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ABSTRACT

This study is intended to provide in-depth insights into how design thinking and creativity issues are understood
and possibly evolve in the course of design discussions in a company context. For that purpose, we use the
seminar transcripts of the Design Thinking Research Symposium 12 (DTRS12) dataset “Tech-centred Design
Thinking: Perspectives from a Rising Asia,” which are primarily concerned with how Korean companies
implement design thinking and what role designers currently play. We employed a novel method of information
processing based on constructed dynamic semantic networks to investigate the seminar discussions according to
company representatives and company size. We compared the quantitative dynamics in two seminars: the first
involved managerial representatives of four companies, and the second involved specialized designers and
management of a design center of single company. On the basis of dynamic semantic networks, we quantified the
changes in four semantic measures—abstraction, polysemy, information content, and pairwise word similar-
ity—in chronologically reconstructed individual design-thinking processes. Statistical analyses show that design
thinking in the seminar with four companies, exhibits significant differences in the dynamics of abstraction,
polysemy, and information content, compared to the seminar with the design center of single company. Both the
decrease in polysemy and abstraction and the increase in information content in the individual design-thinking
processes in the seminar with four companies indicate that design managers are focused on more concrete design
issues, with more information and less ambiguous content to the final design product. By contrast, specialized
designers manifest more abstract thinking and appear to exhibit a slightly higher level of divergence in their
design processes. The results suggest that design thinking and creativity issues are articulated differently
depending on designer roles and the company size.

1. Introduction

1.1. Semantic analysis of design thinking

human thinking as an associative system of concepts and semantic
connections [15-17]. Nodes in a semantic network represent specific
concepts or semantic entities such as words, whereas links refer to
mental (semantic) relations, exemplifying how concepts can be accessed

The cognitive processes that occur inside designer’s mind and un-
derlie the extraordinary ability of solving creative problems are referred
to as design thinking [1-5]. Language is a powerful and compelling data
source for analyzing knowledge [6] and mental processes [7-9],
including design thinking [1,10,11], conversations about design [12],
and evaluations of creative projects [13]. Computational processing of
language provides critical insights into design-thinking and
problem-solving processes [14]. These processes can be modeled by
analyzing semantic networks that offer a structured representation of
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from one another [16,18]. Dedicated semantic networks constructed
with information extracted from textual data, can be functionally and
structurally focused, providing a network representation of external
knowledge [19]. Semantic features and patterns have proven their
utility in modeling design descriptions [6]. Knowledge connections and
construction in networks can promote design thinking and information
processing [20].

Semantic analysis based on lexical chains has been used to capture
competing interests, their reconciliation, and the resulting agreement in
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design problem solving [14,21]. Forms of language for expressing
judgments and identifying semantic resources in linguistic appraisals in
design are detailed by Dong [14]. Moreover, semantics-based ap-
proaches to design analysis [21,22] emphasize that word relations are
essential to understanding design thinking. Noun phrases evolve over
the course of a design project and can serve as useful surrogates for
measuring the early phase of the mechanical design process when
multiple alternatives are generated [23]. The formation of different
noun-noun combinations and noun-noun relations reflects the under-
lying conceptual combination of design ideas. Semantic networks of
nouns constructed from verbal data can also be used to investigate
creativity in conceptual design and to simulate difficult-to-observe
design-thinking processes [9]. Semantic networks are employed as
knowledge bases for purposes such as knowledge retrieval, concept as-
sociation, and the expansion or execution of queries [18].

Alternative qualitative methods for investigating design thinking,
such as linkography [12,24-26] or thematic analysis [27], rely on
qualified design experts (human raters) to recognize the decisions, ac-
tivities, and themes that occur during the design-thinking process.
Typically, the interrater agreement (consensus) and interrater reliability
(consistency) deviate significantly from unity [28] and vary with the
academic background or years of research experience of the human
raters [29], which introduces a subjective error into the analyzed data
and limits the reproducibility of results by independent research teams
[30]. In addition, qualitative data are comprehensible to humans, but
are unusable by computer algorithms, which can only interpret and
work with accurate quantitative data.

In this study, we employ semantic networks as a robust, objective,
and highly reproducible alternative to qualitative methods, because the
quantification of different semantic measures can be fully automated
and executed by a computer program in the absence of any design ex-
perts or human raters. The computational method employs Natural
Language Processing scripts to extract nouns from conversation tran-
scripts, construct dynamic semantic networks of nouns, and automati-
cally quantify different semantic measures of interest based on WordNet
3.1 (https://wordnet.princeton.edu/). By eliminating human raters
from coding the design conversation transcripts, we can ensure maximal
100% reproducibility in the constructed dynamic semantic networks
and their corresponding quantitative semantic measures.

1.2. Measures on semantic networks for analysis of design thinking

Recent research has fostered a number of approaches to analyze
design thinking based on semantic networks [11,31,32] or information
use in the thinking process of designers based on the dynamics of net-
works of linked data [33]. There are three main advantages to using
dynamic semantic networks to model human creativity. First, the
method is applicable to studying any cognitive processes occurring in
the human mind that can be verbalized [8]. Second, a large number of
information theoretic semantic measures can be computed from tran-
scribed design conversations using available natural language process-
ing Python scripts [34] and WordNet [11]. Third, dynamic semantic
networks can be computer-generated, visualized, and used by designers
in real time.

From a structured view of information processing, semantic net-
works or knowledge graphs can be explicit representations of personal
knowledge about the world [6]. Design knowledge representation has
informative and reasoning advantages when networks with semantic
relationships of design terms are used, and semantic measures on such
networks have been used for design process characterization [35].

Previous study analyzed the Design Thinking Research Symposium
10 (DTRS10) dataset of design problem-solving conversations, with a
focus on the temporal dynamics of semantic factors that quantify real-
world human problem-solving processes in the design educational
context [11]. Using a large set of semantic measures, that study found
that the dynamics of three semantic factors—semantic similarity,
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information content and polysemy—can predict the success of generated
ideas in an educational context [11]. In particular, the divergence of
semantic similarity, increased information content, and decreased
polysemy were significant features of successful design solutions.

1.3. Information exchange when designing and analyzing designing

Information exchange can be achieved in multiple ways, including
through mechanical, electrical, and natural interactions [36]. The most
common methods of natural interaction are gesture, eye-movement, and
voice interactions [37]. Here, we focused mainly on the information
exchange through language [8] that occurs between participants of
design seminars in a company context [38].

Semantic analysis of technology-supported idea generation of pro-
fessional designers shows that semantic factors precisely delineate the
differences between design thinking sessions supported by Information
and Communications Technology (ICT) and non-ICT-supported sessions
[39]. Semantic factors characterizing discussions when designing can
account for specific creativity aspects such as originality or feasibility of
the outcome [40]. Therefore, information exchange in the form of
conversations or discussions in design thinking is essential for under-
standing, aiding, and improving the design thinking as a process [18,
25].

When analyzing or discussing design thinking, information exchange
is essential for aiding and improving design thinking in practice. For
example, information-seeking, analysis, and reflection practices posi-
tively influence team performance, and most importantly, outcome
innovation [41]. Lee et al. [42] also compared conversations describing
designing and design sessions about design thinking. Their analysis
focused on categorizing issues, and the findings showed that signifi-
cantly more functional and structure-related issues were discussed when
describing the designing process. Discussions about design might pro-
vide particular insights into the overall mechanisms of the
design-thinking process. In a recent study, roles in the design-thinking
process were distinguished in terms of communication and its cohe-
sion [43]. Integration of different stakeholder perspectives is particu-
larly relevant for the case of small and medium-sized enterprises (SMEs)
[44].

1.4. Research questions

This study is intended to provide in-depth insights into how design
thinking and creativity issues are understood and evolve in the course of
design discussions between professionals, intra- and inter-
organizationally, based on semantic networks and their dynamics.
Seminar transcripts from the Design Thinking Research Symposium 12
(DTRS12) dataset were used. The analysis focuses on the differences in
the networks and graphs pertaining to participants from big companies
and SMEs. These differences and their dynamics over time would shed
light on the reasons for the minority role of design and creativity in the
latter companies from the South Korean perspective, as outlined in the
Introduction of DTRS12 [38]. Furthermore, they offer new avenues for
intervention to address these and related issues.

Our main research questions are as follows: (1) “What are the tem-
poral dynamics of quantitative semantic measures, such as abstraction
[45], polysemy [46], information content [47], and semantic similarity
[48], in the individual design-thinking process of designers in the
company context?” (2) “How do the observed dynamics of those se-
mantic measures compare to the previously reported [11] association
between divergent thinking and creativity in the educational academic
context?, and (3) “How are design thinking and creativity issues arti-
culated in companies of different size and by different designer roles?”

The practical significance of having a quantitative description of
design creativity in the form of dynamic semantic networks is that they
can be reverse engineered for the future development of artificial in-
telligence (AI) co-creative partner systems [49]. In contrast to
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qualitative data, which are only comprehensible to humans [27,50],
quantitative data can be used by computer programs for control and
navigation toward a certain computational goal. For example, the gen-
eral qualitative statement that creativity is exercised through divergent
combination of distant ideas [51] is poorly defined and does not exclude
combination of ideas that are completely unrelated to the design prob-
lem that has been posed. In contrast, having a precise percentage of
divergence that occurs in the work of human designers could be used by
Al co-creative partners (computer programs) to evolve an initial sketch
of a solution into a number of possible design solutions from which the
human designer is able to choose. Because the adoption of Al co-creative
partner systems will be spearheaded by commercial companies, before
Al systems are available for personal use, the quantitative characteristics
of design creativity in the company context are worth investigating, as
they will lay the foundation for such Al development.

2. Selected semantic measures and their roles in the design
process

2.1. Abstraction in design thinking and problem solving

Expert design thinkers engage in stepping back or moving between
levels of abstraction [52]. A low level of abstraction was observed when
the design thinking is concrete and directly related to the physical var-
iables of the design. By contrast, a high level of abstraction is related to
the essence of the design problem [52]. Abstraction has been observed to
increase over lifetime and is related to the expertise levels of design
thinkers. The abstraction is inhibited in case of group design thinking
[53].

Overall, compared to specific ways of thinking, abstract thinking can
lead to open-ended and, therefore, novel ideas [54,55]. Generalization
and abstraction have been linked to the formation of semantic networks
[56]. Furthermore, the generation of multiple unique ideas is enhanced
by the availability of abstract text stimuli [57]. Therefore, abstraction is
an essential feature of creative idea generation and design thinking [58].

2.2. Polysemy in design thinking and problem solving

Polysemy, the potential of a word to possess multiple meanings [9],
has been investigated by scholars interested in the early stages of design
problem solving. The average polysemy of design ideas was found to be
significantly correlated with their originality ratings in a design task in
which a new design idea had to be generated from two given base
concepts [9,59]. Georgiev and Taura [46] identified polysemy as a
characteristic feature of successful ideas considered in the final solution
in design conversations. Polysemy demonstrates the multiplicity of
significations in a designed object [60].

Overall, different manifestations of creativity seem to operate
through concepts that exhibit high levels of polysemy. Polysemy has
been identified as an essential manifestation of the flexibility, adapt-
ability, and richness of the meaning potential of a language [61].
Polysemy also provides flexible patterns for cognitive operations that
support creativity at various levels [62]. Moreover, creative inspiration
can originate in polysemy, allowing for the examination of the diverse
meanings of related concepts [63].

2.3. Information content in design thinking and problem solving

Information content is a quantitative measure of the amount of in-
formation transmitted by a specific language unit in a certain context
[11]. Ontology-based computation of information content has shown
great potential for analyzing problem solving, because it is better
correlated with human judgments than corpora-based computation of
information content [64]. Words (concepts) with higher information
content are less likely to occur in general contexts [65]. The information
content between links using Shannon’s concept of entropy was used to
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measure design fixation [66]. The latter study illustrates how the theory
can be applied to locate and measure design fixation during particular
segments of design-thinking sessions [66]. Furthermore, information
content has been useful for detecting high creativity scores during
design sessions [12] and determining the usefulness of solutions
generated in design thinking [67].

2.4. Semantic similarity in design thinking and problem solving

Semantic similarity quantifies the strength of the semantic re-
lationships between pairs of words. In the design-thinking process, se-
mantic similarity was related to the novelty of a design produced by
combining two initial concepts [68]. Extensive analysis of real-world
design problem solving has demonstrated that convergence and diver-
gence in design thinking are faithfully captured by the dynamics of se-
mantic similarity in the constructed semantic networks of nouns [11]. In
particular, successful ideas manifest decreased semantic similarity and
increased information content over time, a combination that is consid-
ered a hallmark of divergent thinking [11]. Latent Semantic Analysis can
also be used to assess semantic similarity on a macro level between
different texts in the context of problem solving [69]. The role of se-
mantic similarity in design is highlighted by the finding that the degree
of similarity or dissimilarity of noun-noun combinations is related to
creativity by yielding emergent properties in idea generation [70].

Conceptual distances, which represent the degree of similarity be-
tween ideas or concepts, have been employed in a combinational crea-
tivity approach [32]. Similarities or conceptual distances can be
evaluated using different approaches [18]. However, in general, the
conceptual distances between the base and additional ideas relate to the
degree of creativity of the idea combination, suggesting that distantly
related ideas are potentially more creative [32].

3. Methods
3.1. Dataset overview and purpose of the design seminars

This study uses the Design Thinking Research Symposium 12
(DTRS12) “Tech-centred Design Thinking: Perspectives from a Rising
Asia” dataset. The starting point of the dataset is how Korean companies
implement design thinking and what role designers will play now and in
the future. Moreover, this coincides with the current global need for
academia to cooperate with industry in developing knowledge and skills
that are more readily available and applicable [38].

The in situ data of the dataset comprise recorded transcripts of two
seminars (workshops) with high-ranking managers and company em-
ployees. The workshops were organized with participants from five
Korean companies, ranging from conglomerate (chaebol) to medium-
sized companies [38]. The first seminar involved representatives from
four companies, including a conglomerate, two smaller companies, and
a marketing consultancy. Hereinafter, it is denoted as the “seminar with
four companies” (Fig. 1). The second seminar was conducted with a
large Korean pharmaceutical company, which has a broader product
range than only medical related products. Hereinafter, it is denoted as
the “seminar with design center.” The original language used in the
DTRS12 workshop was Korean. The conversation transcripts in the
DTRS12 dataset were provided both in Korean and in parallel English
translation.

The design seminars were intended for individual participants to
reconstruct their design process into a chronologically ordered sequence
of design stages and elaborate on their design thinking at each stage
(Fig. 2). In both seminars, participants were aided by the same large card
set, in which each card depicted a distinct activity or aspect of the design
process. Each participant was asked to select a subset of cards from the
large card set that best matched the stages of their own design process
and explain their ongoing design thinking with the help of the given
cards [38]. The verbal reports obtained were both personal reflections



G.V. Georgiev and D.D. Georgiev Technology in Society 74 (2023) 102292

Describe detailed activities in each design stage ...
Explain the reasoning behind different activities ...
Answer clarifying questions from other participants ...

Card selection to reconstruct

Seminars the stages of individual design process Explanation of design process

Fig. 1. General overview of the design seminars in the DTRS12 dataset. Participants in the seminar used a large set of cards to reconstruct the stages of their in-
dividual design-thinking process, after which they described the various design activities and explained the rationale behind them.

JANLTEe ] Analysis ] Synthesis]_Ideation ] Simulation ] Testing J Decision BESuiCEEEN

S B oy SR T e

Bl

s o
i

R

|l3§AT|iN SIMULl.l‘.rION TFST'NG SYNTHESIS DECISION
2 1] AN ey L) o
Ideation m Testing Analysis Synthesis Decision
>
Fuzzy front-end Idea development
Experimentation  Manufacture Generate ideas Prototyping
Define problem Explore alternatives Use ... Satisfaction

Fig. 2. Large card set and an example of a reconstructed individual design-thinking process. (A) Dark blue cards in the large card set represent general stages of the
design process, whereas light blue cards describe detailed activities. Empty (blank) cards were also included that could be used in case a design aspect or activity was
missing. (B) The reconstructed individual design-thinking process of designer P1 consists of 6 stages ordered chronologically as: Ideation, Simulation, Testing,
Analysis, Synthesis and Decision. Each design stage contains a number of corresponding detailed design activities.
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on the design-thinking process and a chronological mental replay of the
stages of the design process. This latter fact justifies our subsequent
semantic analysis of the DTRS12 dataset as a study of the
design-thinking process in the company context, even though actual
design conversations for the development of concrete commercial
products were not provided in the DTRS12 dataset to protect company
secrets.

3.1.1. Seminar with four companies

Participants with high-ranking managerial roles (design managers)
participated in the seminar with four companies (Fig. 1). These were
from an SME (the participant is denoted hereinafter as N), from a large
company (denoted as S), from a marketing consultancy (denoted as C),
and from another SME (two participants denoted as H1 and H2). Two
university researchers also participated in the seminars (denoted as R1
and R2), with minor facilitating roles in the conversations.

3.1.2. Seminar with design center of a company

In this seminar, there were five participants (specialized designers)
from a pharmaceutical company which has a broader product range
than only medical related products [38]. The roles of the specialized
designers in the company were product design (hereinafter denoted as
P1), graphic design (denoted as P2), intern (denoted as P3), creative
design (denoted as P4), design center chief (not actively participating in
the conversation, thus not further denoted here), and university
researcher (denoted as R).
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3.2. Semantic networks

Semantic networks can be used to computationally model conceptual
structures and associations [15,31]. The method employed in this study
uses semantic networks that represent concepts (meanings and words)
as nodes in a graph, and relationships as links between the nodes. The
understanding of an issue can be represented through a semantic
network or graph. The process of discussing an issue and finding a so-
lution can be understood using a semantic network that changes over
time [11,40]. A practical way to analyze discussions is by computing
graph-theoretic measures from constructed graphs based on workshop
discussion transcripts, in which the participants clarify design and
creativity issues.

To construct dynamic semantic networks of nouns, we used the
conversation transcripts from the DTRS12 seminars. First, we cleaned
the conversation transcripts by removing images, speaker names, and all
indications of non-verbal expressions, such as laughter or exclamations.
Second, we processed the clean text using part-of-speech tagging per-
formed by the Natural Language Toolkit (NLTK) [34] with the TextBlob
library [71]. Third, we extracted singular and plural nouns in the order
of their occurrence. Each noun was written onto a new line in plain .txt
files. Fourth, we processed all the nouns by converting the plural forms
to singular forms using custom Python scripts, and excluded those nouns
that were not listed in WordNet 3.1 [72,73].

The following is a sample of graph-theoretic functions and measures
that are computed with the use of WordNet 3.1 hypernym-hyponym (is-
a) hierarchy of nouns (Fig. 3), which was rendered as a graph composed
of word nodes, meaning nodes, and directed links between the nodes
[11].

B

13 12 8 9

Fig. 3. Semantic functions, which take word arguments in WordNet 3.1 fragment composed of meaning vertices (orange circles) and word vertices (green squares).
(A) Depth(x) = 3; |Subsumers(x)| = 6; (B) Polysemy(x) = 2; |Subvertices(x)| = 4; |Leaves(x)| = 3; Commonness(x) = 3/4; (C) LCS(x,y) is the lowest common

subsumer of x and y; Depth [LCS(x,y)] = 2.
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> Path is a finite sequence of links that connects a sequence of nodes
[74].

Depth is the number of meaning nodes located on the shortest path
from the root meaning node to a meaning node that subsumes the
word node of interest.

> Abstraction is the complement to unity of the shortest path distance
from the root to a meaning node subsuming the word of interest,
normalized to the maximal shortest path from the root in the graph of
meanings [11]. For example, in Fig. 3A the shortest path to word x
from the root is through nodes 2 and 7, with a distance of 2 links
between the meaning nodes. The maximal shortest path from the
root in the graph of meanings consists of 3 links between meaning
nodes, whereas the maximum depth is 4 meaning nodes.

Polysemy is the number of direct links between a word node and its
meaning nodes [46]. For example, in Fig. 3B, the polysemy of the
word x is 2.

Information content is the bits of information carried by a node inside
the graph. The normalized information content of a node is
computed from the commonness of the node by the following for-
mula IC(x) = log [C(x)/Cmax]/108 [Cmin/Cmaxl, Wwhere C(x) is the
commonness of x, Cpiy is the minimal commonness and Cp,,y is the
maximal commonness in WordNet 3.1 [47].

Semantic similarity is the information content of the lowest common
subsumer (LCS) of two words [48].

>

We are particularly interested in the quantitative description of
human design thinking that can be inferred from these networks and
graphs. The temporal dynamics of semantic measures could identify
real-world processes in human design thinking that are relevant to the
evolution and outcomes of discussion and could provide insight into
how communication affects the development of knowledge in the con-
versation, in particular, furnishing a structured representation of
knowledge communicated during the conversation (explanation with
cards activity).

3.3. Temporal dynamics of semantic measures
To quantify the dynamics of understanding design and creativity

issues, the conversations for each individual design-thinking process
were divided into three approximately equal parts based on word count

Session |
3

§ § Company
.g g
o ©
ns
(s}
w

238 words divided in 3 parts:
73 words 83 words 82 words
Part 1

The reason why clients visit ...
... client's product of service can
make a hit in the market.

Part 2

From this process, the client ...
... through this step, prototyping is
done quickly.

Part 3

Through in house simulation, ...
... including video marketing and
graphic planning.

%
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(Fig. 4). This division into parts was made into whole sentences,
ensuring that all conversation parts contained at least five distinct
nouns. The average values of the semantic measures were then calcu-
lated for each part, and three time periods were obtained t€{1,2,3}.
We used the English translation of the DTRS12 dataset to construct
the dynamic semantic networks of concepts. The quantitative results
obtained from the English text are expected to be largely language-
independent because of the general characteristics of the computa-
tional method employed, whose primary focus is on concepts regardless
of the particular language into which these concepts are translated.
First, the concepts in the semantic network include only nouns, and not
verbs, adjectives, or adverbs. Thus, the language grammar of sentences
is irrelevant to the constructed semantic networks. Second, while the
temporal dynamics is sensitive to the order of appearance of the nouns,
the design conversations were divided into temporal parts using whole
sentences. Consequently, the method is not affected by the language-
specific ordering of nouns in a sentence. Third, the hyper-
nym-hyponym (is-a) hierarchy of nouns in WordNet 3.1, is encoded in
the core graph of meanings and their subordination. For example, the
word “sky” with meaning vertex M09459612 is a kind of “atmosphere”
with meaning vertex M09233511. The graph relation between the
vertices M09233511-M09459612 is not affected by the translation of
the monosemous words “sky” or “atmosphere” into another language. In
fact, the word interface could be replaced by a pictorial one—for
example, by replacing the word “sky” with a photo image of a blue
sky—without affecting the essence of the constructed semantic network.
The only possible difference between WordNets in different languages
could occur for polysemous words, which have more than one meaning
[11]. Unfortunately, a direct assessment of the effect of polysemy on
semantic networks constructed with the English WordNet 3.1 or the
Korean WordNet (http://wordnet.kaist.ac.kr/) is precluded, because the
Korean WordNet project is only in its initial state of development. For
example, while the English WordNet subnet of nouns contains 82,192
synsets (meaning vertices) and 158,441 words (word vertices), the
Korean WordNet currently contains only 9714 synsets and 8270 words.
We believe that our demonstration of the utility of the English WordNet
for the semantic analysis of English text will entice the development,
completion, and successful use of WordNets in other languages.

Semantic Measure

% change

Time

Fig. 4. Example division of a conversation into three parts to quantify dynamics.
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3.4. Examples

The examples listed in Table 1 illustrate the possible temporal
changes that can be quantified with dynamic semantic networks. In-
formation content is calculated according to a logarithmic formula using
the commonness of a node (word) [47] and semantic similarity is
determined by the information content of the lowest common subsumer
(meaning) of a pair of words [48]. This selection was grounded in pre-
vious research, in which these formulae demonstrated high statistical
power and were significant predictors of the outcomes of design
problem-solving conversations [11]. Moreover, they are comparatively
easy to calculate; thus, they can be easily implemented in the envisioned
real-time analysis of design conversations.

The first column of Table 1 lists a set of five initial words (nouns):
‘business, design, process, purpose, view’. The four semantic measures
of this set, abstraction, polysemy, information content, and semantic
similarity, were calculated to be 0.767, 7.000, 0.498 and 0.521,
respectively. When in the course of a conversation, a new word is
introduced, for example ‘order’, the overall values of the four semantic
measures, abstraction, polysemy, information content, and semantic
similarity, become 0.769, 8.333, 0.477 and 0.447, respectively, result-
ing in increased abstraction and polysemy, and decreased information
content and semantic similarity.

3.5. Main comparisons of individual design processes

We analyzed the sessions of the two seminars, focusing on individual
explanations of their own design processes (Fig. 5). For the seminar with
four companies, this was Session I, whereas for the seminar with the
design center of the pharmaceutical company, this was the sole session
of the seminar (Fig. 6). As these explanations were not static and, in most
cases, the main speaker received questions and comments, we explored
the dynamics of these conversations.

A comparison of design thinking based on designer roles was per-
formed by dividing participants into two seminar groups: in the seminar
with four companies, the participants were design managers, whereas in
the seminar with the design center of the pharmaceutical company, the
participants were specialized designers.

A comparison of design thinking based on company size was per-
formed by dividing participants into two other groups: participants N, C,
H1 and H2 represent designers from small and medium-sized com-
panies, whereas participants from the pharmaceutical company P1-P4
and company S represent designers from large companies. The criterion
for a large company was an annual revenue exceeding USD 1 billion.

3.6. Statistics

Statistical analyses of the constructed semantic networks were per-
formed using SPSS version 23 (IBM Corp., Armonk, NY, USA). The dy-
namics of the semantic measures were evaluated using a two-factor
ANOVA, where company type was the first factor and time was the
second factor. The Holm-Bonferroni method was applied to correct for
multiple comparisons [75,76]. Both uncorrected and corrected p-values

Table 1
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are reported in the main text.
4. Results
4.1. Dynamics of abstraction in the individual design-thinking process

A comparison of the temporal dynamics of abstraction in the indi-
vidual design-thinking processes of design managers and specialized de-
signers showed statistically significant difference (two-factor ANOVA:
F1,21 = 7.06, uncorrected p = 0.015; corrected p = 0.045; Fig. 7A). The
level of abstraction in the design thinking of the design managers in the
seminar with four companies was lower at each time period; therefore,
their attention appeared to focus on more concrete design issues. The
individual design-thinking processes of specialized designers in the
seminar with the design center followed the same dynamic trend from
higher initial abstraction to lower final abstraction; however, the
abstraction was higher on average. Notably, for both seminars, the focus
on more concrete issues appeared toward the end of the design process.
This temporal tendency toward decreased abstraction is consistent with
a fuzzy front end in the initial stages of the design process and estab-
lishes a general pattern of addressing more abstract design aspects
before proceeding to more specific ones.

A comparison of design thinking based on the company size showed
similar dynamics of abstraction from high to low in both large and small
companies; however, the level of abstraction was significantly higher for
large companies at each time period, consistent with the employment of
specialized designers (two-factor ANOVA: F; 5; = 9.76, uncorrected p =
0.005; corrected p = 0.02).

4.2. Dynamics of polysemy in the individual design-thinking process

The dynamics of polysemy in the individual design-thinking process
of design managers at the seminar with four companies and specialized
designers in the seminar with design center also exhibited statistically
significant difference (two-factor ANOVA: F; 21 = 9.861, uncorrected p
= 0.005; corrected p = 0.02; Fig. 7B). The design thinking of design
managers showed a temporal tendency toward decreased polysemy (an
overall drop of 12.5% at time period 3 compared to time period 1);
therefore, the conversations appeared to use words with fewer meanings
and lower ambiguity at the end. The trend of design thinking by
specialized designers exhibits different characteristics, with an overall
increase in polysemy in time periods 2 and 3 compared to period 1. If we
consider polysemy as an indication of a creative combination of ideas,
one plausible interpretation is that the specialization of designers leads
to a more creative combination, whereas designers with managerial
roles are expected to solve concrete organizational problems that are
more tightly constrained by available physical resources and realities.

A comparison of design thinking based on the company size showed
that polysemy was significantly higher for large companies, which is
consistent with the employment of specialized designers (two-factor
ANOVA: F; 91 = 8.64, uncorrected p = 0.008; corrected p = 0.024).

Example dynamics of semantic networks (increased 1 or decreased | after addition of a word).

Initial set of 5 words + Additional word

Semantic measures

Abstraction Polysemy Information content Semantic similarity
business, design, process, purpose, view + {3 0.767 7.000 0.498 0.521
+ order 0.7691 8.3331 0.477) 0.447]
+ competition 0.7691 6.500] 0.5001 0.403)
+ time 0.7781 7.5001 0.494| 0.408|
+ commercialization 0.731]) 6.000) 0.5631 0.430)
+ point 0.7781 10.1671 0.477) 0.5251
+ issue 0.7691 7.6671 0.5051 0.464|
+ dominance 0.759] 6.500| 0.5211 0.417]
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Fig. 5. Sessions, their questions, sequence of talks by different participants, and length of the whole talks per main speaker in words.

4.3. Dynamics of information content in the individual design-thinking
process

The individual design-thinking processes of design managers in the
seminar with four companies and specialized designers in the seminar
with the design center exhibited significant differences in information
content dynamics (two-factor ANOVA: F; 5; = 6.731, uncorrected p =
0.017; corrected p = 0.034; Fig. 7C). The temporal increase in infor-
mation content in the design thinking appears to convey a higher
amount of information regarding design issues and final design prod-
ucts. The information content in the design thinking of design managers
in the seminar with four companies increased by 7.2% from time period
1 to time period 3. This increase in information content was substan-
tially greater than the corresponding increase of 0.8% observed for
specialized designers.

A comparison of design thinking based on the company size showed
that the information content increased over time in both groups;

however, there was no statistically significant difference between the
design-thinking processes of designers employed by large or small com-
panies (two-factor ANOVA: Fy ;1 = 2.34, p = 0.14).

4.4. Dynamics of semantic similarity in the individual design-thinking
process

A comparison of the dynamics of semantic similarity in the design
thinking of design managers in the seminar with four companies and
specialized designers in the seminar with the design center showed no
significant difference (two-factor ANOVA: F;5; = 0.121, p = 0.732;
Fig. 7D). It should be noted, however, that in both seminars, semantic
similarity decreased on average by 2.4% (with both groups combined)
when estimated as the difference between the first and last time periods,
thereby lending support to the occurrence of divergent thinking in the
act of design creativity.

Similarly, the individual design-thinking processes were not
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Fig. 6. Sessions included in the analysis and division in three temporal parts (in words). Shorter talks toward the end of the seminar appear to be due to fixed time
duration of the design seminar and the lack of an external moderator that ensures equal presentation time for all participants.
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Fig. 7. Dynamics of semantic measures in the individual design-thinking processes of specialized designers and design managers at the two seminars. Percent
changes were plotted for abstraction (A), polysemy (B), information content (C) and semantic similarity (D) at 3 time periods corresponding to first, second or final
third of the design conversations. DM, design managers in the seminar with four companies; SD, specialized designers in the seminar with design center of a company.

significantly different based on the company size (two-factor ANOVA:
F121 = 1.04, p = 0.319), lending support to the conclusion that design
creativity does not depend on designer employment by large or small
companies.

5. Discussion

5.1. Abstraction, information content, and divergence in design thinking
Changes in the four semantic measures based on WordNet 3.1 pro-

vide precise quantification of the temporal dynamics of the recon-

structed individual design-thinking processes. The example provided in
Table 1 is derived from the beginning of the actual talk of the participant

from company denoted by S in the seminar with four companies (Fig. 5).
In this example, the introduction of the sixth word ‘time’ in addition to
the set of five initial words ‘business, design, process, purpose, view’
introduces quantifiable changes in the four observed semantic measures,
in particular, increase in abstraction and polysemy and decrease in in-
formation content and semantic similarity. Such quantification appears
to be in line with human judgments about abstraction, polysemy (mul-
tiplicity of meanings), information content carried by the addition of a
new concept, and the similarity of the addition to the set of initial
concepts.

In essence, with semantic measures, we have a practical tool that
effectively quantifies characteristics that are, to a large degree, implicit
for participants in a particular creative decision-making or design-
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thinking process. These quantitative characteristics are the missing in-
gredients required for successful reverse engineering of human crea-
tivity and its implementation in future Al co-creative partner programs
[49], which would assist human designers in inputting the right amount
of divergence to make the design product desirable or attractive to the
end user. The celebrated psychological relationship between divergent
thinking and creativity [51,77,78] is expected to be quantitative, rather
than qualitative. For example, while insufficient divergence may be
perceived as a lack of imagination, excessive divergence is indistin-
guishable from designer incompetence. Therefore, the narrow range of
divergence falling within a few percentage points observed in the indi-
vidual design-thinking processes of human designers (Fig. 7) could
enable future Al programs to modify initial design solutions in a manner
that mimics human creativity.

In research on design problem solving in the educational academic
context, divergence of semantic similarity, increased information con-
tent, and decreased polysemy were found to predict the success of
generated ideas [11]. Furthermore, it was demonstrated [9,11] that the
semantic approach rationalizes the distinction between ideas, thereby
providing insights into creative design-thinking and decision-making
processes. The findings of the current study are consistent with the
general trends observed in creative problem solving in an educational
academic context [11]. The individual design-thinking processes of both
design managers and specialized designers exhibited temporal dynamics
toward increased information content and decreased abstraction and
semantic similarity (Fig. 7). Specialized designers in the seminar with
the design center, however, exhibited a distinct increase in polysemy,
compared to the decreased polysemy observed for design managers in
the seminar with four companies. The results show possible differences
between discussions in these two seminars: (1) conversations about
design thinking and creative problem solving at a more general level and
(2) conversations about design problem solving focused on specific
creative ideas [11]. This outcome is in line with the observed differences
between describing designing and designing. In particular, there were
significantly more function-related and fewer structure-related issues in
conversations describing designing compared to conversations involved
in designing [42]. This finding aligns with the requirement of the
practical integration of disciplines [79] and perspectives [44] as being
essential for design creativity.

5.2. Theoretical and technological implications

The theoretical implications concern the application of the method
of semantic networks to quantify the dynamics of information exchange
during conversations in design thinking. Dynamic quantification em-
ploys four semantic factors known to represent essential processes in
design thinking. The main advantages of the method of semantic net-
works is that it allows for: (1) quantification of design-thinking pro-
cesses and connection with characteristics of the outcomes, such as
creativity or innovation potential; (2) comparison of different design-
thinking approaches toward selection of an optimal one; and (3)
reverse engineering of Al co-creative partner programs to assist in the
early stages of the design-thinking process, focused on divergent
modification of given initial design solutions. The dynamic quantifica-
tion of essential processes in design thinking can automatize assessment
techniques, for example, the most complex cognitive processes, such as
the utilization of mental models [80]. Thus, dynamic semantic networks
provide a promising tool for monitoring design thinking and enabling
computer-supported reinforcement of creativity. The development of Al
co-creative partner programs, based on the prediction of human
design-thinking trends might help refocusing efforts on higher creativity
or innovation potential. Our recommendation for developers of creative
Al is to mimic the quantitative dynamics of semantic measures reported
in the individual design-thinking process of human designers and
implement percentage divergence as a constraint on how much the Al
output is allowed to deviate from the initial input given by the human
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designer.
5.3. Practical and societal implications

This study is intended to contribute to the limited knowledge on the
dynamics of individual design-thinking processes in a company context
(Fig. 2) and differences in how design thinking and creativity are dis-
cussed in practice [42]. Consequently, this study is the first to investi-
gate the dynamics of discussions on design-thinking constructs by
measuring: (1) changes in semantic measures, and (2) differences in
conversations on design thinking in a company context.

The practical implications concern the reported differences in in-
formation exchange with respect to designer roles and company size.
These, for example, can be focused on (1) synchronizing different ar-
ticulations of concrete design-thinking issues discussed by different
participants; and (2) developing interventions with the help of Al co-
creative partner programs, which record, process, and react to conver-
sations that occur in the company, based on particular semantic factors
in the information exchanged. The performance of these Al co-creative
partner programs can be customized to the size of the companies and
to different roles of designers in the companies. Interventions can ach-
ieve a higher amount of information and less ambiguous content,
thereby improving performance. The integration of different perspec-
tives on creativity and critical thinking has been identified as essential in
design [81]. Techniques specific to the application domain—in this case,
design thinking and creativity—are instrumental to that goal.

The WordNet-based dynamic semantic network method reliably ex-
tracts quantitative data from transcribed English texts. The analyzed text
could be the work of several authors and may reflect the information
exchange between individuals in a social context. This makes the
method easily reusable for researchers in the humanities, as language
provides raw data for the study of a wide range of cognitive processes in
a variety of social settings. Investing efforts in translating English
WordNet into other languages would also enable this method to be
applied to cultural studies.

5.4. Limitations of the study

Recordings from design seminars in commercial companies are
difficult to obtain, and the conditions under which recordings are per-
formed are beyond the control of individual researchers. Nevertheless,
the organizers of DTRS12 were able to collect and provide valuable
design seminar data from five Korean companies. This allowed us to
implement dynamic semantic networks to assess the association be-
tween divergent thinking and design creativity in a company context.
The main comparison in the DTRS12 dataset that could be subjected to
meaningful statistical analysis is between specialized design roles and
design managers or between designers in large and small companies.
Although several semantic measures, including abstraction, polysemy,
and information content, exhibited statistically significant changes in
our analyses, our understanding could undoubtedly benefit from further
research to enhance the generalizability of the reported findings given
the limited sample size of the DTRS12 dataset. One way to expand our
findings is to collect more data from design conversations during the
creation of actual consumer products and include companies from other
countries. This would help in the assessment of possible cultural dif-
ferences in design thinking [82] and help determine whether perceived
hierarchies (cf. Hofstede’s power distance [83]) in the workshops may
have influenced the reports of individual design processes.

6. Conclusions

The temporal dynamics of the semantic measures of abstraction,
polysemy, and information content afforded us insight into how design
and creativity issues are understood and possibly evolve in the course of
design thinking and discussions about design. From the constructed
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semantic networks of the two seminars, we quantified changes in
abstraction, polysemy, information content, and overall semantic simi-
larity in the conversations. The results indicated that the individual
design-thinking processes of design managers in the seminar with four
companies exhibited significant differences in the dynamics of abstrac-
tion, polysemy, and information content compared to specialized de-
signers in the seminar with the design center of single company. The
decrease in polysemy and abstraction and the increase in information
content of the conversations about design in the seminar with the four
companies demonstrates that the design thinking of design managers is
focused on more concrete design issues, with a higher amount of in-
formation and less ambiguous content at the end. Company size was not
a factor that affected the amount of divergent thinking, which was
quantified through a decrease in semantic similarity over time, lending
support to the conclusion that designers in both large and small com-
panies are equally creative.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
The authors do not have permission to share the DTRS12 dataset.
Acknowledgments

This research was partially funded by Academy of Finland 6Genesis
Flagship grant number 346208, and by the Erasmus+ project "Bridging
the creativity gap" (agreement number 2020-1-UK-01-KA202-079124).
We sincerely thank the editor and anonymous reviewers for taking the
time to review our manuscript and providing constructive feedback to
improve our presentation.

References

[1] N. Cross, Design Thinking: Understanding How Designers Think and Work, second
ed., Bloomsbury Visual Arts, London, 2023.

Y. Nagai, H. Noguchi, An experimental study on the design thinking process started
from difficult keywords: modeling the thinking process of creative design, J. Eng.
Des. 14 (4) (2003) 429-437, https://doi.org/10.1080/09544820310001606911.
Y. Nagai, Design thinking and design, Special issue of Japanese Society for the
Science of Design 20 (1) (2012) 78-81, https://doi.org/10.11247 /jssds.20.1_78.
G.V. Georgiev, Design thinking: an overview, Special issue of Japanese Society for
the Science of Design 20 (1) (2012) 70-77, https://doi.org/10.11247 /jssds.20.1_
70.

R. Razzouk, V. Shute, What is design thinking and why is it important? Rev. Educ.
Res. 82 (3) (2012) 330-348, https://doi.org/10.3102/0034654312457429.

S. Sarica, J. Han, J. Luo, Design representation as semantic networks, Comput. Ind.
144 (2023), 103791, https://doi.org/10.1016/j.compind.2022.103791.

F. Goldman-Eisler, Speech analysis and mental processes, Lang. Speech 1 (1)
(1958) 59-75, https://doi.org/10.1177,/002383095800100105.

K.A. Ericsson, H.A. Simon, Verbal reports as data, Psychol. Rev. 87 (3) (1980)
215-251, https://doi.org/10.1037,/0033-295X.87.3.215.

T. Taura, E. Yamamoto, M.Y.N. Fasiha, M. Goka, F. Mukai, Y. Nagai, H. Nakashima,
Constructive simulation of creative concept generation process in design: a
research method for difficult-to-observe design-thinking processes, J. Eng. Des. 23
(4) (2012) 297-321, https://doi.org/10.1080,/09544828.2011.637191.

R.S. Adams, J.A. Siddiqui, Analyzing Design Review Conversations, Purdue
University Press, West Lafayette, Indiana, 2015, https://doi.org/10.2307/j.
ctvl5wxp3;j.

G.V. Georgiev, D.D. Georgiev, Enhancing user creativity: semantic measures for
idea generation, Knowl. Base Syst. 151 (2018) 1-15, https://doi.org/10.1016/].
knosys.2018.03.016.

J.W.T. Kan, J.S. Gero, Quantitative Methods for Studying Design Protocols,
Springer, Dordrecht, 2017, https://doi.org/10.1007/978-94-024-0984-0.

L. Li, L. Yang, M. Zhao, M. Liao, Y. Cao, Exploring the success determinants of
crowdfunding for cultural and creative projects: an empirical study based on signal
theory, Technol. Soc. 70 (2022), 102036, https://doi.org/10.1016/j.
techsoc.2022.102036.

A. Dong, The Language of Design: Theory and Computation, Springer, London,
2009, https://doi.org/10.1007,/978-1-84882-021-0.

[2]

[3]

[4]

[5]
[6]
[71
[8]

[9]

[10]

[11]

[12]

[13]

[14]

11

[15]

[16]

[17]

[18]

[19]

[20]

[21]
[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]
[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

Technology in Society 74 (2023) 102292

R.T. Hartley, J.A. Barnden, Semantic networks: visualizations of knowledge,
Trends Cognit. Sci. 1 (5) (1997) 169-175, https://doi.org/10.1016/51364-6613
(97)01057-7.

M.A. Boden, The Creative Mind: Myths and Mechanisms, second ed., Routledge,
London, 2004 https://doi.org/10.4324,/9780203508527.

A. Baronchelli, R. Ferrer-i-Cancho, R. Pastor-Satorras, N. Chater, M.

H. Christiansen, Networks in cognitive science, Trends Cognit. Sci. 17 (7) (2013)
348-360, https://doi.org/10.1016/].tics.2013.04.010.

J. Han, S. Sarica, F. Shi, J. Luo, Semantic networks for engineering design: a
survey, Proceedings of the Design Society 1 (2021) 2621-2630, https://doi.org/
10.1017/pds.2021.523.

Q. Liu, K. Wang, Y. Li, C. Chen, W. Li, A novel function-structure concept network
construction and analysis method for a smart product design system, Adv. Eng. Inf.
51 (2022), 101502, https://doi.org/10.1016/j.a€i.2021.101502.

T. Shen, C. Gao, Y. Nagai, W. Ou, Deriving design knowledge graph for complex
sociotechnical systems using the AIA design thinking, Mobile Inf. Syst. 2021
(2021), 6416061, https://doi.org/10.1155/2021/6416061.

A. Dong, The enactment of design through language, Des. Stud. 28 (1) (2007) 5-21,
https://doi.org/10.1016/j.destud.2006.07.001.

A. Dong, The latent semantic approach to studying design team communication,
Des. Stud. 26 (5) (2005) 445-461, https://doi.org/10.1016/j.destud.2004.10.003.
A. Mabogunje, L.J. Leifer, Noun phrases as surrogates for measuring early phases of
the mechanical design process, 1997, in: ASME Design Engineering Technical
Conferences: DETC ’97, American Society of Mechanical Engineers, Sacramento,
California, 1997, https://doi.org/10.1115/detc97/dtm-3880. September 14-17,
1997.

G. Goldschmidt, Linkography: assessing design productivity, in: R. Trappl (Ed.),
Cyberbetics and System *90, Proceedings of the Tenth European Meeting on
Cybernetics and Systems Research, World Scientific, Singapore, 1990,

Pp. 291-298, https://doi.org/10.1142/9789814540438.

G. Goldschmidt, Linkography: Unfolding the Design Process, MIT Press,
Cambridge, Massachusetts, 2014, https://doi.org/10.7551/mitpress/
9455.001.0001.

G. Goldschmidt, Linkographic evidence for concurrent divergent and convergent
thinking in creative design, Creativ. Res. J. 28 (2) (2016) 115-122, https://doi.
0rg/10.1080/10400419.2016.1162497.

V. Braun, V. Clarke, Conceptual and design thinking for thematic analysis,
Qualitative Psychology 9 (1) (2022) 3-26, https://doi.org/10.1037/qup0000196.
J.W. Fleenor, J.B. Fleenor, W.F. Grossnickle, Interrater reliability and agreement of
performance ratings: a methodological comparison, J. Bus. Psychol. 10 (3) (1996)
367-380.

J. Belur, L. Tompson, A. Thornton, M. Simon, Interrater reliability in systematic
review methodology: exploring variation in coder decision-making, Socio. Methods
Res. 50 (2) (2018) 837-865, https://doi.org/10.1177,/0049124118799372.

M. Alavi, E. Biros, M. Cleary, A primer of inter-rater reliability in clinical
measurement studies: pros and pitfalls, J. Clin. Nurs. 31 (23-24) (2022) e39-e42,
https://doi.org/10.1111/jocn.16514.

G.V. Georgiev, Y. Nagai, T. Taura, A method for the evaluation of meaning
structures and its application in conceptual design, J. Des. Res. 8 (3) (2010)
214-234, https://doi.org/10.1504/jdr.2010.032607.

J. Han, M. Hua, D. Park, P. Wang, P.R.N. Childs, Computational conceptual
distances in combinational creativity, Proceedings of the Design Society: DESIGN
Conference 1 (2020) 177-186, https://doi.org/10.1017/dsd.2020.36.

P. Cash, T. Stankovié, M. Storga, Using visual information analysis to explore
complex patterns in the activity of designers, Des. Stud. 35 (1) (2014) 1-28,
https://doi.org/10.1016/j.destud.2013.06.001.

S. Bird, E. Klein, E. Loper, Natural Language Processing with Python, O’Reilly
Media, Sebastopol, California, 2009.

L. Siddharth, L.T.M. Blessing, J. Luo, Natural language processing in-and-for design
research, Design Science 8 (2022) e21, https://doi.org/10.1017/dsj.2022.16.

Y. Zhu, G. Tang, W. Liu, R. Qi, How post 90’s gesture interact with automobile
skylight, Int. J. Hum. Comput. Interact. 38 (5) (2022) 395-405, https://doi.org/
10.1080/10447318.2021.1948687.

C.R. Becker, Learn Human-Computer Interaction: Solve Human Problems and
Focus on Rapid Prototyping and Validating Solutions through User Testing, Packt
Publishing, Birmingham, UK, 2020.

H. Christiaans, Introduction to DTRS12 "Tech-centred design thinking: perspectives
from a rising Asia", in: H. Christiaans (Ed.), 12th Design Thinking Research
Symposium (DTRS12), November 15-16, 2018, Ulsan National Institute of Science
and Technology, Ulsan, South Korea, 2018.

N. Becattini, G.V. Georgiev, Y. Barhoush, G. Cascini, Exploring the applicability of
semantic metrics for the analysis of design protocol data in collaborative design
sessions, Proceedings of the Design Society: DESIGN Conference 1 (2020)
1205-1214, https://doi.org/10.1017/dsd.2020.141.

H. Casakin, G.V. Georgiev, Design creativity and the semantic analysis of
conversations in the design studio, International Journal of Design Creativity and
Innovation 9 (1) (2021) 61-77, https://doi.org/10.1080/
21650349.2020.1838331.

L. Wang, W. Jiang, H. Zhang, H. Lin, Leader information seeking, team
performance and team innovation: examining the roles of team reflexivity and
cooperative outcome interdependence, Inf. Process. Manag. 57 (6) (2020), 102343,
https://doi.org/10.1016/j.ipm.2020.102343.

L. Lee, R. Yu, J.W.T. Kan, J.S. Gero, Exploring the differences between designing
and describing designing, in: H. Christiaans (Ed.), 12th Design Thinking Research
Symposium (DTRS12), November 15-16, 2018, Ulsan National Institute of Science
and Technology, Ulsan, South Korea, 2018.


http://refhub.elsevier.com/S0160-791X(23)00097-0/sref1
http://refhub.elsevier.com/S0160-791X(23)00097-0/sref1
https://doi.org/10.1080/09544820310001606911
https://doi.org/10.11247/jssds.20.1_78
https://doi.org/10.11247/jssds.20.1_70
https://doi.org/10.11247/jssds.20.1_70
https://doi.org/10.3102/0034654312457429
https://doi.org/10.1016/j.compind.2022.103791
https://doi.org/10.1177/002383095800100105
https://doi.org/10.1037/0033-295X.87.3.215
https://doi.org/10.1080/09544828.2011.637191
https://doi.org/10.2307/j.ctv15wxp3j
https://doi.org/10.2307/j.ctv15wxp3j
https://doi.org/10.1016/j.knosys.2018.03.016
https://doi.org/10.1016/j.knosys.2018.03.016
https://doi.org/10.1007/978-94-024-0984-0
https://doi.org/10.1016/j.techsoc.2022.102036
https://doi.org/10.1016/j.techsoc.2022.102036
https://doi.org/10.1007/978-1-84882-021-0
https://doi.org/10.1016/S1364-6613(97)01057-7
https://doi.org/10.1016/S1364-6613(97)01057-7
https://doi.org/10.4324/9780203508527
https://doi.org/10.1016/j.tics.2013.04.010
https://doi.org/10.1017/pds.2021.523
https://doi.org/10.1017/pds.2021.523
https://doi.org/10.1016/j.aei.2021.101502
https://doi.org/10.1155/2021/6416061
https://doi.org/10.1016/j.destud.2006.07.001
https://doi.org/10.1016/j.destud.2004.10.003
https://doi.org/10.1115/detc97/dtm-3880
https://doi.org/10.1142/9789814540438
https://doi.org/10.7551/mitpress/9455.001.0001
https://doi.org/10.7551/mitpress/9455.001.0001
https://doi.org/10.1080/10400419.2016.1162497
https://doi.org/10.1080/10400419.2016.1162497
https://doi.org/10.1037/qup0000196
http://refhub.elsevier.com/S0160-791X(23)00097-0/sref28
http://refhub.elsevier.com/S0160-791X(23)00097-0/sref28
http://refhub.elsevier.com/S0160-791X(23)00097-0/sref28
https://doi.org/10.1177/0049124118799372
https://doi.org/10.1111/jocn.16514
https://doi.org/10.1504/jdr.2010.032607
https://doi.org/10.1017/dsd.2020.36
https://doi.org/10.1016/j.destud.2013.06.001
http://refhub.elsevier.com/S0160-791X(23)00097-0/sref34
http://refhub.elsevier.com/S0160-791X(23)00097-0/sref34
https://doi.org/10.1017/dsj.2022.16
https://doi.org/10.1080/10447318.2021.1948687
https://doi.org/10.1080/10447318.2021.1948687
http://refhub.elsevier.com/S0160-791X(23)00097-0/sref37
http://refhub.elsevier.com/S0160-791X(23)00097-0/sref37
http://refhub.elsevier.com/S0160-791X(23)00097-0/sref37
http://refhub.elsevier.com/S0160-791X(23)00097-0/sref38
http://refhub.elsevier.com/S0160-791X(23)00097-0/sref38
http://refhub.elsevier.com/S0160-791X(23)00097-0/sref38
http://refhub.elsevier.com/S0160-791X(23)00097-0/sref38
https://doi.org/10.1017/dsd.2020.141
https://doi.org/10.1080/21650349.2020.1838331
https://doi.org/10.1080/21650349.2020.1838331
https://doi.org/10.1016/j.ipm.2020.102343
http://refhub.elsevier.com/S0160-791X(23)00097-0/sref42
http://refhub.elsevier.com/S0160-791X(23)00097-0/sref42
http://refhub.elsevier.com/S0160-791X(23)00097-0/sref42
http://refhub.elsevier.com/S0160-791X(23)00097-0/sref42

G.V. Georgiev and D.D. Georgiev

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[571

[58]

[59]

[60]

[61]

[62]

B. Song, J.T. Gyory, G. Zhang, N.F. Soria Zurita, G. Stump, J. Martin, S. Miller,
C. Balon, M. Yukish, C. McComb, J. Cagan, Decoding the agility of artificial
intelligence-assisted human design teams, Des. Stud. 79 (2022), 101094, https://
doi.org/10.1016/j.destud.2022.101094.

M.A. Selamat, N.A. Windasari, Chatbot for SMEs: integrating customer and
business owner perspectives, Technol. Soc. 66 (2021), 101685, https://doi.org/
10.1016/j.techsoc.2021.101685.

Y. Nagai, T. Taura, Design motifs: abstraction driven creativity — a paradigm for
an ideal design, Special issue of Japanese Society for the Science of Design 16 (2)
(2009) 13-20, https://doi.org/10.11247 /jssds.16.2_13.

G.V. Georgiev, T. Taura, Polysemy in design review conversations, in: 10th Design
Thinking Research Symposium, Purdue University, Purdue University, West
Lafayette, Indiana, 2014.

D. Sanchez, M. Batet, A new model to compute the information content of concepts
from taxonomic knowledge, Int. J. Semantic Web Inf. Syst. 8 (2) (2012) 34-50,
https://doi.org/10.4018/jswis.2012040102.

P. Resnik, Semantic similarity in a taxonomy: an information-based measure and
its application to problems of ambiguity in natural language, J. Artif. Intell. Res. 11
(1999) 95-130, https://doi.org/10.1613/jair.514.

J. Kim, M.L. Maher, The effect of Al-based inspiration on human design ideation,
International Journal of Design Creativity and Innovation 11 (2) (2023) 81-98,
https://doi.org/10.1080/21650349.2023.2167124.

C.L. Dym, A.M. Agogino, O. Eris, D.D. Frey, L.J. Leifer, Engineering design
thinking, teaching, and learning, J. Eng. Educ. 94 (1) (2005) 103-120, https://doi.
org/10.1002/j.2168-9830.2005.tb00832.x.

J.P. Guilford, Creative abilities in the arts, Psychol. Rev. 64 (2) (1957) 110-118,
https://doi.org/10.1037/h0048280.

V. Kokotovich, K. Dorst, The art of ‘stepping back’: studying levels of abstraction in
a diverse design team, Des. Stud. 46 (2016) 79-94, https://doi.org/10.1016/j.
destud.2016.07.005.

A. Dong, M.S. Kleinsmann, F. Deken, Investigating design cognition in the
construction and enactment of team mental models, Des. Stud. 34 (1) (2013) 1-33,
https://doi.org/10.1016/j.destud.2012.05.003.

T.B. Ward, M.J. Patterson, C.M. Sifonis, The role of specificity and abstraction in
creative idea generation, Creativ. Res. J. 16 (1) (2004) 1-9, https://doi.org/
10.1207/515326934crj1601_1.

L. Saitta, J.-D. Zucker, Abstraction in Artificial Intelligence and Complex Systems,
Springer, New York, 2013, https://doi.org/10.1007/978-1-4614-7052-6.

R. Khalil, A.A. Moustafa, A neurocomputational model of creative processes,
Neurosci. Biobehav. Rev. 137 (2022), 104656, https://doi.org/10.1016/].
neubiorev.2022.104656.

M.G. Gongalves, C. Cardoso, P. Badke-Schaub, Find your inspiration: exploring
different levels of abstraction in textual stimuli, in: A. Duffy, Y. Nagai, T. Taura
(Eds.), Proceedings of the 2nd International Conference on Design Creativity
Volume 1, The Design Society, Glasgow, United Kingdom, 2012, pp. 189-198.

H. Welling, Four mental operations in creative cognition: the importance of
abstraction, Creativ. Res. J. 19 (2-3) (2007) 163-177, https://doi.org/10.1080/
10400410701397214.

E. Yamamoto, M. Goka, N.F.M. Yusof, T. Taura, Y. Nagai, Virtual modeling of
concept generation process for understanding and enhancing the nature of design
creativity, in: M. Norell Bergendahl, M. Grimheden, L. Leifer, P. Skogstad,

U. Lindemann (Eds.), 17th International Conference on Engineering Design, Design
Theory and Research Methodology, vol. 2, The Design Society, Palo Alto,
California, 2009, pp. 101-112. August 24-27, 2009.

M.M. Dabbeeru, A. Mukerjee, Learning concepts and language for a baby designer,
in: J.S. Gero (Ed.), Design Computing and Cognition "10, Springer, Dordrecht,
2011, pp. 445-463, https://doi.org/10.1007/978-94-007-0510-4_24.

G. Fauconnier, M. Turner, Polysemy and conceptual blending, in: B. Nerlich,

T. Zazie, H. Vimala, D.D. Clarke (Eds.), Polysemy: Flexible Patterns of Meaning in
Mind and Language, Walter de Gruyter, Berlin, 2003, pp. 79-94, https://doi.org/
10.1515/9783110895698.79.

B. Nerlich, T. Zazie, H. Vimala, D.D. Clarke, Polysemy: Flexible Patterns of
Meaning in Mind and Language, Walter de Gruyter, Berlin, 2003, https://doi.org/
10.1515/9783110895698.

12

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]
[71]
[72]
[73]
[74]
[75]
[76]
[77]

[78]

[79]

[80]

[81]

[82]

[83]

Technology in Society 74 (2023) 102292

A. Zhang, R. Saunders, Exploring conceptual space in language games using
hedonic functions, in: S. Colton, D. Ventura, N. Lavrac, M. Cook (Eds.), Proceedings
of the Fifth International Conference on Computational Creativity (ICCC-2014),
Jozef Stefan Institute, Ljubljana, Slovenia, 2014, pp. 276-279.

D. Sanchez, M. Batet, D. Isern, Ontology-based information content computation,
Knowl. Base Syst. 24 (2) (2011) 297-303, https://doi.org/10.1016/].
knosys.2010.10.001.

R. Meymandpour, J.G. Davis, A semantic similarity measure for linked data: an
information content-based approach, Knowl. Base Syst. 109 (2016) 276-293,
https://doi.org/10.1016/j.knosys.2016.07.012.

J.S. Gero, Fixation and commitment while designing and its measurement,

J. Creativ. Behav. 45 (2) (2011) 108-115, https://doi.org/10.1002/j.2162-
6057.2011.tb01090.x.

C. Sen, B.W. Caldwell, J.D. Summers, G.M. Mocko, Evaluation of the functional
basis using an information theoretic approach, Al EDAM (Artif. Intell. Eng. Des.
Anal. Manuf.) 24 (1) (2010) 87-105, https://doi.org/10.1017/
S0890060409990187.

Y. Nomaguchi, T. Kawahara, K. Shoda, K. Fujita, Assessing concept novelty
potential with lexical and distributional word similarity for innovative design,
Proceedings of the Design Society: International Conference on Engineering Design
1 (1) (2019) 1413-1422, https://doi.org/10.1017/dsi.2019.147.

J. Quesada, W. Kintsch, E. Gomez, A computational theory of complex problem
solving using latent semantic analysis, in: W.D. Gray, C.D. Schunn (Eds.),
Proceedings of the Twenty-Fourth Annual Conference of the Cognitive Science
Society, Routledge, New York, 2002, pp. 750-755, https://doi.org/10.4324/
9781315782379-164.

M.J. Wilkenfeld, T.B. Ward, Similarity and emergence in conceptual combination,
J. Mem. Lang. 45 (1) (2001) 21-38, https://doi.org/10.1006/jmla.2000.2772.

S. Loria, TextBlob: Simplified Text Processing, Center for Open Science,
Charlottesville, Virginia, 2016.

G.A. Miller, WordNet: a lexical database for English, Commun. ACM 38 (11) (1995)
39-41, https://doi.org/10.1145/219717.219748.

C. Fellbaum, WordNet: an Electronic Lexical Database, The MIT Press, Cambridge,
Massachusetts, 1998, https://doi.org/10.7551/mitpress/7287.001.0001.

R. Diestel, Graph Theory, fifth ed., Springer, Berlin, 2017 https://doi.org/10.1007/
978-3-662-53622-3.

S. Holm, A simple sequentially rejective multiple test procedure, Scand. J. Stat. 6
(2) (1979) 65-70.

C.E. Bonferroni, Teoria Statistica delle Classi e Calcolo delle Probabilita, Libreria
internazionale Seeber, Firenze, Italy, 1936.

L. Hudson, Contrary Imaginations: A Psychological Study of the English Schoolboy,
Penguin Books, Harmondsworth, 1974.

M.A. Runco, Divergent thinking, in: M.A. Runco, S.R. Pritzker (Eds.), Encyclopedia
of Creativity, Two-Volume Set, Academic Press, Amsterdam, 2020, pp. 356-361,
https://doi.org/10.1016/B978-0-12-809324-5.23824-8.

T.-Y. Chen, W.-C. Chang, K.-J. Hsieh, C.-T. Chang, Advancing Taiwan’s traditional
craft products: a modular product design model of manufacturing technologies,
Technol. Soc. 71 (2022), 102103, https://doi.org/10.1016/j.techsoc.2022.102103.
H. Casakin, P. Badke-Schaub, Mental models and creativity in engineering and
architectural design teams, in: J.S. Gero, S. Hanna (Eds.), Design Computing and
Cognition "14, Springer, Cham, Switzerland, 2015, pp. 155-171.

S. Spuzic, R. Narayanan, K. Abhary, H.K. Adriansen, S. Pignata, F. Uzunovic,

X. Guang, The synergy of creativity and critical thinking in engineering design: the
role of interdisciplinary augmentation and the fine arts, Technol. Soc. 45 (2016)
1-7, https://doi.org/10.1016/j.techsoc.2015.11.005.

Z. Gong, V. Nanjappan, L.-H. Lee, S.A. Soomro, G.V. Georgiev, Exploration of the
relationship between culture and experience of creativity at the individual level: a
case study based on two design tasks, International Journal of Design Creativity
and Innovation (2023) 1-24, https://doi.org/10.1080/21650349.2022.2157889.
G. Hofstede, The interaction between national and organizational value systems,
J. Manag. Stud. 22 (4) (1985) 347-357, https://doi.org/10.1111/j.1467-
6486.1985.tb00001.x.


https://doi.org/10.1016/j.destud.2022.101094
https://doi.org/10.1016/j.destud.2022.101094
https://doi.org/10.1016/j.techsoc.2021.101685
https://doi.org/10.1016/j.techsoc.2021.101685
https://doi.org/10.11247/jssds.16.2_13
http://refhub.elsevier.com/S0160-791X(23)00097-0/sref46
http://refhub.elsevier.com/S0160-791X(23)00097-0/sref46
http://refhub.elsevier.com/S0160-791X(23)00097-0/sref46
https://doi.org/10.4018/jswis.2012040102
https://doi.org/10.1613/jair.514
https://doi.org/10.1080/21650349.2023.2167124
https://doi.org/10.1002/j.2168-9830.2005.tb00832.x
https://doi.org/10.1002/j.2168-9830.2005.tb00832.x
https://doi.org/10.1037/h0048280
https://doi.org/10.1016/j.destud.2016.07.005
https://doi.org/10.1016/j.destud.2016.07.005
https://doi.org/10.1016/j.destud.2012.05.003
https://doi.org/10.1207/s15326934crj1601_1
https://doi.org/10.1207/s15326934crj1601_1
https://doi.org/10.1007/978-1-4614-7052-6
https://doi.org/10.1016/j.neubiorev.2022.104656
https://doi.org/10.1016/j.neubiorev.2022.104656
http://refhub.elsevier.com/S0160-791X(23)00097-0/sref57
http://refhub.elsevier.com/S0160-791X(23)00097-0/sref57
http://refhub.elsevier.com/S0160-791X(23)00097-0/sref57
http://refhub.elsevier.com/S0160-791X(23)00097-0/sref57
https://doi.org/10.1080/10400410701397214
https://doi.org/10.1080/10400410701397214
http://refhub.elsevier.com/S0160-791X(23)00097-0/sref59
http://refhub.elsevier.com/S0160-791X(23)00097-0/sref59
http://refhub.elsevier.com/S0160-791X(23)00097-0/sref59
http://refhub.elsevier.com/S0160-791X(23)00097-0/sref59
http://refhub.elsevier.com/S0160-791X(23)00097-0/sref59
http://refhub.elsevier.com/S0160-791X(23)00097-0/sref59
https://doi.org/10.1007/978-94-007-0510-4_24
https://doi.org/10.1515/9783110895698.79
https://doi.org/10.1515/9783110895698.79
https://doi.org/10.1515/9783110895698
https://doi.org/10.1515/9783110895698
http://refhub.elsevier.com/S0160-791X(23)00097-0/sref63
http://refhub.elsevier.com/S0160-791X(23)00097-0/sref63
http://refhub.elsevier.com/S0160-791X(23)00097-0/sref63
http://refhub.elsevier.com/S0160-791X(23)00097-0/sref63
https://doi.org/10.1016/j.knosys.2010.10.001
https://doi.org/10.1016/j.knosys.2010.10.001
https://doi.org/10.1016/j.knosys.2016.07.012
https://doi.org/10.1002/j.2162-6057.2011.tb01090.x
https://doi.org/10.1002/j.2162-6057.2011.tb01090.x
https://doi.org/10.1017/S0890060409990187
https://doi.org/10.1017/S0890060409990187
https://doi.org/10.1017/dsi.2019.147
https://doi.org/10.4324/9781315782379-164
https://doi.org/10.4324/9781315782379-164
https://doi.org/10.1006/jmla.2000.2772
http://refhub.elsevier.com/S0160-791X(23)00097-0/sref71
http://refhub.elsevier.com/S0160-791X(23)00097-0/sref71
https://doi.org/10.1145/219717.219748
https://doi.org/10.7551/mitpress/7287.001.0001
https://doi.org/10.1007/978-3-662-53622-3
https://doi.org/10.1007/978-3-662-53622-3
http://refhub.elsevier.com/S0160-791X(23)00097-0/sref75
http://refhub.elsevier.com/S0160-791X(23)00097-0/sref75
http://refhub.elsevier.com/S0160-791X(23)00097-0/sref76
http://refhub.elsevier.com/S0160-791X(23)00097-0/sref76
http://refhub.elsevier.com/S0160-791X(23)00097-0/sref77
http://refhub.elsevier.com/S0160-791X(23)00097-0/sref77
https://doi.org/10.1016/B978-0-12-809324-5.23824-8
https://doi.org/10.1016/j.techsoc.2022.102103
http://refhub.elsevier.com/S0160-791X(23)00097-0/sref80
http://refhub.elsevier.com/S0160-791X(23)00097-0/sref80
http://refhub.elsevier.com/S0160-791X(23)00097-0/sref80
https://doi.org/10.1016/j.techsoc.2015.11.005
https://doi.org/10.1080/21650349.2022.2157889
https://doi.org/10.1111/j.1467-6486.1985.tb00001.x
https://doi.org/10.1111/j.1467-6486.1985.tb00001.x

	Quantitative dynamics of design thinking and creativity perspectives in company context
	1 Introduction
	1.1 Semantic analysis of design thinking
	1.2 Measures on semantic networks for analysis of design thinking
	1.3 Information exchange when designing and analyzing designing
	1.4 Research questions

	2 Selected semantic measures and their roles in the design process
	2.1 Abstraction in design thinking and problem solving
	2.2 Polysemy in design thinking and problem solving
	2.3 Information content in design thinking and problem solving
	2.4 Semantic similarity in design thinking and problem solving

	3 Methods
	3.1 Dataset overview and purpose of the design seminars
	3.1.1 Seminar with four companies
	3.1.2 Seminar with design center of a company

	3.2 Semantic networks
	3.3 Temporal dynamics of semantic measures
	3.4 Examples
	3.5 Main comparisons of individual design processes
	3.6 Statistics

	4 Results
	4.1 Dynamics of abstraction in the individual design-thinking process
	4.2 Dynamics of polysemy in the individual design-thinking process
	4.3 Dynamics of information content in the individual design-thinking process
	4.4 Dynamics of semantic similarity in the individual design-thinking process

	5 Discussion
	5.1 Abstraction, information content, and divergence in design thinking
	5.2 Theoretical and technological implications
	5.3 Practical and societal implications
	5.4 Limitations of the study

	6 Conclusions
	Declaration of competing interest
	Data availability
	Acknowledgments
	References


