-defined analytical problems; even when divergent thinking is
considered, there is limited attention to exploration of the problem space.? We define
problem exploration as the generation of alternative views or perspectives on a problem in
order to discover alternative solutions. Knowledge about how to explore problems is
important for improving engineers’ understanding of perceived problems, and turning them
into successful design solutions.3* Since problem exploration should occur in the early stages
of design, it has the potential to affect the creative direction of all succeeding stages.®
Despite the significance of reformulating or reframing the problem to provide new
opportunities for solutions, problem exploration methods are not generally offered in
engineering classes. If taught, the focus is typically on information gathering techniques,
such as competitive analysis feasibility studies, and heuristic evaluations, instead of concrete,
actionable techniques to restructure the problem space.®1° Thus, this study investigated the
cognitive processes engineers use to explore and redefine presented problems, with the
ultimate goal of developing tools to support broader explorations of problems in engineering

design.

Background
The importance of problem exploration is due, at least in part, to the strong
relationship that exists between the representation of a problem and the domain of solutions
and ideas that the representation can produce.''*? Duncker® described the process of finding
a solution as a continual restructuring of the problem; over time, this problem restructuring
can lead to the discovery of “essential” properties of the solution that will, in turn, help

dictate an appropriate solution to the given problem. This simultaneous development of both
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a solution to the problem and an understanding of the problem itself is also called “problem-
solution co-evolution”.**1° Design researchers have generally focused their attention on the
design, implementation, and evaluation stages of a design process'® rather than on how the
dialog between problems and solutions could affect the solution space.

Identification, development, and pursuit of alternative problem definitions are skills
that are rarely taught, developed, or assessed, but are essential to engineering excellence.l” In
a study by Cross and Clayburn,*® each of the expert designers explored the problem from a
particular perspective in order to frame it in a stimulating and productive way, challenging
themselves to innovate. In another study, the time spent on problem definition — particularly
at higher levels of abstraction - was positively associated with client satisfaction in students’
design projects.!® This supports the claim by Adams and Atman?° that problem scoping
tended to be positively associated with performance, both in terms of design quality and
efficiency in the design process. Although research conducted on problem exploration has
showcased its importance in engineering design, very little is known about how problems are
discovered and formulated.?!-??

Prior research has used other language to define problem exploration processes --
problem finding, problem framing, and problem definition (defined in Table 6). Problem
exploration, as a process, encompasses these overlapping terms. All three terms refer to the

early identification of the problem space during problem solving.
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Table 6. Synthesized definitions of problem finding, problem framing, and problem

defining.

Process

Description

Problem finding

Changing the ways problems are envisaged, posed, formulated, and
created?+23-2°

Problem framing

Altering perspectives about a problem description to reveal patterns of
reasoning and problem solving that are associated with a particular way of
“seeing” the problem, and leading to a possibility to “act” within the
situation?14.30-33

Problem
defining

Considering the goal or ideal state desired in order to define how much of
the problem exists, whether it is worth solving, and even whether or not
there is a problem®*

By changing the understanding and formulation of the problem, a different space of

possible solutions emerges. We propose that there is an initial search to “find the problem.”

2135 To illustrate, the white target shapes in Figure 11 below (Circles 11 and I11) represent

problem framing. As a consequence of the problem framing, the search space for solutions

may be altered in differing ways, and will impact the number and types of solutions designers

can identify. In the first diagram (Circle 1), the same solution space depicted above appears.

In Circle II, the problem space has been altered by the designer’s restructuring, or framing,

of the problem. The resulting problem frame has emphasized a portion of the solution space

where the designer can envision potential solutions. This results in some solutions becoming

no longer accessible because of the problem frame selected. In Circle 11, the designer has

redefined the problem again, resulting in access to a new, larger area of the solution space

that includes novel designs not previously accessible.
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Figure 11. Depiction of the role of problem framing in limiting or opening areas of the
solution space

Existing Strategies for Problem Exploration

Some existing techniques have been proposed to help guide engineers in framing and
defining design problems. Table 7 provides an overview of current problem exploration
techniques found in design literature. All of the techniques propose “trigger questions” that
may assist engineers in critically assessing the presented problem and further defining it. One
approach offered by MacCrimmon and Taylor identified complexity as a limitation in
problem formulation, and provided a review of decision strategies to overcome it.3® These
include: 1) determining the problem boundaries, or examining the assumptions; 2) examining
changes, or focusing on any alterations in the problem description; 3) factoring into sub-
problems using methods such as morphological analysis®’ and attribute listing®, and 4)
focusing on controllable components, or selective focusing.®

Fogler and LeBlanc’s*° textbook on Engineering Problem Solving also proposed
several strategies to assist in defining the “real problem” underlying a given engineering
problem. These include: 1) employing critical thinking questions to identify assumptions and
explore differing viewpoints; 2) using “present state/desired state” analysis and Duncker

diagrams® to analyze the differences between the current situation and end goal; 3) using
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Parnes’ statement-restatement method.*! which suggests prompts to help revise the problem

statement (e.g., “place emphasis on different words and phrases™); and 4) using the Kepner-

Tregoe problem analysis technique*? focusing on four problem dimensions (identify, locate,

timing, and magnitude) through prompted questions (e.g. “What is the problem versus what

is not the problem?”).

Two strategies, “5S Whys™*® and Spradlin’s Problem Definition Process**, have been

documented for their use in professional engineering settings. The “5 Whys” technique,

documented in use within the Toyota Motor Corporation, repeatedly asks, “Why?” in order

to explore the cause and effect relationships underlying a problem. Spradlin’s* strategy has

been used to help companies solve problems and includes steps for defining them. The steps

include establishing the need for a solution (e.g. basic need, desired outcome, and benefits),

justifying the need, contextualizing the problem, and writing the problem statement.

Table 7. Descriptions of existing problem exploration strategies®

Strategy

Brief Description

Present state/desired state
analysis and Duncker
diagram

Means to determine the real problem by first describing the
present state (where you are) and then describing the desired
state (where you want to go)*>3*

Critical Thinking Algorithm

Process to recognize underlying assumptions, scrutinize
arguments, and assess ideas and statements using Socratic
Questions to prompt the designer??4

Parnes’ statement-
restatement method

Method to evolve the problem statement to its most accurate
representation of the problem using different triggers such as
“place emphasis on different words and phrases”*!

Kepner-Tregoe problem
analysis technique

Technique that determines the “four dimensions of the
problem” including identify, locate, timing, and magnitude by
determining the distinction between “is” and “is not**2

5 Whys

Technique that involves asking questions (“Why?”) until you
get to the root cause of the problem*

Attribute listing

Method that involves listing attributes of the problem space,
considering the value of each attribute (“what does this
give?”), and modifying attributes to increase value, decrease
negative value or create new value®
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Table 7 continued

Technique that focuses on the problem components that can

Selective focusing be manipulated®

Process that includes establishing the need for a solution,
justifying the need, contextualizing the problem, and writing
the problem statement**

Spradlin’s Problem-
Definition Process

Problem Exploration Heuristics

Expert engineers usually explore problems in an intuitive and tacit manner; however,
they may not be consciously aware of the strategies they employ in the problem exploration
phase.*” Thus, we propose that engineers use cognitive heuristics in order to produce varied
perspectives during the problem exploration stage of design. Specific problem exploration
heuristics may help the engineer to explore the problem space, leading to the generation of
multiple problem frames to consider. Problem exploration heuristics may also support the
engineer in generating novel approaches to presented problems, and provide opportunities for
surprising, uncommon descriptions that lead to innovative solutions.

The term “cognitive heuristic” comes from the judgment and decision making
literature, and refers to cognitive “short cuts” people use in complex problem solving.!
Problems that lead to creative solutions are rarely solved with systematic, linear approaches;
instead, people often use heuristics to “guess” at possible pathways to solutions.*® Recent
work argues that heuristic use is highly advantageous in most situations;**->! more
specifically, in the idea generation phase of design.*"*2%8 Behavioral research also shows
that experts utilize heuristics effectively, and that heavy use of heuristics distinguishes
experts from novices.>® Some research even suggests that heuristics can sometimes lead to

optimal solutions when they are focused on key variables in the problem space.®®



58

In a previous study, cognitive heuristics were extracted from the problem exploration
processes of expert engineers and designers through their work on crowd-sourced design
problems.*® The results demonstrated that problem exploration heuristics are indeed evident
and effective in problem definition either prior to, or in parallel with, idea generation. For
example, the heuristic Select a subgroup as the primary stakeholder was extracted from
several engineering design problems and solutions. Using this heuristic, an engineer would 1)
brainstorm different subgroups within the given stakeholder group; and 2) select one of the
subgroups as the new primary stakeholder to focus the intended solution. This paper will
further examine problem exploration heuristics employed by engineers through protocol

analysis.

Research Questions

Given the critical connection between the quality of design problems and innovative
solutions,**1> we seek to establish how cognitive heuristics promote exploration of the
problem space to increase innovative outcomes. In the present study, we were guided by the
following research questions:

e How do engineers explore design problems, and what heuristics do they use in this

exploration?
e To what extent are the student engineers conscious of their use of heuristics when

exploring presented problems?
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Research Methods

A think-aloud protocol and retrospective interviews were combined to gather data
from engineering students of varying levels of expertise while they explored and defined
problems. The “think-aloud” or verbal protocol is a research method in which subjects speak
their thoughts aloud as they solve problems or perform a task. Think-aloud protocols allow
researchers to gain an in-depth understanding of the cognitive processes of participants
involved in the study.!. Ericsson and Simon®2 have demonstrated the validity of verbal
protocol analysis, and argue that think-aloud procedures reveal a sequence of considered
information without altering cognitive processes. The resulting data can be treated as
objectively like other behavioral data. Thus, it is assumed that cognitive abilities such as
memory, decision making, problem-solving, perception, and summarization are not altered
when participants are asked to verbalize their thinking as they work on tasks. Participants
were also asked a series of questions in a retrospective interview at the end of the session in
order to uncover their own interpretation of their thought processes during problem
exploration. Retrospective interviews have been used in previous studies analyzing expert
designers’ concept generation from differing perspectives,>>® and have provided an
improved understanding of designers’ strategies in solving engineering problems.®
Participants

Participants were recruited from the Mechanical Engineering undergraduate and
graduate programs at a large Midwestern university. In the present study, we report findings
from a set of five participants chosen from a larger study. These five participants were
chosen based on both the quantity and the quality of the think-aloud data they provided. In

addition, these five cases represent a range in domain experience, as well as a range of
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perspectives considered on the same design problem given. The demographics for the
participants selected for this study are provided in Table 8.

Table 8. Participant Demographics

Gender Design-related experience
Engineer 1 | Female Senior Mechanical Engineering student
Engineer 2 | Male Senior Mechanical Engineering student
Engineer 3 | Male Senior Mechanical Engineering student
Engineer 4 | Female 2" year Mechanical Engineering graduate student
Engineer 5 | Male 2" year Mechanical Engineering graduate student

Materials
For the protocol studies, we chose an engineering design problem that was (1) novel (so that
participants would not be biased by existing solutions) and (2) conceptual (so that it would
not require advanced technical knowledge). The design problem was purposefully left open-
ended to allow for the generation of multiple, diverse concepts. The problem as presented to
each participant was stated as follows:
“In areas recently stricken by natural disasters (tsunamis, earthquakes, hurricanes,
floods, tornados, etc.), large populations are suddenly made homeless and lose access
to electricity. Disaster relief efforts focus on rescue, and supplying food and shelter to
victims, often meaning that electrical power can be inaccessible for a very long time.
Your task is to design a deployable device(s) that can be used at the site of a disaster
relief effort. They should be suitable for quick deployment and set-up, and should be
operable by everyday citizens, including victims of disaster.”
Procedure
Participants completed a one-page demographic survey at the beginning of the study
to collect information regarding gender, classification (undergraduate/graduate), and major

and were then instructed about the study procedure. For the first task, the participants were
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given the design problem and asked to generate as many possible solutions as they could
think of in the 25 minutes allotted. They were asked to speak out loud, verbalizing any
thoughts they had as they wrote notes and/or sketched solutions. Participants were provided
with multiple sheets of blank paper to capture the concepts generated, and an audio recorder
was on throughout the study. After 25 minutes passed, or the participants had exhausted their
ideas (no more than five minutes early), they were asked to describe the problem statements
from each of the solutions they generated on additional formatted sheets of paper. The
specific prompt for this task was:

“For each of the solutions you generated, write a problem statement that would allow

other students to come up with the same solution you developed. Imagine that what

you write is the only thing the students would see (the given problem statement would
not be available). Consider the background, the need and the constraints and
criteria.”

Participants had a total of 15 minutes to write a problem definition for each of their
solutions. Next, a retrospective interview took place where the participants were asked a
series of questions to gather additional insight into their thoughts while defining their
problem statements. At the end of the study, participants were also asked a series of
questions regarding their previous experiences with problem exploration in both professional
and educational contexts. The full set of questions is provided in Table 9. A summary of the

tasks involved in the study as well as the time allotted for each task is provided in Table 10.
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Table 9. Retrospective Interview Questions

Interview Question

1. What part of the problem does this solution focus on?

2. How is this problem different from the problem given to

you?
Thought Process in 3. Why did you decide to pay attention to certain
Defining each Problem criteria/constraints/stakeholders/scenarios?*

*Question varied based on the problems generated by the participant

4. Was there anything you decided not to pay attention to?
Why?

1. Can you think of a time you changed the problem in one of
Previous Experience in your classes from the problem given to you? Explain.
Problem Exploration o What prompted the change?

*in the second retrospective o What were the differences from the given problem?

interview only 2. Do you typically focus on the problem given to you or do
you take time to explore the problem first?

Table 10. Summary of Procedure

Task # Task Name Time Allotted

1 Demographic Survey 1 minute

2 Overview of Procedure 4 minutes

3 Idea Generation Task #1 25 minutes

4 Retrospective Interview #1 15 minutes

5 Idea Generation Task #2 25 minutes

6 Retrospective Interview #2 20 minutes
Total Time 90 minutes

Data Analysis

First, the think-aloud data were transcribed for each of the five participants. The
transcriptions, the generated concepts (notes and sketches), and the written problem
statements were then simultaneously analyzed by two experienced coders with backgrounds
in engineering. For the analysis, each solution was classified (“what was designed?”), and
each problem statement was broken down into components (including who the intended

solution was for, where the solution would be used, what conditions the solution would be
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implemented in, and any added constraints, criteria, or assumptions the participants stated in

their defined problems). The verbal protocol data were then analyzed, and any additional

verbal descriptions not explicitly stated in the problem statement were added. Each

component of the problem statement was then compared to the presented problem, and brief

descriptions of changes were documented. For example, one participant explicitly stated that

a planned solution would be used during a tornado, which narrowed the scope to a specific,
rather than general, “natural disaster” as specified in the presented problem. The coders
worked independently, and then discussed any disagreements to come to consensus. Figure

12 provides an illustration of the data analysis process.
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Figure 12. lllustration of the heuristic extraction process used in analyzing the data
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Next, the two coders worked together to define a specific heuristic that matched each
of the described changes from the interpreted problem statement. The 42 problem exploration
heuristics extracted in a prior study® were used as a starting point, and new proposed
heuristics were added and existing ones were modified as needed. The two coders compared
their analyses and agreed upon a common set of problem exploration heuristics observed in
the participants’ descriptions.

This study captured the initial stages of both problem exploration and solution
generation processes, and did not follow the designers through further idea development and
iteration (such as stakeholder feedback, where the practicality and feasibility of the designs
might be assessed). Therefore, for this study, we did not evaluate the concepts or revised
problems with regard to the quality of the proposed solutions; instead, we focused on the

ability of the participants to reframe the presented problem into alternative definitions.

Results
Each of the participants created at least four different solution concepts during the 25
minute idea generation task, along with matching revised problem statements during the later
problem definition task. This resulted in a total of 28 distinct problem statements (N=5.6,
with a range of 4 and 9).

Research Question 1: How do engineers explore design problems and what heuristics do
they use in this exploration?

The use of problem exploration heuristics was evident in each of the problem
statements defined by the engineering students. Each case is described below, including the

heuristics applied within the context of the participants’ defined problem statements. We
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present the results of the analysis of Engineer 1’s protocol by detailing each generated
solution and problem definition separately, for a total of six concept/definition pairs, to fully
demonstrate our data analysis process. The remaining participants’ concepts, problem
statements and heuristics are summarized briefly and detailed in one consolidated table at the
end of each case explanation.
Case 1

Engineer 1 focused all of her concepts on devices that victims can use after a disaster
occurs. For the first concept, she developed a plywood house with a tarp/curtain door.
Throughout her idea generation process, she significantly narrowed the problem by deciding
to focus on providing shelter for disaster victims (Break down the primary need), selecting
families as the main stakeholder group (Break down the primary stakeholder), and
concentrating on tornado disasters instead of all types of disasters (Focus on one scenario).
She also analyzed the setting where the solution would be used and focused on the part of the
given problem statement that said electricity would be scarce (Define the characteristics of
the setting) and added that only easily salvageable materials would be available (Describe the
material characteristics). Furthermore, she thought about the needs of the users, in this case,
families, and added the need for privacy and comfort after the disaster takes place
(Determine the end user and detail their needs). She also determined the operational
requirements of the intended solution by stating the need for it to operate for an extended
period of time (Detail the operational requirements). By examining the problem as a whole
(the scenario, the setting, the users, etc.), the participants also determined that the solution
needed to be cheap (Determine the required cost). Tables 11 through 16 show this

participant’s concept sketches and descriptions, interpreted problem statements, the heuristics
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identified from the transformation of the initial problem statement, and a description of the

heuristics in the context of the problem.

Table 11. Engineer 1 Problem Statement 1

Concept Sketch
and Description

Interpretation of
Presented Problem

Heuristic
Identified

Heuristic Use in Context

i_.‘." |U wWiILA
Y,

torp \ewrmin oloor;

“Tornado torn through
the town. Using easily
salvageable components,
create a single family
shelter. Note that
electricity will be scarce
and families may be in
this shelter for an

extended period of time.”

Break down the
primary need

narrowed the focus to
providing shelter for victims
of a disaster

Break down the

specified that the solution will

primary be designed for families in a
stakeholder disaster area

Define the stated that electricity is scarce
characteristics of | in the area where the solution
the setting will be used

Focus on one

selected a tornado as the
primary scenario the solution

scenario . -

will be used in
Describe the added the requirement to use
material easily salvageable materials

characteristics

only

Determine the
required cost

added a solution requirement
for it to be cheap

Determine the
end user and
detail their needs

added the need for privacy
and comfort for the families
that will be using the solution

Detail the
operational
requirements

stated that the solution must
be able to be used for an
extended period of time

The second concept was a hand crank generator that can be used by every day

citizens. Similar to the first problem statement, the engineer narrowed the focus of the

problem by breaking down the primary need. In the second problem, she decided to focus on

providing power/electricity to those in need, and providing power at little cost, again defining

the cost requirements. She also expanded the number of scenarios the solution could be used

in by not specifying that it needs to be used in a disaster area, but instead, stated that it could

be used anywhere with limited or no power available. The problem and the extracted

heuristics are represented in Table 12.
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Table 12. Engineer 1 Problem Statement 2

Concept Sketch
and Description

Interpretation of
Presented Problem

Heuristic
Identified

Heuristic Use in Context

“The client is in an area
where electricity is
scarce. Come up with a
method to produce at
least a small amount of
power at a little cost with
easy to find items.”

Break down the
primary need

narrowed the focus to
providing power/electricity to
those that need it

Incorporate
additional
scenarios

generalized the setting to
anywhere with limited or no
power

Determine the
required cost

stated the need for the
solution to provide power at
little cost

The third concept proposed pre-made walls that can be made “bigger for bigger

families”. Comparable to the first problem statement, the engineer narrowed the problem by

focusing on providing shelter and selecting an earthquake as the primary scenario the

solution would be used in. She also specified the need for the solution to be cheaper than a

tent, providing a more specific cost requirement than the previous two problem statements.

Again, she examined the needs of the end user and defined easily constructible and

lightweight as new solution requirements in order for the users to be able to set up the shelter

on their own. She also referenced Legos as conceptual inspiration. Like Legos, people should

have the ability to easily put building block pieces together to create a shelter (Table 13).
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Table 13. Engineer 1 Problem Statement 3

Concept Sketch
and Description

Interpretation of
Presented Problem

Heuristic
Identified

Heuristic Use in
Context

“Design an easily
constructible and
versatile shelter that is
light weight and can be
used by everyday

citizens.”

Break down the
primary need

narrowed the focus to
providing shelter for
victims of a disaster

Focus on one

selected an earthquake as
the primary scenario the

Scenario solution will be used in
Describe an

existing solution | referenced Legos as a
to use as source of inspiration for
conceptual the solution

inspiration

Determine the
required cost

specified the need for the
solution to be cheaper than
a tent

Determine the
end user and
detail their
needs

provided additional criteria
to benefit the end user
including easily
constructible and
lightweight to help the
users in set up, and flexible
sizing to assist larger
families

The fourth concept presented solar panel trucks. The engineer focused the primary
need on providing power/electricity to the victims of the disaster, and specified that
electricity is hard to come by at the disaster site. The problem statement included the need for
the solution to be mobile. She also thought about how the intended solution could be used by

providing potential use cases including plugging in a fridge to save perishables (Table 14).
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Table 14. Engineer 1 Problem Statement 4

Concept Sketch and | Interpretation of Heuristic Heuristic Use in
Description Presented Problem | Identified Context
narrowed the focus to
Break down the providing

COMNCEPT

H be
(P

DESCRIPTION

“After a natural
disaster, electricity
can be difficult to
come by. Create a
method to bring
power to locations
where a natural
disaster has
happened.”

primary need

power/electricity to
victims of disaster

Define th_e . specified that electricity is
characteristics of

) hard to come by
the setting

Integrate mobility

added the need for the
solution to be mobile

Prioritize use cases

included a case for using
the solution - can plug in
the fridge with perishables

For the fifth concept, the engineer proposed a jack for lifting heavy objects. Similar to

the preceding problem statements, she chose to concentrate on one aspect of the problem to

solve, but this time shifting the focus to rescuing victims. She selected an earthquake or a

tornado as the primary setting for the solution. She examined user needs and determined that

safety of all users was an important requirement. She also detailed the notable characteristics

of the disaster setting including that professionals (i.e. rescuers) would not be available

(Table 15).

Table 15. Engineer 1 Problem Statement 5

Concept Sketch and
Description

Interpretation of
Presented Problem

Heuristic
Identified

Heuristic Use in
Context

“Create a device that
would allow everyday
citizens to assist in
the aid or rescue of
another person in an
emergency when
professionals are not
near. Keep in mind
the safety of all
parties.”

Break down the
primary need

narrowed the focus to
victim rescue

Determine the end
user and detail

added the requirement for
it to be safe for all users

their needs

specified that
Define the professionals (i.e.
characteristics of rescuers) are not near the
the setting disaster or can't get to the

victim

Focus on one
scenario

selected an earthquake or
a tornado as the primary
scenarios the solution will
be used in
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The final concept was a rainwater collector/purifier. Similar to the other five
problems, the engineer narrowed the focus of the problem to providing clean water, and
selected flooding as the primary scenario, analyzed the disaster site, and specified that the
town’s water supply was undrinkable (Table 16).

Table 16. Engineer 1 Problem Statement 6

Concept Sketch and | Interpretation of Heuristic Heuristic Use in
Description Presented Problem | Identified Context
Break down the narrowed the focus to
“A flood has ripped primary need providing clean water
| _ through a town selected a flood as the
‘ </ ‘ making most of the SF:ecnu:ric:)n one primary scenario the
town's water solution will be used in

undrinkable. Create a
device that would aid

people clean Waterto | characteristics of | water supply is
drink. the setting undrinkable

Engineer 1 narrowed the problem by breaking down the primary need into sub-
problems, including shelter, power/electricity, rescue, and clean water, and by selecting one
or more natural disasters where the solution would be used. This narrowing influenced the
types of solutions that she generated. By examining the setting of the disaster, Engineer 1
determined the characteristics necessary to solve the problem. For example, by first noting
that the town’s water supply was undrinkable (problem statement 6), it was evident that
providing clean water was at the top of the priority list and that a solution was needed to
solve that problem. Examining the setting also allowed her to examine the required materials,
the need for mobility, the resources available, and the operational requirements of the
solution.

“Analyzing the end users” was another strategy also frequently utilized by Engineer

1. By doing so, she was able to come up with criteria that the solution must adhere to in order
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to meet the needs of the user, including privacy, comfort, and safety. When describing the
first problem statement, she stated, “It’s important to think about comfort when making it
since 100 families just lost their houses and they may be there for a while.” Defining cost
requirements was also used in several problem statements, though less specific, by stating the
need for a solution that was “cheap,” “little cost,” and “less than a tent.” Problem statement 2
was the only statement in which the engineer expanded the problem from its original form.
By stating that “the client is in an area where power is scarce,” she opened up the potential
solution space to include solutions that might account for blackouts or underdeveloped
countries where power is always scarce, not just after a natural disaster occurs.
Case 2

Engineer 2 generated four concepts and derived four distinct problem definitions. All
of the problems interpreted by the engineer were similar in nature, with a few recognizable
differences that influenced the type of solution generated. He first decided to narrow each of
the problems by focusing on providing food to the disaster area, with the last problem also
focusing on scouting the area for survivors first. He stated that he first thought about “the
requirement for a deployable device, how mobile it should be, how far it needed to travel
every day, and how much food or what kind of supply I need to carry.” In each of the
problems, he also examined the disaster area, and added descriptions of the setting to the
problem statements because “the given statement didn’t mention anything about the
conditions.” This included adding detail on the condition of transportation and infrastructure
(problem 1), stating that all roads are destroyed (problems 2 and 3), and stating that the level

of damage and the number of injuries is unknown since the town is inaccessible to outsiders



72

(problem 4). Problem 2 also noted that “the only way of transportation to the area is by air,”
which provided a focus on designing an aerial device.

Three out of the four problem statements focused on one particular natural disaster,
with the first problem stated broadly, similar to the presented problem statement. The third
problem focused on floods (“most of the area was filled with water”), which led the engineer
to think about the requiring the device to be able to travel on both roads and water. All of the
problem descriptions also contained detail on the operational requirements of the device. The
first three problems specified that the device needed to be operated from a distance, while the

final problem took it one step further and specified that the solution needed to be operable for

at least 20 miles and to be autonomous (no user interaction while operational). By adding

more descriptive requirements to the problem statement, the final generated solution was

more distinct than the others. The heuristics extracted from each of the problem definitions

and the description of the heuristic used in context are summarized in Table 17.

Table 17. Engineer 2 Concepts, Interpreted Problems, and Heuristics

Concept Sketch and
Description

Interpretation of
Presented Problem

Heuristic
Identified

Heuristic Use in
Context

“There was a disaster
that damaged the road
and regular cars can't
travel thru. The road
was covered in mud
and a special
transportation is
needed to deliver food
to the residents of the
area.”

Break down the
primary need

narrowed the focus to
transportation and food
delivery to the disaster area

Define the
characteristics of the
setting

added detail on the
condition of transportation
and infrastructure of the
damaged area

Detail the
operational
requirements

specified that the device
needs to be operated from a
distance
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Table 17 continued

“There was a tsunami
happened that
destroyed all of the
roads and other
accessibility to the
area. The only way of
transportation to the
area is by air. The
device needs to be
accessible to the
area.”

Break down the
primary need

narrowed the focus to
transportation and food
delivery to the disaster area

Focus on one
scenario

selected a tsunami as the
primary scenario the
solution will be used in

Define the
characteristics of the
setting

stated that all roads are
destroyed leaving air as the
only option

Detail the
operational
requirements

specified that the device
needs to be operated from a
distance

“There was a horrible
flood in a residential
area. Some of the
roads was damaged
and most of the area
was filled with
mud/water. The
transportation device
should be able to
deliver food and travel
both on ground and
water.”

Break down the
primary need

narrowed the focus to
transportation and food
delivery to the disaster area

Focus on one

selected a flood as the
primary scenario the

Scenario solution will be used in
Define th_e . stated that all roads are
characteristics of the

. destroyed
setting
Detail the specified that the device
operational needs to be operated from a

requirements

distance

Detail the required
functions

specified the requirement to
travel both on ground and
water

“A horrible
earthquake just
happened and we
don't know the level
of injuries inside the
town since all the
access to the town
were destroyed. We
need a smart device
that can travel through

Break down the
primary need

narrowed the focus to
scouting and food delivery
to the disaster area

Focus on one

selected an earthquake as
the primary scenario the

scenario . ) .
solution will be used in
stated that the level of

Define the damage or number of

characteristics of the
setting

injuries is unknown;
specified that the town is
not accessible to outsiders

_ mobile robeE the area and be able to added the requirement for
- AL /",“If‘ look for people who il th the device to be able to
Wif’;"f,’”*‘w Lide ||| still survive and Detalt_t N | travel at least 20 miles;
| ~_u;1n¢,¢7,§:l,°ﬁ'j bl provide them with ?g;&ﬁé?::nts added the requirement for
. sowtyey | food a necessity.” the device to be

autonomous
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Case 3

Engineer 3 identified nine unique problem definitions and generated nine concepts.
Similar to the first two engineers, he narrowed the problem by breaking down the need of the
given description (“assist at the site of a disaster relief effort”) into smaller sub-problems.
Unlike Engineer 2, he focused on a variety of different aspects including providing shelter,
water, and supplies (problems 1, 6), power (problems 2, 5), comfort (problem 3),
communication (problem 4), survival (problem 7), and food (problems 8, 9). Also, in two of
the nine problem descriptions, he decided to focus the solution on when a specific disaster
occurs (problems 3 and 7), leaving others to incorporate all natural disasters. The engineer
expanded the scenarios in which the solution could be used in problems 2 and 5 by stating
that the device could be used anywhere electricity is not available and not necessarily when a
natural disaster occurs. Problems 1-3 and 5 focused primarily on the mobility of the device to
solve each of the corresponding problems interpreted by the engineer.

After narrowing the scope of the problem, the engineer examined the setting (the
disaster area) and defined characteristics that he felt were important to know when designing
the final solution. These characteristics included having no power available, possible rain
showers (resulting in ‘water-resistant’ requirements), air as the only way to access the area,
and people not being able to go in or out of the area. These descriptions provided a clearer
direction for solving the problem, and ensured that all the conditions were taken into account.
For example, problems 4 and 6-9 stated, “air is the only way to access the disaster area” in
the problem description, which resulted in solutions that were airdropped from the sky. If this

description of the setting was left out of the problem statement, a solution that needed to be
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transported by roads could have been generated which would not have been applicable for
this scenario.

The engineer also specified primary uses of the solution in three of the nine problems
in order to focus the set of potential designs. These uses included calling family or other help
(problem 2), contacting other survivors (problem 4), and powering fridges to keep food safe
and cell phones to call for help (problem 5). Cost was another aspect of the problem the
engineer thought about when defining new problem statements which wasn’t explicitly stated
in the given problem. However, the cost requirements were left broad, only specifying the
need for the solution to be “cheap”. Problem 1 was the only problem where the engineer
broke down the primary stakeholder group by specifying that the solution will be designed
specifically for families. However, he did also explore the end user group and detail their
needs by stating that the disaster victims will require privacy (problem 3), and a lightweight
device so the users can construct the device themselves (problem 9). In problem 3, the
engineer also explored a potential secondary function of the solution (not a must-have),
adding that it could also collect rainwater in addition to providing a shower and bathroom to
the disaster victims. He also showcased a new heuristic, Determine the context of operation.
This heuristic refers to a condition that needs to be met in order for the solution to work. In
the context of this problem, the engineer specified that sunlight is required to charge the
device (problem 2) and heat the water (problem 3). The heuristics extracted from each of the
problem definitions and the description of the heuristic used in context are summarized in

Table 18.
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Table 18. Engineer 3 Concepts, Interpreted Problems, and Heuristics

Concept Sketch and | Interpretation of | ey ristic - .
Description Presented Problem | |dentified Heuristic Use in Context
Break down the narrqvv_ed the focus to
rimary need provu_ilng shgltgr, water_, and
P supplies to victims of disaster
= i Integrate mobility added the need for the

“Create a mobile
trailer for victims of
disasters to live in
with supplies inside.”

solution to be mobile

Define the
characteristics of
the setting

stated that no power was
available and added the need
for it to be water-resistant
since it may be raining

Break down the
primary
stakeholder group

specified that the solution will
be designed for families in a
disaster area

“Create a method for
charging a hand-held
device that is portable,
water-resistant and
uses sunlight.”

Break down the
primary need

narrowed the focus to
providing power to the
disaster site

Integrate mobility

added portability as a solution
requirement

Define the stated that it could be raining
characteristics of | so the solution needed to be
the setting water-resistant
Determine the specified the need for sunlight
context of :

. to charge the device
operation

Determine the
required cost

specified the need for the
solution to be cheap

Incorporate
additional
scenarios

stated the device could be
used anywhere electricity is
not available, not necessarily
for a natural disaster

Prioritize use
cases

specified the primary uses of
the solution will be to call
family or to call for help

“Create a mobile
trailer for victims of
disasters to shower
and go to the
bathroom in.”

Break down the
primary need

narrowed the focus to
providing comfort (a shower
and bathroom) to the victims
of disaster

Focus on one
scenario

selected a hurricane or flood
as the primary scenarios the
solution will be used in

Integrate mobility

added portability as a solution
requirement

Determine the
context of
operation

specified the need for sunlight
to heat the water
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Table 18 continued

Determine the end
user and detail

thought about the need for
user privacy when in the

their needs showers and bathrooms
Describe added rainwater collection as
secondary )

. a secondary function
functions

“Create a method of
delivering walkie-
talkies to people on
the ground from in the
air.”

Break down the
primary need

narrowed the focus to
communication and victim
survival

Define the
characteristics of
the setting

stated that air is the only way
to access the disaster area

Prioritize use
cases

specified the primary uses of
the solution will be to connect
with other people and find
survivors

“Design a ground-
mobile generator.”

Break down the
primary need

narrowed the focus to
providing power to the
disaster site

Integrate mobility

added the need for the
solution to be mobile

Prioritize use

included cases for using the
solution - can power fridge to

cases keep food safe, power cell
phone to call for help
Incorporate stated the device could be
. used whenever power goes
additional .
. out, not necessarily for a
scenarios .
natural disaster
Define the stated that the area is
characteristics of inaccessible and that no
the setting person can go in our out

“Create a method for
delivering boxes of

tents to people on the
ground from the air.”

Break down the
primary need

narrowed the focus to
providing shelter to disaster
victims

Define the
characteristics of
the setting

stated that the air is the only
accessible point
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Table 18 continued

= Break down the narrowed the focus to survival
Ly primary need of disaster victims

e Define the -
| fe | ot

| == characteristics of Ziagggs}{)]?; g:)einaf[" Is the only
| | | “Create a method for | the setting

| delivering life rafts to
. people on the ground

i from the air.” .
— selected a tsunami as the

Focus on one . . .
primary scenario the solution

A 1 scenario will be used in
T 7
([ (Lo Break down the | Narrowed the focus to
S providing food and water to

[ primary need the disaster victims

“Create a method for
delivering food and
water to people on the

.| Define the -
|| ground from the air. characteristics of stated j[hat the_ air is the only
accessible point

et the setting

narrowed the focus to
providing food and water to
the disaster victims

Break down the
primary need

g\ Define the stated that the air is the only
\ « characteristics of . i
) Create a method for the settin accessible point
delivering instructions ’ added the requirement for it to
and materials for Determine the end . €
- - be lightweight so users can
making your own user and detail .
» . construct the device
—— . solar oven. their needs
Phoncute tn ity themselves
a Sabe” (Bres Determine the specified the need for the
3 required cost solution to be cheap
Case 4

Engineer 4 defined four unique problems and generated four concepts. All four of the

problems related to one another in that the intended devices behaved similarly, but solved
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different needs. Problem 1 concentrated on providing electrical power for victims of disasters
(“no electricity is available™), while the other problems focused on providing rescue,
providing food, and providing shelter for disaster victims, respectively. In addition, all four
problems focused on a device that would be used during natural disasters involving water.
This distinction led the engineer to defining user criteria by stating “all these natural
disasters, they involve water in some way, so the safety of the device (is important) to avoid
electric shock”™. She also decided to focus all of the problems on designing a device that the
rescuers could use, unlike the problem descriptions of the previous engineers, as well as the
given problem, that focused on devices used by the disaster victims.

For problems 2-4, Engineer 4 outlined the required functions of the intended solutions
after walking through each of the scenarios and determining what the device needed to do.
She determined that the solutions would have to be able to navigate to a safe place after
performing the primary functions of identifying and extracting victims (problem 2), carrying
food (problem 3), and carrying items for shelter (problem 3). The engineer also determined
that the last two solutions needed the ability to communicate with the rescue device (problem
1) for the purpose of navigating toward victims requiring food and shelter. The term
“simplicity” was used often when generating the problem descriptions, and she stated the
importance of “limiting the functions...so that we aren’t complicating the functionality of it
for the users™ at the beginning of the task. This engineer also examined the operational
requirements of the intended solution and determined that the solution of problem 3 needed
to operate on its own in case communications were down at the rescue command center. She
also specified in problem 1 that the device needs to last a long time without recharging or

maintenance. Problem 3 also showcases a heuristic that was not seen in previous examples,
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called Describe the required dimensions. The engineer added a load requirement for the

device, stating that the solution needed to be able to lift heavy objects (e.g., people). The

heuristics extracted from each of the problem definitions and the description of the heuristic

used in context are summarized in Table 19.

Table 19. Engineer 4 Concepts, Interpreted Problems, and Heuristics

Concept Sketch and
Description

Interpretation of
Presented Problem

Heuristic
Identified

Heuristic Use in
Context
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You have to come up
with general design
requirements for a
deployable device that
could be used for
rescue efforts for
victims of natural
disasters (mostly
involving water).
Electric power is not
accessible on the site,
and lot of surrounding
water. Should be
operable by everyone.

Break down the
primary need

narrowed the focus to
providing electrical
power for victims of
disasters

Define the stated that no electricity

characteristics of | is available and there is

the setting standing water

Detail the specified that the de\_/lce
. needs to last a long time

operational

requirements

(no recharging needed, no
maintenance)

Determine the
end user and
detail their needs

thought about the disaster
victims and added the
need for the device to be
compact, simple, and safe
for all users

Focus on one
scenario

selected water natural
disasters as the primary
scenarios the solution will
be used in

Lew pvek ]
| ~ . 71 dua wni
") TamB 7 ol vTT
| ) bt . 1 Mg
[ 9 rmi-‘l N
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; [‘1,] o waah Lord
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The device(s) should
focus on rescue, food,
and shelter. What are
the specific design
requirements for each
of these
functionalities?
Assume you have
three devices for each
these functions, what
are the requirements
for the device?

Break down the
primary need

narrowed the focus to
providing rescue for
victims of disasters

Detail the
required
functions

specified the required
functions of the device -
identify victims, extract
victims, and navigate to a
safe place

Describe the
required
dimensions

added a minimum load
requirement of the device
(needs to be able to lift
heavy items, i.e. people)

List individuals
or groups that are
associated with
the given primary
stakeholder

changed the primary user
from the victims of the
disaster to the rescuer
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Table 19 continued

What are the design
requirements for a
food supply device?

Break down the
primary need

narrowed the focus to
providing food for
victims of disasters

Detail the
required
functions

specified the required
functions of the device -
carry food (primary),
communicate with rescue
device, navigate to a safe
place

List individuals
or groups that are
associated with

changed the primary user
from the victims of the
disaster to the rescuer

R — the given primary
Vet el e = stakeholder
R e charactritcsof | could be wrong with the
the setting command center
3 — added the requirement
Detail the that the device needs to
operational operate on its own and
requirements communicate with other
devices
r Break down the narro_vyed the focus to
I ey primary need p_rO\_/ldlng shelter for
— victims of disasters
- oWRy b ey specified the required
HncdTor - 3Nd - Detail the functions of the device -
- 4l o s .
Aw-i | %49 ‘\ ;m - What are the design required carry items for shelt_er
1 requirements for a functions (primary), communicate

Jnu#m‘ P i wa

m,:_.n-:bzm .

- gru‘.'gic. Dlura’w
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shelter device?

with rescue device,
navigate to safe place

List individuals
or groups that are
associated with
the given primary
stakeholder

changed the primary user
from the victims of the
disaster to the rescuer

Case b

Engineer 5 defined five distinct problems and generated five solution concepts,

including two problems that solved different needs than those of the previous four engineers.

Similar to the problem descriptions defined by the previous engineers, Engineer 5 narrowed
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the problem by breaking down the primary need into sub-problems, including providing
power (problem 1), supplies (problem 2), and food (problem 4). However, he was able to
come up with two other needs, including providing light to the disaster area during the night
(problem 3) (even narrower than providing power), and providing medical care (problem 5)
(narrower than providing rescue). In four of the five problems, the engineer decided to focus
on one natural disaster where the solution would be used. In all but one of the problems, the
engineer also specified that there is no electricity available, which was taken from the
presented problem statement. The last two problems went further by stating that there’s also
no gas to cook food (problem 4) and that the local hospital is devastated (problem 5). The
engineer also changed the primary user of problem 5 from the disaster victim to the medical
team sent in to help victims, essentially taking away the requirement that the device needed
to be operable by everyday citizens.

Engineer 5 added more detail to each of the problem descriptions in a variety of ways.
In problem 1, he added operational requirements stating that the device needed to store a
charge for 12 hours, and that the primary uses of the solution will be to charge laptop or
mobile phone for communication. In problem 2, he added a secondary function of the device,
“provide Wi-Fi,” in addition to providing supplies (specifically, mobile batteries and dry
goods). For problem 3, the engineer referenced glow sticks as a source of inspiration since
they function similarly to the intended solution. The problem description also stated that
solutions should consider using chemiluminescence as the material component. This engineer
described the dimensional requirements in problem 4 by stating that the device needs to be
small in order to be transported to the disaster site. In the final problem description, the

engineer also stated that the primary function of the medical device is to check glucose levels
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of survivors, providing focus to the type of medical device designed. The heuristics extracted
from each of Engineer 5’s problem definitions and a description of each heuristic used in
context are summarized in Table 20.

Table 20. Engineer 5 Concepts, Interpreted Problems, and Heuristics used

Concept Sketch and | Interpretation of Heuristic Heuristic Use in
Description Presented Problem Identified Context
Break down the narrqvv_ed the focus to
orimary need prowdmg power to the
— = = disaster area
B @ -A;;;;\ Detail the specified the need for the
es 2 Many people are trapped in | operational device to store charge for
X ‘ ’ | | acity which has faced a requirements 12 hours
massive earthquake last Focus on one selects_ed an earthqu_ake as
L heve  plug (W day. They have run out of scenario the primary scenario the
co 0 ka¥ s ‘ electric power. As the VP solution will be used in
tove  chodR  Aov of a huge mobile battery Define the .
2 sy " manufacturing company characteristics stated_tr_]at the(e IS No
= : —— | you decide to help the of the setting electricity available
(2 > we Wy victims in their hour of Focus on one specified that the disaster
S<BT o deoge wele ) need. How many you help | setting area is in a city
‘\-Lé e by using technology? specified the primary uses
‘ N of the solution will be to
1 Prioritize use .
cases charge laptop or mobile
phones for
communication
— Break down the narro_vv_ed the fo_cus to
Mmes . q p_rowdlng_su_pplles to
X primary nee disaster victims
b How can airborne drones
%,/ \\’ be used is establish
oy communication in a Describe added a secondary
Wi dng disaster relief site where secondary function of the device-
ik B people have access is functions provide Wi-Fi
operational
L cons Lalaiis mobile/computer but no
v P 98 internet connection? specified the primary use
~ Qwr foode Prioritize use of the solution will be to
: cases provide mobile batteries
‘ and dry goods
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Table 20 continued
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The recent flood has cut off
the village's power supply
and the survivors are
having a hard time during
night because of darkness.
You recently came across a
scientific article on

Break down the
primary need

narrowed the focus to
providing light to disaster
areas during the night

Describe an
existing solution
to use as
conceptual
inspiration

referenced glow sticks as
a source of inspiration for
the solution

Determine the
context of
operation

specified the need for it to
be nighttime for the
device to work as
intended

ol predma : . selected a flood as the
) : Aed| | chemiluminescence. Can Focus on one . .
rdnit Jh e s
it A BE . . . primary scenario the
Businge S you apply it to solve this scenario . . .
/ 3 solution will be used in
problem of darkness? _
Define the .

- stated that there is no
characteristics ower supply available
of the setting P PPl
Describe the specified that the solution
material should consider using
characteristics chemiluminescence

narrowed the focus to
S Break down the - .
AT . providing food to disaster
| /Thete vs Mauic ) primary need -
\ Meckedwr / . - victims
JE J Without electricity and gas -
Nl — . . selected a tsunami as the
- connection the survivors of | Focus on one . .
AT ) . primary scenario the
m e sl the recent tsunami are scenario \uti i b di
ceoutp 5o S paving a difficult time in SOIUTION WIT! be Used In
fvey ~ Com b2 ATV . ) . stated that there is no
I eavly preparing/making food. As | Define the ..
Yone ot
. s .. electricity or gas
I .|| the government characteristics . .
Wil howe Ao b leph . . available so there is no
w opn ko op ' | representative from the of the setting
o T PRy way to cook food
LChama b renewable energy and
Ova {‘w-"i)"’" to swit™s || resources department you
ow| ol . e .
/ are to come up with the . specified that the device
Ve ctaw e Describe the
Ly \ ST

action plan. What could it
be? Hint: solar.

dimensional
requirements

needs to be small in order
to be transported to the
disaster site
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Table 20 continued
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You need to have a quick
and fast assessment about
the health conditions of the
tornado survivors.
However there is no
electricity to get up a small
diagnostic center and the

local hospital is devastated.

What can you do now?
Hint: Point-of-care
diagnostics

Break down the
primary need

narrowed the focus to
providing medical care to
disaster victims

Focus on one

selected a tornado as the
primary scenario the

nari . ) .
scenario solution will be used in
stated that there is no
. electricity and the local
Define the y

characteristics
of the setting

hospital is devastated,
therefore the device
shouldn't use electricity
or fancy equipment

Detail the
required
functions

specified the primary
function of the device -
check glucose levels of
survivors

List individuals
or groups that
are associated
with the given
primary
stakeholder

changed the primary user
from the disaster victim
to the medical team sent
in to help victims

Research Question 2: To what extent are student engineers conscious of their use of

heuristics when exploring presented problems?

The five engineers seemed to be aware of their use of heuristics when generating their

problem definitions during the retrospective interview; however, it’s not clear whether they

were aware of using certain strategies during the task of defining the problems. Each

engineer articulated at least a few transformations after being prompted to describe how their

problem definition was different from the presented problem (e.g., “Mine is narrower

because...”). For example, Engineer 1 was aware she was considering a more specific natural

disaster than presented, and that she added the specification for easily salvageable materials

in her first problem definition. She explained that she thought about what materials were
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available at the location; however, she was unable to explain why she decided to focus on
one natural disaster instead of all disasters. Engineer 3 recognized that he was being more
specific in his problem definitions (“fits inside of but doesn’t explain the original problem
statement”), but he stated a few times that he didn’t know why he did [narrow the problem].
Engineers 1 and 2 were initially confused by the extensiveness of the presented problem, and
immediately asked several questions to better define it, demonstrating their discomfort with
broad definitions and most likely their inexperience in problem framing. In addition, all of
the engineers expressed some confusion about what it meant to define the problem

descriptions, suggesting that it is not common practice in their training.

Discussion

The analysis of the think aloud protocols from engineering students showed that
problem exploration indeed occurs, and is associated with making shifts in design decisions.
In particular, Engineers 2, 3, and 4 immediately addressed problem requirements and set
boundaries for the problem space prior to beginning to generate ideas:

Engineer 2: “First [ would think about what the requirements are for the deployment

device, how mobile it should be, how far it needed to travel every day, or how much

food or what kind of supply it needs to carry whether it’s water or just food. I will

assume that [it’s for] a hundred people, and it’s going to make several trips a day, so

it needs to carry at least a decent amount of food for each trip.”

Engineer 3: “I’m going to write down some requirements. Setup, it needs to be

intuitive and needs to be deployable in areas of disaster, like where tsunamis,

earthquakes, or floods. Large population is made homeless, access to electricity. |
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don’t think it would have to be self-sustaining...The power is self-sustaining. Should

probably be water resistant at least because most of those listed there include water. It

needs to help a lot of people at a given time.”

Engineer 4: “Okay, based on the constraints that are given here, first I'm trying to

come up with a list of all the things that need to be satisfied design-wise...First thing

that as | said is like a power source, then how it should last long, and then it should be
compact. The second thing is all these natural disasters, they involve water in some
way, so the safety of the device, it shouldn't shock the victims apart from the shock of
the natural disasters, | meant electric shock, so safety. The next thing is the quick
deployment and setup. It would be good to have a device which is already
programmed to do a specific function so that they don't need to do a setup dance...

The whole thing is since it should be operable by every citizens, simplicity on how it

Is”.

After a preliminary exploration of the problem, Engineers 2, 3, and 4 added additional
context and requirements for each interpretation of the presented problem. Engineers 1 and 5
did not set any initial boundaries, but proceeded directly to idea generation while considering
the problem simultaneously. These findings document how problem descriptions change in
character as new solutions are created; with each iteration, the resulting solution shifted.
Prior research identified a “coevolution” of problems and solutions rather than discrete,
separable stages in the creative design process.'* Our findings confirm the merged stages in
some protocols, such as when Engineer 1 quickly identified shelter as the primary need,

calling it was the “easiest to solve...being a mechanical engineer,” and generated a solution
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with a plywood house with a tarp for the door. Engineer 1 also spoke about the need for
“salvageable materials” in order for quick deployment of solutions.

The goal of this research was to identify heuristics for developing problems as
employed in the ‘fuzzy-front end’ of the design process. To support this goal, three problem
exploration heuristics were identified across all five cases described, suggesting common
practices across engineering students at various levels. The heuristic, Break down the
primary need, was seen in all 28 problem descriptions. This finding showcases the
prominence of reducing, or narrowing, the scope of the problem during problem exploration.
Previous research identified a similar strategy in the problem solving process (“defining a
sub goal”), and it has proven to be effective in reducing the size of the problem space.1%
Reed and Abramson®® also determined that the specification of a sub-goal may be a useful
teaching technique for students who cannot solve a presented problem. The other two
commonly observed heuristics, Define the characteristics of the setting and Focus on one
scenario, were extracted from 22 and 14 different problem descriptions, respectively. This
suggests that converging on one situation, in this case a particular natural disaster, and
defining characteristics of the locations where it would take place (e.g., infrastructure
damaged by flooding), were recurrent exploration strategies used among the five engineers.

The heuristics, List individuals or groups that are associated with the given primary
stakeholder, Describe the required dimensions, Focus on one setting, and Describe the
required functions, were used more often by the more advanced students. However, the
majority of the heuristics were observed relatively evenly across all participants. In addition,
Focus on one setting was observed only once in the problem definitions (Engineer 5,

problem 1), suggesting that this heuristic was not common among the five engineers. This
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could be explained by the nature of the design problem; because the focus was on designing a
device at the site of a disaster, identifying a more specific setting isn’t necessary to solve the
problem. However, in a problem such as designing a playground, the setting may be more
important to specify in order to explore, for example, the current landscape, the materials that
can be used, and who would use the playground on a regular basis. Nevertheless, the analysis
of the protocols from all engineering students involved in the larger study is necessary to
accurately gauge the frequency of heuristic use.

The engineers tended to narrow the problem space by focusing on one or more of the
following: a particular need, a certain type of disaster, a specific stakeholder/user, the
limitations of the environment (e.g. the town is inaccessible), the specific ways the disaster
victim could make use of the device, and the requirements such as cost, functionality,
dimensions, means of operation, and user needs. Existing research has focused on problem
reduction as a rational and efficient approach for complex problem solving;®%®" however,
according to Maier,®8 the problem may never be fully understood or validated if focusing
occurs too quickly. A solution may be to expand or broaden the scope of the problem in
addition, or prior, to reduction. The heuristic Incorporate additional scenarios, extracted
from three problem definitions (Engineer 1 and Engineer 3), demonstrates expansion of the
problem space. The application of this heuristic allowed the two engineers to focus on
solving a larger problem; in this case, providing electricity whenever and wherever electricity
is not available. The solution could be useful in a disaster area, but it could also be valuable,
for example, when a blackout occurs or in third world countries where power is not

accessible at all times. Past research on problem exploration heuristics used by professional
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engineers and designers suggests evidence of both expansion and reduction strategies when
exploring the presented problem.*>64

Excluding the three heuristics common to all five cases, each engineer seemed to
have a particular pattern in exploring the presented problem. The engineers often used one or
two heuristics prominently in each of their problem definitions that were not evident with the
other engineers. For example, Engineer 1 focused on Determine the required cost in three of
her five problem definitions; however, this heuristic was observed only twice in other cases.
According to Shull et al.,*® an individual’s life experiences play a major role in determining
how a problem is perceived and approached. For example, a few engineers referenced
information from their classes; for example, Engineer 1 stated, “we made those in [ME] 270
so it would not be that hard to make.” Differing perceptions of uncertainty, complexity or
conflict can lead two individuals, even with similar experiences (all Mechanical Engineering
students) to employ two very different strategies of problem identification and formulation.®
This might also explain variations in heuristic use among graduate students (Engineers 4 and
5) and undergraduate students (Engineers 1, 2, 3) due to differences in their educational and
professional experiences.

While the evidence from these protocols reveals a consistent picture of heuristic use
in problem exploration, only a small sample of five engineers trained in the same university
program was included. Most importantly, only one problem was considered, and the
presented problem is more similar to design competition challenges than to classroom
problems, which tend to have more explicit constraints. It is likely that more open-ended
problems are more amenable to exploration heuristics; however, it is unclear whether even

more specific problems would also benefit from greater consideration of alternative problem
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perspectives. Another limitation is that the participants were asked to “talk aloud” during
their solution process, which may lead to feelings of self-consciousness and inhibition of
their natural cognitive processes. Although, prior studies have documented the use of talk-
aloud protocols as a method for studying problem solving processes, and have shown the
solution results to be consistent with control protocols without speaking.®? Further studies are
needed to establish the prevalence of the problem exploration strategies identified in this
study.

The results of this work have implications for engineering design education as well as
practice. Learning about heuristics for exploring problems will provide better ways of
teaching about design processes for more innovative outcomes, which in turn, could produce
better-rounded, creative engineers and designers. The goal of this study was to provide an
initial characterization of the cognitive processes behind problem exploration by engineering
students at varying levels. Future work will provide a detailed comparison of the patterns of
thinking and heuristic use evident in explorations of the problem space by professional and
novice engineers and designers. The identification of differences in students’ behaviors and
outcomes will support the development of instructional materials for problem exploration.
Their dissemination in educational and industry settings will better prepare both future and

current engineers for the challenges of solving increasingly complex real-world problems.

Conclusions
The importance of exploring the space of problems in search of varied perspectives
cannot be over-emphasized. While some problem finding methods exist, none are based on

theory, and there is no empirical evidence about their effectiveness in education or in
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practice. This paper reports on a systematic examination of engineering practices to identify

strategies used in exploration of the problem space. Exposure to problem exploration
heuristics and experience in applying them to many different problems may lead to the

development of expertise in intentional variations of problem perspective. For many

engineering students, simply having an arsenal of problem exploration heuristics might lead

to improvement in problem exploration processes, and lead to more innovative solutions. The

problem exploration heuristics identified in this study have potential for improving the

practices of engineering students and practitioners, providing a method for learning when and

how to apply them in new engineering problems.
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CHAPTER 4. CONCLUSIONS

The research results presented in this thesis illustrate how differing problem
perspectives can be created from a single problem description. In the content analysis study,
existing design problems and solutions of professional engineers and designers were
analyzed. From just four given problem statements (design challenges), 102 reframed, or
interpreted, problems were observed. One of these challenges resulted in 55 different
interpretations of the problem, leading to a varied set of solutions. For example, in a
challenge asking for designers to “define a concept to facilitate individual work in a shared
work environment,” the top three designs represented very different interpretations of the
given problem: The winner created a carrying case focusing on mobility, a finalist designed a
cubicle focusing on privacy, and a semi-finalist came up with a scroll-top lockbox focusing
on theft prevention.

In the protocol study with engineering students (Chapter 3), each student interpreted
the given problem in a variety of ways, and each student’s interpretations differed from those
of other participants. For example, Engineer 3 from the protocol studies reframed the
problem on disaster relief by thinking about the end user of the product (victims of a
disaster), and determined the important need would be to provide them with a comfortable
place to stay. This reframing led her to focus on solutions that not only provided shelter, but
also provided amenities such as a bathroom or shower to make the victims as comfortable as
possible. The same engineer also reframed the disaster relief problem to focus on providing

power, and consequently created a completely different set of solutions, ultimately leading to
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the design of a mobile generator. Each newly-reframed problem statement led to a new and
different set of potential solutions.

The varied interpretations of each of the presented problems suggest specific
strategies, or heuristics, are used to understand a problem from differing perspectives, even
though the designer may not be consciously aware of their use. This thesis presents a
cumulative set of Problem Exploration Heuristics extracted from observations of designs by
both professional (Chapter 2) and student (Chapter 3) engineers. Problem Exploration
Heuristics appear to capture strategies used by designers to explore the space of possible
problem formulations. These Problem Exploration Heuristics were observed across a wide
variety of design problems and designers. These heuristics address a range of problem
features, including constraints, requirements, stakeholders, current state limitations, primary
goals or outcomes of the desired solution, user scenarios, problem settings, and many more.

The prevalence of problem exploration heuristics observed in these studies suggests
they are an important method for exploring the problem space. A given problem exploration
heuristic may not be applicable in every problem; however, the availability of multiple
Problem Exploration Heuristics may result in greater flexibility in exploring problems and
solutions. This suggests the potential for instructional interventions with novices about the
observed heuristics, thus providing opportunity to gain the ability to discern differing
problem descriptions, and learn to frame them in ways that facilitates innovative solutions.

The results of this research also showcase how problem descriptions change in
character as new solutions are created. This is evident in the protocol studies when student
engineers often reframed the problem after generating a solution. For instance, after

designing a food delivery drone, one engineer stated, “...that made me think that maybe
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shelter would probably be more important than food at first, and it should be simple enough
for the victims to build themselves. ” This process of revisiting of problem definitions after
creating solutions echoes prior research on the “co-evolution” of problems and solutions.*
In that work, a single, comprehensive problem (“create a concept for a ‘litter disposal system
in a new train”’) was addressed through the creation of sub-goals and partial solutions,
leading to revision of the provided problem description; in particular, all nine of their
participants added the notion that “newspapers should be collected separately.” Dorst and
Cross (2001) suggest that their protocols demonstrated that design problems are not viewed
as “fixed,” but are mutable, and unlike serial problem-solving models* where the problem
space is defined and then a search for solutions occurs. The results from this thesis add to our
understanding of the co-evolution process by showing that problems can be revisited and

redefined with each completed solution.

Ilustration of Problem Exploration Heuristics Use

The outcomes of this research include new knowledge about how engineers at several
levels of experience use cognitive heuristics to explore and refine design problems. The
ability to examine presented problems for their underlying characteristics appears critical in
identifying successful and innovative solutions. In turn, these identified strategies may prove
useful to other designers learning about how to explore problems. Consider the current, real
world design problem to “Develop a product that would assist citizens in Sub-Saharan
Africa”. How might this presented problem be further explored through the use of Problem
Exploration Heuristics? Figure 13 illustrates how problem exploration heuristics can be

applied to this problem to generate numerous alternative perspectives.
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Figure 13. llustration of Problem Exploration Heuristics applied to a design problem.

The five heuristics applied, as an example, to the presented problem explore a variety
of attributes of the problem space. The Problem Exploration Heuristic, Break down the
primary need, narrows the scope of problem to address one particular need that requires
solving. In this example, areas of need in Sub-Saharan Africa include education, disease
prevention, lighting, water purification, and food. The next heuristic, Define the primary
stakeholder, focuses on the individual(s) that will benefit the most from the desired solution.
These might include local, small business owners, family farmers, school children, isolated
tribes, and African refuges. By applying the third heuristic, Identify existing solutions, the
designer brainstorms existing solutions that can be used to address the primary need(s).
Existing solutions could include Brita water filters, farming supplies, and hand sanitizers.
The next heuristic, Define the setting, focuses the problem a specific place where the desired
solution is to be implemented. In this case, the intended solution might be implemented in

elementary schools, rice farms, or refugee camps. The final heuristic applied, Describe the
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environmental constraints, examines the limitations the environment imposes on the final
solution, for example, limited electricity and/or rainfall, infertile soil, and weak
infrastructure. Figure 14 illustrates one example of how the selection of problem heuristics
led to reframing the presented problem and generating a solution. This designer (B.S. in
mechanical engineering) reframed the presented problem to state, “School children need to
be able to be clean to protect themselves from diseases as they transition from classrooms
and other areas when they are in school.” This led to the implementation of sanitation zones

for primary/elementary schools that children would use after using the restroom.
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Figure 14. Protocol of Problem Exploration Heuristic application and the generation of
a solution.
Each of these heuristics draws the designer’s attention to a new area of the problem
space, and allows exploration of additional aspects beyond those evident in the original
problem description. Therefore, by exploring the problem with an arsenal of problem

exploration heuristics, uncommon and diverse solutions may result. Rather than getting
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fixated or “stuck” in a problem, one can choose a Problem Exploration Heuristic, apply it to

the current problem, and see where the resulting transformation leads.

Limitations and Recommendations for Future Work

This thesis explores how both professional and student engineers search the problem
space by generating alternative views toward the presented problem. The empirical findings
lay a groundwork for future studies to determine a more definitive set of heuristics through a
larger sample of problems and designs. While the content analysis study in Chapter 2
includes a variety of design problems and multiple solutions, no trace of the cognitive
processes during design was available in that study. In addition, the protocol study presented
in Chapter 3 examined just one problem across five participants. Additional protocol data
would be helpful in determining whether expertise effects are evident in the use of heuristics.
Comparisons of professionals and novices may identify differences in their patterns of
heuristic use, which can be used to understand differences in underlying problem exploration
abilities. These gaps may inform the development of a range of instructional strategies to
enhance problem exploration skills, resulting in improved education of engineering and
design students.

The protocol studies (Ch. 3) provide much more detailed data as each engineer
’talked aloud” while working on their solutions; however, the quality of the outcomes is not
assessed in the study. Furthermore, these participants were asked to explicitly revise their
problem statement to fit each solution. This task provides more explicit confirmation of how
the engineer viewed the problem at each point; however, the task of reformulating an explicit

problem description seemed challenging for some participants. Perhaps alternative problem
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perspectives are most typically captured only in solutions rather than in explicit revisions of
the problem. Additionally, though protocol studies have been an important tool in design
research, the short, one-time session is unlike typical design settings where progress might
occur over days or weeks. Also, current design efforts frequently involve teams and feedback
about designs; these aspects are not included in the protocol study, and not measurable in
content analysis.

Now that these problem exploration heuristics have been identified, a key question
remains: Can engineers benefit from learning about them? Ideally, future research would
address how these heuristics might be effectively taught in engineering design courses.
Evidence of their use in creating new, effective designs is important to establish their value
as generative strategies. In addition, while the results of the content analysis (Ch. 2)
showcased a correlation between creative, novel solutions and heuristic use, additional
studies are needed to validate the effectiveness of problem exploration heuristics, and to
determine whether heuristic use enhances innovative solutions.

The results presented in this thesis provide evidence of the problem exploration
strategies available to engineering and design students and practitioners. With further
refinement and development, engineering instructors may benefit from documented
pedagogy aimed at training students to explore presented problems. In the words of an
undergraduate engineer, “Coming from a family of engineers, | would have never imagined
in my wildest dreams that ENGINEERING and CREATIVITY could even belong in the
same sentence.” The results from this thesis demonstrate that creativity is indeed central to

engineering design.
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APPENDIX B. PROBLEM EXPLORATION HEURISTICS

Rank | Heuristic Title Heuristic Definition Total
Occurrences
Brainstorm specific functions that the final solution must
q Detail the required have in order to solve the specific issue being addressed. 40
functions Think about how the final solution will operate ideally

and detail each function in the problem statement.

Analyze how the user will use the desired solution. Add
. the ability of the user to reconfigure or customize the
Include multiple ways . .
2 A solution to meet the specific needs of each user and each | 39
situation in the problem statement including the ability to
add, remove, or change different components.

Analyze the specific scenario in which the desired
3 Integrate mobility solution might be used and integrate the need for mobility | 24
(can be moved place to place) in the problem statement.

Analyze potential scenarios in which the desired solution
can be used (what is the user doing?). Define the
positive/negative characteristics of the situations in which
the solution will be implemented and prioritize them
based on frequency. Select the top use case and detail it
in the problem statement.

4 Prioritize use cases 21

Analyze the limitations to or flaws in achieving the task
at hand in the current state and select one limitation to
5 Find the root cause focus on. Explore what is causing this limitation to 20
determine the root cause. Detail the root cause in the
problem statement.

. Determine the primary outcome of the desired solution,
State the desired . . .
6 — or what you are trying to achieve by solving the problem. | 20
u
Detail the primary outcome in the problem statement.

Analyze the limitation(s) to achieving the task at hand in
Add potential the current state. Detail limitations that may be similar to
limitations or would benefit from a similar solution and select one or
two to add to the problem statement.

Analyze the limitation(s) to achieving the task at hand in
Break down the ) o o

the current state. Make a list of all sub-limitations within
8 addressed . o 19
L the original one. Select one or two sub-limitations to
limitation(s)

replace the original limitation in your problem statement.
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Determine the end

Determine who the end users of the final solution will be.

Define specific criteria that the solution must adhere to

9 user and detail their | that will benefit these users and their experience with the | 19
needs final solution. This includes criteria for ease of use,
ergonomics, and safety.
. Analyze the economic status of the individuals, local
Determine the .. . . ) .
10 . communities, nations, etc. that will use the final solution. | 17
required cost . . . .
Define the maximum cost of the final solution.
Analyze the environment and the situation in which the
. desired solution will be used. Examine the primary
Describe secondary ) . . . .
11 functi function of the final solution and brainstorm additional 17
unctions . . . .
functions that could be added to benefit the final solution.
Detail these functions in the problem statement.
List additional settings in which the desired solution
i could be used to broaden the potential areas/spaces in
12 Expand the setting . . . . . 16
which the final solution can be implemented. Detail each
setting and add them to the problem statement.
Analyze the primary outcome of the desired solution and
13 Break down the break it down into distinct pieces. Choose one of the 15
desired outcome subcategories to narrow the scope of the problem. Detail
the narrowed outcome in the problem statement.
Think about the specific material needs of the final
o Describe material solution and describe the necessary characteristics the 14
characteristics material must have in the problem statement. The
characteristics may include durability, elasticity, etc.
Evaluate the natural environment in which the final
solution will be implemented. Detail specific criteria in
15 Focus on eco-friendly | the problem statement that the solution must adhere to 14
solutions that will benefit the environment - the ecosystem, the
resources, etc. Think about issues such as material waste,
climate change, use of natural resources, etc.
. . Describe the visual qualities needed to support the
Describe the desired ) . .
16 . . primary functions in the problem statement, in order to 13
visual attributes . . .
enhance the users' interaction with the outcome.
Analyze the secondary functions of the desired solution
Integrate existing and brainstorm existing products that could be
17 products to address incorporated in the desired solution to provide this 12

secondary functions

additional functionality. Detail these products in the
problem statement.
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Describe an existing
solution to use as

Analyze the primary outcome of the desired solution and
brainstorm existing products that have a similar outcome.
Use the concept of existing ideas as inspiration for your

18 . . - 12
conceptual idea. Determine if the concept of the existing product
inspiration could be used in a new way to solve the limitation you

are addressing and detail it in the problem statement.
Analyze potential setting in which the desired solution
. could be used. Select a specific setting to focus on.
Define the . .. . - .
. Define the positive/negative characteristics of the setting
19 characteristics of the | . . . . . . 9
- in which the solution will be implemented in the problem
i
. statement. If a setting is already specified, provide more
detail.
Substitute the Make a list of the primary stakeholder's social groups.

20 individual primary Select a specific group as the new primary stakeholder to 8
stakeholder for a include more individuals and detail the group in the
group problem statement.

Analyze the environment in which the final solution will
. be implemented. Describe the conditions of the
Describe the . L _
. environment and the limitations that exist in the problem

21 environmental . i 7

conditions statement. This includes the climate, topography, labor
force, and any existing products that may be used in the
same environment.
Describe the required . e
. Analyze the current manufacturing capabilities and
manufacturing Lo . . . .

22 ) limitations including processes and machinery. Detail the | 7

process and its I T

L capabilities and limitations in the problem statement.
limitations

Incorporate user Add criteria that require the ability for the final solution

23 customization in to be customized by the user before manufacturing. 6
manufacturing Detail the features that can be customized in the problem
process statement.

Substitute the Make a list of individuals in the primary stakeholder

o primary stakeholder | group you identified. Select a specific individual and 6
group for an change the primary stakeholder to this individual in the
individual problem statement.

o Describe the brand Describe the aesthetic values desired by the solution or c
values the brand in the problem statement

Make a list of larger groups that the primary stakeholder
. group is a part of. Select one of these groups to
Expand the primary o - .
26 encompass more individuals than the initial primary 5

stakeholder group

stakeholder group you identified. Change the primary
stakeholder to this group in the problem statement.
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Describe the primary

Brainstorm all possible stakeholders (both internal and
external) of the desired solution. Prioritize and select one

27 o e
stakeholder stakeholder (individual or group) that will primarily
benefit from the solution to add to the problem statement.
. . Analyze the setting and the use cases of the desired
Describe the required : e
. solution. Add a specific size limitation to the problem
28 size and space . . i
. statement that the final solution needs to have in order to
attributes .
work effectively.
Analyze the primary outcome of the desired solution and
29 Expand the scope add scope to the goal (while still being manageable) to
maximize the benefits of the final solution.
Analyze the primary outcome of the desired solution and
determine if an existing solution can be used to solve the
problem. If not, describe the functions of similar
30 Consider existing solutions and identify which functions are applicable to
solutions the problem and add them to the problem statement.
Address any gaps of the current solutions that still need
to be filled and specify these gaps in the problem
statement.
Brainstorm the different groups within the initial
Break down the . e -
. stakeholder group you identified. Select a specific group
31 primary stakeholder .
rou as the new primary stakeholder to encompass more
e individuals and detail it in the problem statement.
Analyze the cultural issues present that impact the
limitations of the current state. Change the primar
Shift focus to cultural . d p. y .
32 icsues outcome to reflect addressing these cultural issues to shift
issu
the focus from individual needs to broader needs. Detail
the new primary outcome in the problem statement.
Identify potential assumptions you need to make for
33 Examine assumptions | early-phase, preliminary solutions and add to problem
statement.
Analyze the current limitations to achieving the task at
Brainstorm ways to hand. Determine if the object or situation causing the
34 eliminate the root limitation can be moved in order to eliminate or reduce
cause the limitation and modify the primary outcome to reflect
this in the problem statement.
Analyze the conditions and limitations of the
Brainstorm ways to environment in which the final solution will be
. eliminate implemented and determine if they can be modified,

environmental
restrictions

eliminated, or reduced. Change the primary outcome to
resolving the environmental constraints in the problem
statement.
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Analyze the primary outcome of the desired solution and
modify it to teaching individuals/group how to perform a

36 Focus on education ) . . 1
task instead of the primary outcome being to perform a
task in the problem statement.
Analyze how the desired solution may need to be
maintained or serviced after implementation. Describe
o Describe the required | how or when the maintenance should occur and what L
maintenance needs tools/labor are required in the problem statement to suit
the environment and situation of the desired solution.
Add these details to the problem statement.
Analyze the primary outcome of the desired solution and
38 Focus on economic modify it to include benefiting the economic status of an 1
growth individual, local community, nation, etc. in the problem
statement.
List additional use cases in which the final solution could
39 Incorporate more be used. Detail each use case and add them to the 1
scenarios problem statement. This will broaden the ways the final
solution could be used.
Brainstorm scenarios in which the desired solution could
m Describe a future be used in the future. Think about the potential setting, 1
scenario the users, and the products available in the future. Detail
one or two scenarios in the problem statement.
Brainstorm possible stakeholders that could benefit
indirectly from the desired solution. These stakeholders
i Describe secondary would be involved in the final solution somehow, but L
stakeholders may not be the main benefactors. Describe how these
stakeholders will interact with the desired solution or the
users of the desired solution in the problem statement.
List individuals or Brainstorm the individuals or groups that the initial
v groups that are primary stakeholder may interact with it on a regular 1
associated with the basis. Select one of these individuals or groups as the
primary stakeholder | new primary stakeholder in the problem statement.
Total occurrences 428
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APPENDIX C. INFORMED CONSENT DOCUMENT

INFOEMED CONSENT DOCUMENT

Title of Study: Tackling the “right’ problem: Investigating cognitive strategies used
in understanding engineering problems

Investigators: Seda Yilmaz PhD
Jaryn Stouder, Research Assistant

This 15 a research study. Please take your time in deciding if you would like to
participate. Please feel free to ask questions at any time.

INTRODUCTION

The purpose of the study is fo investigate problem exploration heuristics — strategies used
to identifiv and refine problem definitions (also called problem finding or framing). You
are being invited to participate in this study because you contacted vs about your
willingness in taking part in this research, where we explore cognitive heuristics used in
defining design problems. You should not participate if vou are under 15,

DESCRIPTION OF PROCEDURES

If you agree to participate, vou will be given a problem statement describing a problem
and its context in a written format. and asked to work on it for 25 minutes. The problem
statement will be developed based on existing problems in engineering, inspired by the
Grand Challenges. Mo interventions will be employed. After the problem statement 13
provided, you will be asked to reshape that problem into other potential problems, which
may be more important or feasible to solve. We will, then, ask you to describe your
thoughts as you form ideas for problems, and to explain why vou think the defined
problem is important. This task will then be repeated using a different problem statement.

After each 25 minute task we will follow up with an interview addressing the types of
design problems faced in practice, how problems change throughout the life of the
project, what heuristics are nsed in framing problems and identifying new solution
opportunities, and how problem space influences the solution space. These retrospective
interviews will take about 10 minuotes each to nnderstand how you describe your own
decision-malking processes. These interviews will be avdio-recorded and transcribed later
for analysis.

The entire study will take about one hour and 30 minutes and you will not be asked to
spend time on studies in addition to what you will be asked.

RISKS
While participating in this study vou may experience the following risks: Miner

psychological discomfort; however, we will provide a short think-alowd exercise at the
beginning to minimize the discomfort of talking aloud while worldang on the task.
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BENEFITS

If you decide to participate in this study there is no direct benefit to you. However, a
possible benefit is that you will become more aware of your approach to problem
exploration as we will ask specific questions about your behavior i how you think the
design problem changed over tune, during meetings and while you are working alone.

COSTS AND COMPENSATION

You will be compensated with $30 for participating i this study. This amount will be
provided to you at the end of the session

This information allows the University to fulfill government reporting requirements.
Confidentiality measures are in place to keep fhus information secure. You may forego
receipt of payment(s) and continue in the research study if you do not wish to provide
your secial secunity onmber and address. Information regarding documentation required
for participant compensation may be obtained from the Controller’s Department; 204-
2555 or http:/'www.controller iastate edu.

PARTICIPANT RIGHTS

Your participation in this study 1s completely voluntary and you may refuse to participate
or leave the study at any time. If you decided to not participate in the study or leave the
study early, it will not result in any penalty or loss of benefits to which you are otherwise
entitled. You can skip any questions that vou do not wish to answer.

CONFIDENTIALITY

Records identifying participants will be kept confidential to the extent pernutted by
applicable laws and regulations and will not be made publicly available. However,
federal government regulatory agencies, anditing departments of Iowa State University,
and the Institutional Review Board (a committee that reviews and approves human
subject research studies) may inspect and/or copy your records for quality assurance and
data analysis. These records may contain private information.

To ensure confidentiality to the extent permuitted by law, the following measures will be
taken: the coding of the data will be done by the researchers who will be blind to the
project. Participants” information will be removed and replaced by ID codes. These [D
codes will be matched by participants, but will only be available to the PI. No identifiers
will be provided to researchers for data analysis. The identifiers will be kept in PI's
office, in a locked cabinet. The data will also be kept there, and will be taken out when
the researchers analyze them

If the results are published, your identity will remain confidential
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QUESTIONS OR PROBLEMS
You are encouraged to ask questions at any time during this study.
s For further information about the study contact Dr. Seda Yilmaz at 515.204.716.
s If yvou have any questions about the rights of research subjects or research-related
mjury, please contact the IRB Administrator, (515) 204-4566, IRB@1astate edu,

or Director, (515) 294-3115, Office for Responsible Research, Iowa State
University, Ames, Iowa, 50011.

PARTICTPANT SIGNATURE

Your signature indicates that you voluntarily agree to participate in this stody, that the
study has been explained to you, that you have been given the time to read the document,
and that your questions have been satisfactorily answered. You will receive a copy of the
writen informed consent prior to your participation in the study.

Participant’s Name (printed)

(Participant’s Signature) (Date)




