The Pennsylvania State University
The Graduate School
College of Engineering

TOWARD THE DEVELOPMENT OF METHODS TO SUPPORT CREATIVE CONCEPT
SELECTION IN ENGINEERING DESIGN

A Thesis in
Industrial Engineering
by
Christopher A. Gosnell

© 2014 Christopher A. Gosnell

Submitted in Partial Fulfillment
of the Requirements
for the Degree of

Master of Science

December 2014



The thesis of Christopher A. Gosnell was reviewed and approved* by the following:

Scarlett. R. Miller
Assistant Professor of Mechanical and Industrial Engineering
Thesis Adviser

Sven G. Bilén
Associate Professor of Engineering Design, Electrical Engineering, and Aerospace Engineering

Paul M. Griffin
Professor of Industrial Engineering
Head of the Industrial and Manufacturing Department

*Signatures are on file in the Graduate School

i



ABSTRACT

Engineering design idea-generation sessions often result in dozens, if not hundreds, of
ideas. These ideas must be quickly evaluated and filtered in order to select a few candidate
concepts to move forward in the design process. While creativity is often stressed in the
conceptual phases of design, it receives little attention in these later phases — particularly during
concept selection. This is largely because there are no methods for quickly rating or identifying
worthwhile creative concepts during this process. Therefore, the purpose of this thesis was to
develop and test a novel method for evaluating the creativity and feasibility of design concepts.
The first phase of this research involved the creation of a creativity evaluation methodology that
utilizes word selections and semantic similarity to quickly and effectively evaluate candidate
concepts. To test its utility during concept selection, an empirical study with ten engineering
designers was completed. The results revealed that our methodology and rating system could be
used as a proxy for measuring design creativity regardless of the openness of the design task.
The second phase of this thesis sought to investigate the impact of decision-making bias during
concept selection and to refine our design creativity evaluation methodology. In order to
accomplish this, an online questionnaire was developed and administered to 11 expert and 11
novice design engineers. The results from this study supported the use of our creativity
evaluation methodology with both expert and novice raters for early design creativity. It also
contributes to our understanding of experience bias in creativity evaluation and provided a
framework for computational design creativity systems. The final phase of this thesis sought to
explore the use of the creativity assessment methodologies within a classroom setting and to
compare the results from team evaluations and individual team member evaluations. During this
phase, our creativity evaluation methodology was developed into a printable toolkit to help
students evaluate designs for an in-class project. In this study, 32 students in teams of four
utilized the toolkit to analyze design sketches from their team members. The results from this
study showed significant relationships between individual and team perception based evaluations
that utilized sliding scales and group discussion and our adjective selection method. However,
the widely adopted creativity evaluation method from academia that compared designs feature by
feature appeared to be measuring something else entirely. The results from this thesis are used to
develop recommendations for the use of creative concept selection tools in engineering design.
In addition, the results are extrapolated to create recommendations for an online web application
geared enhancing the usability and accessibility of concept selection tools for both academic and
industrial implementation.
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Chapter 1
Introduction

Design generation tools and methodologies are plentiful and have given design teams the
ability to generate tens, if not hundreds, of ideas in a relatively short period of time [1]. While
prior studies have shown that there is a positive relationship between the number of designs
generated and the likelihood of creative ideas being included in the set [2], this influx of design
ideas can be problematic for design teams that need to effectively select the most creative
designs to develop. In an increasingly competitive marketplace, design creativity can mean the
difference between market leading products such as the Toyota Prius™ and the lesser known
Honda Civic™ hybrid [3, 4].

Although a number of decision-making tools are available to help designers with their
selections [5-8], these tools are often complicated and require design parameters that may not yet
exist in the early phases of design. In addition, these methods, as well as the designers
themselves, have a tendency to overlook design creativity in favor of feasibility and thus creative
designs may be left behind prematurely without much consideration [9-11]. While design
creativity evaluation methods do exist [12, 13], they are often linked to methods used in
decision-making tools. These methods are generally repeatable and include assessments for
design novelty and feasibility, but struggle to establish the “degree of novelty” [14]. Therefore,
research that explores and investigates the utility of these design creativity evaluation tools and
the development of new streamlined tools can add to our understanding of design creativity and

allows us to develop design selection tools that consider both novelty and feasibility effectively.

1.1 Background & Motivation

Designing with a focus on creativity helps to produce designs that are not just
technologically advanced but meaningful designs that upset the status quo of stagnant thinking
[15]. While creativity is often in high demand early on in design generation, however, the push
for it dissipates throughout the design process and creativity is often overlooked during the

selection process due to ill-conceived perceptions that creative designs are not feasible or



realistic [11]. These notions intensify the importance of defining design creativity and
developing tools and methodologies that can quantify it.

In engineering design, creativity is often defined by two parameters: 1) design novelty,
which is the uniqueness of the idea, and 2) the idea’s utility and design feasibility, which is how
well the ideas meet the design goals [16-18]. While design creativity involves both of these
factors, the methods currently employed by designers to evaluate design creativity rely on
modifications or expansions to tools and methods originally designed for decision making or
concept selection that largely ignore design novelty [19, 20]. This is problematic for practicing
engineers and students who are, by default, biased against novelty in favor of feasibility during
design selection sessions. In fact, researchers have found that it often occurs that novices as well
as expert raters have a tendency to get fixated on the intricacies of a product’s feasibility and
ultimately discard ideas without consideration for novel components of the product [21-23].
Therefore, it becomes essential to encourage creativity throughout the development process.

While not developed for use in engineering industry, there have been several methods
developed to rate creativity in engineering design research. For example, Shah, Vargas-
Hernandez, and Smith [24] create metrics for evaluating design quality, novelty, feasibility and
variety based on feature-tree analysis in order to determine the relative creativity of ideas [25].
Another popular method, Sarkar’s SAPPhire, evaluates designs based on the relative uniqueness
of the actions of the product, the features that compose the product and the base level quality of
the product, and can be mapped to a Function Behavior Structure (FBS) model, which has used
in artificial intelligence research [14, 26]. While effective for rating ideas in a research setting,
one of the main drawbacks of these methods for widespread implementation is novelty is often
measured with multiple highly trained raters who rate ideas based on specifically designed
questionnaires [25, 27]. The trained raters are generally Ph.D. students, professors or
professional designers with years of experience [28, 29]. For each unique problem set, new rater
guidebooks need to be developed, hiring raters can be expensive and training can be time
consuming especially for design projects in the classroom with students or in industry [30]. For
this reason, creativity evaluation methods are rarely used outside of academic research [31].
Therefore, while these methods provide a means to quantify creativity, their time intensive
nature and specificity to each design problem make them difficult to implement in industry and

classroom practices.



Because of these limitations, researchers from cognitive engineering, computer science
and usability engineering have begun to explore more divergent approaches to understanding
design creativity and methods to measure it. Studies in cognitive engineering have helped to
understand the role of bias and emotional response within design creativity and have provided
insights into opportunities to influence their effects in creativity evaluation tools [32-34]. Other
studies in computer science have developed frameworks for computational design creativity
tools to aid in the design process through the use of artificial intelligence and natural language
processing [35, 36]. Research in product usability and affective engineering has developed
several methods to extract user desirability preferences through word selections [37] and
quantitative feedback on emotional affinities being conveyed by product designs [38]. These
prior studies have pushed our understanding of design creativity by illustrating potentially novel
approaches to evaluating creativity, but they have not been empirically explored or validated for
design practice.

While divergent design creativity tools are being explored in areas of computer science,
and concept selection tools have been available for use in engineering design, they either lack
significant validation or have a tendency to overlook creativity for the sake of feasibility [35,
39]. In light of this, creativity assessments have emerged for products and groups of products
within academia [19]. However, these metrics and tools can be too time consuming, costly and
unreliable when implemented by student engineers and practitioners in industry [28, 31]. With
the push for more creativity in the engineering community, creativity assessment tools have an
opportunity to act as catalysts in this movement by giving designers the ability to quantify

creativity during the concept selection process.

1.2 Objective

The objective of this thesis is to investigate the development and utility of a new
creativity assessment tool that is repeatable, considers the role of human bias and is easily
implemented in both academic and industrial settings. This thesis is composed of two conference
papers, and two journal articles that collectively guide the overarching research goals.

Specifically, the goals are as follows:



Goal 1: Explore the utility of word selections and word relatedness as a means to evaluate
design novelty and feasibility as they compare to prior creativity assessment methods. Prior
studies have shown that word selections can be used to obtain feedback quickly and effectively
from users and customers regarding product desirability and emotional impact [37, 40].
However, no studies to date have explored the utility of word selections in creativity evaluations.
Therefore, the first goal of this thesis is to investigate how word selections can be used as an

accessible and comparable means for quantifying design concept creativity.

Goal 2: Investigate the impact of experience bias on creativity evaluation. Researchers in
cognitive science and engineering design have shown mixed findings on the impact of expert and
novice raters in the creativity evaluation process [21, 41], leaving it unclear if, and when, novice
raters can be used as a proxy for experts during the creativity evaluation process or if expert
raters must also be used. Therefore, the second goal of this thesis is to explore the impact of
experience bias on creativity assessment in order to determine if novices can be used as a proxy

for expert ratings during the concept evaluation process.

Goal 3: Develop an understanding of the effects of semantic creativity assessment tools in the
engineering classroom. While research in engineering education and product design has studied
peer evaluations and self-evaluations [42-44], little research has been conducted that compares
subjective self-evaluations of designs with the evaluations obtained from creativity assessment
tools in an engineering classroom. Therefore, the final goal of this thesis is to develop an
understanding of the difference between subjective and objective creativity assessment tools in
order to design recommendations for design creativity assessment tools that can be implemented

in the engineering classroom.

1.3 Summary of Thesis Papers

In order to investigate these goals, three manuscripts were developed, and are presented
in the following chapters of this thesis. Specifically, the first manuscript published in the
proceedings from the ASME 2014 International Design & Engineering Technical Conferences



[45], found in Chapter 2, was developed to investigate the utility of word selections and semantic
similarity as a method for evaluating design novelty and feasibility. The second manuscript of
this thesis submitted to the ASME Journal of Mechanical Design, found in Chapter 3, was
developed to explore the impact of experience biases on current methods of concept evaluation,
including our recently developed semantic creativity assessment tool. Finally, Chapter 4 of this
manuscript was developed to explore the impact of the newly developed creativity assessment
tool in the engineering classroom. The work of this chapter is to be submitted to the ASME
Journal of Mechanical Design. These papers culminate in design recommendations described in
Chapter 5 for a web-based design creativity evaluation tool that contributes to the efforts to

support creativity throughout the design process.

1.3.1 Paper I — A Novel Method for Providing Global Assessments of Design Concepts

Using Single-word Adjectives and Semantic Similarity

Published in: ASME International Design Engineering Technical Conference on Design Theory
and Methodology, Buffalo, NY, August 17-20, 2014

Engineering design idea-generation sessions often result in dozens, if not hundreds, of
ideas. These ideas must be quickly evaluated and filtered in order to select a few candidate
concepts to move forward in the design process. While creativity is often stressed in the
conceptual phases of design, it receives little attention in these later phases — particularly during
concept selection. This is largely because there are no methods for quickly rating or identifying
worthwhile creative concepts during this process. Therefore, the purpose of this study was to
develop and test a novel method for evaluating the creativity and feasibility of design concepts
and comparing this method to gold standards in our field. The semantic creativity assessment
tool (TASC) method employed in this paper uses word selections and semantic similarity to
quickly and effectively evaluate candidate concepts for their creativity and feasibility. This
method requires little knowledge of the rating process by the evaluator. We tested this method
with ten engineering designers and three different design tasks. Our results revealed that TASC
ratings can be used as a proxy for measuring design concepts, but there are modifications that
could enhance its utility. This work contributes to our understanding of how to evaluate

creativity after idea generation and provides a framework for further research in this field.



1.3.2 Paper II — The impact of Experience Bias on Concept Creativity Evaluations

Submitted for consideration to the Journal of Mechanical Design, December 2014

Product design teams are generally guided by engineers with years of experience due to
their ability to rely on the successes and failures of previous designs to make more encompassing
decisions. Although these individuals afford us the ability to quickly pick out optimal designs
rather subjectively and quickly, they can also be impacted by heuristics that may not apply to the
current design problem. In following study, we sought to explore the impact of experience biases
on current methods of concept evaluation including our TASC method. Our results support the
use of novice design engineers for the evaluation of early design creativity as a proxy for expert
experience. This work contributes to our understanding of creativity evaluation and provides

support for our TASC method and novice perception as evaluation methods.

1.3.2 Paper III —Design Creativity Assessment Metrics in Engineering Education

Submitted to for consideration to the Journal of Mechanical Design, December 2014

In design research, creativity assessment methods have been studied to obtain
quantitative measurements of design novelty and feasibility for use in the concept selection
process. However, little research exists that studies the application and implementation of these
tools by engineering students on grade-dependent class projects. In this study, teams of
undergraduate engineering design students evaluated their own early product sketches using their
individual judgment, team judgment and our TASC adjective selection method. The resulting
evaluations were compared and contrasted with evaluations obtained from the widely adopted
SVS method used in academia. For team evaluation, our results showed significant positive
relationships between the team judgments and our TASC evaluations of creativity (p < 0.001),
but no significant correlation with SVS evaluations. For individuals, our results showed
significant positive relationships between individual judgments of creativity and both TASC (p <

0.001) and SVS (p < 0.05) evaluations. These findings demonstrate that our TASC adjective



selection method of evaluating design creativity is tapping into similar constructs of creativity as
the design teams, and also indicate that the SVS method does not appear to be evaluating
creativity as perceived by engineering design students. The results from this study can be used to
enhance our understanding of design creativity, and to help support creativity in engineering

design education.

1.3.3 Summary of Papers

These research papers provide an exploration of the impact of creativity evaluation
methods, and their integration into engineering design education, and professional practice. Their
findings, and implications contribute to the overall goals of this thesis, and provide a basis for
developing new, and more accessible creativity assessment tools for wide usage. The following
three chapters (2-4) present these papers in manuscript form and chapter 5 is used to summarize

the main contributions of these articles and their limitations.



Chapter 2
A Novel Method for Providing Global Assessments of Design Concepts Using

Single-word Adjectives and Semantic Similarity

Published in: ASME International Design Engineering Technical Conference on Design Theory
and Methodology, Buffalo, NY, August 17-20, 2014

At the very beginning of the design process, designers and their teams spend a significant
amount of time defining the problem and then generating initial designs and ideas to explore.
These design idea-generation sessions often result in dozens, if not hundreds, of ideas. These
ideas must be quickly evaluated and filtered in order to select a few candidate concepts to move
forward in the design process. While creativity is often stressed in the conceptual phases of
design, it receives little attention in these later phases — particularly during concept selection.
This is largely because there are no methods for quickly rating or identifying worthwhile creative
concepts during this process. Therefore, the purpose of Chapter 2 of this thesis was to develop
and test a novel method for evaluating the creativity and feasibility of design concepts and
comparing this method to gold standards in our field. This chapter introduces the TASC
creativity assessment method developed as part of this thesis and an empirical study with ten
engineering designers. The results of this study contributes to our understanding of how to
evaluate creativity after idea generation and provides a framework for further research in this

field.

2.1 Introduction

Engineering design research has long since devoted attention and resources to developing
tools and methods for supporting creativity during idea generation [46, 47]. While creativity is
emphasized in these early phases of design, it is rarely considered in later stages [48-50]. This is
problematic because even if designers develop creative concepts, they may not be selected to
move forward in the design process. Identifying the right ideas is one of the most elusive

components of the design process. Steve Jobs once said, “[innovation] comes from saying ‘no’ to



1,000 things.” However, it’s also saying yes to the right things — the creative things [51]. While
selecting creative concepts is a vital component of the design process, few tools exist for helping
designers quickly, and accurately judge the creativity of design ideas during the concept
selection process [52].

While not specifically focused on creativity, there has been a wealth of research devoted
to developing metrics and methodologies to help designers evaluate engineering design concepts
[19, 37,47, 53]. For example, design feature tree analysis, and its derivatives have been
prevalent in current design novelty evaluation tools [19, 52]. Although these methods provide an
unbiased method to evaluate design concept novelty, they require a tedious analysis process
making them ill fit for use outside of academia [48, 49, 54]. In addition, these methods were
developed as a means to compare ideation method effectiveness rather than for aiding designers
in evaluating candidate design concepts. Therefore, new methods are needed that allow designers
to assess design concept creativity more efficiently to ensure designers more thoughtfully

consider creativity after idea generation.

Therefore, the purpose of this chapter is to introduce, and test a novel method for
evaluating the absolute creativity of design concepts using adjective selections and semantic
similarity. This approach requires the designer to have little understanding of design metric
calculations, and negligible time to complete evaluations. This work contributes to our
understanding of the utility of new metrics for evaluating creativity, and a focus on creativity
after idea generation. This research directs us to a more efficient system for evaluating design

concepts, and supporting creativity in the selection process.

2.2 Design Concept Creativity Metrics and Evaluation

Although not developed for the purpose of aiding in concept selection, there has been a

wealth of research devoted to developing effective methods for evaluating the relative creativity

of design concepts, or the creativity of an idea relative to the other ideas developed in an idea set
[55, 56]. In other words, relative novelty metrics are “essentially a measure of whether the
exploration occurred in areas of the design space that are well-travelled or little-travelled” [57].
These methods were developed primarily to evaluate, and compare the performance of idea

generation techniques [25], and relate the relative “goodness” of design ideas with the idea



generation technique used [58]. Cognitive psychologists, and engineering design researchers
have developed and adopted two distinct methods for evaluating the relative creativity of design
ideas.

Cognitive psychologists typically measure creativity in terms of the (1) quality (i.e., utility of
completeness), (2) originality, (3) elegance, and (4) variety of each designer’s ideas [59]. In this
method, researchers select ideas generated in the study that are high, medium, and low examples
of the study criteria (e.g., high originality, medium originality, low originality, etc.). These ideas
are used to provide judges with reference points during the assessment process [60]. Once
familiarized with these exemplars, judges provide ratings of the entire idea set using 7-point
Likert scales. While these rating techniques have been used extensively in the assessment of
creative outcomes, and have produced inter-rater reliability values (ICCs) in the range of 0.80—
0.90 [e.g., [61, 62], the method relies heavily on selecting appropriate exemplars for comparison
prior to the rating process. In addition, the method is extremely time-consuming to complete and

is subject to the cognitive biases and limitations of the raters [19].

On the other hand, engineering design researchers typically rely on functional decomposition
to measure the relative creativity of design ideas [58]. In this method, researchers collect all of
the ideas generated by all of the participants, identify key attributes (e.g., control mechanism,
motion type, etc.), and identify all of the ways each design address each of those attributes. A
count is then created for each instance of the solution method; the lower the count the higher the
novelty because it means few people solved the problem in the same way. This method is widely
adopted in engineering design studies because of its unbiased and repeatable feature tree style
approach to evaluating design concept creativity [19, 58]. However, Nelson et al. [25] and
Srivathsavai et al. [63] have identified the metric’s limitations, such as inaccurate representations
and poor inter-rater reliability. In addition, this method requires a new feature tree to be

developed for each design task, which is a time-intensive and burdensome process.

While these concept evaluation metrics have progressed understanding in the field of
engineering design, there remains a need for a more efficient (time-involved), and holistic
method for accessing concept “goodness”. The methods discussed above do not consider the
creativity associated with ideas that are fundamentally novel with respect to the whole of human
history (historic creativity) [64]. This is important because, although an idea can be novel

compared to others idea generated, it may not be commercially viable if similar concepts already
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exist on the market. Because of this, researchers have begun to explore a more holistic approach
to measuring concept creativity, and technical feasibility through Comparative Creativity
Assessment [19]. While this method allows for one universal method for idea assessment, it is
still based on the feature-tree approach and the equations by Shah, Vargas-Hernandez, and Smith
[58].

Due to the timeliness involved in the current idea assessment techniques, and the fact that
they were developed to compare ideation effectiveness, few of these methods are utilized in
engineering education or industry. Thus, these methods are not useful for identifying the
“goodness” of ideas during the concept selection process. The purpose of this study was to

develop, and test a novel holistic method of assessing both concept creativity and quality.

2.2.1 Cognitive Biases and Decision Support during Concept Selection

In addition to considering the current methods for assessing concept creativity, it is
important to remember that the concept selection process is inherently a decision-making task
with human decision makers. Humans and, by extension, product design teams are naturally
biased in their evaluation, and selection of novel concept designs [65]. The experience, and
heuristics of each designer ultimately results in the decision to rank one idea as being either
better or worse than another. Engineering designers with extensive experience, and an
understanding of their inner decision making processes can have an edge over others [66, 67].
Whereas designers with little experience and understanding may follow false, or inaccurate
heuristics that result in poor decision-making and the selection of early concepts that fail to
thrive. In addition, it is well known that designers have an inherent bias against creative ideas
due to the risk associated with uncertainty, and risk associated with novel concepts [68]. For this
reason, it is important to acknowledge the role of cognitive biases, and heuristics of engineering

designers during concept selection.

Subjective bias is defined as decision making or evaluation based on personal, poorly
measurable, and unverifiable data or feelings weighted against objective, unbiased data which
impede the ability of individuals to make valid decisions or evaluations [69]. In particular,

designers, or any evaluator, can be biased based on the order in which they evaluate the ideas
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(cue primacy and anchoring effects), or their inability to look at the problem from a perspective
other than their own (framing bias) [70]. It is widely known that designers perceive the world
around them by taking in what is accessible to them, and then filling in the gaps from estimates
based on past experiences [67, 71]. This has many benefits especially with regards to making
quick decisions, but also makes it possible for designers to misinterpret the information
available. Additionally, this bias towards available information can cause designers to make
decisions with a limited view of the possibilities [67, 72]. Single features either present, or absent
from early concepts can quickly lead to rejection no matter how creative or feasible the concept
may be otherwise. A designer or design team’s past experience with certain features, materials,
or design problems can also lead to poor design selection. There is a great deal of power in
decision making that is based on associative experiences no matter how loosely they connect to
the current situation [73]. Unfortunately, the majority of product design teams lack the power,
and experience of the Steve Jobs and Elon Musks of the world to choose ideas at will without

having to rationalize their bases.

In acknowledgment of the limitations of free-form design decision-making, engineering
designers are taught early on in their careers a standard set of methods to evaluate designs.
Pugh’s evaluation method [74], Marsh’s Analytic Hierarchy Process (AHP) method [75], Pahl
and Beitz’s Utility Theory [76], and Quality Function Deployment (QFD) matrix method [77]
are just a few of the methods taught to engineers. While these methods are widely used in
academic, and industry practices for evaluating concepts, they often neglect to consider the
creativity or uniqueness of each concept during the selection process [78]. While recent studies
have begun to explore new concept evaluation methods that focus on both the quality, and
novelty of the design ideas developed during concept selection (see for example [52, 79]), these
methods are largely unexplored for their impact on creative concept selection or their ability to
aid decision makers in the process. The various implementations, and complexities of AHP, and
Pugh methods are also becoming problematic in an increasingly fast paced, and innovation-
thirsty world of product development [80-82]. Therefore, new methods are needed that minimize
the cognitive biases and limitations associated with both selecting creative concepts, and
providing input that allow designers to more thoughtful consider creativity in their decision-

making process.
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2.2.2 Semantic Similarity As an Evaluation Tool

Although not studied in the context of creative concept evaluation, there are proposed
decision-making methods in other domains that may be able to be successfully implemented in
idea evaluation. Specifically, Benedek and Miner [37] developed a decision system that uses a
set of carefully selected words to describe a user’s reaction to different product concepts. This
method requires individuals to select words from a set of adjectives in order to describe their
feelings towards the design concept. Roughly 40% of the words in the set are considered
“negative” in order to help evaluators provide more rounded feedback on the concepts and not
bias the decision maker. Although this system does not generate a quantitative score for the
design concepts, it presents a simple method for obtaining evaluations from decision makers that

minimizes the biases associated with asking individuals to “evaluate the concept”.

The purpose of the current study is to test the application of this method, combined with
the use of natural-language processing, for evaluating concept novelty, and feasibility. Latent
Semantic Analysis has been used to analyze design team documents, and to effectively evaluate
the performance of design teams [83]. The results of semantic similarity analysis make it
possible to extract knowledge from words or groups of words within or between large datasets
consisting of text [84]. With the digitalization of (nearly) all human activity available on the
web, semantic similarity has been instrumental in applications such as search engine
optimization [84], consumer specific marketing tools [85] and data mining [86]. These
applications lend themselves to extracting value and making decisions from natural language

autonomously.

Combining semantic evaluations with a word selection task may provide an efficient
method for analyzing design concepts. The idea for this method is supported by other work on
creative word selection that has shown that semantic similarities between words can be used to
measure participant creativity [34]. In this study, participants were primed to respond
“creatively” to different nouns. Latent semantic analysis was used to determine the semantic
distance between the noun and the response. This system was developed as a noninvasive
method for assessing the creativity of individuals. These findings lend the possibility that
concept designs can be evaluated quickly using word selection, and validity maintained using

semantic similarity tools.
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One such tool for performing semantic analysis is WordNet::Similarity. This toolkit uses
the popular lexical database WordNet as a source of English word attributes for comparison [87,
88]. The six semantic similarity metrics calculated using WordNet::Similarity include three
based on least common subsumer (LCS), and the remaining three are based path lengths between
words [87]. Of the six measures, the semantic gloss vector measure is most useful for word
selection in a concept selection task due to its ability to measure the relatedness of adjectives.
The semantic gloss vector is calculated using the context of the word’s use in WordNet’s sample
texts to determine the similarity two words [89]. For example, WordNet links words together
similar to a thesaurus by grouping by their relative meaning, and context. So, the words “car”,

and “automobile” would be closer in similarity than the words “car” and “truck.”

While the proposed method has the potential to aid in creative concept selection, no study
to date has explored its effectiveness. Therefore, the goal of this study is to develop and test this

method by comparing it to existing concept creativity and quality metrics.

2.2.3 Research Objectives

The purpose of this research is to introduce, and test our semantic concept assessment
tool (TASC) for evaluating the creativity of design concepts through the selection of single-word
adjectives, and the calculation of semantic similarities. This method creates two absolute
measurements of novelty and feasibility, which are two key components of creativity in
engineering design [90]. This method was created without specificity to the design task, which
allows it to be universally applied across design problems. TASC is intended for use by design
teams for quickly evaluating large sets of early concepts for their novelty and feasibility during
the concept selection process. In order to test our approach, we compared TASC to common
creativity assessment tools. Specifically, our study was focused on answering the following

questions:

1. Does the TASC-innovation ratings of absolute concept novelty relate to commonly used
relative novelty measures [58] or perceived novelty assessments? We hypothesize that
there will be a weak relationship between the TASC-innovation rating and the relative

Shah, Vargas-Hernandez, and Smith [58] novelty measure because of the differences
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between absolute versus relative creativity [55]. In addition, we hypothesize that the
TASC-innovation ratings will relate more closely to the perceived novelty metrics because
they’re based on human judgments [65, 91].

2. Does the TASC-feasibility rating of absolute concept feasibility relate to commonly used
quality measures [53], or perceived feasibility metrics? We hypothesize that TASC-
feasibility measures will be more closely related to the Linsey et al. [53] quality measure
that uses questions based on absolute assessments based on prior literature [91, 92].

3. How many raters are needed to most accurately measure novelty, and feasibility using the
TASC method or slider-based perceived creativity measures? We hypothesize that the
value of additional evaluators will plateau as described in literature on crowdsourcing and
online community concept evaluation methods [93, 94] allowing for a recommendation for

the number of raters needed.

2.3 Methodology

To answer these research questions, a controlled study was conducted with ten
engineering designer professionals and students. This section serves to summarize the

methodological approach taken in this study.

2.3.1 Participants

Participants were recruited via emails to engineering design listservs. In total, ten
engineering designers (6 females, 4 males) between the ages of 19, and 30 (mean of 22.2)
voluntarily participated in the study (there was no remuneration for participation). Seven of
participants were undergraduate engineering students, and three participants were graduate

engineering students, or practicing designers.
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2.3.2 Procedure

At the start of the study, the purpose and procedure of the study were discussed and any
questions were answered. Next, implied consent (IRB) was attained. Participants then completed
an 81-question online survey that was broken into two parts. Part 1 of the survey (27 questions)
required participants to select adjectives that described each of the design concepts presented
while Part 2 of the survey (54 questions) required participants to subjectively rate the same
concepts for both feasibility, and novelty on a 100-point sliding scale. There were 27 concepts
from three design tasks presented during the study that were presented in random order to each

participant in order to control for ordering effects. Details of the survey are provided next.

Part 1: Word Selection Questionnaire (WSQ)

In Part 1 of the survey, participants were presented with 27 design concepts and were
asked to select five adjectives from a list of 36 words that best describe each concept presented,
see Table 2-1 for word list. The word list used in this study was derived from prior research on
the Microsoft Desirability Toolkit (MSDT) [37, 95]. These prior studies tested the utility of word
selections for measuring desirability of design alternatives in usability studies. Originally, the
word list developed by Microsoft consisted of 118 adjectives, but it was later pared down to 55

words through analysis, and testing in three field studies [37].

Once the 55 words were selected from the MSDT, the words were analyzed by the
authors for their semantic similarity, or the likeness of each word’s meaning, to the words
innovative and feasible using the WordNet::Similarity software tool, see section 2.3.3 below for
more detail [87]. This was performed to create two numeric indexes of weights for each
adjective, see Table 2-1 below. Feasibility, and innovative were selected for the comparison
terms because design creativity is often described as ideas that are both novel and technically
feasible [52, 58]. However, novel could not be used in the WordNet database due to its
association with both the word creative (novel), and book (a novel). The 55 words were then
reduced to a set of 36 words after balancing the word list for equal portions of high, and low

innovation, and feasibility in an effort to minimize participant bias [37].
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Once the survey was developed, design ideas were selected to test our method. The 27
design ideas used in the current study were taken from three prior research studies conducted by
the authors. The design tasks in these studies included: “Design a novel milk frother” [96],
“Design a novel power mechanism for an electric toothbrush” [97] and “Design a device that
minimizes accidents on campus from walking and texting or walking and listening to an MP3
player” [98], see Figure 2-1. In each of these prior studies, the design ideas developed were
analyzed for their novelty, and feasibility using Shah, Vargas-Hernandez, and Smith’s [58]
novelty metric, and Linsey et al.’s [53] quality metric, and was selected to represent all levels of

high, medium, and low feasibility and novelty, see metrics definition below.

Table 2-1: List of Adjectives to Describe Concept
Designs with Novelty and Feasibility Coefficients (/V,
F) From Wordnet::Similarity

Clear (0.13,0.11) Useful (0.10, 0.08)
Compatible (0.11, 0.07) Expected (0.11,0.117)
Complex (0.14, 0.12) Exciting (0.14, 0.1205)
Innovative (1.00, 0.08) Irrelevant (0.09, 0.11)
Reliable (0.16, 0.08) Creative (0.13,0.11)

Busy (0.12, 0.10) Ordinary (0.19,0.11)

Clean (0.104, 0.11) Difficult (0.16, 0.15)
Relevant (0.08, 0.13) Advanced (1.00, 0.10)
Usable (0.06, 0.05) Ineffective (0.11, 0.07)
Connected (0.10, 0.10) Inviting (0.34, 0.10)

Fragile (0.07, 0.06) Convenient (0.07, 0.09)
Confusing (0.107, 0.11) Satisfying (0.10, 0.10)
Efficient (0.11,0.11) Accessible (0.33,0.11)
Undesirable (0.08,0.08) | Comprehensive (0.16, 0.13)
Fun (0.08, 0.06) Helpful (0.22,0.14)
Familiar (0.15, 0.08) Unconventional (0.38, 0.09)
Predictable (0.10, 0.09) Effective (0.11, 0.11)
Inconsistent (0.09,0.11) | Powerful (0.15, 0.12)

Three problems were selected for the current study in order to test the utility of our TASC
method for analyzing novelty, and feasibility irrespective of the design task. This is important
because many popular methods for analyzing design tasks (such as the aforementioned methods)
require the development of a feature tree for the specific design problem, which is a time-

intensive process [19, 48, 49, 54].
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2.3.3 Metrics

The 27 design concepts were rated earlier using the methods of Shah, Vargas-Hernandez,

and Smith [58] and Linsey et al. [53].

Design Novelty

Shah, Vargas-Hernandez, and Smith [58] defined novelty as the “measure of how unusual
or unexpected an idea is compared to other ideas.” As can be inferred from this definition and
subsequent metric, Shah, Vargas-Hernandez, and Smith compares novelty relative to the solution
set explored [58]. This means that the novelty is not evaluated based on other products that exist

on the market or other approaches to solving the problem outside of the generated ideas.

In order to assess novelty using this method, the novelty of each feature was first
calculated (see [58] for in-depth discussion). Feature novelty is the novelty of each feature, i, as
it compares to all other features addressed by all the generated designs. Feature novelty, f;,
varies from O to 1, with 1 indicating that the feature is very novel compared to other features.

The method of computing f is

fi= =4 (2-1)
where T is the total number of designs generated for each category, and C is the total number of
designs that were rated as being addressed by the design. The novelty of each design, j, is then
determined by the combined effect of the Feature Novelty, f;, of all the features that the design
addresses. Because D is computed for all the features, the novelty per design is computed as a

percentage out of the total possible design novelty. The method of computing D is

_ Xfx )
by = Xfi’ (2-2)

where fj, is the feature novelty of a feature that was different from the original design, and f; is
the feature novelty of a feature that was addressed in the generated idea.

The 27 design ideas used in the current study were analyzed using this method prior to the
study and each of the ideas feature were compared to the entire set of ideas in the respective
studies (not just the nine selected for the current study). The nine ideas for each of the three tasks

represented three low, medium and high novelty metrics.
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Table 2-2: Sample Raw Semantic Index from Wordnet::Similarity

Word Novelty Feasibility
Accessible 0.3374 0.1106
Advanced 1.0000 0.1081

Busy 0.1283 0.1059

Clean 0.1040 0.1108

Clear 0.1334 0.1152

Design Quality

After determining the novelty of an idea, it is also important to evaluate the quality of the
idea. Quality measures a concept’s feasibility or ability [53] to meet design needs [53, 96]. The
27 design concepts described in the previous sections were analyzed as part of prior studies using
Linsey et al.’s [53] method. The values obtained from this analysis were calculated by having
evaluators answer three questions, “Does it complete the task,” “Is it technically feasible to
execute,” and “Is it technically easy to execute?” Quality is thus evaluated on a 3-point scale, and
results in a score between 0, and 1 with 1 being the maximum absolute quality rating [96]. An

example of the results from this evaluation can be viewed in Figure 2-1.
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Figure 2-1: Milk Frother (N: 0.69, Q: 1.00) & Electric (N: 0.72, Q: 1.00) Toothbrush
Design Idea Sample

TASC-innovation and -feasibility

Evaluation of absolute concept creativity enables the ability to compare design concepts
despite the origins of their conception. Relative novelty and feasibility evaluations, as the name
would imply, reduce the concept selection space to include only concepts based on similar
features or design problems [55, 91]. On the other hand, our method employs a more historic

creativity approach, and effort to identify the ideas that are fundamentally novel with respect to
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the whole of human history (historic creativity) [64]. Since creativity is often described as ideas
that are both novel and technically feasible, feasible and innovative were selected for the

comparison terms for semantic novelty and feasibility scores [52, 58].

TASC-innovation

TASC-innovation scores were calculated in this study according to the semantic distance
between each of the 36 adjectives used in the Word Selection Questionnaire (WSQ) and the
word innovative using WordNet::Similarity [87, 99]. The semantic gloss vector measure
calculated within WordNet::Similarity was selected to measure the semantic distance in this
study due to its ability to measure adjective similarity [87] and its leverage of natural language
processing technology [34, 37, 84]. Detailed descriptions of how Wordnet::Similarity functions
can be found in [87]. A sample of the index used to evaluate semantic novelty can be found in

Table 2-2.

Once the weight for each word was determined using Wordnet::Similarity, novelty
ratings for each idea were calculated by adding the novelty weights for each of the five words

chosen by each participant for each design idea. The method of computing novelty C;; is

Cij = TSl=1 Sns (2-3)

where S, is the semantic value of word n selected by a participant, and C;; is the novelty rating

for each i (design problem) and j (design concept).

After the study was complete and the word score for each idea was calculated, the ratings
were normalized between 0 (meaning low novelty) and 1 (meaning high novelty). The method of

computing TASC-innovation R is

L (2-4)

Cmax

R =

where Cp,,x is the maximum calculated value of C;; from all the concepts being evaluated.
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TASC-feasibility

The TASC-feasibility metric was calculated in this study following the general
methodology outlined in the previous section. When evaluating concept designs for feasibility,
an index of semantic distance values between the word feasible, and the 36 adjectives on the
Word Selection Questionnaire (WSQ) was developed. Technical feasibility is a key factor in
design creativity. We again used the semantic gloss vector metric from WordNet::Similarity, see
Table 2-2 for a sample index. TASC-feasibility ratings for each of the 27 design concepts for
each participant were calculated by adding the feasibility word weights for each of the five

words selected by each participant for each design idea, i.e.,
Dij = Y51 W, (2-5)

where wy, is the semantic value of word n selected by a participant, and D;; is the semantic value
for each i (design problem), and j (design concept). The method of computing TASC-feasibility
Ris

2 (2-6)

Dmax

R =

where D, is the maximum calculated value of D;; from all the concepts being evaluated.

TASC-feasibility ratings closer to 0 represented concepts of less feasibility while concepts closer

to 1 were considered to have greater technical feasibility.

Part 1: Perceived Novelty & Feasibility

In order to provide an additional metric for comparison with our absolute creativity
metric, perceived concept creativity was evaluated. Teams in industry consistently use
perceived-creativity assessments to make decisions for their organizations [65]. One-hundred-
point evaluation systems are utilized throughout the fields of psychology, education and business
to obtain participant feedback [100, 101]. Due to the effectiveness of the 100-point evaluation

system, it was used as a subjective evaluation tool within this study.

Specifically, novelty, and feasibility were assessed using two sliding scales — one for
feasibility, and one for novelty. This occurred in Part 2 of the study survey. Participants were

randomly shown the 27 design concept sketches previously evaluated in Part 1, and asked move
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the sliders between 0, and 100. Slider positions closer to 0 represented lower ratings of perceived
feasibility, and novelty while slider positions closer to 100 represented higher levels of novelty

and feasibility.

The nine design ideas selected from each of the three design tasks were selected to
represent all combinations of low, medium, and high novelty, and quality (e.g., high quality and

low novelty, or medium quality, and high novelty).

Part 2: Perceived creativity ratings

The second part of the survey required participants to provide two ratings for each of the
27 design concepts, presented in random order to each participant. The first rating required
participants to evaluate each concept’s novelty on a sliding scale from 0—100, where 100 was
most novel, and 0 was least novel. Similarly, the second rating required participants to evaluate
the perceived feasibility of the design, with 100 representing most feasible, and 0 representing
least feasible. This was conducted to compare perceived feasibility and novelty to the other

methods of evaluation.

2.3.4 Data Analysis
In order to test our hypotheses, bivariate correlations were computed with the variables of

TASC ratings (feasibility and innovation), perceived ratings (feasibility and novelty), and the

absolute novelty and quality ratings. SPSS v.22 was used to analyze the findings.

2.4 Results

The following sections present the results of the analysis in relation to our research

hypotheses. In Table 2-3, a comparison of average ratings for each metric is shown.
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Novelty Quality
Avg. Std. Avg. Std.
TASC 0.30 0.19 0.81 0.08
Perceived 0.46 0.27 0.43 0.31
Novelty Quality
Shah et al. 0.66 0.16
Linsey et al. 0.64 0.32

Table 2-3: Comparison of average metric
ratings

Relationship between concept novelty ratings

Our first research question sought to identify if there was a relationship between the
TASC-innovation score, a commonly used relative engineering design novelty measure, and the
perceived novelty score. Our hypothesis was that there would be a weak relationship between the
TASC-innovation ratings and the relative novelty measure. We also hypothesized that the
TASC-innovation ratings would relate more closely with perceived novelty metrics. Our Pearson
Correlation test results revealed a significant relationship between the perceived novelty, and the
TASC-innovation score (= 0.60, p < 0.01). There was a modest correlation between the relative
novelty, and the TASC-innovation score ( = 0.33, p <0.1). There were no other significant
relationships. This finding shows that the TASC-innovation scores, and relative novelty ratings
were not fully capturing the same information. This was expected due to the differences between

absolute, and relative evaluations.

Relationship between concept feasibility ratings

Our second research question sought to identify if there was a significant relationship
between the TASC-feasibility score, the absolute quality measure, and the perceived feasibility
score. Our hypothesis was that our TASC-feasibility rating would be more closely related to the
absolute quality measure. In order to test this, we averaged the TASC-feasibility, and perceived
feasibility scores for each of the 27 ideas using the ratings from the ten participants. We then
performed a correlation between these ratings, and the absolute quality measure. Our Pearson
Correlation test revealed a significant positive correlation between the TASC-feasibility, and
both the absolute quality metric (» = 0.40, p < 0.05), and the perceived feasibility assessment (» =

0.47, p <0.01). Interestingly, there was also a significant correlation between the absolute
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quality metric, and the perceived feasibility assessment (» = 0.63, p < 0.001). This finding refutes
our hypothesis.

How many raters are needed for the TASC method?

Our final research question sought to address how many raters are needed to most
accurately measure design innovation, and feasibility using the TASC method. Our hypothesis
was that the having additional evaluators would increase the accuracy of the system, but that
accuracy would plateau. In order to address this, TASC-innovation, and -feasibility scores were
computed using an average from two, four, six, eight and ten (all) participants. Pearson
Correlations were performed between each of the averaged TASC-innovation, absolute, and
perceived novelty scores. The results between TASC-innovation, and the absolute novelty
metrics had significance with eight, and ten participant scores at the 0.05 level (= 0.33, r =
0.326). The correlation results also showed that the TASC-innovation scores were all
significantly correlated with one another at the p < 0.001 level (» > 0.80). This result shows that,
for the TASC-method, regardless of the number of participants included in the aggregate rating,
each idea was receiving similar TASC-innovation rating. When comparing the TASC-innovation
averages with the relative creativity score, six, eight, and ten raters were significant at the 0.05
level (r < 0.35). This is unsurprising since the measures are looking at relative versus absolute
creativity. Similar results were found for the perceived novelty ratings: all perceived novelty
values were correlated at p < 0.01 level (» > 0.89). However, the perceived, and absolute

creativity metrics did not correlate significantly.

When looking at concept feasibility, our results showed that the averaged perceived-
feasibility scores (two, four, six, nine and ten), and the absolute feasibility measurement were all
significant at the p < 0.001 level (» > 0.68). This result means that, regardless of the number of
participants included in the averaged ratings, each idea received a similar perceived-feasibility
rating to the absolute measure. When testing the correlation between the absolute feasibility
metric, and the five aggregate ratings for each of the TASC-feasibility metrics, we found that

none of the averaged ratings for the semantic feasibility were significantly correlated.
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2.5 Discussion

The main goal of this study was to investigate the use of adjective selection, and semantic
similarity to evaluate early concept designs for their absolute creativity. Our main results were as

follows:

* TASC-innovation ratings can be used as a proxy for relative measures with seven raters,
although the predictive value is relatively low (= 0.35);

* TASC-feasibility is not a significant predictor of design quality, but perceived feasibility
can be used as a proxy for absolute feasibility methods; and

* Perceived ratings can be used to evaluate both feasibility, and novelty in one rating
scheme.

The implications for these findings are presented next.

Semantic Ratings for Novelty and Feasibility

Our first two hypotheses were concerned with the effectiveness of TASC ratings both as
a method for measuring absolute creativity, and individual perception of design creativity.
Current design creativity metrics used by academia have taken on the challenge of trying to
quantify design creativity [52, 58, 84]. Although these methods have made progress in the
overall study of design creativity, their ability to compete with human intuition, and experience
for evaluating absolute concept design creativity has been limited. The time, and resources
required to use previous methods have also hindered their acceptance [19, 52]. The TASC-
innovation, and -feasibility ratings, as presented in this study, broke away from the feature-tree
analysis methods used previously, and approached creativity evaluation alternatively using
natural-language processing technologies [87]. The results from this study showed that TASC
ratings could bring us closer to understanding human intuition for creativity. In addition, this
study shows the potential for word selection, and semantic distance being used to analyze
concepts within the context of creativity. The relationships found between TASC ratings, and
perceived ratings highlight this assessment. Ultimately, understanding creative intuition will

bring about new tools, and more effective methods for evaluating concept creativity.
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Although our work provides insights into the impact of divergent approaches to
evaluating absolute concept creativity, more work is needed to examine the role of natural-
language processing, and similar technologies. This is important because human intuition for
creativity is ultimately articulated through verbal expression. Research outside of engineering
design and within psychology, and neuroscience have shown that creativity of individuals can be
measured using word selection [34]. In addition, the adjectives used in this study originally were
developed to assess desirability [37]. More work can be done to refine this word list, and to
better understand why some words are chosen while others are not. Adjective selection analysis

may bring about another level of dimensionality to understanding human intuition for creativity.

Across-problem Evaluation

Previous methods of early concept design evaluation and selection have been restricted to
comparing ratings within specific individual problem sets [19, 53, 58]. This is due to the
observance of relative creativity. A goal for our study was to explore the possibility of being able
to evaluate, and compare the creativity of concepts from different problem sets in terms of
absolute creativity. Throughout this study a great deal of effort was made to enable across-
problem rating evaluation. To support these efforts, three different design problems were
analyzed, and compared throughout this study. The three design problems were as follows:
“Design a novel milk frother” [96], “Design a novel power mechanism for an electric
toothbrush” [97] and “Design a device that minimizes accidents on campus from walking, and

texting or walking and listening to an MP3 player” [98].

The TASC rating method used in this study was able to be administered without any
regard to the design ideas and design problem being evaluated. This contrasts with other
approaches that require a feature tree to be developed a priori. Using TASC ratings, it was
possible to draw comparisons between concepts from three different problem sets using the same
evaluation parameters. The word selection, and semantic rating method shown in this study
remove previous obstacles, and approaches creativity evaluation in a simplistic yet sophisticated

way.

With this being said, our work hopes to provide a base for future development with

regards to evaluating creativity across different design problems. Additional work is needed to
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examine and compare how humans are able to compare ideas without common features. Framing
the design problem is an essential part of the design process [102]. As such, understanding
problem differences may provide a means to appropriately frame design problems early on

before concept generation.

Developing New Metrics for Industry and Education

Creativity motivates design, and brings forth advances in both industry, and academia
[19, 46, 47, 52]. For this reason, our study explored the development of a creativity metric that
can be used by both sectors. Previous methods of creativity evaluation, although supported in
academia, have failed to be integrated into industry practices [84]. This can be attributed to the
amount of time, resources, and complex methodologies required for their use. Through the use of
word selection and semantic similarities, this study was able to simplify the evaluation process,
and reduce overall resources (time, money, etc.) while obtaining practical results. Both industry,
and academia can reap the rewards of using word selection, and semantic ratings. This study
brings forward the importance of understanding the needs of both industry, and academia in

design research [103].

Another factor that can influence the flow of creative ideas during concept selection is the
criteria used for evaluation [104]. In fact, many companies have acknowledged that they have
problems establishing clear criteria for concept selection [105], and thus often perform poorly at
selecting their own most promising ideas [106]. Creativity metrics may serve to overcome this
obstacle, as they have been developed in engineering design to aid in the rating of the feasibility,
and novelty of ideas generated during concept generation [58]. While these metrics may prove
useful for evaluating design concepts, they have been almost exclusively used as a means to
compare the effectiveness of idea-generation methods. However, a recent study explored the
utility of alterations of these metrics and developed a new metric, the Comparative Creativity
Assessment (CCA) metric, for use during concept evaluation [19]. While that research provides
promise for developing, and using creativity metrics during evaluation, the utility of the metric,
its generalizability across problem structure, and domain, and its impact on creative concept
selection have yet to be explored. Therefore, it is unclear how novelty metrics can be used to aid

in the movement of creative ideas through the concept selection process.
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While the current study adds to our understanding of creativity evaluation, it was not
evaluated specifically in regards to either industry or academic practices. Therefore, future work
is needed that implements, and tests our method in these settings. It will be important in future
work to investigate the role of designer experience while using our method [94]. However, the

results of this study are promising, and overcome some of the challenges of existing strategies.

2.6 Conclusion

The results of this study identify aspects of semantic metrics for evaluating concept
designs that impact the current understanding of creativity, and concept selection. Specifically,
semantic metrics show promise for evaluating concept novelty within reason, while also
requiring less time, and fewer resources. The results from this study also provide significant
contributions to the engineering design community by exploring new, and divergent metrics to

evaluate concept creativity, and to better understand designer intuition for creative designs.

Future studies should examine the role of evaluator populations in semantic metrics,
experimental settings involving evaluation durations, and semantic feasibility ratings. Although
word selection was used to mitigate bias in the TASC method, there is an opportunity to study
the effects of the design team evaluating their own concepts using the TASC method as
evaluators. In addition, new adjectives used to describe design concepts should be explored.
Additional research is needed to build on and streamline the use of semantic similarity software
tools Finally, the role of semantic, and word selection metrics need to be studied in order to

better understand design creativity, and to support creative design acceptance.
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Chapter 3

The Impact of Experience Bias on Concept Creativity Evaluations

Submitted to the Journal of Mechanical Design, December 2014

The following study served to highlight the utility of the TASC assessment tool to obtain
expert grade evaluations from novice raters. However, we know that individual evaluators have
their own set of preferences, and judgments for what can be considered creative based on their
individual differences, and past experiences. While product design teams are generally guided
during the concept-selection process by engineers with years of experience, little is known about
how expert, and novices compare in their evaluation of creative concepts or how the TASC
method can be used as a proxy for expert responses. Therefore, the goal of Chapter 3 of this
thesis was to develop, and to explore the impact of experience biases on concept evaluation in
subjective ratings through an empirical study with ten expert, and ten novice designers. The
results from this study can be used to develop concept creativity, and selection methods that can
utilize raters with novice levels of experience to obtain feedback that is comparable to that
obtained from experts. This would enable design teams to iterate numerous times on designs

with little cost in comparison to hiring, and scheduling expert-level raters.

3.1 Introduction

Innovation is a crucial component of long-term economic success [14]. As such,
engineering design research has long since devoted attention and resources to developing tools
and methods for supporting creativity during idea generation [46, 47]. While the goal of these
methods is to help designers generate a large quantity of effective solutions and explore a larger
solution space [24], the creative ideas developed through these methods are often rapidly filtered
out during the concept selection process [106]. In other words, while creativity is often
emphasized in the early phases of design, it is rarely considered in later stages [48-50]. This is
problematic because, even if designers develop creative concepts, they may not be selected to

move forward in the design process. In fact, many companies have acknowledged that they often
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perform poorly at selecting their own most promising ideas [106], which may hinder the
innovation potential of companies. While selecting creative concepts is a vital component of the
design process, few tools exist for helping designers quickly, and accurately judge the creativity

of design ideas during the concept selection process [52].

While not specifically focused on creativity, there has been a wealth of research devoted
to developing methods for aiding designers in decision-making during the concept-selection
process. Broadly, these methods fall into five major categories: Pahl, and Beitz’s Utility Theory
[76], Marsh’s Analytic Hierarchy Process (AHP) method [75], Pugh’s evaluation method [74],
Quality Function Deployment (QFD) matrix method [107], and Thurston’s fuzzy-set method
[108] (see [109] for discussion). While these methods are widely used in academic, and
industrial practices for evaluating concepts, they often neglect to consider the creativity or

uniqueness of each concept during the selection process [78].

While recent studies have begun to explore new concept evaluation methods that focus
on both the quality, and novelty of the design ideas developed during concept selection (see for
example [52, 79]), these methods are largely unexplored for their impact on creative concept
selection or their ability to aid decision makers in the process. In addition, while there have been
metrics, and methodologies to help designers evaluate engineering design-concept creativity [19,
37, 47, 53], these methods are rarely used outside of academic purposes due to the time involved
to analyze design concepts. Therefore, new methods are needed for properly evaluating design
concept creativity in order to help designers more thoughtfully consider creative concepts during

the concept selection process.

A less quantitative approach for evaluating concept creativity is to rely on independent
reviewers’ subjective agreement [59]. This method is based on the consensual definition of
creativity that states that an idea is creative if a group of independent reviewers subjectively
agree that it is creative. While this method provides a more efficient means of evaluating concept
creativity, the quality of these judgments relies on the evaluators’ knowledge, and expertise in
the subject domain [35]. Despite the speed behind human perception, however, judgments can be
inconsistent, and lack quantitative support [13, 110]. While expert designers are often used to
evaluate candidate designs based on their experience, interestingly there has been little research

geared at exploring the difference between expert, and novice ratings of concept creativity.
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Therefore, the purpose of this chapter is two-fold. First, we seek to identify perceptual
differences in concept creativity, novelty, and usefulness [18, 59], between expert, and novice
engineering designers across three problem domains. Second, we seek to introduce, and test a
novel method for evaluating the absolute creativity of design concepts using adjective selections,
and semantic similarity. This approach minimizes human biases, and costs (time and money)
required for finding, meeting, and training skilled raters. This work contributes to our
understanding of the utility of new metrics for evaluating creativity, and a focus on creativity
after idea generation. This research directs us to a more efficient system for evaluating design

concepts, and supporting creativity in the selection process.

3.2 Methods for Evaluating Design-Concept Creativity

A significant amount of research has been directed towards understanding how designers
make decisions during concept selection in order to develop tools to improve decision-making.
For example, in engineering design research has led to the development of metrics to determine
the effectiveness of concept-generation sessions with respect to creativity [19]. The majority of
this research has focused on relative measures of a concept’s creativity compared against other
ideas in the same generated set [55, 56]. The relative nature of these metrics help to inform the
designers about the uniqueness of the ideas within the design space [25] and compare the relative
creativity of the concepts generated [111].

In the field of engineering design, relative creativity is often measured by breaking down
the design concepts into their unique features [112]. For example, the widely adopted, and gold
standard in engineering design, Shah, Vargas-Hernandez, and Smith (SVS) method computes
overall design novelty based on “how unusual or unexpected an idea is compared to other ideas.
Not every new idea is novel since it may be considered usual or expected to some degree”(pg.
117) [24]. Through this process of decomposition, researchers are able to compare and contrast
each individual design using feature-tree analysis such as the comparison of a designs shape,
color or purpose [25, 111]. Concepts with features in categories with lower frequency counts are
considered more novel, whereas designs with features with higher frequency counts are
considered less novel because they occurred more frequently. This method of decomposition,

and feature-tree analysis has become a gold standard in engineering design research due to its
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unbiased nature, and repeatability [19, 24]. Despite the wide use of this method, however, many
limitations have been reported such as low inter-rater reliability leading to extensive rater
training, inaccurate representations, and difficulties interpreting multiple metrics simultaneously
[63, 113].

Because of these challenges, cognitive scientists have adopted a vastly different approach
for evaluating concept creativity by subjectively evaluating design concepts based on a design’s
quality (functional ability), originality, elegance and variety of the concepts [90]. This evaluation
begins with the selection of anchor concepts for high, medium, and low creativity within the
generated set [60]. With these anchors, judges are trained to evaluate other concepts on a relative
basis. Afterward, the actual concepts generated are evaluated using 7-point Likert scales. This
method has been used widely to assess creativity with strong inter-rater reliability values in the
range of 0.80—-0.90 [61, 62]. Despite the widespread adoption of this method in cognitive
science, however, it requires careful selection of the anchoring design examples, and can easily
be exposed to cognitive biases based on the expertise of the design evaluator [114, 115].

Because of the deficits of existing approaches, researchers have begun exploring
alternative methods for evaluating concept creativity through the development of computation
design creativity systems (CDC) [30]. CDCs provide an opportunity to leverage computational
power, and review large data sets to support creativity evaluations that consider historical
creativity. The development of more robust creativity frameworks could be the key to enabling
CDC systems. The work of Maher, and Fischer [116] has sought to more appropriately
characterize product creativity for use within CDC systems, and for the development of artificial-
intelligence (Al) systems to evaluate design creativity. This research judged creativity under the
characteristics of novelty, value and surprise with consideration for a blend of both relative and
absolute creativity. The work of Gero, and Kannengiesser [36, 117] has also sought to enhance
CDC systems in Al through the development of an ontological framework using the creativity
characteristics of the designs function, behavior and structure. Their proposed system enables the
identification of creativity within the product and the process by looking at the interactions
between the expected, interpreted and external worlds of these characteristics. Although
computational power is readily available, it has been challenging to adopt more recognized

creativity metrics, such as the SVS method, into a computer based system [24, 30].
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The deficit of current evaluation methods, and the emergence of CDC systems supports
the opportunity for future creativity evaluation metrics. However, these systems have not been
thoroughly tested outside of experimental research. Therefore, the goal of this research is test the
effectiveness of creativity evaluation methods in comparison to human perception of creativity as

it relates to product design.

3.2.1 The Role of Experience in Creativity Evaluation

Because of the variability of human judgment in the design process, it is important to
understand the influence of experience, and biases in concept evaluation. Cognitive-psychology
research has shown that expertise is linked to the development of automatic processing of
relevant information do to pattern recognition [41, 118, 119]. Using this, experienced individuals
can make evaluations quickly, and rather easily, whereas inexperienced individuals may get
bogged down by reviewing all given information. It would follow then that, when solving
problems or designing, it is possible for experienced designers to make reasonable decisions
based on automatic processing. However, this automated processing may also lead to individuals
disregarding important, or subtle information that an inexperienced individual will retain [21].
While there is a general support of the use of expert raters in the cognition literature, it has only
been recently that engineering design researchers began to explore the role of expertise on
design-concept ratings.

To obtain a base of understanding regarding the influence of expertise during concept
evaluations, and selections, it has been important to explore research in other areas such as
cognitive science, and decision-making theory. The research performed by Sun et al. [32]
showed that experienced designers were more adept at generating numerous designs that were
also of high quality in comparison to inexperienced designers. These findings were supported by
cognitive workload analysis that showed increased creative process efficiency in experienced
designers. However, more recent research by Green et al. [120] has shown that it may be
possible to use novice designers to evaluate design creativity with minimal training, and achieve
expert-level feedback. In their study, students were used to evaluate the originality of different
designs, and compared to prior ratings by experts. Their research suggests that ratings from

students with high inter-rater agreements can obtain expert-level evaluations, and that minimal
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training with examples can also impact the fidelity of originality ratings. The contradiction in
these findings also shows that generation and evaluation skillsets may be different in the design
domain.

With mixed research on the role of experience in design and design-like processes, it is
important to consider the inner problem-solving and decision-making strategies that guide
experienced, and inexperienced designers [121, 122]. In this way, we can extract a framework to
guide design creativity tools to account for designer experience. A case study using an
experienced industrial designer showed how small heuristics were used by the designer to
effectively explore the problem space, and develop more creative solutions [123]. While not
explicitly studied, these smaller, and quickly formulated decisions might also impact the
concept-selection phase in the design process. In another study, experienced designers were
shown to describe more efficiently concepts by removing any extraneous words [124]. These
results also carried over to expert sketches that contained less detail, and were more organized
than those of novices. These findings align with the research previously described in cognition
research regarding automatic processing of information due to expertise, and context [125].

As researchers gain more information about designer experience, and the associated
heuristics, there is a greater opportunity for design-creativity tools, and processes that help
novices in education, and industry to choose designs that are both of quality, and ultimately
creative. Within the constructs of our current study, we sought to understand the successes, and
limitations of current creativity evaluation methods that seek to reduce bias in concept selection.
In this way, improvements, and modifications can be made to strengthen the capabilities of

future evaluation tools.

3.2.2 Affective Engineering Techniques

Understanding the subjective nature of human needs has been key to the development of
Affective, or Kansei, engineering practices that seek to use consumer affective needs to design
products [126]. Affective design refers to the process of creatively engaging the customer’s
emotions in such a way as to differentiate one design from another design [127]. In order to

achieve this, researchers have utilized Kansei and subjective methods to quickly evaluate human
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perception [128], satisfaction [127] and desirability [37] as a means to develop new, and
innovative product designs.

Kansei engineering generally includes the identification of the design problem,
generation of design samples, sharing the samples with potential customers, and finally,
analyzing the adjectives used by the customers to describe the design samples [129]. This
process of obtaining adjectives helps designers to create a model for how customers are
interpreting the designs. Adjectives are clustered in this method by how they match a specific
design factor [38]. This categorization process is similar to that of the relative measures of
creativity involving feature-level analysis [63] but, instead of comparing, and contrasting unique
features, it uses adjective comparisons that are not limited by the design space being explored.
The clusters of words are generally formed by the emotional response that can be elicited by
adjectives such as “fresh”, “genuine” or “appealing” [40]. Based on these clusters, contrasting
words are then collected and 7-point Likert scales with bi-polar adjectives on each end are
established. An example of adjective pairs could be “hot—cold”, “unique—conventional” or
“feasible—impossible”. With the sets of words defined, perceptions about different design
features, concepts, or full products can be obtained by surveying a panel of customers using
these polarized Likert scales, and performing multivariate analysis [38, 40, 127]. This method of
design analysis has the rigor, and relevance of Shah, Vargas-Hernandez, and Smith’s method
[130], but embraces the subjective nature of creativity and design.

While Kansei engineering applies relatively strict procedures, and statistical analysis to
understanding human perception, the work of Benedek and Miner has looked at the perception of
design desirability in a more qualitative fashion [37]. Their work has resulted in the development
of Product Reaction Cards to help enable the discussion, and feedback from participants
regarding the desirability, and usability of product designs using adjectives on the cards. The
method involves presenting a participant with a design(s), and asking them to choose five of the
cards that describe how the design(s) make them feel [37]. Participants are then asked to provide
feedback on why the words were chosen.

While the Kansei engineering methods do not rely on scales or questionnaires, and don’t
require participants to generate the works on their own, the utility of these methods have not
been explored in the concept-selection process. Therefore, while potentially useful, empirical

studies are needed to explore the use of these methods in an engineering design context.
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Therefore, the purpose of this chapter was to explore the use of affective engineering techniques,

and compare this method to existing relative methods.

3.3 Research Objectives

Prior work has discussed the role of experience in cognitive science, and psychology as
well as the many tools used in engineering design to evaluate design creativity. However, as the
prior literature brought to light, there are opportunities for interventions that utilize both the
repeatability, and quantitative nature of creativity metrics, and the efficiency of human
perception, see Figure 3-1. However, there has been little research conducted that investigates
the impact of experience on the design evaluation methods themselves. Therefore, the purpose of
this research is to understand the impact of rater experience on creativity assessment methods,
and how this knowledge can be used to improve concept selection tools. Specifically, our study

was developed to answer the following questions:

1. Do experts’ and novices’ perceptions of ideas differ in terms of design novelty, quality,
and overall creativity? Prior research in cognitive science has identified that novices can
become easily distracted by a design’s relative newness, and focus heavily on this aspect
of creativity [131, 132]. There has also been research identifying the tendency for novices
to rely heavily on personal experience to evaluate design feasibility, but they lack the
personal, and domain experience of experts [133, 134]. Therefore, we hypothesize that
there will be differences among expert and novice perceptions of early phase ideas.

2. How does our TASC method compare to human perception of creativity, and the relative
SVS [24] method ? Although relative measures of concept creativity enabled reliable, and
repeatable analysis of creativity in engineering design research, they are difficult to
implement in industry, and lack the ability for comparisons across multiple problem
spaces [30, 135]. Human perception, on the other hand, allows for fast-paced analysis,
but at the risk of relying on cognitive biases that can be flawed in their assumptions, and
resolutions [54, 136]. Therefore, our hypothesis is that our TASC method will tap into
constructs of both relative creativity measurements, and human perception resulting in a

more global assessment of design creativity.
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3. Does the TASC method, and SVS method align with expert human perception, and can
TASC be used as a proxy for expert ratings? Prior research has been conflicting in
deciding if novices can be used to produce expert-level evaluations. In some literature,
novices have been cited as being weaker in their abilities to evaluate design creativity due
to their lack of experience [137, 138], whereas more recent literature finds that it is
possible to obtain expert-level ratings from novices [120]. Therefore, we hypothesize that
our TASC method used by novices will be able to obtain similar evaluations as experts

due to the use of adjective selections that are not experience dependent.

Opportunities for Intervention

Huma}n_ Perception Relative Creativity
Creaﬁwty - Repeatable

- chlf _ - Low Bias

- Qualltatlye - Quantitative

- Comparisons x Slow

x Human Biases x Localized

x Inconsistent x # Reality

x Expensive

Figure 3-1 Venn diagram comparing design creativity evaluation methods

3.4 Methodology

To answer these research questions, a controlled study was conducted with a total of 22
engineering design experts, and novices. This section summarizes the methodological approach

taken to conduct this study.

3.4.1 Participants

The participants in this study were recruited via email to engineering design list serves. In
total, 22 engineering designers (11 females, 11 males) with experience ranging from
undergraduate education to 30 years of industry experience were offered $15 as remuneration for

participation in this study. Participants with fewer than three years of engineering design
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experience were considered novices (11 novices) while the remaining eleven participants were
considered expert engineering designers (11 expert). Ten of the eleven expert participants had
engineering design—related advance degrees ranging in areas of focus from human computer

interaction to automotive textile product design.

3.4.2 Experimental Procedure

At the beginning of this research study, the procedure, and purpose of the study was
presented to the participants and any questions were answered. The participants then completed
an 81-question survey that was broken into two parts: (1) the Adjective Selection Questionnaire
(ASQ), and (2) the Perceived Creativity Ratings. There were nine concepts from three different
design tasks, described below, for a total of 27 concepts. The details of the questionnaire and

design concepts tested are provided in the following sections.

Design Concepts

The 27 design concepts selected to test our method were taken from three prior research
studies conducted by the authors. In these prior studies three design tasks were presented: (1)
“Design a novel milk frother” [96], (2) “Design a novel power mechanism for an electric
toothbrush” [139], and (3) “Design a device that minimizes accidents on campus from walking,
and texting or walking and listening to an MP3 player” [140]. These design tasks were selected
for the current study to represent a range of design problems from well defined (toothbrush
problem) to open-ended (walking around campus problem). This was done because current
methods have been criticized for their inability to easily be implemented for multiple problem
domains [30].

The 27 design concepts selected for this study were analyzed for their novelty using the
SVS method’s novelty, and quality measures (see [24] for description of this procedure) in prior
studies [96, 97, 140]. Of the ideas generated in these prior studies, nine ideas were selected from
each of the three design problems in order to represent all combinations of high, medium, and

low novelty, and high, medium and low quality (e.g., and idea with high novelty, and low

quality).
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Part 1: Adjective Selection Questionnaire (ASQ)

Once the ideas were selected, an Adjective Selection Questionnaire (ASQ) was
developed. In this questionnaire, the 27 design concepts were presented to participants one at a
time, and participants were asked to select five adjectives from a list of 36 words that best
described the concept being evaluated. The 36 adjectives used in the ASQ were derived from the
Microsoft Desirability Toolkit (MSDT), which was developed in prior studies to test the utility
of word selections for measuring the desirability of design concepts [37, 95]. The MSDT
contains a list of 55 words that were selected, and tested in three field studies [37]. In the current
study, we analyzed these 55 words for their semantic similarity, or relative likeness in meaning
[141], to the words innovative and feasible using the software tool DISCO , because design
creativity is often described as ideas that are both novel, and technically feasible [24, 52].
DISCO is an online and downloadable Java class that computes the distributional similarity
between words using co-occurrences [99]. For example, although the words “cake” and “eat”
have similar occurrences within a text the words “cake” and “pie” are closer in similarity.
DISCO looks at these word relationships at multiple levels of contextual relatedness, and
similarity of the word’s meanings. We used these calculations of semantic distance to identify
words that represented a “60% positive and 40% negative/neutral” relationship to the words
innovation and feasibility in an effort to minimize participant selection bias as has been done in
prior studies [37]. It should be noted that a negative value was assigned to negative/neutral
adjectives during the coding process in order to account for bias [37]. DISCO was used in the
current study due to its strong correlation with human judgment [99]. The semantic distances
calculated during the selection process were also used to create two numeric indices of weights
for each adjective, for more detail on semantic weights please see section 3.4.3 below. The
complete list of 36 words used in the current study, and their respective semantic weight for
feasible, and innovative can be seen in Table 3-1. It should also be noted that, during the study,
the order in which the participants saw each problem and each idea within each problem was

randomized to reduce ordering effects.
Part 2: Perceived Creativity Ratings

Once participants completed the ASQ the 27 design concepts were again presented to the

participants in random order. However, instead of selecting adjectives, the participants were
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asked evaluate the concept on a sliding scale from 0-100 for the concept’s novelty and
feasibility, with 0 being least novel/feasible and 100 being most novel/feasible. Once the

perceived ratings were complete, the study was concluded.

Table 3-1 Index of the 36 adjectives for evaluators to choose from including TASC
semantic weights used for calculations (Innovative weight, Feasibility weight)

Adjectives and TASC Weights

Accessible (0.32,0.39)

Fragile (—0.36,—0.38)

Advanced (0.46,0.30)

Fun (0.21,0.20)

Busy (-0.25,-0.27)

Helpful (0.34,0.41)

Clean (0.29,0.29)

Inconsistent (—0.38,—0.44)

Clear (0.40,0.43)

Ineffective (—0.29,—0.44)

Compatible (0.30,0.26)

Innovative (1,0.36)

Complex (—0.39,-0.32)

Inviting (0.08,0.07)

Comprehensive (0.49,0.29)

Irrelevant (—0.28,—0.46)

Confusing (—0.38,—0.44)

Ordinary (—0.30,-0.26)

Connected (0.13,0.18)

Powerful (0.38,0.31)

Convenient (—0.43,—0.46)

Predictable (—0.40,-0.45)

Creative (0.56,0.32)

Relevant (0.47,0.42)

Difficult (—0.39,-0.51)

Reliable (0.50,0.47)

Effective (0.44,0.43)

Satisfying (0.30,0.37)

Efficient (0.51,0.46)

Unconventional (0.57,0.32)

Exciting (0.43,0.32)

Undesirable (—0.34,—0.36)

Expected (—0.18,-0.29)

Usable (0.33,0.38)

Familiar (—0.45,-0.36)

Useful (0.51,0.49)

3.4.3 Metrics

Once the study was complete, several metrics were created to compare the SVS relative
metrics, human perception, and our global TASC method. These metrics are described in detail

in the following sections.
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Design Novelty

Novelty was calculated in prior studies by the authors using the SVS method [96, 97,
140]. SVS defines novelty to be “how unusual or unexpected an idea is as compared to other
ideas” (p. 117) [24]. In this way, the SVS-inspired methods generally look at novelty in a relative
fashion, where concept novelty is compared to the other ideas developed for a given problem
domain. In other words, these types of metrics do not take into account other products on them
without taking into account a design’s novelty with respect to all of history [14]. The SVS
methods generally involve the assessment of feature novelty where the novelty of a feature is
relative to the other features in the entire design set. The 27 design concepts selected in the
current study were selected to represent ideas with low, medium, and high novelty for each of the

three design tasks explored (frothing milk, powered toothbrush and safe texting).

Design Quality

The 27 design concepts used in the study were also analyzed using the SVS method (see
[96] for in-depth discussion) [1]. They define quality to be “the feasibility of an idea, and how
close it comes to meet the design specifications,” (p. 117) [24]. In the current study, the quality
values were calculated by having human evaluators answer the following questions, “Does it
complete the task?”, “Is it technically feasible to execute?” and “Is it technically easy to
execute?” By answering these questions, quality is evaluated on a 3-point scale that is
normalized (by dividing the human responses by 3) to attain a score between 0, and 1 with 1
considered the maximum absolute quality rating. Once these calculations were complete, the 27
design concepts were selected for the current study to represent ideas with low, medium, and
high quality for each of the 3 design tasks explored (frothing milk, powered toothbrush, and safe
texting).

Design Creativity

Overall design creativity was calculated as a function of the design novelty, and quality
scores that utilized the SVS method [24]. Design creativity of the 27 designs was calculated by
taking the direct sum of the design novelty, and design quality scores from each design. Prior

studies have shown how novelty, and usefulness parameters can be combined to produce an
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overall assessment of creativity [14]. This combined-creativity score was used to compare, and
contrast with other creativity metrics, and between all three design problems.

With creativity ratings from each participant (evaluator), aggregate perceived creativity
ratings can be calculated by averaging participant ratings for each design. These scores were then
used to rank the ideas according to their design creativity score by assigning a value of 1 (most
creative) to the design with the highest design creativity score, and 9 (least creative) to the
concept that had the lowest perceived creativity score. This was completed for the nine designs

within each problem domain (milk frother, toothbrush and texting).

TASC Metrics Overview

In addition to SVS, the TASC metric was also calculated. The TASC metric seeks to
provide an absolute measure of concept creativity in order to provide an opportunity to evaluate,
and compare design concepts irrespective of different problem sets. The three TASC scores

(innovation, feasibility and creativity) are described in detail in the following sections.

TASC-innovation

TASC-innovation is calculated to provide a global assessment of concept novelty. In
order to calculate this, the innovation semantic weights for each of the five words chosen by each
participant for each design concept was summed where S,, is the semantic weight of word n,
and [;j is the innovation rating for each i (design concept), j (design problem) and k (evaluator).
This calculation results in a value between —1 (meaning low novelty) and 1 (meaning high

novelty). The method of computing /;j is

Ly = 2=t G
After completing this for each participant’s Adjective Selection Questionnaire (ASQ)
response, aggregate TASC-innovation ratings were completed by averaging the ratings from
each participant for each design within expert, and novice groups. These scores then were used
to rank the ideas according to their TASC-innovation score by assigning a value of 1 (most
novel) to the design with the highest TASC-innovation score, and 9 (least novel) to the concept
that had the lowest TASC-innovation score. This was completed for the 9 designs within each

problem domain (milk frother, toothbrush and texting).
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TASC-feasibility

TASC-feasibility is calculated to provide a global assessment of concept feasibility. In
order to calculate this, the feasibility semantic weights for each of the five words chosen by each
participant for each design concept was summed where S,, is the feasibility semantic weight of
word n and F;j is feasibility rating for design concept i, design problem j, and evaluator k. This
calculation results in a value between —1 (meaning low feasibility), and 1 (meaning high

feasibility). The method of computing Fjjy is

Zn=15n
Fijk = 51 . (3-2)

With feasibility ratings from each participant (evaluator), aggregate TASC-feasibility
ratings can be calculated by averaging participant ratings for each design. These scores were then
used to rank the ideas according to their TASC-feasibility score by assigning a value of 1 (most
feasible) to the design with the highest TASC-feasibility score, and 9 (least feasible) to the
concept that had the lowest TASC-feasibility score. This was completed for the nine designs

within each problem domain (milk frother, toothbrush, and texting).

TASC-creativity

Once the TASC-innovative and TASC-feasibility scores are calculated, the TASC-
creativity metric can be computed. The TASC-creativity metric is meant to provide a global
assessment of concept creativity because design creativity is often described as ideas that are
both novel, and technically feasible [24, 52]. Specifically, the TASC-creativity rating is
calculated by taking a direct sum of the TASC-innovative, and TASC-feasible ratings, i.e.,

Cijk = lijk + Fiji . (3-3)

With creativity ratings from each participant (evaluator), aggregate TASC-creativity
ratings can be calculated by averaging participant ratings for each design. These scores were then
used to rank the ideas according to their TASC-creativity score by assigning a value of 1 (most
creative) to the design with the highest TASC-creativity score, and 9 (least creative) to the
concept that had the lowest TASC-creativity score. This was completed for the nine designs

within each problem domain (milk frother, toothbrush, and texting).
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Perceived Novelty, and Feasibility

Finally, in order to understand how design engineers perceive novelty, and feasibility
subjectively, each of the 27 design concepts was evaluated using 100-point evaluation scales in
the second part of the study. This type of evaluation has been used in industry to help teams
provide feedback, and make decisions [65]. One hundred-point evaluation systems have also
been utilized throughout the fields of psychology, education, and business to obtain feedback
[100, 101, 142]. For this reason, it was utilized in this study as a subjective measure of design
novelty, and quality. This metric was purely the value each participant assigned for each
concept’s feasibility and novelty.

To provide an overall evaluation of perceived creativity, a perceived-creativity composite
rating was also calculated by taking a summation of the novelty rating, and the feasibility ratings
provided by each participant for each concept that was evaluated. This composite rating was
used to compare, and contrast ratings and rankings of concepts. The perceived-creativity
composite score P;jy is calculated using

Pijk = Niji + Qiji,  (3-4)
where N is the perceived-novelty rating for concept i from design problem j by participant k,
and where Q;j is the perceived-feasibility rating for concept i from design problem j by
participant k.

With creativity ratings from each participant (evaluator), aggregate perceived-creativity
ratings can be calculated by averaging participant ratings for each design. These scores were then
used to rank the ideas according to their perceived creativity score by assigning a value of 1
(most creative) to the design with the highest perceived creativity score, and 9 (least creative) to
the concept that had the lowest perceived creativity score. This was completed for the nine

designs within each problem domain (milk frother, toothbrush and texting).
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Figure 3-2. Summary comparisons of design evaluations from “toothbrush” design

problem.
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3.5 Results and Discussion

Before analyzing the results with reference to our research questions, an inter-rater
reliability analysis was completed to test the reliability of each method. Specifically, Cohen’s

Kappa was calculated for all metrics for both novelty and quality, see

Figure 3-3. The nine “tooth brush” design sketches evaluated in this study are shown in Figure
3-2 to provide an example of the average scores obtained from each evaluation methods. The
results showed that all of the metrics achieved an inter-rater reliability of 0.7 or above, which is

considered to be “substantial agreement” [143]. The following sections present the results of the
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remainder of our analysis in relation to our research hypotheses.

Figure 3-3. The inter-rater reliability (Kappa) for the idea rating methods used in the
current study

Do experts’ and novices’ perceptions of ideas differ in terms of design novelty, quality and
overall creativity?

Our first research question sought to understand similarities, and differences between
expert and novice designers’ perceptions of idea novelty, quality, and overall creativity.

Specifically, our hypothesis was that expert, and novice design engineers would evaluate design
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novelty in a similar light but diverge in their evaluations of design quality, and thus their
perception of a design’s overall creativity. In order to answer this research question, a series of
Spearman’s Rank correlations were conducted. The two-tailed tests of significance indicated that
a positive significant relationship between expert, and novice perception of design concept
novelty (r,(9) =0.741, p <0.01), quality (r;(9) = 0.749, p < 0.01) and creativity (r; = 0.861,

p <0.01).

These findings show that aggregate ratings from ten untrained, novice designers can be
used as a proxy for expert design ratings. This finding supports prior work in engineering design
that found that aggregate scores of 40 highly-trained novice raters can be used as a reliably proxy
for an expert rater [144]. However, the novice designers in the current study received no training
on the design tasks or rating scheme, and our results indicated that only ten raters are needed to
mimic expert responses. This result contradicts prior research that has suggested that the limited
experiences of novice designers have will also limit their case-based knowledge, and thus their
ability to effectively evaluate designs dissimilar from their experiences [145]. While the
differences identified between the current study, and prior research suggests an opportunity to
dig deeper into the nuances of expert and novice evaluations, the results also suggest that an

aggregate score of a few novice designers can be used to mimic expert responses.

Does the TASC method align with human perception or with the SVS method?

Our second research question sought to understand the similarities, and differences
between expert, and novice designers’ perception of creativity, our TASC method, and
evaluations using the SVS method. Specifically, our hypothesis was that our TASC method
would tap into similar constructs of creativity used for perceived creativity, and relative
measures such as the SVS, and thus would have some significant positive correlations with both
measures. As shown in Figure 3-4 there is an area of overlap between the SVS, and human
perception methods of evaluating designs that our TASC method has been developed to
transcend. In this way our TASC method could be used to harness the benefits each of the prior
methods, and minimize possible experience biases.

In order to answer this research question, a Spearman’s Rank correlation was conducted
between the novice designers’ ratings of idea creativity, and the ratings from the TASC, and SVS

methods, see Figure 3-4. The two-tailed tests of significance indicated that there were significant
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positive relationships between the novices’ perception of idea creativity, and the TASC method
for the toothbrush (= 0.98, p < 0.01), and the texting (» = 0.88, p < 0.01) methods, but not the
milk frother (» = 0.39, p < 0.30). This finding indicates that the TASC method is tapping into

similar constructs of design creativity as the novice perception. On the other hand, there was no

. 0.98%*
0.88**

o
©

o
®

0.76**

°
S

I3
o

0.5
E Novice TASC

0.39 0.39 0.38 [sys
0.28

Spearman Rank Correlation
o o o 4
2 &8 ¢ ¢

o
o

Overall Milk Frother Toothbrush Texting
Design Problem

significant relationship between the SVS method, and novice perception for any of the design
problems tested.

Figure 3-4: A summary of the Spearman’s Rank correlations between novice rater’s
perception, novice TASC and SVS scores of all 27 designs. ** Significant at p <0.01,
*
p<0.05

Two-tailed Spearman’s Rank correlation tests of significance were also conducted
between expert designers’ perception of creativity, expert TASC scores, and the SVS method,
see Figure 3-5. The results showed no significant relationship between the SVS method, and
expert perception for the milk frother (» = 0.47, p < 0.20), and the toothbrush design problem (»
=0.65, p <0.06). However, there was a significant relationship between the SVS method, and
expert perception for the texting problem (» = 0.56, p <0.01). Interestingly a reverse finding was
found for the relationship between expert perception, and the TASC method; significant
relationships were found for the milk frother (» = 0.75, p < 0.05) and the toothbrush (» = 0.80, p
< 0.01) design problems but not the texting problem (» = 0.60, p < 0.08). This may be due to the
openness of the texting problem, and the variety of solutions generated for this problem. In these
cases, prior works have shown that case-based knowledge, although beneficial in most cases, can
conversely cause erroneous conclusions from experts when conditions are not explicitly within

the evaluator’s perceived domain knowledge [146, 147]. Novices are also likely to attribute
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judgments erroneously by linking design characteristics to prior experiences even if they are
irrelevant to the design’s feasibility[ 138].
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Figure 3-5: A summary of the Spearman’s Rank correlations between novice rater’s
perception, novice TASC and SVS scores of all 27 designs. ** Significant at p <0.01,
*
p<0.05

These findings support the ability of our TASC method to evaluate design creativity
using word selections, and semantic distances. The TASC appears to be tapping into similar
constructs of design creativity as hypothesized. This means that the TASC could be used as a
proxy for pure expert, and novice perceived evaluations of design creativity. The results from
using the SVS method were interesting in that novices had a more significant relationship than
experts. This finding could be problematic for the use of SVS methods that may not be tapping
into a similar view of creativity as perceived by experts in product design.

The results from these tests continue to support our hypothesis that our TASC method
would tap into similar constructs of creativity as human perception. This finding is promising for
the development of more absolute, and global measures of design creativity. In this way, the
TASC supports the effort to allow the same metric and framework to ultimately evaluate

different design problems.

Does the TASC method, and SVS align with expert human perception, and can TASC be used as
a proxy for expert ratings?

Our final research question was developed to identify if, or how well, the TASC metric,
and novice perception can be used as proxies for expert ratings. Our hypothesis was that our

TASC method, when used by novices, will produce evaluations comparable to those by experts
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due to the use of adjective selections that could reduce experience dependence. In order to
answer this question, a series of Spearman’s Rank correlations were conducted. Summaries of
this analysis, shown in Figure 3-6, are provided below. Our results showed a significant positive
correlation between expert, and novice perceptions of creativity for each of the design problems,
including the “milk frother” (r,(9) = 0.87, p < 0.01), the “toothbrush” (r,(9) = 0.90, p < 0.01),
and the “texting” design problem (7, (9) = 0.82, p < 0.01). This result demonstrates that the
openness of the design problem had no significant impact on the strength of the positive
correlation between expert, and novice ratings of design creativity. The novice TASC scores also
had a positive significant correlation with expert perception for the toothbrush (r4(9) = 0.87,

p <0.01) and texting problem (74(9) = 0.65, p < 0.05), but not the milk frother problem
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(r(9) =0.87, p <0.17). However, the correlation coefficients were not as high for the novice

TASC scores as they were for the novice perception scores.

Figure 3-6: A summary of the Spearman’s Rank correlations between expert perception
and both expert TASC and SVS scores by design problem.

These findings demonstrate that, while the TASC method shows promise to be used as
proxy for expert ratings of design concept creativity, the average ratings of ten novice designers’
perception of creativity is actually more effective of a measurement. Interestingly, this argument
holds true regardless of the “openness” of the design concept being evaluated. These findings
neither support nor reject our hypothesis that our TASC method can be used for a proxy for
expert perception. However, they do show that there is potential for our TASC method to reduce

experience biases, and enable novices to obtain expert-level evaluations. By using words selected
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from a predefined set, the TASC method provides a streamlined framework for diagnostic
feedback to designers as words selections have in Kansei engineering [40], and the desirability
toolkit [37]. Although our TASC method was significant for two of the three design problems,
future work will be required to further reduce discrepancies. This could be possible through the
development of a crowd-sourced semantic similarity index using Amazon Mechanical Turk [84]
that could provide word weightings that are more in line with human intuition. This could further
the push for creativity assessment tools that bridge the gap between fast human perception, and
the repeatability of the SVS method. In comparison, the SVS method ratings were only
significant for the “texting” design problem. The results from comparing novice perception to
expert perception showed strong relationships between the two groups. These findings support
the effectiveness of novice evaluators beyond prior use in crowdsourcing research [144]. It also
strengthens the argument for utilizing novice evaluators in design evaluation tools as low cost

and more accessible alternative to expert evaluators.

3.6 Impetus for Engineering Design Education, and Research

The main goals of this research were to investigate the development and use of our TASC
in comparison to human perception and prior creativity metrics, and to further our understanding
of how expert, and novice perceptions of creativity relate to other measures. Our results revealed

the following key results:

1. Expert, and novice raters were in strong agreement with their perceptions of creativity in
concept designs regardless of the design problem;

2. Our TASC method was able to tap into similar constructs of expert, and novice
perceptions of creativity in concept design;

3. Aggregate scores of 11 untrained novice designers can be used as a proxy for expert
ratings irrespective of design problem openness; and

4. While there is potential for using our TASC method with novice raters to achieve expert
level feedback, more work is needed to refine the method to improve its utility of human

perception.
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These results have several important implications for engineering design, and
computational design creativity systems in education and industry. First, the results show that, in
the context of design concept evaluation and selection, experts and novices are able to reach
similar judgments on design novelty, quality, and overall creativity. Despite their varying levels
of experience, these two evaluator groups are able to reach similar conclusions about a design’s
creativity. Our results align with prior research in design expertise and crowd-sourced design that
has suggested that novices with minimal training can be used as a proxy for expert feedback
[120, 148]. However, there was no training involved in our study and, as our results show,
novices were able to yield significant results. Creativity identification in this way is not limited
to the expert domain. It also means that training might not be as essential as previously thought.

While it may be powerful to have numerous evaluators in product design due to the law
of large numbers, our results have shown that even with 11 expert, and 11 novice evaluators, we
were able to obtain significant ratings. So, despite prior works in support of crowd sourcing
especially for novices in product design [93, 94], numerous evaluators may not be necessary to
effectively evaluate design creativity. This means that time and resources can be better allocated
towards design efforts. This finding also enables the use of creativity evaluation methods such as
our TASC method to streamline the evaluation process for industry, and within education.
Building on education, it might be possible for students to evaluate the designs within a
classroom setting without finding overly confined evaluator groups, or spending money.

In addition to highlighting the potential of novice evaluations of concept creativity, the
results of this study establish the reality of computational design-creativity systems as a means to
substantiate creative designs in the selection process. Prior studies in engineering design and
psychology have shown that few creative designs actually survive the concept selection process
due to biases that stigmatize creativity [9, 11]. Our TASC method provides a framework in
which qualitative data becomes multifaceted during the design process. At first glance, the words
can be analyzed on their own for how the designer’s message has been communicated through
the sketch. The assignment of semantic weights provides quantitative values that can be used to
draw comparisons between the designs and substantiate design decision. Thus, the design
evaluation method developed in this research pushes for quality as well as creativity within the

design process.
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3.7 Limitations and Future Work

While the current study highlighted the development of computational creativity-
evaluation tools in concept selection, and identified the use of such tools with novice raters, there
are several important limitations that should be noted. The most important limitation is that this
study was developed using words that originated from the Desirability Toolkit developed by
Benedek, and Miner [37] to obtain user feedback on desirability. Although many of the words
used within the Desirability Toolkit are applicable within engineering design, there is an
opportunity for future work to tune the word list more appropriately. Words can be borrowed
from affective and Kansei engineering, and implemented in the TASC framework with relative
ease. There is also an opportunity to adjust the word selections to better suit other areas of
design.

In addition to the word selection list, there is an opportunity to explore more advanced
measures of word relatedness within the TASC method. The proliferation of natural language
processing techniques and machine learning technologies has the potential to increase the
correlation between computed word relatedness, and human perceived word relatedness. The
Java class DISCO [99] was used to compute semantic similarity in the current study due to its
accessibility, and strong relationship with human perception among other freely available
solutions. We are also interested in developing customized word relatedness indexes based on
human feedback using crowdsourcing tools such as Mechanical Turks as supported in prior
studies [48, 120]. Further experimental investigations on this topic can be implemented within

our TASC methodology with relative ease.

3.8 Conclusions

The main goal of this study was to investigate the utility of our TASC method, and the
relationship between evaluator experience, and various design-concept creativity evaluation
methods. To meet this goal, quantitative and qualitative data were collected, and analyzed from a
controlled study utilizing an online questionnaire with expert, and novice design engineers.
Overall, the results of this study show that novices and expert evaluators are able to perceive

creativity alike, and that it may be possible to utilize this ability to reduce the costs, and
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limitations of using purely expert evaluations in the concept evaluation process. However,
creativity evaluation methods need further development towards minimizing contextual rater
biases for unique problem sets. Lastly, our results showed support for computational design-
creativity tools, and their ability to assess creativity without training participants. These types of
tools have an opportunity to simplify the concept evaluation process, and make it accessible, and
practical for students and industry. Our results are used to provide directions for future research,
and provide recommendations for design evaluation and to support creativity throughout the

design process.
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Chapter 4

Design Creativity Assessment Metrics in Engineering Education

The previous two chapters have brought to light the utility of creativity evaluation
metrics, and in particular our TASC metric, for providing a proxy for expert ratings in creativity
evaluation. However, little research exists that studies the application and implementation of
these tools by engineering students on grade-dependent class projects Prior research in concept
evaluation, and selection methods has largely focused on evaluating designs within the
constructs of research, and generally fail to assess the abilities of these methods to be
implemented by practitioners such as students, and industry designers. Although this research
has provided the design community with a basis for guiding their design selection process, there
remains a need for application-oriented methods and tools to utilize this knowledge. Therefore,
the final study of this thesis was developed in order to test the utility of the TASC metric in an
engineering design course project with 30 engineering students. The results from this study
demonstrate the utility of the TASC concept-selection method in an engineering classroom, and

enhance our understanding of design-creativity evaluation.

4.1 Introduction

Teresa Amabile said that “you don’t want to ghettoize creativity; you want everyone in
your organization producing novel, and useful ideas” [149]. This is found to be true throughout
engineering design where researchers, and practitioners are meant to continuously exchange
ideas for the purpose of contributing to the forward momentum of understanding creativity in
product design [103, 150]. In fact, both researchers and practitioners are now pushing for tools to
quantify creativity that are rigorous, and reliable for use in both environments [151, 152]. This
creates a challenge for new creativity assessment tools, and methods that may be rigorous but
lack the extensive testing and proper implementation strategies to be considered reliable.
Therefore, it is important to identify the strengths, and limitations of creativity metrics in order to

improve our overall understanding of the design process.
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One of the most efficient ways to obtain measurements of design creativity is to have
designers subjectively rate, and select designs that are perceived to be the most creative. Either
individuals or design teams can utilize this method in a relatively short period of time using
internal heuristics [153, 154]. However, there are a number of drawbacks to this sort of
assessment due to the inherent biases and lack of control for variations between designers and
within teams. Personal preferences, self-monitoring effects and fixation are some of the many
specific attributes that call into question the rigor and repeatability of this type of creativity
assessment [155, 156]. Because of the biases inherent with these methods, several creativity
metrics have been developed to mitigate designer bias through intricate models and
methodologies that compare and contrast unique design features using decision-making theory
[39, 138, 157]. In this way, quantitative values for a design’s creativity as well as quantity and
variety have been calculated using methods such those developed by Shah, Vargas-Hernandez,
and Smith [24] that have become a landmark in the study of design creativity [25, 135].
Although this method exists, it is one of only a few methods currently available and it has often
served as the base for other metrics perpetuating the existing limitations [25, 30]. Therefore,
there is a need for developing more effective and efficient methods for practicing designers and
students.

Therefore, the purpose of this final investigation was two-fold. First, we seek to
understand the impact of teams evaluating self-generated design creativity using both subjective
judgment and a new creativity metric as compared to more established metrics. Second, we aim
to understand the impact of individual evaluations of self-generated design creativity using both
subjective judgment and the creativity metrics. The results from this study are used to derive
design recommendations to develop a web-based design creativity evaluation tool that can be
used by both student designers and eventually industry designers. In this way, creativity can gain

support throughout the design process and engineering design as a field.
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4.2 Background

4.2.1 The Impact of Teams in Engineering Design Activities

Modern engineering design relies heavily on the interaction, and productivity of multiple
engineers working together in teams. Researchers in engineering education frequently cite the
pressure directed from industry to teach teamwork as early as possible [158-161]. For this
reason, psychologists, and engineers have conducted significant studies to understand the
interworking of teams while participating in creative activities such as brainstorming, and
decision-making. For example, research conducted by Bechtoldt et al. [162] has shown that time
pressure coupled with positive social acceptance within teams resulted in increased productivity,
and originality of creative ideas generated. Knowledge about team interactions such as this can
be leveraged within engineering designs tools to obtain more novel, and feasible designs. In fact,
several team brainstorming tools, and techniques rely on this type of knowledge by encouraging
design teams to generate as many ideas as possible without judgment [163-165].

While these findings can help to foster creative teamwork, other research has explored
the complex nature of teams, and creativity that may require a pause for deeper consideration.
For example, teams have been found to experience reduced brainstorming performance due to
social loafing within the teams, and individual preferences against teamwork are problematic
[166, 167]. Personality tests such as the Myers—Briggs Type Indicator assessment have helped to
measure these individual differences, and improve problem solving, and teamwork [168, 169].
The existence of these types of effects highlight the need for caution when developing
engineering design tools that could be used by teams with various compositions. Therefore, the
current study seeks to understand the variability of team design creativity evaluations while

using various creativity assessment tools, and methodologies.

4.2.2 The Impact of Nominal Team Interaction on Design Creativity

While the previous section outlined the benefits and limitations of interactive and diverse

design teams, nominal teams that perform brainstorming individually and then meet later as a

team to review the designs must also be considered. In fact there have been conflicting views
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found in prior research on the benefits, and limitations of group product-design brainstorming
sessions, and the level of creative ideas produced [170, 171]. The factors that impact such teams
have been studied in prior literature in social psychology, and engineering design [172, 173]. For
example, a study conducted by Rietzschel et al. [106] looked at the performance of nominal
design teams at generating, and selecting ideas. They found that, while nominal design teams
were able to generate, and more novel design than interactive teams, both teams performed
similarly at design selection [174]. These findings are significant in exposing how easily team
composition, and organization may have an impact on certain aspects of the design process.
Therefore, it is important that we study nominal design teams as they relate to creativity
assessment and design selection.

Nominal design teams present an opportunity to observe shifts in preferences, and
decision-making abilities from when designs are selected individually, and then as teams. For
example, Sniezek and Henry [175] found that combined averages of individual judgments were
less accurate than group judgments. This is important to consider when developing unified
creativity assessment methods that may be used to evaluate self-generated designs where bias is
already contributing to decision variability [176]. However, research by Kerr and Tindale has
explored the idea of “group-based forecasting” of collective judgment from individuals, and
found that although this type of “forecasting” can be used; there are factors such as the size of
the group, and interaction modalities that can impact results [177]. This deeper understanding of
the impact of nominal design teams in design activities contributes to the efforts of developing
new engineering design tools that can effectively measure design creativity despite varying

design environments.

4.2.3 Lessons Learned from Current Creativity Evaluation Methods and Tools

A key contribution of new creativity evaluation research and methods is to provide a base
for application, and additional development that will increase the support of creativity
throughout the design process. This is important because creativity has become increasingly
integral to the success of engineering solutions, and products [178]. One of the many missions of
an engineering researcher is to ultimately take findings, and provide recommendations for how

they may be applied by others in their respective design efforts whether they be additional
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research, practice or education [152, 179]. As pivotal researchers in the study of design
creativity, Shah, Vergas-Hernandez, and Smith have provided interesting questions regarding the
practicality of consolidating the many measures of design creativity (e.g., quantity, quality,
novelty and variety) into a single overall score [24]. In their original SVS metric, designs are
decomposed, and evaluated by their ability to satisfy predefined functional requirements as a
function of the number of similar ideas generated [19, 24]. In the field of engineering design,
measurement granularity may be beneficial in that a single value can be effective for ease of
communication but several specific values could be effective in design creativity optimization,
and comparisons. For instance, computational design creativity researcher David Brown arrived
at the conclusion that, despite the availability of the four measures of design creativity (i.e.,
SVS’s measures), they remain too ambiguous for computational creativity methods [30].
Therefore, there are benefits to developing design creativity metrics that can provide both a
general measure of design creativity as well as a more detailed set of design attributes.

In addition to defining the granularity of creativity evaluations, several scholars have
highlighted opportunities in crowd sourcing creativity judgments, and utilizing simplified
methods that reduce the workload of design raters. Research by Kurt Luther has shown that
online crowdsourcing tools have an opportunity to act as catalysts for creativity, and innovation
by allowing individuals of varying expertise to work together [180, 181]. As for simplifying
design tools to make them accessible for both practitioners, and participants, researchers at
Microsoft have developed several user-centered tools, and methods to measure product
desirability and usability [37, 95]. In this way, designers are empowered to seek out designs that
are not just feasible and usable, but also creative without wasting research time following
ambiguous procedures, or confusing the individuals providing feedback. The results of these
prior studies provide opportunities that can be addressed with new design-creativity assessment
methods. Therefore, the current study seeks to understand how to design new creativity methods

that can be easily implemented by design teams of varying abilities, but with comparable results.

4.3 Research Objectives

The purpose of the current study was to examine the relationship between creativity

evaluations performed with both individual engineering design students, and student design
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teams on self-generated designs. Specifically, our study was developed to answer the following

questions:

1.

How do individual creativity concept evaluations compare to team evaluations? We
hypothesize that there will be variability in the way individual and teams judge the
creativity of design ideas because prior research has shown that interpersonal differences
between teammates can be constrained during group brainstorming activities leading to
more creative designs [177], while other research has shown that social loafing and halo
effects may lead to reduced quality of engineering decisions [167, 182].

How do judgment-based evaluations compare to structured creativity metrics (TASC and
SVS)? We hypothesize that since human judgment-based evaluations is based on a global
understanding of creativity and structured creativity metrics are based on relative
evaluations of creativity, these methods would results in a limited relationship between
design evaluations [14, 25, 183]. . However, other research has supported the abilities for
new creativity metrics to overcome these issues such as our TASC method presented in
these proceedings [19].

How do individual creativity concept evaluations compare to structured creativity
evaluations methods (e.g., TASC and SVS)? We hypothesize that evaluations of design
creativity by the individual teammates will be influenced by individual biases and our
TASC creativity assessment tool will be effective at mitigating these interpersonal and
team biases. Prior research has shown that both differences in relatable experience and
individual preferences can impact their judgments of design novelty and quality [59,

184].

4.4 Methodology

To answer these research questions, a study was conducted with 30 undergraduate

student engineering students. This section serves to summarize the methodological approach

taken in this study.

4.4.1 Participants

At the start of the study, the purpose and procedure of the study were discussed and any

questions were answered. Next, implied consent (IRB) was attained. The participants in this

60



study were undergraduate students in a first-year engineering design course at Penn State. There
were 30 students (21 males, 9 females) that participated in this study from one section of the
course. Within the section, three- and four-member design teams were established resulting in
eight teams in total with two teams consisting of three members. Questionnaires were given out
at the start of the semester that asked about student proficiencies in 3D modeling, sketching and
engineering design. Teams were assigned by the instructor based these questionnaires to balance

the performance of the teams

4.4.2 Procedure

At the start of the study, students participated in an in-class brainstorming session during
which each team member was given approximately 20 minutes to individually generate as many
ideas as they could for the following design task: “Your task is to develop concepts for a new,
innovative product that can froth milk in a short amount of time. This product should be able to

be used by the consumer with minimal instruction.”

Participant 2

Participant 3
Participant 1

Participant 4

Figure 4-1 A diagram showing the process used by students to
select designs to evaluate throughout the study.

During the brainstorming session, students were asked to write any notes on the sketches

that would aid an outsider with understanding the concept’s purpose or features. Each student
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was provided with sketching papers that had borders and labels to clearly distinguish the
student’s identification code, team name, and the specific design number. Next, the teams were
asked to carefully discuss the ideas developed by the team, and sort the design sketches into two
piles: “consider”, any design they wanted to consider for further development, and “not
consider,” designs the team no longer wanted to consider as part of the process. After this, teams
were instructed to go through the designs in the “consider” pile, and rank them from most likely
to develop to least likely to develop as a design for their final class project Post-it notes with the
ranking for each design were placed on corresponding sketch, and digital pictures of the final
rankings were taken by the experimenters. Participants were not able to see these ratings again
until the end of the study period. Overall, this process of team consensus rankings of the design

took 30 minutes.

Figure 4-2 An example of teams ranking designs using
Post-it notes with comments

Following the team design evaluation activity, Design Assessment Toolkit (DAT)
packets were distributed each student. The DAT is a toolkit composed of two parts developed to
help students measure design creativity based on their individual judgment, and our TASC
method based on word selections, and semantic similarity. A copy of the DAT can be found in
the Appendix. Next, each student was instructed to randomly select one of their team’s sketches

at the center of their table, and to complete the individual judgment portion of the DAT, see
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Figure 4-1 and Figure 4-3 for examples. In this way, each member of the team evaluated every
design produced by the team. The students were given approximately 20 minutes to complete

this task.

Design #: 3
Not Innovative | ,Y\ {1 Innovative
Not Feasible } X 1 Feasible

Figure 4-3 Individual judgment of design creativity using
continuous scales.

Once the designs were evaluated using individual judgment, the students were instructed
to move on to the second part of their DAT packets for which they were provided an index card
with a table of 36 words. Once again, each teammate was instructed to randomly select one of
the team’s designs, and choose three to five words from the index cards, and fill them into the
DAT Exercise Form. This was repeated by every teammate until they evaluated all of the designs
generated by the team. Upon completion, students were provided with new index cards with both
the original words, and two sets of numeric weights for each word, as seen in Figure 4-4. With
the word list and weights in hand, the students were instructed to match the words they selected
on the DAT Exercise Form with their corresponding weights and fill in the blanks for all designs,
see Figure 4-3 for an example. Once this was completed, students were instructed to compute the
average word weights, and total scores for each design. The students also completed a short
questionnaire regarding the evaluation methods (see Appendix for questions). Afterward, the
DAT Exercise Forms were collected from each team, and the study concluded.

From these forms, Team TASC evaluations were tabulated, and returned to each team for
their own records. An example of a completed Team TASC evaluation score sheet is presented in
Figure 4-5. All DAT packets were scanned and returned to students. Although students were
provided with both the individual judgments, and TASC score summaries, they were not
required to use the information moving forward in their projects. In total, 60 designs were
evaluated using each method, and all TASC calculations were checked for arithmetic errors

before data analysis.
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4.4.3 Creativity Assessment Tools and Metrics
In order to investigate the differences between individual and group evaluations, several
creativity valuation metrics were developed and utilized in this study. In the following sections,

each method will be described and relevant calculations will be described in detail.

word (w1, w2)
Accessible Complex Difficult Fragile Inviting Reliable
(0.32,0.39) (-0.39,-0.32) (-0.39,-0.51) (-0.36,-0.38) (0.08,0.07) (0.50,0.47)
Advanced Comprehensiv | Effective Fun Irrelevant Satisfying
(0.46,0.30) e (0.49,0.29) | (0.44,0.43) (0.21,0.20) (-0.28,-0.46) | (0.30,0.37)
Busy Confusing Efficient Helpful Ordinary Unconvention
(-0.25,-0.27) (-0.38,-0.44) (0.51,0.46) (0.34,0.41) (-0.30,-0.26) | al (0.57,0.32)
Clean Connected Exciting Inconsistent Powerful Undesirable
(0.29,0.29) (0.13,0.18) (0.43,0.32) (-0.38,-0.44) (0.38,0.31) (-0.34,-0.36)
Clear Convenient Expected Ineffective Predictable Usable
(0.40,0.43) (0.43,0.46) (-0.18,-0.29) (-0.29,-0.44) (-0.40,-0.45) (0.33,0.38)
Compatible Creative Familiar Innovative Relevant Useful
Ll (0.30,0.26) (0.56,0.32) (-0.45,-0.36) | (1,0.36) (0.47,0.42) (0.51,0.49)
word 1: word 2: word 3: word 4: Word 5:
( . - G- Average
US{;ﬂA\ )@VO‘V‘[fJQM&aH§Ga\“G‘j'@G\d ’) Weights
w1 Lo tile e L S Sl T ( )1
ST e . 2492
we A 3 | 3 | Caw )
3

Total

Figure 4-4 Individual TASC evaluation of design creativity

SVS Design Creativity
To quantify the overall design creativity, the SVE method to calculate design novelty and

quality was utilized [24]. The specific measures of design novelty, and quality were used to
calculate an overall SVS creativity score because prior research has defined creative designs as
fitting both criteria of being novel, and feasible [17, 185]. In this way, design novelty is
calculated by looking at the relative uniqueness of a design’s separate features within a given set
of designs. For example, designs with more common features (i.e., shape, button placement,
attachments) are considered to have less novelty. Design quality on the other hand is defined as
the how well an idea is able to meet the design specifications required [24]. This was evaluated
by answering a set of questions that asked if a design is technically feasible, easy to execute and
completes the desired task. Both of these measures result in scores between 0, and 1 with 1 being

considered the most novel or most feasible (of quality). (For more in-depth discussion of design
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novel, and quality calculations see [186] and equations below.) By adding these two values

together, an overall SVS creativity score is obtained.

Feature Novelty f;
The method of computing f; is

fi=—+ (4-1)

where T is the total number of concepts generated for each category of design feature, and C is

the total number designs rated for each feature.

Design Novelty D;

The method of computing D; is

_Xfk )
D; = TR (4-2)

where fj, is the feature novelty of a feature from the original design and f; is the total novelty of

all features that were assessed.

Design Quality Q;

Design quality is calculated based on rater responses to three questions about the design’s
ability to perform the intended task. An example of the questions asked is provided in Figure 4-5
and design quality is calculated from the responses to the questions.

The method of computing design quality, Q; is

2}2:1 dk
Q = ==t (4-3)
Q1.22. Does the device froth milk?

@ ves

No

Q1.23. Is the device technically feasible (is it possible to make it)?

Yes

No

Q1.25. Is the concept a significant improvement over the original design?

Yes

No

Figure 4-5 Example quality questions using the SVS method.



where g is the answer to the kth quality question. If “yes” is answered then g is equal to 1, and

when the answer is “no” then it is equal to 0 [187].

SVS Creativity C;
SVS creativity is the combination of the novelty, and quality metrics that were originally
developed by Shah, Vargas-Hernandez, and Smith [24]. The method of computing C; is

where D; is design novelty for idea j, and Q; is design quality for idea j.

Individual Creativity Concept Evaluations

In this study, individual creativity concept evaluations were calculated by measuring the
markings on two scales regarding design novelty, and feasibility, see Figure 4-2. For designs
with little novelty, markings range between the extremes of “not innovative” and “innovative”.
As for design feasibility, markings are measured likewise between the extremes of “not feasible”
and “feasible”. With the respective measurements from the lower extreme, a ratio can be
calculated by dividing the marked length by the total length of the scale. This was completed for
both scales. Finally, to obtain a creativity score for a design, the novelty, and quality ratios were

added together.

Team Creativity Concept Evaluations

In this study, the team creativity concept evaluations are calculated by aggregating the
individual creativity evaluations from each teammate. For each design, the individual creativity
evaluations of the teammates are averaged together to obtain a single team concept creativity

evaluation.

Informal Team Discussion Creativity Concept Evaluations

Informal team judgments of design creativity are evaluations of design creativity
obtained from teammates conversing in a group, and ranking designs from most appropriate to
least appropriate using Post-it notes. An example of team judgments of design creativity is

shown in Figure 4-1.
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TASC Method for Evaluating Design Creativity

The TASC method was developed over a serious of prior studies to use word selection
from raters, and semantic similarity (word relatedness) to calculate design creativity. This
involves having raters choose three to five words from a set list for each design, and matching
them to two semantic weights, see Figure 4-3. The sematic weights are a measure of the
relatedness between each of the words in the list and the words “innovative” and “feasible”
obtained from using an online toolkit called DISCO [99]. By averaging the “innovative”
semantic weights for each word, and doing the same for “feasible” semantic weights, we can
obtain novelty and quality scores. Finally, the overall creativity score for each design is
calculated by adding both scores together. In teams, the TASC creativity scores by each
teammate can be averaged to obtain singular scores for each design, see Figure 4-6 for an

example of team TASC evaluations.

Design # 1 Design #2 Design #4 Design #8 Design #10

Participant 1 0.132 0.253 0.268 -0.226 0.952

Participant2 0.457 0.885 -0.113 0.924 0.506

Participant 3 0.225 0.413 -0.236 0.839 0.088
Average Score 0.271 0.517 -0.027 0.512 0.515
Rank 7 3 10 5 4

Design # 14 Design #16  Design #17 Design #18  Design #19

Participant 1 -0.458 0.574 0.338 0.271 0.708

Participant2 0.824 0.968 0.24 0.387 0.472

Participant 3 0.427 1.037 -0.226 0.46 0.544
Average Score 0.264 0.860 0.117 0.373 0.575
Rank 8 1 9 6 2

Figure 4-6 Team TASC evaluation of design creativity

4.4.4 Statistical Analysis

In order to test our hypotheses, creativity scores were calculated from individual

judgments, team judgments, our TASC method and post hoc using the SVS method with two
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independent raters. In order to compare these different methods of evaluating design creativity,
creativity scores were normalized between 0 and 1 with 1 being the most creative design. These
scores were then ranked for analysis using partial correlations first controlling for team number
and then for participant number. SPSS v.22 was used to analyze the data with a significance level

of 0.05.

4.5 Results and Discussion

The purpose of this research was to investigate the relationship between creativity
evaluations performed with individual engineering design students, and student design teams on
self-generated designs. Therefore, these interactions were analyzed in three phases. The first
phase was to explore the interaction between team creativity concept evaluations, and informal
creativity concept evaluations. The second phase was performed in order to understand the
relationship between these the evaluations in Phase 2, and the TASC, and SVS creativity
evaluations. Finally, a third analysis was performed in order to understand the relationships
between individual creativity concept evaluations, informal team creativity concept evaluations,
individual TASC evaluations, and SVS evaluations.

The TASC method results allow for a review of commonly selected words and summary
statistics regarding the number of words ultimately selected by the engineering design students.
On average, students selected 3.97 words for each design (SD = 0.87) with a range from 3 and 5
words as instructed throughout the study. However, it was found that out of 30 students only
three were found to select the minimum of 3 words for each design. This finding provides
support for the significant involvement and consideration taken by the students during the study.
The most frequently chosen words in the TASC method include “innovative”, “creative”,
“useful”, “effective” and “usable.” However, the words chosen the least include “connected”,
“inconsistent”, “inviting”, “comprehensive” and “irrelevant.” These results provide a basis for

understanding the contextual use of the adjectives by students to describe their designs and their

perception of design features.
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4.5.1 Relationship between Team Creativity Concept Evaluations and Informal Team

Evaluations

To examine the relationship between creativity evaluations using team creativity concept
evaluations, and informal team creativity concept evaluations, partial correlation analyses were
performed controlling for the design teams performing the evaluations. We hypothesized that
these two methods of evaluating design creativity would differ due to the individual differences
in teammate preferences as compared to evaluations performed together through discussion. This
relationship was then subjected to a first-order partial correlation in order to explore the
relationship controlling for the effects of the design team. The first order correlation was found
to be statistically significant, » = 0.59, p < 0.001.

The results indicate that the team creativity concept evaluations were significantly related
to the informal team creativity concept evaluations. In particular, the relationship between these
evaluations was of moderate correlation strength but of extremely high statistical significance.
This suggests that, by taking an average of individual judgments by nominal teams, we are able
to obtain a moderate understanding of how the individuals will evaluate design while they are in
person together evaluating design creativity. This finding may be due to the fact that the team
creativity concept evaluations were performed after the informal team creativity concept
evaluations. Therefore, these findings may represent some of the informal team creativity
concept evaluations influencing the team creativity concept evaluations despite the fact that

teams were not able to directly compare evaluation results.

4.5.2 The Abilities of Creativity Evaluation Tools Minimizing the Impact of Interpersonal

Judgments

Our second research question was developed to investigate our team TASC evaluations
and the SVS method. This relationship was then subjected to a first-order partial correlation in
order to explore the relationship controlling for the effects of the design teams. The first-order
correlations found significant relationships between all relationships with the exception of the
SVS method, see Figure 4-7 and 4-8 for a summary of results. The relationship between team

creativity concept evaluations and our team TASC evaluations were found to have the following

69



first-order partial correlation, » = 0.58, p <0.001. The relationship results also showed a
relationship between team judgments and our team TASC evaluations with the following first-
order partial correlation of » =0.51, p < 0.001 while controlling for the design team.

These results suggest that our team TASC evaluations of design creativity are able to
capture similar constructs of creativity throughout the design teams and how they perceive
design creativity. However, the widely adopted SVS method failed to exhibit any significant
partial correlations with all the other evaluation methods used in this study including our TASC
evaluations. These results indicate that, while our team TASC evaluations are tapping into
similar constructs of perceived creativity by teams, the SVS method does not appear to be doing
so. Therefore, the relationships between these methods should be explored on the individual

evaluator level to understand their granularity.
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Figure 4-7 Summary of first-order partial correlation
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and other creativity evaluation methods
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4.5.3 Individual Creativity Evaluations

In order to investigate if relationships exist between individual creativity concept
evaluations, informal team creativity concept evaluations, individual TASC evaluations and the
SVS method, a final series of first-order partial correlations were computed while controlling for
the individual student. The results revealed that the relationship between our individual TASC
evaluations and the SVS evaluations were the only pair lacking significance, see Figure 4-9 and
4-10 for a summary of results. The relationship between individual creativity concept evaluations
and our individual TASC evaluations were found to be significant at the » = 0.46, p < 0.001 level
while controlling for the effects of individual students. This suggests that our TASC method is
tapping into similar constructs of creativity as the students. The relationship between individual
creativity concept evaluations and the SVS evaluations was also found to be significant, but to a
lesser extent at » = 0.13, p < 0.05. These results suggest that at the individual evaluation level,
our TASC method maintains a moderate relationship with the way designers are evaluating
design creativity. Conversely, these results also highlight the limitations of the widely adopted
SVS method and its use for evaluating design creativity as a design team would. Therefore, the
results direct us to new knowledge regarding the relationships between human judgment and

creativity evaluation methods and design creativity within teams and between individuals.

Individual Creativity Concept Evaluation

c 09
2

& 038

L o7

O o6

_m

€ os

& p

s 0.4 © p<0.001
Bo3

Q

0.2

=

w01

¢ p<0.001

© p<0.05

Informal Team Individual TASC SVsS
Creativity Concept
Evaluation

Creativity Evaluation Methods

Figure 4-9 Summary of first-order partial correlation
relationships between individual creativity concept
evaluations and other creativity evaluation methods
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Figure 4-10 Summary of first-order partial correlation
relationships between informal team creativity concept
evaluations and individual creativity evaluation methods

4.5.4 Summary of Word Selections and Student Feedback

The findings from the design evaluations are extended through the questionnaire
feedback from students after completing the entire study. When asked about preferred method of
evaluating their designs, 40% (12 students) preferred the line marking method, 43% (13
students) preferred our TASC method and 17% (5 students) either preferred using either both
methods or neither method. However, when asked if our TASC method altered their thought
process during evaluations, 57% (17 students) agreed that it did and 33% (10 students) stated it
did not. Three students did not provide a clear response as to which method they preferred. These
results show that although students were split relatively evenly between their creativity
evaluation method preferences, our TASC method was impactful, and enabled students to
consider designs from a broader perspective. In addition, ten of the students that preferred the
method of using the individual judgment method with line markings also reported that the TASC
method altered their thought processes. For example, student 24 stated that “I kept viewing it

from an engineers perspective, and the words made me view it from a customer perspective.”
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This feedback provides insights for the development of interactive concept evaluation, and

selection methods that encourage designers to consider designs more thoughtfully.

4.6 Discussion

These findings lead us back to the purpose of this study, which was to explore the
relationship between individual, and group judgments of self-generated designs using creativity
evaluation methods. Our main results were as follows:

* There is a relationship between team creativity concept evaluations, and informal team
creativity concept evaluations, but this relationship may be due to the fact that the designs
were previously evaluated together in teams leading to some priming effects;

*  Our TASC creativity evaluation method is able to tap into similar constructs of design
creativity as both individual, and team creativity evaluations, but the correlation
coefficient is rather low (< 0.6) demonstrating variation in these methods and the
potential for mitigating human biases; and

* The SVS method that has been widely adopted in design creativity research may not be

capturing creativity, as it is perceived by design teams.

Prior to the study, it was hypothesized that there would be differences between informal
team creativity concept evaluations, and informal team creativity concept evaluations because
prior studies have shown that in brainstorming tasks, teams were not necessarily generating more
creative designs than nominal teams as others have suggested [106]. However, the current study
was conducted to understand how individual differences in creativity evaluations could be
influenced by informal team evaluations of creativity. The results from the study indicate that,
despite prior research’s findings regarding the limitations of forecasting team creativity from
individuals, the team creativity concept evaluations using averaged individual creativity concept
evaluations do have a relationship with informal team judgments [177]. Although, as described
earlier, the informal team creativity concept evaluations were performed prior to the team
creativity concept evaluations. This ordering of the evaluations could have resulted in some

priming effects. However, these results maintain a margin for variability included within in the
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moderate relationship found between their evaluations. So, although these two methods have
some variability in their evaluations, they appear to be tapping into similar constructs of
creativity.

Building on this finding, the results revealed that our TASC evaluation method shares a
relationship with both team creativity concept evaluations, and informal team creativity concept
evaluations. This shows promise for the use, and application of the TASC to measure design
creativity with individual designers and development teams. This is supported by prior research
at Microsoft with the Desirability Toolkit, and the subsequent Product Reaction Cards that have
cited successes of using word selections to obtain user feedback regarding intangible measures
such as desirability or in our case creativity by practitioners [37]. Therefore, the results have
shown a link between how we perceive creativity, and the way our TASC method is able to
obtain quantitative evaluations.

Conversely, the results also revealed some of the limitations of creativity metrics often
cited in engineering design research in academia. With regards to team judgment of creativity,
the results did not find any significant overlap between the team judgments of design creativity
and the SVS evaluations. A criticism of the SVS method has been that it lacks appropriate
evaluation granularity due, and although a feature may be unique to the design set it may not be a
creative design overall [25, 30]. Another problem facing this method is implementation within a
classroom or fast paced development in industry. To calculate the SVS scores for this study, a
customized milk frother benchmarking handbook had to be developed, and required hours to
complete effectively. Finally, when the handbook was completed each design needed to be
evaluated following the handbook. Ultimately, the amount of time and effort required to obtain
the SVS evaluations were disproportionate to their ability to evaluate design creativity in the
context of a classroom.

Although the SVS, method may be removing biases, and subjectivity through its
meticulous feature-level evaluations and functional questionnaires, it appears to be conflicting
with human perception of what something means to be creative. However, the results from the
study indicate that our TASC method was able to display significant relationships with both
measures of human’s perceived judgment of creativity. It appears to be tapping into similar
paradigms of design creativity that could find middle ground between the wisdom of the crowd

and individual-based knowledge. In summary, our study suggests that there is a need for design-
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creativity evaluation methods that can help to mediate the benefits of human judgment with the

rigors of structured methods such as the SVS method, especially within a classroom.

4.7 Conclusions

Overall, the results of this study show that there is a need for creativity evaluation tools
that are both easy to implement, and compliant with the definition of design creativity (i.e., novel
and feasible). This has important implications for engineering design research, education, and
practice, where there is an increasing demand for products that are not just technologically sound
but, even more so, creative in their incarnation [188, 189].

The results from this study have important implications for engineering education, and
practice in industry. The results show that our TASC method may be a means to reconcile
differences between individual judgments, and group judgments of design creativity, while being
built on a structured framework that enables accessibility, and repeatability. However, there exist
several limitations that are important to note. First, our study was performed with one class of
undergraduate engineering students evaluating their class project designs. It would be beneficial
to see if these results are similar with other undergraduate engineering classes. In addition, the
design problem was the same for each of the design teams, and future studies can explore the
impact of team specific design problems, and their impact creativity evaluations. Additional
future work will focus on fine-tuning the TASC method into a printable toolkit for classroom
use, and an online tool for anyone with an Internet connection to use. In this way, students, and
designers alike will be able to consider design creativity quickly, and easily throughout the
design process. This contributes to the on-going goal of improving engineering design education

and developing tools to enable creative engineering design.
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Chapter 5

Summary, Contributions, and Future Work

Design creativity evaluation is an essential part of engineering design education, and
practice. The research presented in this thesis was developed to explore the utility, opportunities,
and implications of design-creativity evaluation methods used in academia, industry and
engineering education. The first manuscript of this thesis, presented in Chapter 2, investigates the
utility of word selections, and semantic similarity as a method for evaluating design creativity.
The second manuscript of this thesis, found in Chapter 3, explores the impact of experience, and
biases on current methods of concept evaluation including our word selection method. The third,
and final manuscript, found in Chapter 4, examines the impact of student students using
creativity evaluation methods on self-generated designs. A summary of these studies is described
in Chapter 1.

The findings in this thesis provide quantitative support for the opportunity for creativity
evaluation tools to encourage creativity throughout the design processes, and to expand our
knowledge on creativity in engineering design. In addition, the development of a new creativity
evaluation tool is investigated for its use by students, and practicing engineering designers. This
research contributes to our understanding of design creativity, and concept selection in early
phases of product design and the follow contributions to work in this area:

1. This research adds to our understanding of using word selection, and semantic similarity
to evaluate design creativity. The results of the studies conducted in this thesis indicate
that word selection enable design-space-independent evaluations of design creativity.
These results indicate that it may be possible to compare, and contrast designs from
dissimilar design problems, and its advancement over prior evaluations of design
creativity.

2. This research provides empirical evidence that supports the use of novice design
engineers as proxies for expert experience as raters for design creativity. The studies
conducted in this thesis demonstrate that despite biases, and levels of experience,
individuals, and groups are tapping into similar constructs of design creativity during

evaluations.
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3. The results from this research provide insights into the benefits and limitations of current
creativity evaluation metrics. Although prior methods attempt to reduce subjectivity by
evaluating designs based on unique features, they fail to appropriately account for design
novelty and quality as equal parts of a design’s overall creativity.

4. This research provide further insights into the development of future creativity-evaluation
methods that can be used effectively by individuals as well as groups despite their various

individual differences.

This research also provides important evidence to assist with the development of a
printable toolkit, and web-based design creativity evaluation tool based on our TASC method
described in Chapter 4 of this thesis. While this research focused on the opportunities, and
limitations of creativity evaluations tools, the results can contribute to the development of other
new design-creativity tools for engineering education, and engineering practice. Thus, future

research is needed to enable the usability, and accessibility of these design-creativity tools.

5.1 On-going and Future Work

In an effort to design accessible, and usable creativity evaluation tools, our research has
resulted in the development of a web-based TASC concept creativity evaluation, and selection
tool. The goal of this tool is to encourage both students, and professionals to truly consider
creative designs throughout the development process. The future TASC web-app will allow any
individual to start a design-selection project at a moment’s notice by uploading pictures of their
team’s design sketches as the project’s administrator, see Figure 5-1 for screenshots.

After uploading the pictures, the project’s administrator will be presented with a page to
insert the email addresses of each of their teammates who will be participating in the design
evaluation. When the project administrator clicks submit, the each member of a team will receive
an email with their access link to begin evaluating the designs. The designs will then show one
page at a time with a list of words below the image. A participant will be prompted to select
three to five words from the supplied list to describe the design that is currently being presented
on the screen. Once the words are selected, they can move on to the next design until all designs

have been evaluated. During this time, the project’s administrators can follow the administrator
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link to a site displaying real-time status updates. The administrator can track the progress of
evaluations as well as the current rankings of the designs. Once the team evaluates all of the
designs, they can print out a full report that contains the ranks of the designs, the words used to
select the designs and the creativity, novelty, and feasibility scores for each design. This web
application require no training at all and can be use to evaluate designs at various stages of the
development process. This creativity evaluation and selection tool will be made available to the

public in the Spring of 2015.

Progress:

I
I
1 ¥ Incomplete
I

Project name: 5 =
2  Solar Powered
Team name: Ploase select 3 to 5 words that describe how 3 Steam Frothor
the image above makes you feel. 4 Mixer Frother
Accessible -
Description: Advanced §  Coffee Stand Frother
Busy
Clean
Clear Top word selections:
Compatible

Next Design
Figure 5-1 Wireframe designs of mobile TASC web-app. Start in top right and go

clockwise: Upload, register team information, evaluate designs, overview of results

5.2 Limitations & Opportunities

While this thesis has explored the utility of using word selections, and semantic similarity

to improve the efficiency, and accessibility of concept-creativity evaluations, there exist

79



limitations that are important to note. The meaning of words and their interpretation by
engineering designer can be influenced by the context of the design problem. In this thesis’
studies, the variability of contextual meaning on words was not explored. It is possible that
additional exploration of word context and interpretation within the design space could impact
creativity evaluations. In addition to word context, the semantic weight evaluations were also
limited due to the available technology. Future work should explore the use of other semantic-
similarity evaluation software that may become available for public use and could provide
semantic weights that could increase the accuracy of our resulting TASC evaluations with
respect to human perception of creativity. As the perceptual meanings of adjectives change due
to culture and common use, the adjectives used to describe concept sketches may also require
modifications and addition over the passage of time. While Chapter 4 of this thesis explored the
use of our TASC method within the context of a classroom, there remains an opportunity to
explore its use in industry implementation with more complex design concepts. This also
suggests an opportunity to explore the use of concept creativity evaluations by interdisciplinary
design teams with varying levels of contextual knowledge (i.e., marketing, business, and
engineering). In addition, the TASC web-application will require usability testing to ensure that

it provides a holistic experience for both practicing and student design engineers.

5.3 Conclusions

This thesis has resulted in the development of the TASC web-application to enable the
support of design creativity throughout the development process. As for the studies described in
this thesis, they have resulted in a number of publications that will contribute to our
understanding of creativity overall and the method used to evaluate design creativity. This thesis
and its components have shown there is a need for more accurate and accessible concept-
creativity tools and methods to support the creative process in practice. Ultimately, the findings
from this thesis will be made available to design engineers in academia and industry and provide

support for the development of creative and innovative products.
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Appendix

Design Assessment Toolkit

Participation: Individual Activity

Overview:

You have recently generated and selected a few promising designs as a team. In the following
activity, we will be introducing you to two methods for selecting early designs. The first method
relies heavily on your individual intuition and experience to select the best designs to invest
your team’s time and efforts. The second method relies on you selecting words to describe each
design and using these words to calculate numeric scores. By comparing these two methods,
you will learn how to support your design selections using persuasive language and quantifiable
data.

Instructions:

1.) Sit with your team and spread out all of the designs you are considering to move on in the
design process in the middle of your table, sketch side up, so all team members can reach all
designs.

2) Count how many concepts are in your team’s pile and write that number here

3.) Next, each team member should write their name and team name on the their DAT concept
evaluation sheet (next page).

4.) Once this is complete, each team member should pull one design from the deck and
individually evaluate the design for its innovativeness and feasibility by placing ‘X’s on the two
lines of the DAT concept evaluation sheet (next page)- see example below. Important: use the
number in the bottom right hand corner of the design concept you are evaluating.

Design #48
N 2
P Not I-* — Innovative
. Not Feasible } X—| Feasible

5.) When you have finished evaluating your first design’s innovativeness and feasibility, return
the idea sketch side up in the middle of the table. Repeat step 4 until you have evaluated every
design in the pile once. Double check that your total number of designs evaluated matches the
number of total designs in step 2. Once complete please wait for instruction.
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DAT Individual Judgement

Participant Code: Team:

Instructions: :
Please place a X’s on the lines below between the two extremes that most appropriately

represents how innovative and feasible each of your team’s designs are.

Design #: 42-example
Not Innovative |

x { Innovative

Not Feasible } X | Feasible
. Design #:the number on the bottom right corner of each sketch.
Design #:
Not Innovative | { Innovative
Not Feasible | | Feasible
Design #:
Not Innovative | { Innovative
Not Feasible | | Feasible
Design #:
Not Innovative | { Innovative
Not Feasible | | Feasible
Design #:
Not Innovative | { Innovative
Not Feasible | | Feasible
Design #:
Not Innovative | { Innovative
Not Feasible | | Feasible
Design #:
Not Innovative | { Innovative
Not Feasible | | Feasible
Design #:
Not Innovative | { Innovative
Not Feasible | | Feasible
Design #:
Not Innovative | { Innovative
Not Feasible | | Feasible
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DAT Individual Judgement

Participant Code: Team:

Instructions: :
Please place a X’s on the lines below between the two extremes that most appropriately

represents how innovative and feasible each of your team’s designs are.

Design #: 42-example

Not Innovative | x | Innovative
Not Feasible } X | Feasible
Design #:the number on the bottom right corner of each sketch.
Design #:
Not Innovative | 1 Innovative
Not Feasible | | Feasible
Design #:
Not Innovative | { Innovative
Not Feasible | | Feasible
Design #:
Not Innovative | { Innovative
Not Feasible | | Feasible
Design #:
Not Innovative | { Innovative
Not Feasible | | Feasible
Design #:
Not Innovative | { Innovative
Not Feasible | | Feasible
Design #:
Not Innovative | { Innovative
Not Feasible } | Feasible

Once you have completed the ratings, please order your designs by their number
from most effective to least appropriate solution.

Least Most
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DAT Exercise Form

Participant Code:

Participant code: Last character of first name, 2 digits of day of birth, last 2 characters of birthplace
Design #: The number on the bottom right corner of each sketch.

Team:

Design #:
Word 4: Word 5:

CC OC 00T e

Wi C )
w2 C )
+  Total
Word 1: Word 2: Word 3: Word 4: Word 5:
C OC  OC O IC ) wagme
Weights
w1 C )
w2 )
+ Total

Word 2: Word 3: Word 4: Word 5:

COC 0 00T e
G

w1
w2
~+ Total
Word 4: Word 5:
Average

(Word 1: ><Word 2: )(Word 3: )( )( ) s

C )
C )
+  Total

1
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DAT Exercise Form

Participant Code:
Participant code: Last character of first name, 2 digits of day of birth, last 2 characters of birthplace
Design #: The number on the bottom right corner of each sketch.

Team:

Design #:

Word 2: Word 3: Word 4: Word 5:

CoOC C DC 0 e

W1 C )
w O
+ Total
Word 1: Word 2: Word 3: Word 4: Word 5:

CoC  OC C DC ) wegms

w1 C )
w2 )
+ Total
Word 1: Word 2: Word 3: Word 4: Word 5:
D D GlD D D -+~
Weights
w1 C )
w2
+ Total
Word 1: Word 2: Word 3: Word 4: Word 5:
CDOC O DC D D) Weigns
Weights
w1 C )

w2
+  Total

1
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DAT Word Selection

Your Name:
Participant code: Last character of first name, 2 digits of day of birth, last 2 characters of birthplace
Design #: The number on the bottom right corner of each sketch.

Team:

Design #:
Word 1: Word 2: Word 3: Word 4: Word 5:

CoC  OC O I ) wegms

W1 C )
w2 )
+ Total
Word 1: Word 2: Word 3: Word 4: Word 5:

CoC  OC C DC ) wegms

W1 C )
e O
+ Total
Word 1: Word 2: Word 3: Word 4: Word 5:
. oC  OC O DT ) wagne
W1 C )
)

w2
~+ Total

]

Once you have completed the ratings, please order your designs by their number

from most effective to least appropriate solution.
Most

Least
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DAT What do you think?

Participant Code: Team:

1.) How did your concept ratings differ between the two methods?

2.) Which rating method results (word selection or scale ratings) did you agree
with more? Why?

3.) Did the word selection method alter the way you thought about your design
ideas? Why or why not?

4.) What new insights did you gain from using the word selection method that
you did not get using just the pure ratings?
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DAT What do you think? (continued)

Participant Code: Team:

5.) Please complete the following chart by putting an ‘X’ in the appropriate box
below.

This activity was more: Rating Scale Method Word Selection Method

useful

fun

efficient

effective

objective

accurate

insightful

Provide rationale for your ratings below.

6.) If given the choice in the future, which activity would you use to effectively
evaluate design concepts? Why?
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Design Assessment Toolkit

Participation: Team Activity

Overview:

Now that you have completed the individual activity, the next activity will involve some
teamwork. You will be reviewing each team member's design scores and calculating an overall
score for each design. This activity will give you an opportunity to see the words that others
have chosen and to think about the message each design has communicated.

Instructions:
1.) Briefly discuss within your team the words each of you has chosen.

2.) Next, review the DAT exercise team summary form. Have one person write the Design #
(number on the bottom right of sketch) for each of your designs and your team’s name on the
the DAT exercise team summary.

3.) Have each teammate take a turn and write their total design scores into the blanks under the
corresponding Design # (number on the bottom right corner of sketch).

4.) Afterward, select one teammate to compute the average score of each design and write the
calculated values in the final row of blanks corresponding to the Design #(number on the
bottom right corner of sketch).

5.) Briefly discuss the final scores for each design.

6.) Finally, return to your individual Design Assessment Toolkit packet and complete the
remaining questions individually.

Deliverables:

o A completed Design Assessment Toolkit packet from each teammate and one for the team’s overall
scores.
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DAT Exercise Team Summary

Team:

Design #:the number on the bottom right corner of each sketch.

Design #

Teammate 1

Teammate 2

Teammate 3

Teammate 4

Teammate 5

Averages

Design #

Teammate 1

Teammate 2

Teammate 3

Teammate 4

Teammate 5

Averages
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DAT Exercise Team Summary

Participant Code: Team:

Design #:the number on the bottom right corner of each sketch.

Design #

Teammate 1

Teammate 2

Teammate 3

Teammate 4

Teammate 5

Averages

Design #

Teammate 1

Teammate 2

Teammate 3

Teammate 4

Teammate 5

Averages
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DAT What does your team think?

Rankings of your team’s designs based on team averaged word scores.

Most Least

1.) How do these ratings differ from your team’s initial ratings formed in the
discussion session (with the iPads / post-its)?

2.) Does your team agree with these new ratings? Why or why not?

3.) Based on all of the evaluation activities completed, which design, or designs,
will you prototype?
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