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Foreword

Asia Design and Innovation Conference 2024

The Asia Design and Innovation Conference (ADIC) was held on December 5 and 6, 2024, in
Shanghai, China, as the event of the Asia Chapter of the Design Society. The local host is the
College of Design and Innovation, Tongji University.

ADIC is an expanded continuation of the Asia Design Engineering Workshops (A-DEWS), held in
2014, 2015, 2016 and 2017 as the events of the Asia Chapter of the Design Society (DS). The
DS Asia Chapter has started in 2014 with the mission to foster collaboration in design research,
education and practices in Asia while connecting to the other active communities of design
research and education.

The theme of ADIC 2024 is Design and Innovation for Sustainable Economy addressing both
basic and fundamental design and innovation research and education issues and new
breakthrough research and education topics including design for circular and digital economy.
ADIC 2024 program included keynote speeches, invited theme speeches and discussions,
presentations of full papers and presentation-only papers, and networking with the conference
dinner, farewell reception, lunch and coffee breaks. While ADIC is the event of the Asia Chapter,
paper presentations and participations from other regions than Asia made ADIC 2024 support the
mission of the Asia Chapter and DS very well.

After peer review process of the full papers, 53 papers were selected from more than 90
submissions to be included in the ADIC 2024 proceedings. ADIC 2024 papers encompass the
following areas:

Design Process and Theory, Design Methods and Tools
Design Thinking, Design for Innovation

Human Behavior in Design, Design Creativity, Design Cognition
Design Learning and Education

Al in Design, Design Informatics, Data-Driven Design
Sustainable Design, Design for Circular Economy
Product-Service Systems Design, Service Design

Experience Design, Interaction Design

Design for Architecture and Cultural Issues.

In addition to those published full papers, the conference presented excellent keynote speeches
by vice president Yongqi Lou of Tongji University, dean Juyoung Chang of school of design at
Dongseo University, and professor Jarmo Suominen at the college of design and innovation at
Tongji University. A discussion session was also held with invited theme speeches by professor
Cees de Bont, the head of the industrial design division, National Univ. of Singapore, professor
Jianxi Luo of City University of Hong Kong, and professor Tobias Larsson of Blekinge Institute of
Technology. Nine presentation only talks were also given in the conference.
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Design Society

a worldwide community

the

The Design Society is an international non-governmental, non-profit making organization whose
members share a common interest in design. It strives to contribute to a broad and established
understanding of all aspects of design and to promote the use of results and knowledge for the
good of humanity.

The Design Society was founded in 2000, taking on the previous activities and responsibilities of
the Workshop Design Konstruction (WDK) Society, especially the organization of the
International Conference on Engineering Design (ICED) series of conferences, which had been
running since 1981. Since 2000 the Society has organized ICED conferences in Stockholm in
2003, Melbourne in 2005, Paris in 2007, Stanford in 2009, Copenhagen in 2011, and Seoul in
2013 with its continuation in Milan, Vancouver, Delft, Gothenburg, Bordeaux, and Dallas.

The Society has members from over forty countries and it organizes diverse events including
conference with regional chapters and special interest groups. The Society is very active in
publishing papers and proceedings on design topics.

The objectives of the Society are to promote the development and promulgation of understanding
of all aspects of design across all disciplines by:

+ Creating and evolving a formal body of knowledge about design

+ Actively supporting and improving design research, practice, management and education
* Promoting co-operation between those in research, practice, management and education
* Promoting publications and their dissemination

+ Organising international and national conferences and workshops

+ Establishing Special Interest Groups and other specialist activities

+ Co-operating with other bodies with complementary areas of interest

The Design Society is a charitable body, registered in Scotland, number SC031694. Registered
Company Number: SC401016.

The Design Society is open to new members.
www.designsociety.org
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PROCEEDINGS OF ASIA DESIGN AND INNOVATION CONFERENCE
5-6 DECEMBER, 2024, SHANGHAI, CHINA

DESIGNING A METHOD FOR IMPROVED
(DISTRIBUTED) CULTURAL UNDERSTANDING - THE
CULTURAL DIMENSIONS THINKING CAPS

Annika Bastian', Paula Restrepo Cadavid', Raphael Grau' and Albert Albers'’
'Karlsruhe Institute of Technology (KIT) — Institute of Product Engineering (IPEK)

ABSTRACT

Designing a method, that assists culturally diverse and distributed development teams in better
understanding each other's perspectives and, therefore, improving their creative output and collaboration
is the goal of this contribution. To do so, the research on cultural theories and different creativity
methods that engage communication have been analyzed. Thereafter, a method has been designed
combining interactive elements that engage creativity with the content of what lies behind cultural
differences. The method uses Hofstede’s Cultural Dimensions as a theoretical basis and De Bono’s six
thinking hats as a practical basis to reach its goal and therefore successfully support multicultural
distributed development teams in solving problems creatively.

Keywords: creative problem-solving, creativity method, distributed product development, method
design, supporting culturally diverse teams

1 INTRODUCTION

As businesses expand globally, the prevalence of distributed teams in product development has
increased. The increased complexity of products requires a variety of skills and disciplines to meet the
demands of these future products [1, 2]. Product development is a creative act leading to the creation of
innovative products. Creativity in this context is defined by originality and appropriateness [3]. With
team members spread across different regions and countries, the cultural impact on creativity has
become a critical factor. Culture influences how individuals think, communicate, and solve problems,
all of which can affect the creativity of distributed teams [4—10].

One significant way culture impacts creativity is through communication. While some cultures
emphasize direct and assertive communication, others favor indirect and implicit styles. These
differences can cause misunderstandings and hinder creativity when team members from diverse
cultural backgrounds work together. For instance, a team member from a culture that values direct
communication may become frustrated with a colleague who communicates indirectly, leading to
collaboration difficulties and a reduction of creative ideas. On the other hand, a colleague who is used
to indirect communication might be hurt by direct criticism and might not be able to see it objectively
even if it was meant that way. This emotional involvement might again lead to emotions getting in the
way of being creative. [4-6, 9, 11]

This circumstance calls for a specific support combining these aspects: designing a method that
improves cultural understanding and works in a distributed setting. Developing such a method is the
overarching goal of this contribution.

2 STATE OF THE ART

2.1 Distributed Product Development

Even though product development is a widely studied and relevant topic, there is no uniform definition
in the literature; Many different definitions and approaches exist. Blessing and Chakrabarti [12] state
that product development is a complex, multifaceted, and dynamic phenomenon in an organization's
micro and macro context. This phenomenon involves people, a product under development, related
processes, knowledge, methods, and tools. Furthermore, Albers and Gausemeier [13] complement the
definition of product development by stating that it can be seen as a stage within a broader context,
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including activities such as product creation, strategic planning, production system planning, and
production of the finished product. Bavendiek et al. [14] note that the development of increasingly
complex products requires the collaboration of experts, some of whom might be available only in
different locations [15]. The definition of distributed product development in this contribution includes
three aspects: the spatial separation (organizational or temporal) of at least one team member, the need
to use communication technologies, and collaboration that takes place either synchronously or
asynchronously [16-18].

2.2 Influences on Creativity in Distributed Product Development

Creativity and collaboration are two elements that enable teams to successfully work together and
achieve their goals [19]. Creativity refers to a process either in the brain or shared that results in
something that can be considered new and useful in some point of time [20]. This importance extends
beyond teams working in a distributed setting; collaboration and creativity pose unique challenges for
distributed teams. Research indicates that working together tends to be more seamless when teams are
in the same physical space than when not [21]. In particular, creative processes may be perceived as
challenging in virtual teams [22]. Brucks and Levav also examined the influence of different modes of
communication (virtual or face-to-face) on creativity [23]. They concluded that face-to-face meetings
lead to better idea generation, indicating that communication and personal human interaction
significantly influence creativity. Nevertheless, the quality of the ideas and the decision of which idea
to pursue may be independent of the mode of collaboration, whether face-to-face or distributed [23].
This finding is attributed to differences in the amount of information conveyed through screens
compared to face-to-face communication and a narrowed visual focus that makes branching out and
generating new ideas more challenging in a virtual setting. The necessity for support of creativity is
further substantiated by Diihr [17], who asserts that creative teamwork, an essential component of the
product development process, requires specific assistance in a distributed setting.

2.3 Cultural Influence on Creativity in Distributed Product Development

Culturally diverse teams possess a unique ability to generate innovative and high-quality solutions due
to the range of perspectives, experiences, and approaches they contribute. This blend of different
viewpoints frequently results in fresh insights and creative problem-solving strategies. However, it is
essential to acknowledge that these teams are also more likely to encounter challenges in collaboration.
Cultural norms, communication styles, and implicit assumptions can cause misunderstandings or friction
within the team. Thus, while the potential for enhanced creativity and quality is significant, culturally
diverse teams must implement strategies for effective communication, mutual understanding, and
collaborative synergy to fully realize their collective potential [24].

In essence, culture functions both to integrate and differentiate. Individuals within a particular cultural
background find a sense of identity and purpose through cultural norms that offer behavioral guidelines
and a framework for interaction. Conversely, those outside this cultural framework might find certain
attributes unfamiliar or requiring adaptation. These attributes can be limiting if they do not align with
their cultural concept, potentially leading to disengagement from a system with unshared or divergent
cultural distinctions [25].

Creativity can be supported through many methods, one of them being the Six-Thinking-Hats by De
Bono [26]. This method is introduced in more detail since it is used as basis in the method design. This
method facilitates switching the point of view to analyze a problem from multiple perspectives.
Participants adopt a specific perspective represented by a hat in a specific color to collaboratively
generate ideas before transitioning to a different viewpoint with the next hat [27]. As a decision-making
and creativity method, each “hat” symbolizes a distinct perspective or cognitive style: white for
objective facts and information, red for emotions and feelings, black for critical analysis and identifying
potential issues, yellow for optimism and benefits, green for creativity and innovation, and blue for
overseeing the thinking process [26].

To understand culture in more detail Hofstede’s cultural dimensions can be used. Since Hofstede’s
theory still has the broadest data baseline up until today and is widely accepted and used his theory is
used as another basis for the method design in this contribution and therefore introduced in more detail
here [28-31]. The model has five cultural dimensions: Power Distance Index, Individualism vs.
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Collectivism, Masculinity vs. Femininity, Uncertainty Avoidance Index, and Long-Term vs. Short-Term
Orientation. Subsequently, Michael Minkov introduced a sixth dimension, Indulgence vs. Restraint [32].
This model’s goal is to help understand cultural differences, enhance intercultural communication, and
design communication strategies. It is used for managing culturally diverse teams and understanding the
influence of culture on work dynamics and business practices. Additionally, it provides a foundation for
academic research, facilitating empirical studies and intercultural training programs [28-31]. Each
dimension offers insights into specific aspects of a culture’s value system. The Power Distance Index
measures the level to which less powerful members of a team accept and expect unequal power
distribution [33]. Individualism vs. Collectivism evaluates whether individuals prefer a loose social
framework, where they are expected to care for their closest family, or a tighter framework, where
individuals look out for a broader circle of people [34]. Masculinity vs. Femininity reflects the
distribution of gender roles, with masculine societies focused on competition and success, whereas
feminine societies prioritize caring for others and enjoying a quality life. The Uncertainty Avoidance
Index measures the tolerance for uncertainty and ambiguity, indicating how comfortable one feels in
unstructured situations. Long-Term vs. Short-Term Orientation relates to the focus of people’s efforts,
whether on future benefits (long-term) or current benefits (short-term). Indulgence vs. Restraint assesses
the degree to which free gratification of basic and natural human desires related to enjoying life and
having fun is granted, as opposed to suppressing gratification and regulating it through strict social
norms [29, 32].

3 METHODOLOGICAL APPROACH
The subordinate goal of this contribution is to design a method, that assists culturally diverse and
distributed teams in better understanding each other's perspectives and, therefore, improving their
creative output and collaboration.
To do so, the research on cultural theories and different creativity methods that engage communication
have been analyzed. With this knowledge at hand, a method has been designed combining interactive
elements that engage creativity with the content of what lies behind cultural differences. To accomplish
this, the following research questions have been raised:
* RQ1: How can the knowledge of cultural differences be communicated without exposing
oneself?
* RQ2: Which creativity method can be used to build the basis for creative discussions but can
still be applied in an acceptable way for different cultures?
* RQ3: How can a method be designed that integrates changing cultural perspectives and
engaging in creative discussions in a culturally appropriate way?
* RQ4: How can such a method be visually supported to assist the team in the application process?

4 RESULTS

The Cultural Dimensions Thinking Caps Method is designed to facilitate a shift in perspectives among
team members. It seeks to transcend the limitation of individual viewpoints by encouraging members to
consider issues from their standpoint and adopt and understand the perspectives of their peers. The
method consists of three blocks: Cultural Dimensions (based on [29]); the Cultural Dimensions Thinking
Caps (based on [29] and the Six Thinking Hats by [26]); and Discussion and Consolidation of the
Cultural Dimensions Thinking Caps, two explanation activities and a discussion activity, respectively.
The recommended duration of the whole method is 50 minutes or more to gain an understanding of
Hofstede's Cultural Dimensions and the introduced Cultural Dimensions Thinking Caps and then
properly discuss a chosen topic on the team's collaboration (fundamental topics like "communication
within the team" or "punctuality in the team") from different perspectives. The duration depends on the
team’s size and the number of cultural dimensions represented by the team members.

4.1 Design of the Method

First, the Cultural Dimension Thinking Caps starts by introducing the six cultural dimensions defined
by Hofstede [29]. Flexibility is provided here by only introducing the dimensions that should be used
for discussion in the next step. The moderator can select dimensions that are specifically relevant based
on the cultures represented by the team members or based on observation of the team prior to the
workshop. If hierarchical structures concern the team, looking at the dimension of masculinity versus
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femininity could be most relevant. This explanatory block and the following one form the foundational
section of the method, which is essential for understanding and successfully applying it.

To avoid overgeneralization and the potential for stereotyping, the approach strategically avoids
focusing on specific cultures identified by region or nation. Instead, the method is structured around
Hofstede's Cultural Dimensions [29, 32, 35], a model recognized and respected in academic and applied
settings [36]. Hofstede's framework was chosen for its clarity and ease of understanding, making it
accessible to a broad audience [36]. To ensure clarity for those unfamiliar with Hofstede's work, the
term Cultural Dimensions is used predominantly, with a reference to Hofstede provided at the beginning
of the block.

Each cultural dimension is described clearly and concisely for quick and efficient learning. The use of
colors and pictograms to represent the extremes of each dimension enhances the overall
comprehensibility for the user. It allows dimensions to be more easily identified in the method
application, especially if used as part of the entirety of the Cultural Synergy Spectrum method. This
section concludes with an overview that includes descriptions of each cultural dimension, its extremes,
and an explanation of the colors and pictograms chosen.

Table 1 illustrates the detailed description of each cultural dimension, along with its extremes, their
descriptions, the chosen color, and the pictogram.

Table 1. Detailed description of the cultural dimensions Power Distance and Individualism
vs. Collectivism based on [32]

Cl.lltural' Power Distance Individualism vs. Collectivism

Dimension
This dimension is about how people This dimension is about whether
view power and authority. In some people think doing things
cultures, it is normal for bosses to independently or as a group is more

Description  have much power and for everyone important. In some places, people
else to follow orders. In other focus on their own goals, while group
cultures, people like everyone to or family goals are more important in
have a say and be more equal. others.

Extremes High Low Individualistic Collectivistic
People accepta  People prefer Individualistic Collectivistic
hierarchical equality and societies societies

Description order without challenge prioritize emphasize group

Extremes much question.  authority more individual goals cohesion, loyalty,

readily. and rights. and collective
well-being.

Royal blue Light blue Redis acolorof  Green denotes
represents symbolizes strength, passion, community,

Color dignity, openness, and boldness. growth, and
intelligence, tranquility, and harmony.
and authority. equality.

Pictogram Crown Handshake Single Person Two People

Table 2. Detailed description of the cultural dimensions Masculinity vs. Femininity and
Uncertainty Avoidance based on [32]

Cl.lltural' Masculinity vs. Femininity Uncertainty Avoidance

Dimension
This dimension is not about men and How comfortable people feel with
women but what a culture thinks is uncertain or unknown things. Some

Seserision important. Sorqe p!aces Va.lue being cultures do not like 'surprises and
the best and winning, while others prefer clear rules, while others are
care more about everyone getting okay with taking things as they come
along and being happy. and being more flexible.

Extremes Masculinity Femininity High Low
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Description
Extremes

Color

Pictogram

Societies with
masculine
values prefer
achievement,
heroism,
assertiveness,
and material
rewards for
success.
Black conveys
power,
sophistication,
and formality.
Flexed Biceps

Societies with
feminine values
prefer
cooperation,
modesty, caring
for the weak, and
quality of life.

Light Purple
represents care,
compassion, and
empathy.

Tulip

High Uncertainty Low Uncertainty
Avoidance Avoidance
cultures try to cultures accept
minimize such differing thoughts

situations by
strict laws and
rules.

or ideas more.

Dark Grey Light Blue,
symbolizes suggesting
caution and calmness and
formality. flexibility.
Lock Wave

Table 3. Detailed description of the cultural dimensions Long-/Short-Term Orientation and
Indulgence vs. Restraint based on [32]

Cultural
Dimension

Description

Extremes

Description
Extremes

Color

Pictogram

Long-/Short-Term Orientation

Indulgence vs. Restraint

People’s attitude toward the future or
the present. Some cultures often plan
for the long term and think about the
future, while others focus more on
the present and keep traditions.

This dimension is about whether
people in a culture like to enjoy life
and have fun freely or think it is better
to control and limit these things. Some
places are more about having fun and
relaxing, while others believe in being

Long-Term
Cultures with a
long-term
orientation are
more pragmatic,
modest, and
future-oriented.

Yellow
indicates
optimism and
enlightenment.
Star

4.2 Application
After the theoretical segment of this method, users engage in a perspective-shifting activity block. The
primary objective of this block is to facilitate a dynamic exchange of viewpoints, enabling users to
articulate their perspectives and to understand and engage with the perspectives of other team members.
The structure of this block is as follows: First, users select the Cultural Dimension Caps that reflect the
diverse composition of the team. This selection sets the stage for a multifaceted discussion on a single
topic central to team collaboration. A pre-selection of caps can increase efficiency in time management,
especially when time is of the essence.

ADIC2024/105

Short-Term
Cultures with a
short-term
orientation are
more normative,
respect traditions,
and focus on
quick results.

Light Brown
denotes
practicality and
reliability.
Hourglass

stricter and more controlled.

Indulgence
Cultures
classified under
indulgence
generally allow
relatively free
gratification of
basic and natural
human desires
related to
enjoying life and
having fun.
Bright Orange is
vibrant and
energetic.

Party Popper

Restraint

A society that
suppresses
gratification of
needs and
regulates it using
strict social
norms.

Cool Blue
reflects self-
control and
responsibility
Person in Lotus
Position



The range of potential discussion topics includes but is not limited to, strategies for meeting deadlines,
effective teamwork and task delegation, setting and achieving goals, maintaining morale, and methods
for resolving misunderstandings or conflicts.

A unique feature of this discussion is its structured format. The discussion begins from the perspective
of the first Cap selected and continues for a predetermined period of time. At the end of this period, the
discussion transitions seamlessly to the perspective of the next Cap. This process is repeated until all
perspectives represented by the selected Caps have been explored. After discussing each perspective,
there is a consolidation phase where users document their learnings and insights from each perspective
in the space provided in the template. This methodical approach ensures a comprehensive understanding
and integration of different perspectives within the team.

4.3 Visualization

The Cultural Dimensions Thinking Caps method was implemented in Miro [37] as the interactive
whiteboard makes the operationalization of all three blocks possible. The information needed to be
displayed for the first block, the Cultural Dimensions (based on [29, 35]); the information needed to be
displayed for the Cultural Dimensions Thinking Caps (based on Hofstede [29, 35] and the Six Thinking
Hats by De Bono [26]) as well as the possibility to take notes for each participant in this second block;
and the possibility to collect everybody's insights in Discussion and Consolidation of the Cultural
Dimensions Thinking Caps. Figure 1 shows an excerpt of the visualization for the first block, the
Cultural Dimensions.

Power Distance Individualism vs. Collectivism

This is ahout how naanla view nowar an:

Description

T People accept a
(O hierarchical order

Individualistic societies

prioritize individual
2 goals and rights

a

— without much question
I

1
Figure 1. Excerpt from Hofstede's Cultural Dimensions - visualization of the first block within
the Cultural Dimensions Thinking Caps

Figure 2 shows an excerpt of the visualization of the second block of the Cultural Dimensions Thinking
Caps. The second block incorporates the information for each Cap; the excerpt shows the Caps for the
two dimensions represented in Figure 1.
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High Power Distance Cap
The Hierarchical Cap

Represents cultures with Symbolizes cultures that value
structured levels of authority. equality and minimal
In these societies, hierarchy is  hijerarchical diff erentiation.
accepted as part of the social These societies encourage
order, and individuals are likely open communication and
to respect and follow collaborative decision-making

established chains of command across all levels

e @e)

Individualistic Cap

The Autonomous Cap

Characterizes cultures that
emphasize group harmony and
collective responsibility. In
these societies, the needs and
goals of the group often take
precedence over individual
desires

2 28

Figure 2. Excerpt from the Cultural Dimensions Thinking Caps - visualization of the second
block within the Cultural Dimensions Thinking Caps

Reflects cultures where
individual autonomy and
personal achievements are
highly valued. These societies
prioritize personal goals and
the independence of individuals

Furthermore, this second block provides the possibility to take notes. Sticky notes can be taken from the
so-called "Sticky note parking lot" at any time and used either anonymously or with name.

The visualization of the third block is again divided into the different Caps (see Figure 3). Insights and
learnings generated when discussing in the viewpoint of a certain Cap can be directly noted in the
respective card. The discussion takes place in smaller groups first, with different groups using different
Caps. Afterward, the insights are collected by the entire group.

Learnings/Insights from
the High Power
Distance Cap

EEEEE

Learnings/Insights from
the Individualistic Cap

Figure 3. Excerpt from the discussion and consolidation - visualization of the third block
within the Cultural Dimensions Thinking Caps

5 DISCUSSION AND CONCLUSION

An initial validation was carried out while using the Cultural Dimensions Thinking Caps as part of the
Cultural Synergy Spectrum Method [38]. Thus, the Cultural Dimensions Thinking Caps Method should
be also validated individually. When the method is carried out within approximately 40 minutes of a
method application workshop that is 120 minutes long, the feedback given is not only focused on the
Cultural Dimensions Thinking Caps but on a lot more impressions. Therefore, applying only the Cultural
Dimensions Thinking Caps and asking the participants for feedback directly on this method separately
will help get more detailed impressions from the participants. An individual application is planned as a
next step and is supposed to give insight into further improvement potential. Furthermore, there are other
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options for communication about culture than using the Cultural Dimensions by Hofstede [29]. It has
been used as the basis for this contribution and the developed method because it is widely used and
based on the broadest explorative study on cultural differences. Other creativity methods could have
also been used to engage the team in creative exchange.

The use of Miro as the tool to assist in the method execution might also not be optimal for every team.
It is to be validated again in different settings to see if this tool is suitable for a multitude of teams or if
it might be restricted to users who are familiar with such digital tools.

The first research question, how to communicate cultural differences, was answered by implementing
Hofstede's six cultural dimensions in their opposing characterization as perspectives to be taken when
discussing a problem. The resulting twelve options are formulated in the thinking Caps. A fundamental
topic such as "communication within the team" or "punctuality in the team" can be discussed using the
different Caps. The participants are divided into groups, and each group takes one of the twelve Thinking
Caps and discusses the problem from that perspective. The findings are then consolidated. The way the
discussion is led is based on De Bono’s [26] Six Thinking Hats, which answers the second research
question. The group is divided into different sub-groups that "wear" pre-selected Cultural Thinking Caps.
A facilitator can make the selection in advance. To accommodate different communication styles, ideas
for the Cap's perspective on the fundamental topic can first be written down silently and anonymously.
Those who wish to participate in a discussion from their perspective can then do so. At the end of the
discussion, the sub-group takes a different Cap, i.e., a different characterization of a cultural dimension,
and starts again with the silent generation of ideas on the fundamental topic from this perspective. The
time needed for this activity can be adjusted by changing the size of the sub-groups and the number of
Caps each subgroup takes. The whole group then collect the insights gathered on the fundamental topic
from the different perspectives.

The third research question is answered by systematically combining the elements of the first two
research questions. And finally, one way to visually support the method is to use the Miro whiteboard
which worked well in this initial validation but has been critically discussed for future applications.
Since the method has only been validated in the context of applying a broader method, the next step is
to validate the Cultural Dimensions Thinking Caps individually with different culturally diverse and
distributed teams.
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ABSTRACT

Current computational idea generation support tools, especially Artificial Intelligence (Al)-driven ones,
mainly produce textual and/or pictorial stimuli to support design creativity at the early stages of design.
However, the impact of using Al-generated videos as creative design stimuli remains underexplored.
With the advancement in computational power and Al models, generating videos to support design
creativity is possible. This paper explores using state-of-the-art AI models to generate short videos as
stimuli for supporting creative idea generation. A qualitative case study is conducted, involving design
experts comparing the effects of textual, pictorial and video stimuli to support the generation of a flying
car concept. The case study indicates that design experts prefer video stimuli generated using Al models
as they offer dynamic motion and mechanism information that provides more inspiration. Although the
current Al-generated video stimuli have limitations, such as lacking technical details, this paper
highlights the great potential of using video to prompt design creativity.

Keywords: Design Creativity, Idea Generation, Al in Design, Design Stimuli, AI-generated Video

1 INTRODUCTION

Creativity, which is defined as “the process by which something so judged (to be creative) is produced”
[1], is an integral part of product design and development. It is a significant process during the early
stages of design that underpins the generation of innovative ideas for breakthrough products [2, 3].
Although consumers and end-users might not explicitly indicate creativity as a design requirement,
creativity is considered a fundamental element for product innovation ultimately leading to product
success [2, 4]. Studies have revealed that creative products are more likely to succeed in crowdfunding
campaigns [5] and design competition awards [6]. Therefore, it is often a requirement for designers to
come up with creative design ideas for informing the development of innovative products. However,
coming up with ideas, especially creative ones, is a challenging task.

Generic tools such as Brainstorming [7], mind mapping [8], and Six Thinking Hats [9], were often
employed by designers to support the generation of creative design ideas. To better support idea
generation in the design context, design-focused tools and methods were developed, including TRIZ
[10], design-by-analogy and WordTree [11], the Creativity Diamond Framework [12], the three-driven
combinational creativity approach [13], and the 77 design heuristics [14]. These tools or methods help
users remove mental blocks and expand design search spaces, but require the users to possess sufficient
knowledge and experience to master. In recent years, computational means have been increasingly
explored to support designers in generating creative ideas. These new computational approaches or tools
often generate stimuli in textual and/or pictorial forms as sources of inspiration or information to support
designers in creative idea generation [15]. With the advancement of computational power and Artificial
Intelligence (AI) algorithms, Al-generated videos are becoming possible and affordable. However, few
studies have explored employing Al algorithms for generating videos to prompt designers in creative
idea generation. It also remains unclear whether videos could be used as an effective means to trigger
designers’ creative minds.

This paper is aimed at exploring the use of state-of-the-art AI models and algorithms to generate short
videos as stimuli to support designers in generating creative design ideas. An Al tool, the IdeaMotion,
is developed capable of generating short videos based on textual design descriptions. A qualitative case
study is conducted to gain insights into using Al-generated videos as stimuli from the perspectives of
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designers. The following section reviews the related studies on computational and Al tools for
supporting design creativity. Section 3 presents the details of the proposed Al video generation tool, and
Section 4 showcases a case study with designers. The discussion and conclusions of the paper are
presented in Sections 5 and 6, respectively.

2 RELATED WORKS

Employing computational means for supporting design creativity could be traced back to the 1990s. For
example, Qian and Gero [16] developed one of the earliest computational systems for supporting design
creativity finding analogical mappings through structure and behavior. Bhatta and Goel [17] proposed
an autonomous design system IDeAL to support analogical designs by employing the structure—
behavior—function model. Chakrabarti et al. [18] explored the use of text databases hierarchically by
topic to aid design. Bryant et al [19] presented a computational conceptual generation tool
utilizingFunctional Basis and existing design knowledge to produce viable design variants. These
pioneer studies laid the foundation for subsequent research and development in supporting design
creativity utilising computational techniques.

Over the last decade, a number of sophisticated computational tools and approaches, leveraging Al,
machine learning, natural language processing, and image processing techniques, have been developed
to better support design creativity. Some of these tools provide or produce textual stimuli only to support
designers. For example, Georgiev et al. [20] proposed a computational approach to produce new scenes
through synthesizing existing scenes by thematic relations, for example, “microwave, bake, chestnut” is
produced by synthesizing “fireside, roast, chestnut” and “microwave, bake, fish” as “roast” and “bake”
are similar thematic relations. B-Link [21, 22] is a data-driven design support tool that helps designers
discover and associate textual knowledge, which is underpinned by a large knowledge base created using
academic publications. InnoGPS [23, 24] provides a text-based interactive map, which contains a
technology space knowledge base created based on the US patent database, to allow designers to explore
new design opportunities and directions. TechNet [25], which is a technology semantic network based
on paten data, has been used to facilitate the generation of ideas [26] and representation of designs [27].
Pro-Exlpora [28] employs the Markovian model and machine learning to explore new design problems
in text forms to inspire designers. Recently, with the rapid advancement of Large Language Models
(LLMs), several LLM-based approaches have been proposed to support generating creative design ideas
[29]. Zhu et al. [30] proposed a generative design approach to automatically generate bio-inspired design
in the form of natural language by retrieving and mapping biological analogies using LLM. For instance,
generating a piece of natural language text describing a new flying car design inspired by pterosaurs.
Chen et al. [31] proposed an LLM-based tool to retrieve textual knowledge from a bio-inspired
knowledge base and map the knowledge to support divergent thinking. Chen et al. [32] leveraged the
Function—Behavior—Structure ontology to decompose conceptual design tasks and guide LLMs to
generate high-quality textual concepts to stimulate designers.

In addition to textual stimuli, several tools and approaches have also employed images and pictures as
stimuli to stimulate designers. For example, the Combinator [33, 34] simulates human combinational
creativity and produces combinations of design phrases, such as “kettle cup” and “spider silk violin”,
with corresponding merged or overlapped images, to prompt designers. The Retriever [35] employs
aspects of analogical reasoning to produce new ontologies of a desired design accompanied by an image
mood board to support creative design idea generation. Generative Adversarial Network (GAN), a
generative Al framework, has been investigated to produce synthesized images of two items to prompt
design creativity [36]. GAN has also been used to learn a specific design style and apply the style to a
target product such as producing an image of a streamlining style chair [37], as well as fusing the design
features of two objects such as a horse and a bike [38], to stimulate humans in creative idea generation
which has gained positive impacts. DALL-E, an Al system for creating images from natural language
descriptions, has been employed to generate pictorial ideas based on textual descriptions of
combinational designs such as “an avocado chair”, which achieved a similar creativity level to novice
designers [39]. Chen et al. [40] leveraged the reasoning capability of LLMs to generate design concepts
employing the SW1H method, Function—Behavior—Structure model and Kansei Engineering, and
convert the textual concepts into images using text-to-image models for supporting human designers.
Producing textual (such as texts, keywords and phrases) and/or pictorial (such as images and pictures)
stimuli to inspire and trigger designers’ creative minds is one of the most often used methods. Such
conventional formats of stimuli have been proven to have positive effects on enhancing designers'
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creativity. While recent advancements in computational power and Al algorithms enabled the generation
of videos, explorations on Al-generated video stimuli for supporting design creativity are needed.

3 USING Al FOR GENERATING VIDEO STIMULI

An Al tool, the IdeaMotion, is thereby developed to produce short videos based on the descriptions of
designs in natural language to support designers in creative idea generation. An overview of the tool is
depicted in Figure 1. The designer would need to generate a piece of design description in text forms or
utilize an existing design description as the input of the IdeaMotion. The tool will then extract text
features from the input design description. Bidirectional Encoder Representations from Transformers
(BERT), a pre-trained machine-learning model for natural language processing, is employed to capture
the semantic information from the input. An attention mechanism is introduced to help the tool focus on
the key semantic information relevant to video generation.

Stimulate

Generate

Text Feature Extraction Video Generation

Design
Description

[
[ N > Diffusion > [E]
Model
~

Designer
The IdeaMotion
Figure 1. An Overview of the IdeaMotion

Once the key semantic features are obtained, the features are mapped to the video latent space. A readily
available diffusion model based on the Unet3D structure [41] is employed to ensure the diversity and
complexity of texts in the latent space are captured. The representation of the video latent space is then
mapped to the video visual space to produce a video interpreting the input design description. Unet3D
is a three-dimensional convolutional neural network-based structure for processing video data that can
capture the spatiotemporal relationship in the video. It has an encoder for extracting high-level features
and a decoder for restoring these features, which are used for video denoising and generating
respectively. The IdeaMotion is packed as a web-based tool with simple user interfaces, as shown in
Figure 2 and Figure 3, of which Figure 2 shows the user input interface asking the user to describe the
desired design in text and Figure 3 shows the output interface playing the video generated. Due to the
limitations of the models used and computational power, the generated video length has been limited to
2 seconds.

IdeaMotion

Please describe the desired design?

Describe the design

Figure 2. The User Interface of the IdeaMotion — User Input

ADIC2024/106 13



Video processing...

Complete

Figure 3. The User Interface of the IdeaMotion — Video Output

4 CASE STUDY

To gain insights into how video stimuli generated by the IdeaMotion support design creativity and
compare with conventional textual and pictorial stimuli, a case study has been conducted involving two
design engineering experts with over ten years of experience. In the case study, producing a concept of
a flying car, which has often been used in design research, is adopted as the design task. Three stimuli
of a “flying car” are employed and provided to the design experts, as shown in Figure 4. Figure 4(a)
presents a textual stimulus describing a flying car design inspired by pterosaurs (adopted from [30]),
Figure 4(b) is a pictorial stimulus created by a human designer that depicts the flying car design
according to the textual description in Figure 4(a) (adapted from [30]), and Figure 4(c) is a video
stimulus produced by the IdeaMotion using the textual description in Figure 4(a) as the user input.

The flying car has a body that is
similar in shape to pterodactyls,
with a body designed to control
drag, lift, and thrust. It also has
a lightweight hull and a
propeller to generate thrust. The
vehicle’s hull is constructed of
high-performance carbon fiber,
inspired by the lightweight
skeletons of pterosaurs. The
propeller is mounted on a
pivoting arm that is controlled
by a joystick. The entire
assembly weighs approximately
35 pounds and looks similar to a
parasail. The propeller is 16
inches in diameter and is
powered by a 930cc marine
engine.

(a). Textual (from [30]) (b). Pictorial (Adapted from [30]) (c). Video

Comﬁlefe

-

Figure 4. Textual, Pictorial, and Video Stimuli of “Flying Car”
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To better showcase the video stimulus of the flying car in this paper, six time frames of images of the
video with 0.4 seconds apart are presented in Figure 5. As shown in the figure, the flying car has the
shape of a pterosaur with a pair of wings at the rear of the car. From 0.0 seconds to 2.0 seconds of the
time frames, the fast-running car is gradually opening and extending its wings outward preparing for
takeoff, which shows the progress of transforming from ground mode into flight mode.

0.0s 04s 0.8s 1.2s 1.6s 2.0s

Figure 5. The Short Video of “Flying Car” in Time Frames

Semi-structured interviews have been conducted with the two experts (Expert 1 and Expert 2) to
investigate their viewpoints towards using the three types of design stimuli provided for supporting them
in completing the concept generation task, as well as their perspectives on using Al-generated videos
for supporting design creativity. The first question asked was “Do you use design stimuli for supporting
idea generation? Which type of stimuli do you use?” Both Experts 1 and 2 indicated that they often
employ stimuli to support them in idea generation. Expert 1 said “I give priority to video, but also go
for pictures sometimes. Video is kind of dynamic and shifts my attention to make me think differently
rather than looking at a static image.” Expert 2 mentioned that “/ mainly use images, sometimes use
videos, but I rarely use texts”. The second question asked was “Have you used Al-generated stimuli for
helping you with idea generation?” Expert 1 indicated that “I have recently used Al-generated images,
but have not used Al-generated videos.” However, Expert 2 said that “I rarely use Al-generated stimuli,
as the quality of generated contents is not very good and sometimes might not be relevant to what I want
to see.”

The design task “to produce a concept of a flying car”” was then given to the experts. The three stimuli,
as shown in Figure 4, were provided to the experts following the sequence of textual, pictorial, and then
video stimuli to explore their views if they use such stimuli to support them in the design task. The third
question “What are your thoughts on the three stimuli in helping you with the concept generation task?”
For the textual stimulus, Expert 1 indicated that “The textual stimuli will make me think but not really
in a particular direction. It would take time to read the text again and again to make me think or inspire
me.” Expert 2 said “I already have some ideas or images of a flying car in my mind by reading the text.
Itis good to see ‘quantification’ in the text such as the weight, size, material and engine model. However,
I would need to spend time to generate a visualisation to showcase the design concept.” Regarding the
pictorial stimulus, Expert 1 said “The image provides a direction. It is not really that I am going to
produce something like this, but provides me with a clue or guide.” Expert 2 said “This is definitely
better than the text, which is more tangible and inspiring. It is almost identical to what I had in mind.
But, in a way, it limits imagination, such as the shape is already fixed, and lacks technical details.” For
the video stimulus, Expert 1 said “This is the most inspiring one for me, as it involves a lot of things
which I can interpret, such as the motion, the look and appearance, the loop and the mechanics, and
even the environment. There is more divergent thinking looking at this, making me think in different
directions.” Expert 2 said “It helps me visualise the motion of the design and move on to the engineering
side, thinking how each component moves and joined together. But it misses the details of propellers.”
The experts were then asked “Which stimulus do you prefer?” Expert 1 indicated that the video stimulus
is the first choice, followed by the pictorial and then textual stimuli. Expert 2 mentioned that the video
and pictorial stimuli are the first choices rather than the textual stimulus.

Lastly, the experts were asked to express their views towards Al-generated video stimuli on design
creativity in general. Expert 1 said “Using Al-generated video stimuli is more inspiring which prompts
you into different aspects of thinking and see things from different perspectives. Such a project or
research in this direction would be of great benefit to design engineers.” Expert 2 said “Having
something like this to work from at the idea generation stage is useful, especially if the generated video
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is longer. However, I think Al-generated content, like 3D images or animations, should not be
considered the final form and designers should always go to further develop or revise. I believe there is
a huge potential if Al can generate editable or configurable models or contents. This will further spark
creativity.”

5 DISCUSSION

Prior to showing the experts the stimuli in Figure 4, questions were asked to explore whether the experts
use stimuli in idea generation. Both design experts suggested that they often use stimuli in idea
generation to help them enhance their design creativity, while they both prefer pictorial and video stimuli
rather than textual stimuli. Neither of the designers has previously used Al-generated video as stimuli,
while one of them has previously used Al-generated images. To use the design stimuli in Figure 4 to
come up with ideas to address the design task, both Experts 1 and 2 agreed that the video stimulus,
which was generated by the IdeaMotion, would be their first choice. They both indicated that the video
provided allowed them to visualize the motion and the mechanisms of the design. This is something that
is very challenging for textual and pictorial stimuli to achieve. Both experts also agreed that the textual
stimulus is the least useful one for supporting them in idea generation, and it would be quite time-
consuming for them to produce or visualize a concept inspired by the text. Furthermore, Expert 2 pointed
out that the video and pictorial stimuli are missing some technical details, while the textual stimulus
contains useful quantifications of technical details. Considering the use of Al-generated videos as
stimuli for supporting creative idea generation in general, both experts agreed such a format is useful
and further research on exploring Al-generated video for supporting design creativity is promising. One
of the experts indicated that the generation of editable models by Al would be a potential direction.
Therefore, concerning the case study conducted, video stimuli have significant potential to enhance
creativity during idea generation. Although the current Al-generated video produced by IdeaMotion
using the diffusion model lacks technical details, the video’s dynamic and visual nature can inspire new
ways of thinking in comparison to conventional textual and pictorial stimuli. Current Al-driven idea
generation support tools mainly generate textual stimuli (e.g. [30], [31], and [32]) and pictorial stimuli
(e.g. [34], [36], [37], [38], and [40]), while these textual and pictorial outputs could be potentially
converted into videos by adopting Al models for video generation to provide additional inspiration
enhancing design creativity. With more powerful Al models, such as Sora [42], becoming available,
there is great potential to translate those quantitative technical details from text into videos providing
more useful information. There are also some initial works (e.g. Text-to-CAD [43]) on generating simple
CAD models, such as a plate or a gear, through text prompts. Most of these tools can only produce OBJ,
STEP or STL format CAD files, while such formats only contain information regarding the shape or 3D
geometry of a model limiting the capability of using the CAD model for complex tasks such as
supporting video or animation. Thereby, further Al research studies are needed to explore the creation
of CAD models capable of supporting video generation.

The current research has certain limitations. Firstly, the Al video generation tool, the IdeaMotion,
developed in this research uses a diffusion model which limits the length of the videos generated. This
limits the amount of information that could be conveyed in the video. Secondly, only a few samples and
experts were involved in the study limiting the insights discovered.

6 CONCLUSIONS

This paper explores the use of Al models and algorithms for generating videos based on textual input,
and implements this into a tool named the IdeaMotion. The tool uses BERT to capture semantic
information from textual input and employs a Unet3D structure-based diffusion model to produce videos.
A qualitative case study was conducted by interviewing two design experts to gain insights into using
Al-generated videos as stimuli for supporting creative idea generation. The case study shows that video
stimuli are preferred by design experts compared with pictorial and especially textual stimuli, as video
stimuli provide additional information regarding the motions and mechanisms. This paper has
contributed to the body of knowledge in research on design creativity and Al, which provides useful
insights on Al-generated videos as stimuli for supporting design creativity. In future studies, more
samples of a larger variety of objects including both dynamic and static ones will be explored by
interviewing more design experts. A quantitative case study focusing on exploring how the use of Al-
generated video stimuli affects the creativity level, including novelty and usefulness, of idea generation
outputs in comparison with using pictorial and textual stimuli will be conducted.
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ABSTRACT

This study proposes the “Sign x Context = Meaning (Meaningful Value)” theory for ideation in design
engineering. By integrating abduction and Bayesian inference, the framework generates new meanings
by shifting the contexts of signs. Case studies conducted with NEW STANDARD, Inc., validated its
application in 10 product and customer experience (CX) development. While the framework
demonstrates reproducible innovation, its effectiveness is influenced by cultural and contextual factors.
Future research should explore Al-driven tools to enhance meaning generation across diverse contexts.

Keywords: Idea generation theory, Bayesian Inference, Product Development, Innovation of Meaning

1 INTRODUCTION

In recent years, the needs of consumers and users in the fields of design engineering and innovation
have shifted beyond mere functionality to include emotional and experiential aspects [1], [2]. This shift
underscores the need to delve into the socio-cultural meanings that users associate with products.
Interpretive methodologies provide a valuable lens for this exploration. Schutz [3] emphasizes that
individuals’ daily experiences are imbued with subjective meanings shaped by their social worlds,
suggesting that the meanings users attach to products are deeply embedded in their cultural and social
contexts. Furthermore, hermeneutics [4] and phenomenology [5] argue that such meanings are not
inherent to the objects themselves but emerge through the interaction between individuals and their
cultural, emotional, and social environments. For example, a coffee cup can hold various meanings
depending on the context. It might serve as a functional tool for drinking coffee, symbolize mindfulness
in a quiet morning routine, represent energy and focus for work, or even act as a status symbol in specific
social settings. These perspectives collectively highlight the importance of understanding products not
merely as functional items but as vessels of socio-cultural significance. Therefore, in design, this
suggests that consumers and users engage with products not merely as functional items but also as
objects through which they express and interpret their identities and values. Notably, “innovation of
meaning,” one of the four categorized approaches within design thinking, has gained attention as
consumers and users increasingly find special emotional and socio-cultural significance in products [6],
[7]. To achieve innovation of meaning, the potential for recognizable and reproducible methodologies
in design-driven research has been suggested [8]. Verganti has long emphasized an inside-out approach
using design discourse [9] and a hermeneutic framework based on interpretive methodologies [10],
though these concepts remain primarily theoretical, with limited empirical validation. Accordingly, we
proposed and conducted empirical testing on new design-driven approaches for creating and delivering
meaningful value [11].

The development of products and services has two critical aspects: first, the generation of ideas, and
second, the process of realizing them. Idea-generation methods focus on creating new combinations of
existing knowledge and elements through reasoning [12]. Various methodologies, such as brainstorming,
the KJ method, and TRIZ, have been developed to support this process. However, methods specifically
designed to generate ideas centered on meaning creation have yet to be fully established. Developing
methods specifically for meaning generation would allow products and services within design
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engineering to evolve with more flexible, culturally and socially adaptable meanings. This, in turn,
fosters the “semantic turn” [13], which enhances the experiential and affective value that consumers
seek, strengthening the competitive edge of products and services.

This study proposes a theory, “Sign X Context = Meaning,” rooted in meaning generation and addressing
ideation through abduction from the perspectives of design engineering and consumers’ and users’ needs.
As demonstrated by the case studies of Kartell and Luceplan by Dell’Era et al. [14], this framework
aims to balance meaning generation with consistency and flexibility through the interplay between
technology and design. Additionally, the framework theoretically supports context-based meaning
generation by explaining how the interpretation of signs changes based on context through Bayesian
inference. In the future, probabilistic changes in meaning based on context can be anticipated through
Bayesian reasoning, enabling a systematic approach to flexible generation of meaningful value. This
framework allows for the creation of meaningful value aligned with the observed context, enhancing
adaptability to diverse consumers’ and users’ needs without relying solely on implicit sense-making.
In this study, we adopt a design science framework to validate the effectiveness of the “Sign x Context
= Meaning” theory in achieving contextual meaning interpretation by integrating design science with
practical application. Specifically, in collaboration with NEW STANDARD Inc., we evaluated how this
framework could accommodate meaning generation across diverse cultural backgrounds and contexts
in product design and customer and user experience (CX) development through case studies.
Furthermore, through empirical research on ten product development projects, we demonstrate that this
framework provides a recognizable and reproducible methodology for “innovation of meaning” in the
design process.

2 METHODOLOGY

The implicit cognitive bias in creativity research has failed to adequately explain designers’ creative
practices, cultural aspects, and sensitivities. Implicit cognitivism refers to the tendency to adopt
cognitive-oriented perspectives and assumptions without explicitly recognizing or acknowledging them.
This suggests that cognitive approaches and principles are often unconsciously integrated into theory,
practice, culture, and management [15]. Therefore, this study examines the "Sign x Context = Meaning”
theory using a design science framework of Figure 1 that bridges creativity research and practical design
applications [16] in Figure 2.

Framework of design science

Design practice

. Specificity

" «Concreteness
Design methods

Design methodology

\ ! Generality
; Abstraction
Design theory

Reference : Dictionary of Design Science. (Japan Institute of Design, 2019)
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Figure 2: Research Methodology Ultilizing the Design Science Framework

Contextual design [17] positions “context” as a framework to comprehensively capture users’ activities,
environments, behaviors, challenges, and needs. It emphasizes the importance of deeply understanding
users’ real-life and work environments when designing products and services, and of basing designs on
that understanding. Semiotics, communication design studies, and Krippendorft’s [13] “semantic turn”
also highlight that people’s interpretations of signs and artifacts are dependent on context. For example,
the contextual interpretation of an object like beer differs between the contexts of holidays and sports
viewing. In a holiday context, beer signifies relaxation, while in a sports-viewing context, it signifies
excitement. Consequently, we hypothesize that by analyzing existing contexts associated with signs
relevant to consumers and users, identifying new contexts that capture their attention, and combining
these new contexts with signs to interpret their meanings, it is possible to generate meaningful value.
Based on this hypothesis, we propose a framework grounded in design semiotics to proactively design
new interpretations of meaning. As a theory of meaning generation, this study proposes the theory “Sign
x Context = Meaning” a method to achieve contextual meaning interpretation.

Next, case studies were conducted. Based on the foundational concepts of the “Sign x Context =
Meaning” theory, we investigated cases and considered examples of innovation of meaning to test its
validity. While there is no single pattern or meaning associated with the context of a sign, we compiled
several illustrative examples. To improve the reproducibility and reliability of the framework, Bayesian
inference models and the free-energy principle were applied to evaluate mathematically the process by
which signs and contexts interact. Furthermore, we proposed a method for describing meaningful value
based on “Sign x Context = Meaning” and systematized how specific products are reinterpreted in
response to different contexts, acquiring new meanings. Additionally, we explored the role of this
framework within the design engineering process, clarifying how context-based meaning generation
influences product design beyond mere technical functions and structures. Finally, through empirical
research on 10 product development projects, we validated the practicality and effectiveness of the
framework, confirming its potential as a reproducible idea-generation theory across diverse contexts.
This study forms a part of the ongoing study outlined in [11], Kushi, S., & Yanagisawa, H. 2024.
Innovation of meaning: Design-driven study based on the interpretive theory of new meaning.

3 RESULTS

3.1 Meaning Generation Theory: “Sign x Context = Meaning”

Building on these foundations, this study proposes a novel theory, “Sign x Context = Meaning”, which
extends beyond traditional methods by actively designing new meanings through the deliberate
application of new contexts to signs in Figure 3. This approach systematizes the creation of meaningful

value, thereby enabling a reproducible theory of idea generation for innovation of meaning.

Meaning Generation Theory: “Sign x Context = Meaning”
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_ — Atool for productivity

Smart Phone X
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Figure 3 : Meaning Generation Theory: “Sign x Context = Meaning”

3.2 “Sign x Context = Meaning” Case Study

To test the “Sign x Context = Meaning” as framework, we explored how the meaning of a sign changes
across contexts, focusing on both domestic and international examples Figure 4. This framework
suggests that a sign’s meaning is not fixed, but shifts based on the context in which it is interpreted.
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Figure 4 : Samples of Meaningful value “Sign x Context = Meaning”

Japanese culture provides a rich example of this reinterpretation through cultural practices. One
prominent example is Japanese curry. Originally an Indian dish, curry was adapted and reinterpreted in
Japan as part of “home mother cooking.” The Japanese curry is mild and sweet, often associated with
comfort and family, unlike the spicier original. This shift reflects a cultural association between
sweetness and maternal love in Japan, transforming curry into a symbol of “mom’s love comfort food.”
Another example is Japanese traditional tea ceremonies. Although Japanese tea was originally
introduced from China, it has been reinterpreted over the centuries within Japanese culture. Objects like
“tea” and “tea bowls” were given new meanings beyond their basic functions. Tea bowls, for instance,
are no longer just containers but symbols of “wealth and cultural refinement” within the unique context
of the tea room. As Sen Ryo Iwamoto, a tea master from the Urasenke school, notes, “The contextual
reinterpretation within Japanese tea ceremonies transforms ordinary signs into artworks, understood
only within their unique setting.” These examples demonstrate how cultural practices in Japan have long
involved reinterpretation of foreign signs in new contexts, giving them distinct meanings.

3.3 Bayesian Theorem and “Sign x Context = Meaning”

Bayes’ theorem is widely applied in cognitive sciences to explain how the brain interprets stimuli by
balancing prior beliefs with new evidence. For example, whether a smile indicates happiness depends
on prior experience, causal knowledge, and context. Building on Bayes’ theorem, the Free Energy
Principle [18] posits that the brain minimizes prediction errors by aligning its internal models with
external stimuli. Predictive coding, grounded in Bayesian inference, suggests that the brain continually
refines its internal model based on discrepancies between expected and actual inputs, using Bayesian
updating to ensure coherence between perception and reality. Bayesian inference also applies to
aesthetic and emotional design evaluations. Predictive coding explains how aesthetic judgments evolve
through new sensory inputs. Yanagisawa et al. [19] quantified beauty as a balance between novelty and
complexity aligned with Bayesian principles. The Hybrid-GAN architecture [20] further optimizes the
aesthetic design by integrating novelty, complexity, and user feedback.
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“Sign x Context = Meaning” theory structured using Bayes’ theorem, mathematically represents
meaning generation by modeling the relationships between objects (which function as signs), contexts,
and meanings. In this updated framework. Object (Y) represents the design target object, but also
functions as a sign, encompassing both its physical form and potential symbolic interpretations,
depending on the context. X represents the meaning of the object (sign) within a given context (e.g.,
business, mindfulness, or entertainment). C represents the context in which the object (sign) is
interpreted.

The probabilistic relationships are defined as follows. p (x/y, ¢) represents the posterior distribution of a
meaning x given object (sign) y in context c. This distribution indicates the meaning inferred based on
an observed object (sign) within a specific context. p (x/c) is the prior distribution of meanings in a given
context, reflecting the preconceived meaning within a certain context before considering an object
(sign). p(y/x) is the likelihood representing the probability of observing the object (sign) y, given
meaning x. p(c)=2.p (c)p(x) is the model evidence for the sign in context ¢, which is a marginalized
likelihood. This represents the likelihood of a sign occurring within a context. The posterior distribution
of meaning x in a specific context c is then calculated as:

= PEI9) PO}
P(x/y; C)_ p(y/c) (1)

This formula illustrates how meaning changes based on the given context and observed object (sign).
Additionally, surprise or unexpectedness is quantified by

Surprise=-Inp(y/c) ?2)
This reflects how unexpected the observation of object (sign) y is within context c. Changing context ¢
alters the generative model and consequently shifts the inferred posterior distribution of meaning x, even
for the same observed object (sign) y. Examples: Contextual Changes in the Meaning of an Object
(Sign). 1. Smartphone x Mindfulness Context: Initially viewed as a “communication tool” p (x/y, ¢1),
the smartphone in a mindfulness context ¢2 shifts to a “relaxation tool” p(x/y, ¢2). Here, the change in
context from ¢/ (communication) to ¢2 (mindfulness) alters the inferred meaning of the smartphone
even though the observed object y (smartphone) remains the same. This shift in meaning corresponds to
a change in the conditional probability distribution from p(x/y, c1)to p(x/y, c2). The amount of free
energy reduction in this process is quantified as:

AF =Dy [p®, cDllp @, c2)] 3)

This formula represents the KL-divergence between two probability distributions and is derived from
the research of Yanagisawa et al. [21] on free-energy models. 2. Smartphone x Entertainment Context:
Initially interpreted as a “communication tool” p (x/y, c1), the smartphone in an entertainment context
¢2 shifts to a “personal cinema” p(xfy, c2). The context shift from c¢7 (communication) to c¢2
(entertainment) changes the inferred meaning of the smartphone, reinterpreting its role, while object y
remains constant. This again reflects a transformation in the conditional probability distribution of
meaning due to context changes.

3.4 “Sign x Context = Meaning” Theory: A Method for Describing Ideas

Formalizing a method for describing ideas is crucial for ensuring consistency and reproducibility in
design and meaning innovation. By systematizing the reinterpretation of signs within different contexts,
the ideation process becomes more consistent and efficient. This study proposes a framework for
systematically describing new meanings of signs: “Sign proposed as Context for Purpose”. This
structure enables a reproducible method for interpreting signs based on their context and creating new
meanings. Specific examples include: 1. A candle proposed as relaxation for personal bath time. 2. A
candle proposed as lighting to brighten a room. 3. A smartphone proposed as a productivity
improvement tool for business. 4. A smartphone proposed as an entertainment device for media
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consumption. By combining sign (A), context (B), and purpose (C), this framework enables the
reinterpretation of signs to create new value applicable not only to design but also to innovation in
various fields.

3.5 The Role of the “Sign x Context = Meaning” Theory: in the Design Engineering
Process

The FBS model (Function — Behavior — Structure) is a widely used framework for analyzing the
design process, focusing on function, behavior, and structure. In this model, the designer and engineer
define the function (purpose) of the product, derive the necessary behavior to fulfill that function, and
design a structure to support that behavior. The FBS model primarily addresses the technical and
functional aspects of design. However, a successful design is not just about functionality; it is also about
understanding users and the meaning the product conveys to them. While the FBS model focuses on
technical realization, the “Sign x Context = Meaning” theory centers on creating meaning. Here,
“meaning” refers to the significance a product takes on based on how it is interpreted within its context.
V (Meaning Value) + FBS Structure. The entire design process can be reframed around V (Meaning
Value). This not only influences the function, behavior, and structure but also serves as the foundation
for the entire design process. 1. Value (Meaning Value): Designers and engineers first define the
meaning that the product will offer to users or society. This implication drives all subsequent design
decisions. 2. Function: Functions are determined to embody this meaning and clarify the technical roles
that a product must fulfill. 3. Behavior: The behavior of a product, including its interaction with users,
is designed to support these functions. 4. Structure: Finally, a physical structure is developed to
materialize the product’s meaning in a tangible form.

The Importance of Meaning. The “Sign x Context = Meaning” theory emphasizes that a product’s value
lies in its meaning, shaped by context and interpretation. By applying this approach, designers and
engineers can focus on fulfilling technical requirements and delivering products with significant social
and cultural value. Integrating the “Meaning Value + FBS” structure shifts the design process from a
purely functional focus to a meaning-driven approach, enhancing both user experiences and the cultural
relevance of products.

3.6 Experimental Validation Through Design Practice

In collaboration with NEW STANDARD Inc., a company specializing in supporting product and
customer experience (CX) development, we conducted experiments to validate this methodology
through practical product development. By applying the “Sign x Context = Meaning” theory to the
product development process, 4 out of 10 projects were successfully developed during the experimental
period, with 5 projects still in progress and 1 project resulting in failure.
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Figure 5 : Summary of Project Outcomes in the Experimental Validation

4 DISCUSSION

In this study, we proposed “Sign X Context = Meaning” theory to address the challenges of
reproducibility and reliability in traditional design processes by systematizing the interaction between
signs and contexts to generate meaning. This framework, grounded in Bayesian inference, quantitatively
evaluates how specific contexts influence the interpretation of signs. The results indicate that this
framework has the potential to enable flexible value generation that can adapt to diverse cultural
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backgrounds and consumer and user needs. For instance, Japanese traditional tea ceremonies offer a
compelling example of contextual reinterpretation. Although Japanese tea was originally introduced
from China, it has been reinterpreted over centuries within Japanese culture to acquire meanings that
extend beyond its basic function as a beverage. Tea bowls, for example, are no longer merely containers
but have become symbols of “wealth and cultural refinement” within the unique context of the tearoom.
As Sen Ryo Iwamoto, a tea master from the Urasenke school, observes, “The contextual reinterpretation
within Japanese tea ceremonies transforms ordinary signs into artworks, understood only within their
unique setting.” This demonstrates how the framework can dynamically respond to cultural and
emotional contexts, allowing for meanings to be generated in alignment with specific socio-cultural
settings. Compared to traditional design processes, this approach captures the socio-cultural dimensions
of meaning more effectively, fostering a deeper connection with users and consumers. Furthermore,
applying a mathematical model based on Bayesian inference has proven effective in capturing the
meaning generation process quantitatively. The framework also aligns with the existing FBS (Function
— Behavior — Structure) model, proposing a new direction for function-centered approaches by
integrating diverse interpretations of consumer and user value. This was further supported by the
practical validation experiments, which confirmed the utility of the framework in product development.
The approach of contextual meaning interpretation presents a more innovative and flexible methodology
that can adapt to consumer needs and cultural backgrounds. This study aimed to address two core
challenges in design: achieving reproducibility and reliability in meaning generation and creating value
that aligns with the cultural backgrounds of consumers and users. The “Sign x Context = Meaning”
theory, by systematizing the relationships between signs and contexts, has proven to be an effective
approach for generating new value across diverse cultural contexts. This framework enables a shift away
from traditional function-centered design methods, allowing for design processes that deliver broader
consumer and user value. The framework’s applicability extends beyond idea generation to the entire
design process, highlighting its utility as a reproducible method for value generation in design practice.
Furthermore, the results from practical testing showed that meaning generation through contextual
interpretation contributes to developing products and services that cater to consumers’ emotional and
cultural needs, supporting the framework’s validity. This approach of “contextual meaning
interpretation” emphasizes its critical role in achieving innovation of meaning, distinct from Verganti’s
“design discourse” [9] and “hermeneutic framework™ [10].

While the effectiveness of this framework has been demonstrated, there are limitations due to the
susceptibility of meaning generation to cultural influences and individual differences. Currently, to
improve the consistency of context-dependent interpretations across cultures, we are conducting context
evaluation using Al and data analytics. Leveraging the “Context Word List” and “Al-driven Idea
Generation Tool” can further enhance the accuracy of context-based value generation. Additionally,
understanding the insights and needs of consumers is essential for effective meaning generation. The
insight discovery approach that we are developing enables flexible value generation aligned with various
contexts and consumer needs, contributing to further innovations in the design process [22]. In the future,
research should aim to develop a more comprehensive and adaptable design process, advancing toward
a systemized approach for creating meaningful value based on consumer and user needs and insights.

5 CONCLUSION

This study introduced the “Sign x Context = Meaning” framework, emphasizing its role in redefining
ideas as new combinations of existing elements and demonstrating how meaning shifts based on context.
Through this framework, designers and engineers can systematically generate meaningful value that
aligns with diverse cultural and emotional needs. Case studies confirmed the framework’s applicability
across different contexts, highlighting its potential as a reproducible methodology for innovation in
design and product development. By applying Bayes’ theorem, this study further revealed how intuition
and perception influence the idea-generation process, enabling reproducible ideas through contextual
reinterpretation. This approach empowers designers and engineers to consider multiple contexts,
creating meaningful products that resonate with users across diverse markets. Moreover, the ongoing
development of tools such as the “Context Word List” and an “Al-driven Idea Generation Tool” aims
to streamline the creative process and enhance adaptability to cultural nuances. While this research
demonstrated the framework’s practical value, limitations related to cultural dependencies and
individual differences remain. Future research should focus on refining these tools and conducting
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empirical studies to validate meaning generation in a broader range of cultural contexts. These efforts
will contribute to more innovative, culturally relevant designs and enhanced product development
practices. We extend our gratitude to NEW STANDARD Inc. for their invaluable support and to all who
provided insightful feedback during this research. Their contributions were instrumental in advancing
this study.
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STUDY BASED ON CHINA
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ABSTRACT

In the rapidly changing field of Artificial Intelligence (Al), educators are seeking ways to empower
youth to shape the future. However, there is a lack of research on Al curricula for K12 students,
particularly in Asia. Al can serve as a new avenue for enhancing creative thinking among young people.
An experiment was implemented in a public secondary school in mainland China to design a kids'
artificial intelligence design program, called Kids AID. A total of 42 secondary school students (average
age 15) participated in the program. The study employed both qualitative and quantitative methods.
Findings indicated that (1) students need to train in Al thinking to augment their basic Al knowledge
and skills; (2) students believe that their creativity, especially its value, diversity, and originality, can be
fostered through the design education program; (3) in regard to the student's perceptions of the Kids
AID program, 72% of the students liked the teaching methodology and course content, and they believed
that the combination of traditional Chinese culture and coding helped them to immerse themselves in
learning. This research highlights the benefits of teaching Al thinking and using design as a means to
prepare students for a future influenced by Al. The outcomes aim to guide educational researchers in
developing Al curriculum and nurturing the next generation of creative talent.

Keywords: Al Literacy, Design, Creativity, Design Education, 21st Century Abilities

1 INTRODUCTION

Artificial Intelligence (AI) growth leads to Al education being seen as a strong driving factor for global
competitiveness and the development of the future workforce [1]. Currently, understanding of Al
education can be broadly classified into "cultivating Al literacy" [2] and "Al empowers education" . The
former refers to at the Al age, a set of knowledge skills for individuals to use Al technology to proceed
with critical thinking, effective communication, and collaboration, and to make Al a beneficial tool [4].
The latter involves applying Al and related technology to the educational environment [5].

In secondary education, Al literacy aims to equip students with essential skills for future innovation.
Long and Magerko[2] identified seventeen competencies and design factors crucial for this development.
By enhancing these skills, non-technical students can effectively leverage Al's advantages and decide
when to utilize Al or human abilities for problem-solving. It's vital for these learners to understand not
only the basic concepts and applications of Al but also the associated risks, such as algorithmic bias and
ethical dilemmas, to ensure responsible use in their careers [6]. Research on Al literacy predominantly
centers on Europe and the U.S., with limited focus on Asia [7] and much of the existing literature
emphasizes early childhood and primary education[8]. Research in secondary education primarily
examines teaching fundamental Al development techniques[9],enhancing digital literacy through
technical skills [10], and fostering interdisciplinary abilities[11]. Studies on Al literacy development
have largely concentrated on basic concepts and definitions[2,7], with a notable lack of research in
curriculum design and educational tools[12,13]. Additionally, students often encounter difficulties in
grasping Al concepts due to a lack of clear examples and relatable terms[14]. Encouraging Al thinking
in students may help address these challenge[11]. The study's importance stems from the growing
integration of Al technologies into people's daily routines and the imperative to comprehend theses
technologies among secondary school students. It is essential that the introduction of Al-related content
into the secondary school curriculum be designed with meaningful activities to help develop basic Al
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thinking in secondary school students. Earlier research has shown that Al thinking development projects
for secondary school students in the classroom can have a positive impact on students' basic Al
knowledge and inquiry skills[15]. This study aims to (1) explore effective methods for teaching Al to
secondary school students; (2) examine the learning process of Al among school students and its
potential to enhance their Al thinking and creativity, particularly in understanding fundamental Al
concepts and AIGC. These objectives are set to understand the overall effectiveness of Al education and
its impact on students' creativity and perceptions.

2 LITERATURE REVIEW

In 2013, researchers introduced Al thinking, which includes practical frameworks, skills, and tools
derived from Al research. This concept significantly influences formal education[16]. Rosenberg[17]
characterizes it as machine-based intelligence, while Gadanidis[18]proposes that integrating Al with
math education can promote its advancement. Additionally, Al thinking functions as an analytical tool,
assists in representing complex knowledge, and contributes to the development of Al. The probabilistic
reasoning utilized in Al closely parallels human cognitive processes, allowing for intuitive solutions to
uncertainties in the real world. This reasoning, along with logical reasoning and deep data-driven
learning, forms the essential theoretical framework of Al thinking[19,20].

Research emphasizes the benefits of integrating artificial intelligence (Al) education into secondary
schools. David[21]points out that Al reasoning is complex, blending scientific and humanistic thought,
similar to human cognition. This makes Al reasoning a valuable educational method that connects
science and the humanities. Seoane-Pardo[22] views Al reasoning as an effective teaching tool that
enriches learning experiences, particularly in moral reasoning and philosophical inquiry, helping
students grasp ethical concepts. The ethical implications of Al are as important as its technical aspects,
making Al reasoning essential for philosophical discussions. How and Meng-Leong et al.[23] highlight
the significance of the "A(art)" in STEAM education, which includes both fine arts and social sciences,
creating opportunities for interdisciplinary teaching that combines scientific logic with humanistic
reasoning. This approach enhances students' Al reasoning and overall learning. It is crucial to equip
students with problem-solving skills that integrate STEAM fundamentals and Al principles [24,25].
STEAM education has been successfully integrated into K-12 curricula, benefiting students from
kindergarten to secondary levels. Examining Al reasoning's role in educational support can improve
learning processes[26]. However, there is a gap in systematic training programs for secondary students,
especially those using empirical methods with software or programmable robots to teach STEM
concepts[5].

There are notable differences in expectations for teaching Al literacy to children of different ages.
Younger children need a basic grasp of Al concepts, while older students require a deeper understanding.
To enhance Al literacy in secondary education, researchers have created targeted curricula. For example,
Han et al.[9] used a project-based learning model to provide secondary students with hands-on Al
experiences through various activities. Similarly, Julie et al.[10] utilized role-playing to allow students
to develop and test Al programs, fostering critical reflection on their Al knowledge. These studies
highlight the benefits of teaching Al skills to secondary students and the significance of Al thinking
initiatives in education. Terzidis presents a framework that integrates Al knowledge, ethics, and skills
to nurture Al thinking in children, which evolved into the kids Al thinking framework, aimed at helping
students understand and creatively apply Al in their daily lives.

3 METHODS

The research aims to assess how a six-week program focused on artificial intelligence design for
kids, named Kids AID, influences secondary school students' Al thinking, and their attitudes towards
the program. The data were collected from 15—16-year-old students at a Shanghai secondary school, in
China. The choice of Shanghai, China as the research site stems from its dual role as an economic center
and a leader in education reform, making it ideal for examining Al thinking. With the rise of Artificial
Intelligence Generated Content(AIGC), researchers in China are focusing on its effects on students and
advocating for its application in education. This context is relevant for the study. The two primary
research objectives are as follows (1) to explore effective methods for teaching Al to secondary school
students; (2) to examine the learning process of Al among school students and its potential to enhance
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their Al thinking and creativity, particularly in understanding fundamental Al concepts and AIGC. This

research will endeavor to investigate the following research hypotheses:

® RQI: To what degree does the program enhance the participating secondary school student’s
comprehension of Al thinking?

® RQ2: How do secondary school students perceive their creativity ability after carrying on some
AIGC Art activities?

® RQ3: What are the secondary school student’s perceptions towards the Kids AID intervention?

The researcher employed a mixed-methods strategy, integrating both quantitative and qualitative
analyses to enhance the clarity of the research question. Knowledge assessments and interviews served
as the primary tools for data collection. The interviews aimed to uncover students' views on the Kids
AID program. The collected data was organized and classified to support the qualitative analysis.

3.1 Participants

Forty-two secondary school students from Shanghai, averaging 15 years old, participated in a study
within one classroom. They were split into six groups of seven, with three groups as experimental and
three as control. Both groups worked on the same project topics, but the control group of 21 students
used traditional thinking skills, while the experimental group applied Al-based skills. After the project,
interviews were held with the experimental group. The chosen school is a public school in Shanghai,
China, which has an innovative teaching philosophy that combines a basic curriculum that emphasizes
knowledge output with an innovative curriculum that emphasizes experiential learning. It has a high
match for the selected topic of this study, and the school principals, teachers, and students' willingness
to take part in the research. All students in the sample had no previous Al education. All processes for
this study have been approved by the university. Prior to participation, schoolteachers, parents/guardians,
and students provided informed consent by signing a consent form. Parental consent was obtained for
students’ participation. Authorization was granted for the use of photographs and videos in this study,
with participant names obscured in the presentation.

3.2 Implementation Procedures

During a six-week period, two groups collectively completed the Kids AID curriculum. Instruction for
this program was provided by one professor, two researchers and one teaching assistants. The Kids AID
program sessions occurred weekly, each lasting approximately two hours. Before implementing the Kids
AID curriculum, two teachers from the secondary school attended a face-to-face teacher training. They
were introduced to the Kids AID curriculum, including learning objectives, instructional content, and
pedagogical methods. The study was conducted between May and July of 2024.

3.3 The Kids AID Curriculum

The Kids AID curriculum comprised six two-hour sessions conducted at one Shanghai public secondary
school. It was implemented as an after-school projected-based learning initiative. The Kids AID
program for Al classes is a curriculum structured around four Al learning tools (i.e. Al Technical,
Animated Drawings, AIGC Art, Self-portrait), as seen in Figure 1.Terzidis and Rong[27]developed an
Al curriculum designed for K-12 students, including four aspects, namely Al Knowledge, Al ability, Al
Philosophy and AI Ethics. In this study, this Al curriculum was used in the secondary school students’
setting (Table 1).

Table 1. The outline of Kids AID curriculum design for secondary school students

AT al H
Teochatle Moshine : Py R p—
V -~ ey
Kids AID Animated Drawings ' _ .
" . :

i Al'Learning Tools )
i for Kids | Design accan

Figure 1. The model of using Al Learning Tools

ADIC2024/110 30



Al Philosophy Al Knowledge Al Ability Al Ethics
Ph1: Al critical Knl:.lde.ntlfy'AI . Ab1: understand Etl: Al's
S applications in daily S
thinking life code limitations
:(er;zr:nmachme Ab2: Use Al tools Et2: Potential
Ph2: Al Design £ Ab3- collaborate Al ethical issues
Kn3: AIGC - cotlaborate when use Al

and solve problems

The Kids AID curriculum was crafted in accordance with Scott’s [28]curriculum design model, which
prioritizes four essential components: learning objectives, content, instructional methods, and
assessment. The curriculum includes three phases: basic knowledge phase, story phase and practical
phase. The initial phase constitutes a foundational stage primarily centered on the concept of Al, as well
as the exploration of potential ethical consideration associated with its utilization. The second phase is
philosophical arguments, through story, myth, and jokes to deliver the hidden massive power of Al. The
third phase is the practice and applied phase which mainly focuses on machine learning and AIGC.
While each unit addresses a unique subject, the lessons maintain a coherent progression. In addition to
enhancing their understanding of Al, secondary school students also cultivate their creativity in Al
design as a result of engaging with the Kids AID curriculum.

The two methods of teaching used in the Kids AID program are project-based learning and play-based
learning. Project-based learning is a great approach that exercise students to learn through independent
enquiry, with the teacher acting as a facilitator[29]. Play-based learning takes the form of guiding
students through game-playing activities as a method of instruction[30]. It is worth mentioning that
although play-based learning is mostly used in the kindergarten level. That doesn't mean it can't be used
with other age groups. Play is a powerful tool for identifying the neural and psychological mechanisms
behind interpersonal and group cooperation and coordination[31]. Kafai argued that learning is
undoubtedly a difficult task for students and that need games to "sweeten" the concept of learning
difficulties[32]. Two learning activities based on game-based learning were designed for this study.

3.3.1 Basic Knowledge Phase

The purpose of Unit 1 is to provide secondary school students with an understanding of the principles
of various Al techniques, including their concept and apply. The aim of Unit 2 content is to expose
students to situations that Al might not have encountered through the creation of stories to illustrate the
need for continuous improvement in Al technology and Al applications. Ideally for students to
understand these concepts related to Al, students would need to first master computer programming
languages. In the Unit 3, students can use p5.js, a very inclusive and accessible platform to learn,
exercise how to communicate with computer. This creative programming library is obviously very friend
and appropriate choice for secondary school students at the basic education level in China.

3.3.2 Story Phase

The use of culturally embedded mythology to practice students' philosophical mindset and lead them to
the door of Al is the aim of Unit 4. Al intelligence and philosophical epistemology share a commonality,
i.e., the study of how the mind works. And as a product of thought and consciousness, the study of myths
allows for speculation about human ideas and ways of thinking. One of the key skills required for Al
thinking is the ability to think creatively and make connections between different ideas. Studying myths
can help develop this skill by exposing students to a variety of stories and symbols that need to be
interpreted and analyzed. By learning how to interpret these symbols and understand their meaning in
the context of a story, students can develop their analytical skills and learn how to make connections
between different ideas. In addition, many myths involve characters who face complex problems or
moral dilemmas. By analyzing these stories and discussing the choices made by the characters, students
can develop their ability to evaluate arguments and consider different viewpoints based on ethical
considerations. This is an important skill for engaging in Al thinking.

3.3.3 Practical Phase
In Unit 5, students learn the concepts and principles of machine learning, learn to utilize the Al tools
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Animated Drawing, and explore methods to enhance the accuracy of Al drawing recognition. Students
can enhance their communication skill and problem-solving skill after the Unit 5 project. They used
Animated Drawing and Teachable Machine to carry out these activities. Through the Unit 6 and 7,
students can learn the use skills of AIGC and acquire the ability of think out of the box. For example,
students will be asked to use AIGC tools (i.e. Midjourney, Ernie Bot) to create Self-portrait activity.
Following the study of different artworks generated by AIGC tool, we engage in a discussion regarding
the ethical implications of Al (i.e. “Will AIGC's creativity surpass humans?”). It is to experience and
experiment with different expressions of Al art using Al image processing technology. Students
complete their analysis and reflection of the self by examining and interpreting the self and then
combining Al technology to collect, decompose, compare, and integrate their characteristics. Unit 8
summarized all learning modules.

3.4 Collection of Data

Assessment, observation, and project implementations were utilized to evaluate secondary school
students' proficiency in Al knowledge and skills, encompassing assessments in Al and machine learning,
as well as evaluations of Al thinking in secondary school were assessed. Each evaluation was conducted
independently, with participants spent 10 minutes for each test.

3.4.1 Al thinking skill assessment

Al thinking skill questionnaire was used to assess student’s Al and machine learning knowledge at the
end of Kids AID curriculum. It’s developed through several iterations by the Research group on teaching
Artificial Intelligence thinking. The group comprised of two Al professors and three experts specializing
in STEM education, collaborated with four teachers holding primary positions to ensure the validity of
our research instruments. The questions comprised 16 multiple-choice questions, with correct answers
awarded 1 point and incorrect answers receiving 0 points. High inter-scorer reliability was confirmed
through reliability tests. A pre-test was not conducted as none of the students had been exposed to Al
before.

3.4.2 Creative Abilities

In the current study, two tasks assessing creative abilities were utilized. Two researchers served as raters
for the assessment. The research tools utilized in the experiment included: (1) A metric for assessing the
creativity of self-portrait works. Based on the characteristics of the curriculum, the chosen metrics in
this study encompass the dimensions of value, diversity and originally [33]. A Richter scale of five is
used with an a coefficient of 0.807. Value is the practical ability of the work to satisfy the student.
Diversity means the variety of design solutions highlighted in the selected work. Originality refers to
the work that is interesting, unique, and novel. (2) An interview outline. The interview questions were
as follows: What dimensions of Al thinking learning from the curriculum were useful to you as you
worked on your self-portrait? Can Al thinking be used to solve problems in your life? Before the Kids
AID projects, had you thought about applying Al thinking in your life? What do you think about Al
thinking? Is there a difference for you between this Al thinking skills and the traditional thinking skills
handed to you in school?

3.5 Data analysis
We collected different types of data, as shown in Table 2. At the end of the project, 6 boys and 5 girls
who participated in the Kids AID curriculum participated in interviews. Datal,3,5 was respectively used
to address the RQ1. Data 2,3,4 were employed to tackle the RQ2. And the RQ3 involved the use of data
3.

Table 2. Outlines data collection methods for a variety of research questions

No. | Instrument Data Type Data Source RQ
1 Questionnaire | Questionnaire date Individuals Q1
. Evaluation of the creativity .
2 Metric of Self-Portrait Individuals Q2
Interview . . Q1, Qz,
3 Outline Interview date Individuals Q3
4 - AIGC Art works Groups Q2
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5 i Individual and group project Individuals and groups | Q1
proposal

To answer Q1, we used statistical techniques like independent sample t-tests and paired sample tests to
evaluate data from post-test surveys. For Q2, we applied an independent sample t-test to assess the
creativity of AIGC works. In addressing Q3, we examined student interview data to investigate how Al
thinking could enhance awareness in solving real-world issues. We also analyzed both in-process and
final AIGC works to determine Al thinking's effect on students' creativity in their art. Lastly, we coded
interviews to clarify how Al thinking influences creativity and to gain insights into students' views on
the Kids AID program.

To ensure reliability, we took several steps, which are outlined below. The tests were conducted on a
computer platform, with automatic scoring by the system. This computerized scoring minimizes bias,
especially in objective questions, which have clear correctness criteria like multiple-choice or true/false
formats. After training in assessing the creativity of AIGC works, the two researchers used shared
metrics for evaluation, leading to a common understanding of the criteria. They then independently
applied these metrics to the remaining works. The reliability coefficient of the scores was notably high
at 0.807, with values for value, diversity, and originality at 0.550, 0.878, and 0.816 respectively (see
Table 3). For analysis, the average scores from both researchers were used, reducing potential bias from
individual assessments.

Table 3. Scores on the creativity of Self-Portrait AIGC works of students across two groups

Dimension Group n M SD t p Reliability*
Control 21 3.524 0.602

Value ontro 3576 | 0.001** | 0.550
Experimental 21 4.357 0.882
Control 21 2.095 0.605

Diversity ontro -14.976 | 0.000** | 0.878
Experimental 21 4.548 0.445
Control 21 3.138 0.759

Originality ontro 7.48 | 0.000** | 0816
Experimental 21 4.619 0.498

" The Spearman’s Rank Correlation Coefficient was used to check the reliability of scores on the creativity.

We established a coding framework to analyze interview data on students' views of the Kids AID
curriculum. We utilized a general inductive method to analyze the data, which involved summarizing
the information, linking it to our research goals, and forming a framework to clarify the perspectives
found in the data. To maintain coding consistency, we applied the independent parallel coding technique,
where two researchers coded the data separately and then discussed their findings with a third researcher,
resulting in 20 categories of perspectives. Following this, two researchers analyzed the interview data
(n=11) using the established framework.

4. RESULTS

The test outcome revealed that the control group scored a 5.095-point lower compared to the
experimental group. This shows that the Kids AID program had a beneficial impact on students'
acquisition and comprehension of basic Al concepts and machine learning skills.During the interviews,
81% of the students indicated that they were able to master the concepts and knowledge of Al through
the Phase 1 Basics section. On this basis, 36% of the students said that the form of combining the
knowledge of traditional Chinese culture and programming enhanced the fun of learning and practiced
math skills, which was very immersive. In comparison to the control group, the experimental group
exhibited a 1.01-point increase in the value dimension (p<<0.001), a 2.45-point increase in the diversity
dimension (p<<0.001), and a 1.48-point increase in the originality dimension (p<<0.001). Additionally,
the creativity score of AIGC artworks in the experimental group exceeded that of the control group by
4.76 points (P<<0.001).

4.1 Develop creativity ability through the AIGC art activities

The significance of the work lies in how it enables students to effectively utilize AIGC technology. The
control group produced artwork through a spontaneous approach to the project theme, lacking formal
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training in directing the Al painting chatbot with specific prompts. Instead, they relied on instinct,
resulting in visually appealing but random outputs. Conversely, the experimental group created their
artwork after learning to communicate with the Al chatbot and understanding its underlying principles.
They grasped how the Al generates images based on keywords derived from existing works and learned
to refine their creations through targeted adjustments. In contrast, the work of the students in the
experimental group was done after they had learned how to talk to the Al painting chatbot. They also
learned about the principles behind it, understanding that this Al program generates various types of
images by keywording them after collecting data from many existing works and then algorithmically
parsing that data. By gaining a deeper understanding of the theme, they also learned to make targeted
adjustments and optimizations to the generated artwork through image commands.

The statistics on the themes of the students' work show that AIGC artwork can reflect diversity. There
were only three different themes in the control group. 10 of the students' art works were urban
impressions and chose the same urban architecture as the element of creation. Another 6 students chose
the theme of heroes for their creations and the remaining 5 students had the same popular singer as their
theme. Conversely, the artworks of the 21 students in the experimental group could be categorized into
5 categories, which were Childhood (3 students), Ecological Protection (4 students), Defense of the
Universe (5 students), Cooperation in Solidarity (5 students) and Future Imagination (4 students). At the
same time, they also passed the prompts several times to optimize the generated works.

The originality can be demonstrated through the unique perspective from which the students think about
the artwork and the presentation of the work. The control group students' artwork was not seen as
original by the teachers because "the originality of their artwork was highly randomized, not the
originality of the students' own ideas, but the originality of the algorithms used randomly." In contrast,
the teachers believed that the experimental class's work was more original because "the students
understood how the AI drawing chatbot worked, and they knew how to guide the AI through the
conversation to adapt their work step-by-step until they presented the ideas in their minds," where
Student A in the experimental group tested and modified her work until she designed her own work,
"Childhood". "She said that this is what her childhood looks like in her dream, the atmosphere, colors,
texture and elements that are hard to describe in words can't be depicted no matter how much she paints
with a brush. But AIGC helped her to do it", said the teacher, "This is a very precious originality in our
opinion, something that can't be duplicated no matter what. These things exist in the student's own mind,
in their imagination."

4.2 Enhance the awareness of using Al thinking in daily life

Utilizing Al thinking as a way of thinking about everyday life can help students solve problems better.
In the student interviews, 36% of the students had never considered using Al technology and Al thinking
to address their experience of the problems in their daily lives before the project started. There were 54%
of students who had thought about it, but since they did not know how to use Al, the idea was just a
display of positive attitude. In contrast, when finishing the program, 90% of the students expressed their
willingness to use Al thinking, which is a significant increase from before. Among them, 72% of the
students believed that Al thinking helps to help them think multidimensionally. Meanwhile they
indicated that they enjoyed this teaching methods and curriculum content. 54% of students believed Al
thinking helps them to think outside the box, and 27% of the students believed that adopting this way of
thinking helps them to improve the efficiency of their learning.

5. DISCUSSION

The purpose of this study is to identify how a six-week intervention in the Kids AID program influenced
secondary school students’ Al thinking. The curriculum includes three phases: basic Knowledge phase,
which introduces Al concepts and ethical considerations; the story phase,which uses narratives to
highlight Al's potential, and the practical phase, where students engage in hands-on machine learning
and AIGC activities.The results show that the program successfully achieved its goals, significantly
improving students' Al knowledge and skills, as reflected in higher test scores and positive interview
feedback. The blend of traditional Chinese culture with programming proved to be an effective method
for teaching Al concepts.
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Integrating design thinking with artificial intelligence presents a valuable strategy for addressing
organizational challenges[34]. How and Hung[23] proposed that Al thinking can empower students to
apply their knowledge effectively to real-world issues in their academic and professional lives. This
research reinforces previous findings and emphasizes the beneficial role of Al thinking in problem-
solving. It highlights the importance of students utilizing Al tools when confronted with practical
challenges. The program notably enhanced students' understanding and application of Al thinking,
leading to a marked increase in their willingness to incorporate Al into everyday situations, thereby
deepening their comprehension of Al and its uses. Gadanidis [18]noted that Al in education can promote
Al thinking, encouraging students to engage more critically with problems and ask insightful questions.
This study indicates that as students learn about Al thinking, they not only gain knowledge but also
cultivate active thinking skills applicable to their studies, work, and life, enabling them to approach
problems creatively. Students reported improved problem-solving efficiency and broader thinking,
indicating a positive shift in their cognitive strategies. These results have important implications for Al
education in secondary schools, suggesting that programs like Kids AID can enhance students' Al
knowledge, creativity, and awareness, and that incorporating cultural and creative aspects into Al
education can boost engagement and learning outcomes.

Previous research has shown that AIGC technology can inspire creativity and imagination in creators
[35], aligning with the assessment criteria of value, diversity, and originality[33]. In earlier studies,
students followed their teacher's design steps, while this study's control group utilized a project-based
learning method focused on their interests. Conversely, the experimental groups learned specific
methodologies. Results revealed that the Kids AID program effectively enhanced students' creativity,
reflected in improved scores across the creativity dimensions. Engaging in AIGC art activities enabled
students to creatively interact with Al tools, deepening their understanding of Al and fostering
innovative thinking. Qualitative data from student interviews corroborated these findings, showing that
Al thinking encouraged multidimensional and unconventional thought. Students showcased their
creative application of Al by producing original artworks with Al assistance. This underscores the
potential of integrating Al thinking and AIGC technology into education to enrich learning experiences,
emphasizing the significance of creative activities in student engagement.

6. CONCLUSION AND LIMITATIONS

Three conclusions emerge from our findings. First, using the Kids AID curriculum as a method of
cultivating students' Al thinking can effectively solve the problem of mastering basic Al knowledge and
concepts in the process of improving Al literacy among secondary school students. Second, the Al
thinking method exercises students' logical thinking. In the process of cultivating Al thinking for
secondary school students, by introducing curriculum content containing mythological stories and
cultural meme jokes of traditional culture, students can enhance their analytical abilities and engage in
problem exploration and discovery, thereby effectively bridging the disparity between Al learning and
real-world applications. Finally, the learning and use of AIGC technology helps students to stimulate
their imagination and promotes their initiative in exploring and solving problems. This enables students
to actively construct knowledge and skills and improves the passive learning of students in the Chinese
education model.

We provide a new way of thinking about problems in our research, the Al thinking framework. And
based on this, we provide some experimental courses and assessment methods for researchers' reference.
Although most students in China can acquire knowledge of Al by consulting materials or taking courses,
they are still very poorly equipped with the philosophical thinking, critical thinking, programming, and
logic skills needed to master Al. This study first proposes a framework for effective learning that
includes both overall process and specific content. Second, students were encouraged to actively utilize
advanced Al technologies such as AIGC for learning, self-exploration, and application in real-world
contexts. This fosters skill acquisition and enables students to effectively navigate the Al era.

Finally, we recognize several limitations within our study that require further research and refinement.
First, the examination of the course was based on interview data obtained solely from 11 students in the
experimental group, which is a relatively small sample size and may offer a constrained viewpoint.
Subsequent investigations could explore whether similar results would be obtained with a large sample
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size, which would be of value. Second, this study did not include faculty interviews to gather their
perspectives on the curriculum and Al thinking. Future research could build on this and add to the
teacher perspectives to explore how to better support students' Al literacy development in the current
educational environment. Finally, the content of this study only explored the outcomes of students'
practice in the AIGC and machine learning environment. Therefore, future research may add new
programs such as neural network practice experiments to more refine the content of the Al mindset
model and draw more specific and comprehensive conclusions.

REFERENCES

[1] Druga S, Vu ST, Likhith E, Qiu T. Inclusive Al literacy for kids around the world. InProceedings
of FabLearn 2019, pp. 104-111. Available: https://doi.org/10.1145/3311890.3311904

[2] Long D, Magerko B. What is Al literacy? Competencies and design considerations.
InProceedings of the 2020 CHI conference on human factors in computing systems, 2020 Apr 21
pp. 1-16.

[3] Gong X, Tang Y, Liu X, Jing S, Cui W, Liang J, Wang FY. K-9 Artificial Intelligence education
in Qingdao: Issues, challenges and suggestions. In2020 [EEE international Conference on
networking, Sensing and control (ICNSC), 2020 Oct 30 pp. 1-6. IEEE.

[4] Rapti S, Sapounidis T. “Critical thinking, Communication, Collaboration, Creativity in
kindergarten with Educational Robotics”: A scoping review (2012-2023). Computers &
Education, 2024 Dec 2:104968.Available: https://doi.org/10.1016/j.compedu.2023.104968

[5] Roll I, Wylie R. Evolution and revolution in artificial intelligence in education. International
Jjournal of artificial intelligence in education, 2016 Jun; 26:582-99.

[6] Hagendorff T. The ethics of Al ethics: An evaluation of guidelines. Minds and machines, 2020
Mar;30(1):99-120.

[71 Ng DT, Leung JK, Chu SK, Qiao MS. Conceptualizing Al literacy: An exploratory review.
Computers and Education: Artificial Intelligence, 2021 Jan 1;2:100041.

[8] Chai CS, Lin PY, Jong MS, Dai Y, Chiu TK, Huang B. Factors influencing students' behavioral
intention to continue artificial intelligence learning. In 2020 international symposium on
educational technology (ISET) IEEE, 2020 Aug 24, pp.147-150.

[9] Han X, Hu F, Xiong G, Liu X, Gong X, Niu X, Shi W, Wang X. Design of Al+ curriculum for
primary and secondary schools in Qingdao. In2018 Chinese automation congress (CAC) ,2018
Nov 30 (pp. 4135-4140). IEEE.

[10] Julie H, Alyson H, Anne-Sophie C. Designing digital literacy activities: an interdisciplinary and
collaborative approach. In2020 IEEE frontiers in education conference (FIE) ,2020 Oct 21 pp. 1-
5. IEEE.

[11] How ML, Hung WL. Educing Al-thinking in science, technology, engineering, arts, and
mathematics (STEAM) education. Education Sciences, 2019 Jul 15;9(3):184.

[12] Su, Jiahong, Yuchun Zhong, and Davy Tsz Kit Ng. "A meta-review of literature on educational
approaches for teaching Al at the K-12 levels in the Asia-Pacific region." Computers and
Education: Artificial Intelligence 3, 2022: 100065.

[13] Sysoev I, Gray J H, Fine S, et al. Child-driven, machine-guided: Automatic scaffolding of
constructionist-inspired early literacy play. Computers & Education, 2022, 182: 104434,

[14] Kim K, Kwon K, Ottenbreit-Leftwich A, Bae H, Glazewski K. Exploring middle school students’
common naive conceptions of Artificial Intelligence concepts, and the evolution of these ideas.
Education and Information Technologies, 2023 Aug;28(8):9827-54.

[15] Ho JW, Scadding M, Kong SC, Andone D, Biswas G, Hoppe HU, Hsu TC. Classroom activities
for teaching artificial intelligence to primary school students. InProceedings of international
conference on computational thinking education, 2019 Jun 13 (pp. 157-159). The Education
University of Hong Kong.

[16] Zeng D. From Computational Thinking to Al Thinking [A letter from the editor]. I[EEE
Intelligent Systems, 2013 Nov 1;28(06):2-4.

[17] Rosenberg L. Artificial Swarm Intelligence, a Human-in-the-loop approach to Al. InProceedings
of the AAAI conference on artificial intelligence, 2016 Mar 5 , Vol. 30, No. 1.

[18] Gadanidis G. Artificial intelligence, computational thinking, and mathematics education. The
International Journal of Information and Learning Technology, 2017 Mar 6;34(2):133-9.

[19] Loveland DW. Automated theorem proving: A logical basis, 2016 Aug 19(Elsevier).

ADIC2024/110 36


https://doi.org/10.1145/3311890.3311904
https://doi.org/10.1016/j.compedu.2023.104968

[20] Minsky M. Steps toward artificial intelligence. Proceedings of the IRE, 1961 Jan;49(1):8-30.

[21] Davis B. Complexity and education: Vital simultaneities. Educational Philosophy and Theory.
2008 Jan 1;40(1):50-65.

[22] Seoane-Pardo AM. Computational thinking beyond STEM: an introduction to" moral machines"
and programming decision making in ethics classroom. InProceedings of the fourth international
conference on technological ecosystems for enhancing multiculturality, 2016 Nov 2, pp. 37-44.

[23] How ML, Hung WL. Educing Al-thinking in science, technology, engineering, arts, and
mathematics (STEAM) education. Education Sciences, 2019 Jul 15;9(3):184.

[24] Lee J, Davari H, Singh J, et al, Industrial Artificial Intelligence for industry 4.0-based
manufacturing systems, Manufacturing letters, 2018, 18: 20-23.

[25] Yeung R C Y, Yeung C H, Sun D, et al, A systematic review of Drone integrated STEM
education at secondary schools (2005-2023): Trends, pedagogies, and learning outcomes,
Computers & Education, 2024: 104999.

[26] Hill PW, Barber M. Preparing for a renaissance in assessment, 2014 Dec(London: Pearson).

[27] Rong J, Terzidis K, Ding J. Kids Al Design Thinking Education for Creativity Development.
Archives of Design Research, Vol. 2024 Jul;37(3):119-33.

[28] Scott D. Critical essays on major curriculum theorists, 2007 Aug 7 (Routledge).

[29] Bell S. Project-based learning for the 21st century: Skills for the future. The clearing house, 2010
Jan 29, 83(2):39-43.

[30] Pyle A, DeLuca C, Danniels E. A scoping review of research on play-based pedagogies in
kindergarten education. Review of Education, 2017 Oct;5(3):311-51.

[31] Granic I, Lobel A, Engels RC. The benefits of playing video games. American psychologist, 2014
Jan;69(1):66.

[32] Kafai YB. Playing and making games for learning: Instructionist and constructionist perspectives
for game studies. Games and culture, 2006 Jan;1(1):36-40.

[33] Lin L, Shadiev R, Hwang W Y, et al. From knowledge and skills to digital works: An application
of design thinking in the information technology course Thinking Skills and Creativity, 2020, 36:
100646.

[34] Bockle M, Kouris I. Design Thinking and Al: A New Frontier for Designing Human-Centered Al
Solutions. Design Management Journal, 2023 Oct;18(1):20-31.

[35] Dadman S. Boosting Creativity with Al: Exploring Advanced Models, Multi-Agent Systems, and
Design Grammar,2023. Available: https://doi.org/10.13140/RG.2.2.24877.67041

ADIC2024/110 37


https://doi.org/10.13140/RG.2.2.24877.67041

PROCEEDINGS OF ASIA DESIGN AND INNOVATION CONFERENCE
5-6 DECEMBER, 2024, SHANGHAI, CHINA

RETHINKING HUMAN FACTORS IN DESIGN FROM
DESIGN ENTROPY PERSPECTIVE

Liang DONG', Ziging XIA', Xiaoging YU', Chun-Hsien CHEN'* and Sun Woh LYE'
'School of Mechanical and Aerospace Engineering, Nanyang Technological University

ABSTRACT

As humanity advances into the era of artificial intelligence, both human factors and design disciplines
encounter new challenges. The capacity to collect, process, and understand information has become
critical, with informatics emerging as a significant driving force in these fields. Against this backdrop,
this article reexamines the role of human factors in design through the fundamental concept of entropy
from information theory. Specifically, it introduces a concept framework of design entropy and, through
an information-centric perspective, reconstructs the evaluation criteria for design processes and
solutions while defining associated entropy metrics: design process entropy, design behavior entropy,
and design structure entropy. Drawing from this framework, the paper explores how the guidelines and
predictive models derived from human factors research influence design, particularly affecting the
complexity of information collection and conversion during the design process, as well as the usability
and adaptability of solutions. The paper further demonstrates the application of human factors in design
through two case studies, involving producing guidelines for online English learning tool design and
predictive models of air traffic controllers' workload, followed by a discussion of future research
directions based on the proposed framework.

Keywords: Design Entropy, Human Factors, Design Informatics

1 INTRODUCTION

Entropy, a concept originating from thermodynamics, measures energy dissipation in physical systems,
reflecting the tendency of systems to evolve towards disorder. To maintain system order, entropy must
be managed through optimizing energy utilization and minimizing the effective energy converted into
void energy [1]. Shannon later introduced entropy for his information theory [2] to describe information
communication and uncertainty, which is also the basis for adopting the concept of entropy in
contemporary design research. Statistically, entropy correlates with the probability distribution of events
in a system, where more numerous and evenly spread events increase uncertainty and entropy [3]. When
entropy is viewed as an indicator of system order [4], providing effective information becomes crucial
to enhancing the degree of order.

Design scholars have acknowledged the utility of information entropy in describing and analyzing
design processes and solutions, whether as an abstract framework or a quantitative tool. However, a
comprehensive understanding of design processes through information entropy remains undeveloped.
Existing research focuses on four main aspects: the role of designers in the design process [5], the impact
of process management on design results [1], the information transformation in the design process [6],
and the evaluation of productivity and creativity in the design process [7][8]. Research on design
solutions divides into two categories. The first involves calculating entropy values to evaluate design
solutions, choose alternatives, and assess improvements. The research objects include the aesthetic
quality of urban skylines [9], the remanufacturability [10], recyclability [11], and adaptability [12] of
products, the experience of user-product interfaces [13], the artistic complexity of drawings [14], the
quality of product platforms for modular design and parametric design [15], etc. However,
comprehensive quantitative methods are mainly applied in engineering contexts like software
development and digital circuit design [16], while methods for artistic, industrial, and creative designs,
characterized by high uncertainty, remain abstract or simplified. The second category uses information
entropy as a quantitative measure of requirement importance [17][18][19].

Human factors is foundational in design, optimizing human-system interaction and encompassing
ergonomics, cognitive engineering, user experience (UX), human-computer interaction (HCI),
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biomechanics, safety engineering, etc. It aims to ensure efficiency, safety, and user-friendliness, aligning
systems with human capacities and minimizing errors. Cognitive aspects are particularly central, making
human factors closely tied to information and entropy concepts [20][21][22]. As an important
quantitative method involved in design research, human factors leads to the generation and transmission
of a large amount of information. The advancement of artificial intelligence (Al) further enhances
human factors in managing vast data in complex scenarios like vessel traffic service (VTS) [23][24] and
air traffic control (ATC) [25][26], but also introduces greater complexity and uncertainty, necessitating
a reexamination of its role through the lens of information entropy.

This article will proceed as follows: Section 2 develops a comprehensive concept framework of design
entropy based on existing studies, regarding both the design process and design solution. Section 3
analyzes the role of human factors in design within this new framework. Section 4 presents two case
studies involving design of online English learning tools and air traffic controller (ATCO) workspaces
to illustrate the relevant concepts and processes. Section 5 summarizes the findings and suggests future
directions for integrating human factors into design research. As a preliminary study, specific
quantitative methods are beyond this article's scope and will be addressed in future research.

2 CONCEPT FRAMEWORK OF DESIGN ENTROPY

While numerous studies investigate design issues from the perspective of information entropy, only a
few have explicitly employed the term "design entropy" [13][16][27][28]. Among these, Cong et al. [28]
proposed a comprehensive theory of design entropy, however, it is specifically tailored to an emerging
business model—the smart product-service system (SPSS)—and lacks a clear distinction between
design solutions and design processes. Consequently, the applicability of this theory beyond SPSS is
limited. Furthermore, the information-theoretical approaches [29] also utilize concepts from information
theory, particularly entropy, to describe design processes. Yet, these approaches primarily characterize
design as "information increasing" or "information transformation," without delving deeper into the
underlying informational essence of design processes and solutions. Despite these limitations, these
studies generally converge on a shared understanding of entropy as a measure of system uncertainty.
The following are three self-evident intuitive understandings: the easier a process is to execute, the easier
an object is to implement, and the easier an object can fulfill its intended function, the corresponding
lower uncertainty will be reflected. Therefore, they can all be described through entropy metrics, leading
to the concept framework of design entropy, as illustrated in Figure 1. This framework deconstructs
design processes and solutions through the perspective of design entropy, identifying relevant attributes
as evaluation criteria and defining associated entropy metrics.

Design process Design solution

Innovative design

Innovative design

solution Being [ N Being
i implemented | used
- Iterative design des::;er:as“o\lljtion P v
Redesign — - - .
L . . Reconfigurative Being 5 Self-
"l I peiiduitive dedlin design solution il Reconfigured reconfiguring
| —— — Y

Integration Conversion Collection Lilghd izl Design adaptability Solution adaptability w
complexity complexity complexity Sy Conversion —

L l | l

!
Design process entropy Design structure entropy Design behavior entropy

Figure 1. Concept framework of design entropy

2.1 Design entropy to describe the design process

With the rise of smart, connected products (SCPs) and SPSS featuring context-awareness, we categorize
current design processes into three main types: innovative design, iterative design, and reconfigurative
design, where both iterative and reconfigurative design fall under redesign.

Innovative design

This involves creating a new solution for an unresolved problem. The term "innovation" here has its
limits, firstly, "unresolved" applies only to the project client. For example, designing a medical device
for a pharmaceutical company to enter new markets qualifies as innovative, even if the product type is
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mature in the market. This highlights the first aspect of innovation: the absence of readily available,
relevant information that can be reused, which directly determines the difficulty of design in the
information era. Secondly, innovation refers to the design's starting point—whether the initial objective
is innovative. The final solution may converge with an existing one, but the design can still be considered
innovative. This reflects the second aspect of innovation, involving the integration of diverse
information sources and complex synthesis, rather than simply converting requirements into solutions.
The true value of innovation lies in extracting requirements from ambiguous contexts.

Iterative design

The meaning of iterative design can also be determined from an information perspective. Think about
this question: If a hair dryer brand wants to transition from a common product model to an SPSS
paradigm by developing a smart hair drying system, is this innovative or iterative? The answer depends
on how different the new system is from conventional hair dryers. In other words, it hinges on the degree
to which existing information supports designers in understanding new scenarios and the overlap
between the existing and new information domains. If the difference is minimal, it is considered iterative
design. Iterative design primarily focuses on converting requirements into solutions without extensive
information integration.

Reconfigurative design

Previous research often uses the term "configuration/reconfiguration” interchangeably with "design"
without clear definitions. Therefore, we introduce a new term "reconfigurative design", referring to a
personalized design process based on adaptable products/product platforms targeting specific users or
small user groups. Given that the product platform and the relationship between modules/parameters
and requirements are predefined, it allows for quick customization when user expectations are unmet.
Reconfigurative design requires minimal information integration or requirement conversion. The key,
from an information perspective, is detecting dynamic contextual changes, enabling designers to know
when intervention is necessary. Thus, the focus is on the capacity to collect information.
Understanding the design process through an information lens involves describing the complexity of
information processing and providing indicators to guide the development team in selecting the optimal
design path within set timelines. The main indicators include "integration complexity", "conversion
complexity", and "collection complexity". Integration complexity relates to the number of information
sources, the difficulty of accessing or constructing these sources, and the challenge of extracting
effective information. Conversion complexity relates to the clarity, quantity, and interdependencies of
requirements. Collection complexity addresses sensor types and numbers needed, data collection
accuracy, and the precision of calculations from data to desired outcomes. Although three design
processes are discussed separately for clarity, they often overlap in practice. For instance, innovative
and iterative design may be difficult to distinguish, and iterative and reconfigurative design might be
interconnected. Thus, when determining the complexity of a design process, the entropy metric should
integrate these three indicators, collectively referred to as "design process entropy".

2.2 Design entropy to describe the design solution

Based on the three kinds of design processes mentioned above—innovative, iterative, and
reconfigurative design—three corresponding types of design solutions can be defined: innovative design
solutions, iterative design solutions, and reconfigurative design solutions. In Figure 1, four key
evaluation factors are derived for assessing the design solution.

Implementability

For innovative and iterative design solutions, being implemented is a prerequisite for delivering value
to users. Therefore, implementability is a crucial evaluation criterion. The term "implementation" is
used instead of "manufacturing" to encompass a broader scope that includes product, service, and system
design. Implementability considers the number of components within the solution, the complexity of
each component, and the interdependencies between them.

Design adaptability

Design adaptability draws from the adaptability concept emphasized in adaptable design [30]. It focuses
on the ability of a solution to be modified or extended into another in various ways to flexibly adapt to
different application scenarios. Reconfigurative design mentioned earlier exemplifies this adaptability.
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Therefore, we directly borrow the concept of design adaptability to evaluate how well a solution can be
reconfigured.

Usability

No matter the design process, a solution's value is realized only when it is used by end-users. The
evaluation criterion associated with this is defined as usability. Given its broad scope, usability is one
of the most complex aspects of all design solutions. Moreover, it may vary significantly depending on
the types of design solutions.

Solution adaptability

Solution adaptability also comes from the adaptable design concept [30]. Adapted from "product
adaptability", this term is broadened to "solution adaptability" to encompass a wider range of design
solutions. It highlights the ability of a design solution to respond to dynamic changes, such as the real-
time reaction of SCPs to users' evolving needs through context awareness.

Among these four factors, usability and solution adaptability primarily address a solution's capacity to
meet user needs. From an information perspective, this capacity can be expressed as "conversion ability"
[28], which refers to the ability to transform information without a mapped solution into information
with a mapped solution. The entropy metric calculated based on this ability is "design behavior entropy".
Conversely, implementability and design adaptability are tied to the internal structure of the solution,
described as "system complexity". The entropy metric derived from this is called "design structure
entropy".

In conclusion, this article evaluates integration, conversion, and collection complexity of the design
process using "design process entropy", while assessing conversion ability and system complexity of
the design solution using "design behavior entropy" and "design structure entropy", respectively. These
three metrics are mutually exclusive, addressing distinct aspects: the complexity faced by designers
during the design process, the challenges involved in producing and delivering the target design solution,
and the capacity of the design solution to achieve its intended outcomes. A holistic consideration of
these factors is essential for guiding subsequent stages of development in practical design processes.
Unlike prior research, which often addresses these dimensions in isolation, this study establishes a
comprehensive concept framework. Due to space constraints, the article does not explore specific
entropy calculation methods, leaving it as a future research focus.

3 UNDERSTANDING THE ROLE OF HUMAN FACTORS FROM DESIGN
ENTROPY PERSPECTIVE

Traditional human factors experiment aims to examine how specific design elements influence human
behavior, capabilities, experiences, and preferences, generating guidelines to inform design. With
advancements of Al, now human states can be predicted using sensed information and produced models.
Thus, human factors research primarily yields two types of information: guidelines and predictive
models. In the following, we analyze the impact of these two types of information on the design process
and solutions through the outlined design entropy framework, as illustrated in Figure 2.

Predictive models

/
Conversion complexity Collection complexity Solution adaptability
ST e — .

“« » -~ 4 — el = — =
Innovative Iterative Reconfigurative Innovative Iterative Reconfigurative
design design design design solution design solution design solution
Design process entropy Design behavior entropy

Figure 2. Influence of human factors on the design process and design solution
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3.1 How human factors affects the design process

Reducing conversion complexity

The guidelines derived from human factors research provide a crucial foundation for the conversion
from requirements to solutions, representing the predominant application of human factors in design
practice. From the perspective of design entropy, these guidelines effectively reduce conversion
complexity, thereby decreasing the design process entropy associated with innovative and iterative
design processes.

Reducing collection complexity

Predictive models generated through human factors research can significantly simplify the information
collection process. By employing predictive models, designers can assess contextual changes based on
easily gathered data, allowing for precise interventions in the reconfigurative design process. This
capability diminishes collection complexity and, consequently, reduces the design process entropy
related to reconfigurative design.

Discussion on integration complexity

Currently, it remains unclear how to effectively reduce integration complexity. However, what is
obvious is that when human factors studies are regarded as integral to the overall design process, their
own complexity will also be incorporated. Therefore, to mitigate integration complexity through human
factors, a straightforward approach would involve simplifying the challenges associated with conducting
human factors research itself.

3.2 How human factors affects the design solution

Improving usability

The influence of human factors on design solutions is most directly manifested in their usability.
Utilizing the guidelines established through human factors research, designers can enhance usability,
leading to significant improvements in comfort, safety, accessibility, ease of learning, and overall
interactive experience.

Improving solution adaptability

With the emergence of smart products, predictive models can also function as embedded modules,
equipping products with robust capabilities to perceive unstable states of users and contexts. This will
enable design solutions to respond in real-time to these fluctuations, thereby significantly enhancing
solution adaptability.

Discussion on system complexity

Both usability and solution adaptability illustrate the conversion ability of the design solution. The
current impact of human factors primarily serves to reduce design behavior entropy. In contrast, the
influence of human factors on design structure entropy, determined by system complexity, is relatively
limited. This is reasonable, as system complexity represents an inherent characteristic of the design
solution itself, while conversion ability highlights the properties observed during the interaction between
the design solution and the user—precisely the focus of human factors studies.

4 CASE STUDY

This section presents two case studies to illustrate how the guidelines and predictive models derived
from human factors research can contribute to design. Specifically, it describes how human factors
influences the design process to ultimately reduce both design process entropy and design behavior
entropy. It is important to emphasize that the primary focus of this article is to understand the role of
human factors in design through the proposed framework, rather than to discuss how to apply this
framework and the associated entropy metrics.

4.1 Case 1: Guidelines for online English learning tool design

The first case examines the design of online English learning tools. Among the numerous factors
influencing learning efficiency, stress is identified as a significant impediment to reading performance,
particularly affecting higher-level text processing such as syntactic parsing, sentence integration, and
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global text comprehension. Additionally, first language (L1) and second language (L2) English readers
often exhibit markedly different performances on reading tasks. To inform the development of online
English learning tools through human factors research, we employed eye-tracking techniques to
investigate the impact of stress on the higher-level text processing capabilities of both L1 and L2 readers.
Valid data were obtained from 43 students who read GRE Verbal Reasoning Practice materials and
completed corresponding multiple-choice questions. Various eye movement metrics were calculated to
index the processes involved in text processing. The findings reveal that stress adversely affects
syntactic parsing, sentence integration, and global text processing of L2 readers, who tend to compensate
for difficulties in global text comprehension by focusing more on the topic structure of the text. In
contrast, for L1 readers, only the efficiency of syntactic parsing and sentence integration was found to
be impacted by stress.

From this experiment, we derive three key guidelines for the design of online English learning tools: 1)
Implement customized interface layouts and guidance strategies whether the user is an L1 or L2 reader,
rather than merely altering reading materials; 2) For L2 readers, design varying levels of topic structure
guidance, gradually decreasing from the most explicit identification mode as readers' abilities improve;
3) In scenarios involving stage tests, employ calming strategies judiciously to accurately assess the
learner's true proficiency level. These guidelines provide designers with clear objectives, facilitating
innovative design that yields more targeted solutions and strategies to enhance users' English proficiency.
Furthermore, these guidelines will serve as critical evaluation criteria for determining the necessity of
iterative design, thereby reducing conversion complexity and, consequently, design process entropy.
Correspondingly, the resulting design solutions will exhibit improved usability, with diminished design
behavior entropy.

4.2 Case 2: Prediction of air traffic controllers' workload

The second case focuses on the design of workspaces for ATCOs. Maintaining a moderate cognitive
workload is essential for operators engaged in complex tasks, such as those within the human-Al hybrid
system described in this example. Excessive workload can lead to fatigue, while insufficient workload
can diminish situational awareness, both of which pose risks of accidents and significant losses. Thus,
real-time prediction and feedback on ATCO workload hold substantial value in modern human-Al
hybrid environments. In this case, we developed a novel Electroencephalogram (EEG)-enabled
cognitive workload recognition model based on self-supervised learning. The ATCO data used for
model training were collected via EEG headsets from 24 participants trained to perform air traffic
control tasks on a public online simulator, Endless ATC. The predictive model demonstrates robust
performance, validated through comparisons with baseline models in environments with increased
levels of masking and noise rates.

The model derived from human factors research can be integrated into the human-AI hybrid ATC system,
enabling real-time predictions of ATCO workload and providing timely alerts to help operators maintain
optimal working conditions. By employing predictive capabilities, we can leverage EEG data to assess
ATCO workload in noisy real working environments, enhancing data collection efficiency and reducing
collection complexity compared to traditional evaluation methods, thereby lowering design process
entropy. When viewed as a comprehensive design solution, the intelligent ATCO workspace, enriched
by this model, enhances interaction with users (ATCOs) and improves solution adaptability, ultimately
reducing design behavior entropy.

5 CONCLUSIONS

Advanced sensing and Al technology have ushered in a new era for human factors research, positioning
information-related topics at the forefront of the field. Simultaneously, the design discipline is
experiencing a paradigm shift driven by Al technology and data science, with informatics emerging as
a focal point for design researchers. In this context, this article seeks to provide a novel analysis of the
role of human factors in design, with the entropy concept from information theory as a foundation.
This article begins by constructing a concept framework for design entropy and establishing a new
terminology system. Within this framework, design processes are categorized into innovative, iterative,
and reconfigurative design, corresponding to three types of information processing complexities:
integration complexity, conversion complexity, and collection complexity. In practice, these
complexities are interconnected and collectively represented in the metric of design process entropy.
Each of the three design processes yields distinct design solutions—namely, innovative, iterative, and
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reconfigurative design solutions—associated with two evaluation metrics: conversion ability (reflected
in the design behavior entropy metric), influenced by usability and solution adaptability, and system
complexity (reflected in the design structure entropy metric), determined by implementability and
design adaptability.

Subsequently, the article analyzes the influence of human factors on design within this framework.
Guidelines produced by human factors research can directly impact conversion complexity during the
design process, thereby reducing the design process entropy associated with innovative and iterative
designs. Additionally, these guidelines can enhance the usability of design solutions, thereby lowering
their design behavior entropy. In addition, predictive models derived from human factors research can
influence collection complexity during the design process, thus reducing the design process entropy of
reconfigurative design. Furthermore, these predictive models can improve the solution adaptability of
design solutions, ultimately decreasing their design behavior entropy. The article concludes with two
case studies illustrating the scenarios where human factors affects design.

As an exploratory work, this article acknowledges several limitations. The proposed concept framework
is primarily derived from literature review and theoretical analysis, and the establishment of a sound
theoretical framework requires iterative refinement through practical application. Consequently, it is
necessary to establish specific quantitative methods to calculate three types of entropy outlined in this
framework, which remains a significant challenge. Furthermore, implementing such quantitative
methods in real-world design processes may be a challenge for designers, thus additional efforts are
needed to ensure the framework's usability and accessibility in practice. As a pioneering framework
study, this article underscores the current limitations of human factors in effectively reducing integration
complexity in information processing and system complexity inherent in design solutions. Addressing
these two challenges presents potential avenues for human factors research to achieve breakthroughs
and enhance its impact on the field of design.
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ABSTRACT

Artificial Intelligence (Al) has gained significant attention as a tool to support creative design, especially
during the ideation phase. Although Al's role in design has been explored, its effectiveness in enhancing
design creativity during idea generation remains uncertain. This study investigates how generative Al
can influence design creativity in both individual and group ideation. Seven students participated in the
study, generating ideas either individually or in groups using Al tools. The research examines Al's
impact on creativity from participants' perspectives and outputs, aiming to provide a clearer
understanding of Al's evolving role in design. By analyzing both the benefits and limitations of Al in
the creative process, this study contributes to the ongoing discussion about Al's potential to enhance
creativity.

Keywords: Artificial intelligence, Design creativity, Ideation, Generative Al

1 INTRODUCTION

In recent years, there has been a noticeable increase in interest in using Artificial Intelligence (Al) in the
creative design process [1-5]. Given its expanding powers in picture generation, data analysis, and
ideation recommendations, there is a compelling reason to investigate how Al may enhance creativity
in individual and group settings. Although AI might help and inspire individuals by automating
repetitive processes and developing ideas [6—8], it is still being determined if Al can assist in enhancing
design creativity in ideation. The motivation for this study was to learn more about the role Al may play
in design creativity—especially in the ideation stage.

In this study, we compared the influence of Al in individual and group settings to explore how useful it
is as a tool for creativity enhancement in the early design stage (ideation). Seven master's students
participated in the study. Participants had to generate creative ideas for transportation on mountain
terrain individually or in groups for free using Al technologies. Specifically, we aimed to explore
whether Al can be used in ideation for creativity enhancement based on the output and feedback of
participants. In the end, we contributed to the understanding of Al's increasing position in design by
highlighting both the advantages and disadvantages of Al in the creative design process through this
study.

2 BACKGROUNDS
2.1 Design creativity

Ideation, also known as conceptual design, encompasses a variety of activities that involve the creation
and development of ideas [9,10], particularly within the realm of design [11]. In the ideation phase,
designers participate in activities that involve generating ideas and making decisions [12]. Ideation
research typically assesses the creativity of outcomes generated in ideation to validate the efficacy of
diverse techniques or stimuli [13,14]. Design creativity occurs when individuals utilize their capacity to
generate ideas, solutions, or products that are novel and valuable (e.g., utility or usefulness) [15,16].
Regarding creativity metrics, researchers have identified four distinct measures of effectiveness: novelty,
variety, quality, and quantity [17,18]. In addition, it is advisable to assess the novelty, and quality of
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outcomes when a study is exclusively centered on design creativity [13], which was used in creativity-
related studies [19,20].

2.2 Alin ideation

Al is increasingly employed in creative industries, especially in ideation processes, which may generate,
filter, and enhance ideas [21,22]. Al helps individuals think outside the box and explore various ideas
throughout the idea generation by providing new stimuli or automating repetitive chores [3,23]. Text-
based generative models—Ilike ChatGPT—have been popular in idea generation because they offer a
novel viewpoint and facilitate the quick development of ideas in various fields [24—26]. Because of their
adaptability, these models enable users to develop various solutions, from intricate problem-solving
exercises to product ideas [24-26].

The rising trend of Al-assisted ideation shows the relevance of human-Al collaboration [27,28]. Al
technologies are increasingly seen as co-creators that augment and supplement human efforts rather than
replace human innovation [29,30]. Numerous research studies have focused on this hybrid method,
indicating that Al can assist individuals in exploring concepts outside of their routine cognitive processes
[31,32]. By incorporating Al technologies into the creative process, individuals have access to a broader
range of viewpoints, ultimately resulting in more creative ideas [3,32].

2.3 Research motivation and aim

While successful in assisting human creativity, some academics contend that Al cannot be considered
"creative" due to its inability to comprehend context or meaning [33—35]. According to this viewpoint,
human creativity is anchored on emotional, cultural, and contextual knowledge [36,37], whereas Al is
restricted to pattern recognition and data-driven outputs. However, others who support using Al in
creativity contend that these instruments are essential for expanding the creative realm [4,24,25]. They
view Al's capacity to generate ideas at scale and provide surprising connections as a helpful advantage,
especially in industries like design that significantly rely on ideation [4,24,25]; how individuals’
approach to ideation has changed because of Al's growing incorporation into creative professions [33—
35]. However, more needs to be done to understand how Al may actively integrate into creative
processes in both individual and group settings.

Therefore, our study examines how Al might improve group and individual ideation processes for design
creativity. In particular, it explored how Al might affect individual and group ideation and how Al tools
might supplement or augment human creativity in ideation. By dissecting these facets, the study
attempted to add to the current conversation around Al’s influence on design creativity.

3 METHODS

3.1 Participants

Seven participants participated in the study, including master students in the Art and Design faculty at
the University of Lapland. They participated in the experiment as volunteers, and the participation did
not affect their grades. We did not collect demographic information such as age, gender, or other
personal details. This decision ensured that the focus remained solely on participants' creative output
and their interaction with Al tools rather than introducing potential biases related to demographic factors.

3.2 Procedure

We experimented with a structured process. First, participants provided informed consent and completed
a prequestionnaire that gathered their understanding and previous experiences related to Al, design
creativity, and ideation. Next, participants took part in an ideation session, where they were tasked with
generating as many ideas as possible within 20 minutes to design a transportation for people and goods
in a mountainous area. Participants' use of Al tools during ideation was based on their responses to the
pre-questionnaire. Those with a positive view of Al were instructed to use Al tools to assist in the
ideation process individually (individual ideation: two participants in our study). Those uncertain about
Al were given the flexibility to collaborate with group members (one or two) and use Al tools as they
wished (group ideation: five participants in our study). Then, participants had to select, develop or
generate one idea, as the best idea in 10 minutes. Finally, participants engaged in a discussion reflecting
on the role of Al in enhancing creativity during the ideation process.
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Reflect on the role of Al in enhancing
creativity during the ideation process

Figure 1. The procedure of the experiment

3.3 Data collection

We collected data in several stages. Initially, participants provided their opinions on Al, prior
experiences with ideation, and general understanding of Al through a pre-questionnaire. After the
ideation session, we gathered participants' final outputs, precisely the idea they considered to be their
best. Although various metrics were used to measure design creativity [18], we adopted the study of
Dean et al. [13], which was used to evaluate design creativity in ideation from four dimensions: novelty,
workability/feasibility, relevance, and specificity [16,37]. In addition, we also collected participants'
reflections during a post-ideation discussion, where they shared their thoughts on the role of Al in
enhancing creativity. The audio recording from this discussion was transcribed for further analysis.

4 RESULTS

4.1 Description results
Before the experiment, we surveyed students on their familiarity with Al in the context of ideation for
design creativity enhancement.

4.1.1: Participants previous experience of Al

Regarding Al, we asked about their understanding of Al. Participants provided varied descriptions of
Al reflecting a general understanding of its function and capabilities. One participant described Al as a
program that processes information from the internet to answer questions or generate outputs based on
available data. Another viewed Al as a data collection and reorganization tool, emphasizing its utility in
multiple contexts. Some participants expressed the concept of Al as having "intelligence" that mimics
human thinking, enabling it to perform tasks or create things. Participants demonstrated a shared
understanding of Al as a computer-based system capable of gathering, processing, and responding to
data, though their specific definitions varied in detail and focus.

Five participants were moderately familiar with Al, while two had limited familiarity. Four of the seven
participants had previously integrated Al into their projects, while the remaining three had only briefly
explored Al tools in everyday contexts. The most commonly used Al tools were chatbots and image
generators, which all participants had tried, such as ChatGPT, Alexa, Midjourney, and Dell-2. In contrast,
fewer participants had experience with machine learning models (two participants) and data analysis
and visualization tools (two participants).
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Participants expressed diverse perspectives on Al's role in the creative ideation process. One participant
noted that Al might be useful for visualizing ideas that have already been formed but doubted its ability
to generate innovative or "usable" designs for common objects. They suggested that Al might be more
effective when generating unconventional designs, such as "a printer with the shape of a flower," to
inspire further sketching and development. Some participants expressed uncertainty about integrating
Al into their creative processes, with one mentioning that Al might offer new ideas but still needed to
figure out its value. Conversely, others were more open to Al's potential, with one participant describing
it as a co-creator, providing ideas and starting points to be developed further. Another participant
recognized Al's utility in brainstorming and sharing ideas, considering it a valuable asset in the early
stages of ideation. Overall, participants generally saw Al as a tool that enhances creativity by offering
inspiration, visualizations, or alternative viewpoints, though opinions varied on its effectiveness and role
in decision-making.

4.1.2: Participants previous experience of design creativity in ideation

Addressing creativity, participants described creativity primarily as the ability to generate new,
unexpected solutions. Participant 1 highlighted the importance of originality, emphasizing that creativity
involves thinking "outside the box." Another participant (participant 4) focused on the emotional aspect,
defining creativity as a way to express feelings or present ideas through design. Several participants
linked creativity with innovation, noting that it involves developing fresh ideas and designs that stand
out from the past. One response specifically mentioned that creativity leads to innovative solutions that
solve problems and enhance user experience. Overall, participants viewed creativity as both the
generation of new ideas and the creation of designs that push beyond conventional boundaries, driven
by the pursuit of novel solutions.

Participants shared various ideation methods they had previously used in their design projects, with
brainstorming emerging as a common method. Benchmarking was another frequently mentioned
method, with participants looking to existing designs for inspiration. This often involved sketching or
writing down initial ideas that surfaced during the process. Collaboration also played a role, with some
participants discussing their ideas with friends to further develop and test ideas. Overall, participants
used a mix of ideation methods, relying on brainstorming, benchmarking, and creative exploration to
solve design problems.

4.2 Design creativity

Two expert raters, each with approximately 10 years of professional experience in the design and
creativity fields, independently evaluated the best idea randomly, which was developed and selected as
their best idea by participants independently. The two raters have worked for the previous evaluation,
and a high degree of agreement between them was evidenced by a statistically significant Kendall's W
value of 0.755 (p < 0.0005) [16]. This result indicates strong consistency in their evaluation of the
reliability of the evaluation process [38]. In the individual ideation condition, students scored the lowest
in the novelty dimension of design creativity but achieved the highest scores in workability (feasibility)
compared to group ideation, as shown in Figure 2. The average novelty score was 2.75 for individual
ideation and 5.7 for group ideation. Conversely, the average workability score was 7.5 for individual
ideation and 4.7 for group ideation. Additionally, there was minimal difference between the two
conditions in the remaining dimensions of design creativity, including relevance and specificity, as
shown in Figure 2. This implies that group cooperation improves the novelty of ideas, although Al may
contribute more to producing feasible solutions throughout the ideation phase.
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Figure 2. The scores of design creativity in two conditions

5 DISCUSSION

In this section, we discussed the difference in design creativity based on their output in two conditions
(individual and group ideation). In addition, because no different opinion about AI’s influence was found
in the two conditions, we discussed the role of Al in ideation combined with two conditions.

5.1 Design creativity in individual and group ideation

We examined the contrasts between using Al in individual and group ideation based on their best ideas
(two examples shown in Figure 3). The findings suggested that group ideation enhanced the novelty of
ideas compared to individual ideation. In group settings, the collaborative exchange of ideas appeared
to foster more innovative and unconventional solutions, as reflected in the higher average novelty score.
Conversely, individual ideation prioritizes practicality, with participants generating ideas that scored
higher in workability, likely because Al provided the workable ideas based on existing solutions.

ATy » RoB0NC MULE
?hznm‘ﬁ( Abes

* QLANBS OUER RVOLES MOUNTANS BV,
,4\‘-_' ~ FUNCTIONS WELL 10 THE TERRAN
: "' * TRANSFORNS TO A SLSEP(NG PAGE
W 10

| * TONCDONS GIELL 'SR \EATIER : ‘glv\z".sy:f_

(a) Idea with a high score of novelty (b) Idea with a high score of workability

Figure 3. The two examples of ideas are in two conditions. (a) is the idea with a high score
in novelty generated in the group condition, and (b) is the idea with a high score in
workability generated in the individual condition.
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The minimal differences in other dimensions, such as relevance and specificity, indicated that these
aspects of design creativity were not heavily influenced by whether ideation occurs individually or, in
groups or Al assistance. Interestingly, while group ideation boosts novelty, the presence of Al might
have supported participants in generating more feasible solutions, highlighting AI's potential to enhance
the workability of ideas during the creative process.

5.2 The role of Al in ideation

Following the ideation activity, participants engaged in a group conversation about the role of Al in
ideation for creativity enhancement. There is no difference between individual and group ideation. Thus,
we discussed participants' opinions together. One of the topics was that, while Al is helpful, it cannot
replace human creativity. One participant stated that "to be creative, the machine still needs a human,"
implying that Al is primarily a support tool in the creative process. Another participant mentioned the
difficulty of expressing highly unique ideas to Al (i.e., image-Al generator), such as having a fresh mind
and describing it to the image-Al generator, which cannot provide any valuable visuals.

Several participants voiced dissatisfaction with A/'s limits in producing novel results. One participant
commented that Al struggles to create truly unique designs, making it more useful for simple and
fundamental concepts than for developing fresh ones. Others demonstrated that while Al may provide
fundamental ideas or beginning points, it requires human involvement to produce complicated or high-
quality ideas. However, not all interviewees saw Al solely as a restriction. Two participants saw its
utility in bringing fresh insights or simplifying ideas, especially in collaborative situations.

We also examined the contrasts between working with Al and colleagues. Many participants discovered
that cooperating with human peers was more advantageous than working alone with AI. One participant
mentioned that their partner contributed more to the creative process than the Al, which helped to keep
ideas flowing and improved the ideas. On the other hand, those who worked only with Al expressed that
it only provided fundamental ideas, necessitating more intervention to generate more novel ideas.
Interestingly, some participants hypothesized about AI's future potential in creativity, particularly in
more advanced applications such as machine vision or emotion tracking. One participant imagined a
situation where Al could understand facial expressions or even eye movements and alter its outputs in
real time, thus expanding its function as a creative collaborator. Although such developments are still in
the works, one participant speculated that Al may ultimately become a more intuitive and responsive
partner.

Overall, the conversation underlined that Al may help with the creative process but cannot replace
humans. Participants confirmed Al's capacity to form simple ideas but also emphasized the need for
human cooperation and judgment in refining and developing creative ideas. As Al advances, its function
in ideation may grow more significant; nonetheless, for the time being, it remains a tool that provides
basic, simple and existing ideas rather than creative ideas.

6 LIMITATIONS

While this study offers insights into the potential of Al to support creativity in ideation, several
limitations should be acknowledged. First, the sample size was relatively small, with only seven
participants, which limits the generalizability of the findings. A larger, more diverse sample might yield
different perspectives on Al’s role in enhancing creativity. Additionally, the study focused on master's
students in design, whose familiarity and comfort with creative ideation processes may differ
significantly from professionals in other fields. This participant group may have unique perspectives, or
skill sets that influence how they use Al in ideation, which could affect the transferability of these
findings to other populations.

Moreover, our study's scope was limited to short-term ideation sessions. The results may differ if the
ideation process were extended over a longer period, or if participants were using Al in a professional
or commercial context where the stakes and outcomes are different. Longitudinal studies could provide
a more comprehensive view of Al's role in sustained creative work and its evolving impact on design
processes.

7 CONCLUSIONS

In this study, we investigated the influence of Al in enhancing design creativity in ideation. The findings
demonstrated that while Al can help generate ideas and provide inspiration, the ideas and solutions
provided are common and paradigm-preserving and might not assist in enhancing novelty but
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workability of design creativity. Participants considered Al primarily a support tool that might provide
beginning points or alternative viewpoints. However, its ability to generate original or rare ideas still
needs to be expanded.

Collaboration was identified as a critical element in creative ideation. Participants who worked with
teammates found the process more productive and innovative than those who worked solely with Al
Human collaboration sparked new ideas and sustained creative momentum, while Al often provided
more basic suggestions that needed individual refinement.

Al might evolve into a more integrated part of the creative process, particularly with advancements in
machine learning, emotion tracking, and adaptive technologies. However, Al currently functions as a
complementary tool, offering primary and existing solutions rather than enhancing human creativity—
particularly in generating novel ideas. It is far from replacing human creativity.
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ABSTRACT

The design and development process that produces innovative products and services has been considered
an important organizational capability. Modeling of the design and development process is generally
conducted through interviews with experienced engineers. However, the success of such modeling
depends heavily on the ability of the interviewer to converse with experienced engineers, and it is not
clear what kind of conversation is effective for modeling. This has become a bottleneck in knowledge
sharing and reuse within organizations. To solve this problem, this study aims to establish a method for
clarifying and assessing the conversation structure of interviews for modeling the engineering design
processes. The proposed method consists of two parts: a method for analyzing the conversation structure
using an integrated three-layered process model, which the group of Osaka University has developed to
represent the system design process, and a method for evaluating the relationship between questions and
answers in the conversation based on text similarity measurement based on a large language model. As
a case study, we take up an example of modeling a solder joint design and evaluation process carried
out in a manufacturing company. We apply the proposed method to the analysis and assessment of the
modeling process conducted by an expert interviewer and a novice interviewer for an engineer. We
discuss the validity of the proposed method under the results of the case study.

Keywords: Design process, Modeling, Engineering knowledge, Knowledge management, Text similarity,
Conversation assessment

1 INTRODUCTION

With the diversification of customer needs and the globalization of product development, there is a
growing need for rapid design development based on more information. About 20% of a designer’s time
is spent searching and absorbing information [1], and the importance of capturing and managing
engineering knowledge is increasing. In this context, there is an effort to model processes [1] and
standardize them to share and reuse the experimental knowledge of engineers. These are efforts to
accumulate the knowledge and know-how of experts in the form of procedure manuals and best practices
collection, etc., and to extract and utilize the necessary information. Modeling such a design and
development process is generally done through interviews with skilled engineers. However, effective
knowledge-capturing methods through interviews have not been established. This study proposes a
method to clarify and evaluate the conversation structure in interview-style modeling of the engineering
design process toward effective knowledge capture.

The rest of this paper consists of four sections. Section 2 addresses research issues and describes our
approach to clarifying the interview structure and its evaluation method. Section 3 explains the proposed
method. Section 4 describes the application of solder joint design to modeling as a case study. Section
5 examines and discusses the proposed method, and finally, Section 6 summarizes this study.

2 RESEARCH ISSUES AND OUR APPROACHES

2.1 Prior Works on Interview Methods
Interviews are positioned as a representative method of data collection in qualitative research [2,14],
and play an essential role in ethnography, which describes people and cultures by observing the actual
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activities of groups in fields such as sociology and psychology. The data collected in interviews are
transcribed and then structured through the KJ method [3] and data coding to make sense. Such
conversational analysis is based on the analyst’s expertise and may contain subjective elements. There
are still open issues in evaluating the interview quality quantitatively.

In the context of design, data collection for human-centered design and interviews with designers who
have used generative design tools to analyze the impact of the tools on the design process and designers
[4] are proposed. However, since engineering activities are under time constraints, it is necessary to
develop and analyze efficient interview methods and effectively utilize the know-how of expert
interviewers. Therefore, we objectively analyze interviews to capture engineering knowledge from
engineers efficiently.

2.2 Conversation Analysis in Interview

Capturing engineering knowledge through interviews with engineers is conducted by the interviewer
during the design and development process, or through interviews and workshops after a series of design
and development has been completed. Although the former allows the engineers to make decisions in
the design and development process in real-time, it may burden the engineers during the work and
interfere with the work. In the latter case, formalized knowledge that is highly reusable can be acquired
by taking the time to interview engineers after the design is completed. On the other hand, in the limited
time of the interview, engineers often cannot recall their judgments and may not be able to record
sufficient knowledge.

This study focuses on the latter approach and analyzes the problem that the success or failure of the
interview in the latter method depends highly on the interviewer’s skill. We compare two cases: an
expert interviewer and a novice interviewer. Until now, various studies have been conducted on
analyzing dialogue or communication as a dialogue system. As the origin of this, there is ELIZA [5], a
system that repeats and asks questions of the person’s utterances based on predefined rules, and
SHRDLU [6], which aims to achieve tasks using frames. In recent years, significant research has focused
on dialogue systems utilizing deep learning, such as updating dialogue states based on dialogue history
[7] and incorporating external knowledge to avoid generic responses and ensure consistency [8]. These
dialogue systems depend on the execution of specific tasks or are targeted at everyday conversation,
such as small talk, and no studies have analyzed the modeling of the engineering design process so far.
This study proposes a method for analyzing the conversation structure using an integrated three-layered
process model [9,10] and evaluating communications using text similarity based on a large language
model.

3 PROPOSED METHOD OF INTERVIEW ASSESSMENT

Figure 1 shows an overview of the proposed method. It consists of two parts. The first is a method to
clarify the argument structure based on the process model and design operation template (the bottom
right of Figure 1). The second is the evaluation of an interview by calculating dialogue distances based
on the distributed representation.

3.1 Model of Engineering Design Process

There are various representation methods for the engineering design process, such as IDEFO [11],
Design Structure Matrix (DSM) [12], and so on. Although their details vary, they commonly see the
engineering design process as a system. It is a formal, structured, and interdisciplinary methodology that
integrates technical and human elements to address complex engineering problems. It is organized
hierarchically and focuses on whole-system, whole-life dimensions, ensuring the required quality, cost,
and duration.

We use a simple systemic model following the premises. The engineering design process hierarchically
consists of several processes. Subprocesses are interrelated through the inputs and outputs of
deliverables. The process has attributes such as standard required duration, standard cost, and standard
resources required to complete the process.

3.2 Clarifying the Conversation Structure of Interviews

The integrated three-layered process model has a mechanism to convert the log of design work acquired
as design tool operations, videos, and audio into a representation of the discussion structure model
through a template based on design operations that integrate several basic operations and consists of
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three levels of processes: action, model operation, and discussion [9,10]. In addition, to perform a
detailed analysis of each remark, we define remark type (RT) for the interviewer and engineering
expert’s remarks. The conversation structure of the interview is clarified by classifying all remarks in
the modeling process into RT and examining the frequency of their occurrences, time transition, and
sequence.
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Figure 1. Overview of the proposed method

3.2.1 Description of Argument Structure

To describe an argument structure in the modeling process, Graphical Issue-Based Information Systems;
gIBIS [13] are utilized. gIBIS is a knowledge representation method that records people’s logical
thought processes in a hierarchical structure according to time series, which corresponds to the
discussion process level of the integrated three-layered process model. gIBIS consists of three nodes
called, “Issue”, “Position”, and “Argument”. In gIBIS, multiple positions to solve an issue are lined up
and represented as branches. The process for reaching the final solution proposal and the background of
the modeling results are recorded in detail. In other words, the number of branches can explicitly express
the point where the discussion has deepened and then the process model representation is modified. To
obtain such a description of knowledge in gIBIS, it is important to create issue-and-position nodes
formally. The design operation template [9,10] works to formally create their relationships.

3.2.2 Formalization of Argument Structure with Design Operation Template

Depending on the content and intent of the interviewer’s operations in modeling, we define a total of
five design operation types (DOT). We define the formalized relationship between position and issue
node as a template. The definitions for each operation type are as follows:

e DOTI: Set a target process

This type is an operation to determine a target process for modeling. The interviewer decides which
process knowledge to elicit from the engineer and standardize based on the company’s policies and
issues, as well as academic and technical significance.

e  DOT?2: Set activities

This operation type is an operation that refers to a target process or an activity and adds activities that
compose the target process. To describe the general flow of the target process, the interviewer divides
the process into some activities based on his or her experience and the engineer’s answers acquired
through them.
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e  DOTS3: Set attributes

This is an operation to refer to an activity and add attributes that compose the activity. Attributes are
common elements, regardless of activities.

e  DOT4: Divide an attribute

This type is an operation to refer to an attribute and add its details.

e  DOTS: Set a value of an attribute

This operation refers to an attribute and adds a specific value.

3.2.3 Remarks Type for Interviewer

We have extended and redefined the categories of interviewer questions defined by Brinkmann and
Kvale [14]. Questions to acquire knowledge through conversation (from RTB1 to RTBS5) and questions
about the progress of conversations (from RTB6 to RTB9) are defined. The definitions for each RT for
the interviewer are shown in Table 1.

Table 1. Definition of Remarks type for interviewer

label Remarks type Details

Follow-up remarks and reactions to the engineer’s answers, such as
repetition of responses and phasing.

Clear questions that encourage the engineer to answer, e.g., “What did you
do then?”

Questions to confirm the validity of what the engineer said and the
interviewer’s interpretation, e.g., “Is this what you mean?”

Questions to ask when the interviewer wants to learn more about what the
engineer said, e.g., “Can you tell me a little more?”

RTBI Follow-up remarks
RTB2 Specificity questions
RTB3  Interpretive questions

RTB4  Exploratory questions

RTBS Direct questions Questions that are implied by responses and conversation flow.
RTB6  Introductory questions  Questions to present a topic and start a conversation.
RTB7 Survey questions Questions to see if the engineer has left anything unsaid.
tions t to th t topic when the intervi feels that h
RTBS Framed remarks Questions to move on to the next topic when the interviewer feels that he

or she has received sufficient answers from the engineer.
Advice such as when the engineer is struggling to answer, or the

RTB9 Advice interviewer has an idea to respond.

3.2.4 Remarks Type for Engineering Expert

In the interview, there are questions with a large amount of room for the engineer to decide the content
of the answer and questions with a predetermined answer format and content. We define the former as
open-ended answers; RTA1, and the latter as closed answers; RTA2. The definitions of RT for the
engineering expert are shown in Table 2.

Table 2. Definition of Remarks type for engineering expert

label Remarks type Details
RTA1 Open-ended answers ~ An engineer’s response in their own words.
RTA2 Closed answers Yes/No answers or those repeating the question’s wording
RTA3 Specificity remarks Remarks about supplementing or concretizing his/her responses.
RTA4 Interpretive remarks Remarks confirming the validity of their answer to the interviewer.
RTAS Follow-up remarks Reactions to the questions, such as repetition of them and phasing.
Remarks to move on to the next topic when the engineer feels they have
RTA6 Framed remarks

sufficiently answered about the topic.

Advice from the engineer to the interviewer, such as when the interviewer
is struggling in the modeling process.

Remarks when the respondent does not understand the question or the
intent of the question.

RTA9 Remarks to buy time Remarks or reactions that the engineer makes time to respond.

RTA7 Advice

RTAS8  Questions for questions

3.3 Measuring Text Similarity Based on a Large Language Model

The key issues in capturing knowledge through interviews are determining whether the questions and
answers are communicating and identifying effective questions. We use an embedding model based on
a large language model to calculate the distributed representation of utterance text and evaluate the
conversation in the interview by the distance between the texts. The distributed representation is based
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on the distributional hypothesis that the meaning of a word is formed by the surrounding words, i.e.
context [15], and is based on the learning of many documents and converting the text into a vector
representation. Therefore, the representation makes the text in a form that is easy to process by computer,
and the more similar the meanings of the texts, the closer the distance between the two. Recent
embedding models can handle longer and more complex meanings by converting text into higher-
dimensional vectors. To calculate the distributed representation, we used OpenAI’s Embedding model
called, “text embedding-3-large” and converted each utterance text to a normalized vector of 3,072
dimensions. In interviews, a single question and the answer are principally repeated, but since the
remarks are based on the context, it is not necessarily the response to the previous text. To address this,
in this study, we take a moving average and weigh the previous k utterances to calculate the distance of
the distributed representation considering the context In Eq. (1), w; is weights that are defined in Eq.
(2). distance,,; is the L2 distance of the distributed representation between nth text and ith text in
utterance logs. dis_w represents the weighted distance to the nth text. In the case study of Section 4, we
setk=>5.

dis,, = Y=L . w; X distancey; (1

wi={i+1-—(n-k)}/k 2)

4 CASE STUDY
To verify the validity and effectiveness of the proposed assessment method, we present a case study of
the modeling of the design and evaluation process of solder joints [16,17] conducted by a company.

4.1 Overview of the Modeling Process

In the target process, the engineer designed a method for evaluating the fatigue durability of solder joints
under combined loads such as thermal cycling, vibration, and shock. In the modeling, the engineer was
interviewed, and the interviewer elicited his/her knowledge, interpreted it in the interviewer's way, and
described it in a mind-mapping tool according to the process model stated in Section 3.1 that had been
standardized in the company [18]. We captured a computer screen on which the interviewer handled and
operated the tool and recorded the entire modeling process on video. For example, operations on the
tool included dividing the extracted information into activities and describing their attribute values. We
conducted two interview-style modeling cases. In the first case, the interviewer was an interview expert,
and in the second case, the interviewer was a novice. According to the interviewers and interviewee,
there was a clear difference in the results depending on the experience of the interviewers. In this study,
we clarify the differences in experience through comparison and evaluate the conversation in modeling.

4.2 Captured the Modeling Log

After the modeling processes were completed, the transcription tool converted the audio data into text
data that summarizes the timestamp, speaker, and speaking content at the time of utterance. We defined
the brief remarks made by another speaker in the middle of the dialogue as noise and removed them
from the text data in advance. Then, we manually extracted text data summarizing the tool operations
from the screen recordings, and we classified the utterance logs and operation logs into RT and DOT.

4.2.1 Comparison of Two Cases

First, we qualitatively compare the process models created by the two cases. Figure 2 shows a part of a
simplified version of the model. The interview expert decomposed the target process into six activities,
e.g., setting the theme and referring to previous studies. However, the interview novice decomposed the
target process into four activities, e.g., background and purpose of the study and research methods. Next,
a comparison by modeling time revealed that the expert spent 113 minutes, and the novice spent 72
minutes. In addition, we compared the number of characters in spoken words, and the number of
utterances turns. Comparing them, the number of utterance characters is roughly proportional to the
interview time, but the expert interviewer case had three times more turns than the novice interviewer
case. This means that the expert repeatedly exchanged short sentences.
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Expert Interviewer Process

Activity1: Activity2: Activity3: Activity4: Activity5: Activity6:
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Figure 2. Overview of the model of the engineering design process in 2 interview cases. Subactivities,
attributes, and attribute values are shown patrtially.

4.2.2 Comparison in Design Operation Type

We counted the number of DOTs. In the expert interviewer case, the number of DOT2: Set activities is
larger than in the novice interviewer case, and the model is created hierarchically by dividing it into
groups. The number of DOTS is the largest for both cases among all DOTs, which shows that the
description of attribute values is the most essential operation. For further analysis, Figure 3 shows the
distribution of the time points where the operations were performed over the entire modeling time.
Comparing DOT2 in two cases, the red bar (the interview expert) is widely distributed from timel to
time10, but the blue one (the interview novice) does not appear after time7. This result indicates that a
novice interviewer finishes describing the upper levels of activity levels by the middle of the process
and spends the rest of the time describing them in detail. Also, the wide distribution of red bars in all
types shows that the expert is repeating the creation of the model across hierarchies.

DOT2: Set activities DOT3: Set attributes
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Il interview expert Hl interview expert
Hl interview novice Hl interview novice
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o} o}
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Figure 3. Appearance ratio of design operation type over time
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4.2.3 Description of Argument Structure with gIBIS

We made the gIBIS representation of two cases based on the design operation template. Figure 4 shows
a part of them. There were 581 nodes in the expert interviewer case and 27 nodes with the strikethrough
red lines corresponding to the modified model representation. The novice case showed that there were
267 nodes, and the number of the strikethrough nodes was 11.

( Interviewer: "Next, you
composed a document, right?" A

(1:46:59) ! "@ compose a document"

descriptions ?
| Engineer: "Yes."

(1:46:59) ! input, Task contents,
Lead Time, member, output
(default)

Interviewer: "What did you do?
Bringing in the past data, drafting? "

Engineer: "... instead of the old

Interviewer: "we can reuse the "Task contents" data, | used.the res‘%“s of Fhe .,
former model, right?" descriptions ? above analysis and discussion.
Engineer: "Yeah, almost."

(1:49:56) ! Analysis results,
collect the results of old
studies, draft a plan, clean copy

Figure 4. Argument structure representation in interview expert case with giBIS

Lcollect old technical
report data, draft a p

4.2.4 Comparison in Remarks Type

Next, we classified all remarks in the interview into RT, mainly in units of utterance turns. Table 3 and
Table 4 show the breakdowns of the results. Both interviewers frequently used RTB1, RTB2, and RTB3,
and the engineer frequently used RTA1, RTA2, RTA3, and RTAS. We examined the occurrence ratio
of RTB2 and RTB3 over the entire interview time. It was found that the expert asked clear questions
from the beginning of the modeling, and actively asked questions about the validity of the interpretation
at the end of them. This result corresponds to the result in Section 4.2.2 and shows that the expert
postpones asking deeper about the content of the answers and prioritizes grasping the general content.

Table 3. Breakdowns of remarks type in Qs. Table 4. Breakdowns of remarks type in Ans.
label Remarks type expert  novice label Remarks type expert  novice
RTBI1 F/U Rmk 95 35 RTA1 Open-end. Ans 100 48
RTB2 Spec. Qs 64 21 RTA2 Clsd. Ans 73 14
RTB3 Int. Qs 73 18 RTA3 Spec. Rmk 39 8
RTB4 Expl. Qs 11 4 RTA4 Int. Rmk 5 1
RTBS Dir. Qs 12 3 RTAS F/U Rmk 61 18
RTB6 Intro. Qs 15 5 RTA6 Frm. Rmk 4 0
RTB7 Surv. Qs 4 0 RTA7 Advice 3 4
RTBS Frm. Rmk 6 1 RTAS Qs for Qs 4 0
RTB9 Advice 11 2 RTA9 Rmks. to B.T. 13 6

4.3 Text Similarity by the Distributed Representation

To consider the context, the texts up to five previous target remarks were weighted based on Eq. (1),
and the distance between the remarks was calculated. As a result, the distances varied about from 0.90
to 1.30, with no clear differences between the two cases. Therefore, we examined in detail the texts with
particularly large distances. For example, the distance was increased by the new topic of the presentation
of the results since the previous statements had talked about the lead time. This result supports that the
evaluation of interviews using the distributed distance is effective.
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4.3.1 The Distributed Representation Distance by Remarks Type

Figure 5 shows the distributed representation distance by RT. The result shows that the distance between
the text and the before of RTB6: Introductory question, is small for both cases. This is because a short
reaction to the previous answer is inserted before asking the question of RTB6 to move on to the next
topic. Compared to the two cases RTBS5: Direct Questions in the expert case had more distance than the
novice interviewer. The engineer was talking about sample creations for the experiment, but the
interviewer suddenly asked a question about the type of solder. This increased the distance. In practice,
the engineer seemed to have decided that there was no need to explain it. However, the interviewer’s in-
depth questions led to the process with which the interviewer and the engineer could communicate well.
Therefore, direct questions can be effective even if the distance is large.

interview expert interview novice
1.4 1.4
131 1.3¢
§ 1.2+ i i § 1.2-+ o &
® 1.1 ® 1.1
g1 * == g1 T -
5 1.0F S5 1.0F o
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Figure 5. The distributed representation distance by remarks type

4.3.2 Remarks Type and gIBIS

We further consider the results by corresponding the defined RT to gIBIS. This allows us to determine
useful statements that have been used in the modeling to elicit the rationale for modifying the process
model representation. As mentioned in Section 4.2.3, the number of node modifications in gIBIS was
27 in the expert case. Of these, 14 discussion nodes described as the rationale for modifying the nodes,
11 RTA1: Open-ended answers, and 3 RTA3: Specifying remarks were adopted in the gIBIS description.
In other words, in the process modeling, the basis for node modification is mainly based on these two
types of statements, and it can be said that the questions that elicit these two types are important in the
interview. Therefore, we examined the proportion of RT before RTA1 and RTA3. As a result, RTBI,
RTB2, and RTB3 account for most of the questions before both RTA1 and RTA3. In other words,
follow-up, specific, and interpretive questions were important remarks for modifying the process model.

5. DISCUSSION

The above case study evaluated the dialogue in modeling the engineering design process based on the
gIBIS and the text distance. It was demonstrated that the interview can be objectively evaluated with the
proposed method. Further, the proposed method clarified the difference in questioning between expert
interviewers and novices.

The distributed representation of each text was determined using the interviewer and engineer’s
utterance turns as a single unit. By setting RT for each utterance turn, it was possible to correspond the
distributed representation with RT. However, the length of the texts differed greatly in some places,
causing outliers in the distance. It may be necessary to calculate the distance in units of sentences.

As shown in Tables 3 and 4, RTA7, RTB6, and RTBS appeared in the expert case, but not in the novice
case. The utterances related to these types may not directly contribute to the modeling, but they are
important for facilitating communication.

Thus, the proposed method made it possible to quantitatively evaluate the sensory differences between
the two cases felt by the interviewers and the engineers. If we use this method to analyze more cases,
we can expect to establish an effective interview method.

6. CONCLUSION

In this study, we proposed a method for clarifying the conversation structure and evaluating them in an
interview to elicit engineering knowledge. By examining the number of occurrences and time series of
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DOT and RT, the difference between expert interviewer and novice could be clarified, and interview
methods could be evaluated. We also showed that it is possible to analyze the interviews by describing
the argument structure with gIBIS utilizing the design operation template and calculating the distance
for all the statements in the interview.
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ABSTRACT

The readability of robot intentions is a critical factor influencing the usability of robots in social
scenarios. Studies on robot intention indication generally aim to improve the clarity of robot intentions,
and the commonly approach is explicit intention indication design. Most current studies take accurate
recognition of robot intentions as the primary goal in intention indication design, however, in real social
interactions, humans do not always express their intentions in explicit and easily readable ways. Instead,
human intentions are complex, implied, or modulated to fit the context. Focusing on the modulation in
intention indication, this study proposed a behavior design for robots’ intention modulation by
introducing the inconsistencies among eye-gaze, head, and body orientation. The study conducted a
robot interaction experiment in the scenario of collaborating. The results indicated that inconsistency
between the robot’s eye-gaze and the body orientation were perceived as modulated intention.

Keywords: Social robots, Robot intention, Modulated intention, Behavior design.

1 INTRODUCTION

With technological advancements, robots have gained interactive features (e.g., speech [1], expressive
faces [2]), expanding their applications to social scenarios such as companionship [3] and caregiving
[4]. The readability of robot intentions is a critical factor influencing the usability of robots in such
scenarios, making it an important research topic in the field of Human-Robot Interaction (HRI). Studies
on robot intention indication generally aim to improve the clarity of robot intentions and often evaluate
this by measuring how well users can perceive and understand a robot’s behavior.

A commonly approach is explicit intention indication design, which refers to a robot using clear and
direct methods to convey its intentions. For example, service robots equipped with display screens, such
as BellaBot [5] or Servi Plus [6], use message or graphics on the screen to indicate directions to a desired
location or where customers can retrieve food. For robots without such expressive capabilities, like
robotic arms or simple mobile robots, enhancing the readability of their behaviors involves intuitive
understandable strategies, such us generating predictable motion trajectories [7][8] or imitating human-
like motions [9][10]. These methods focus on reducing ambiguity and ensuring that people can quickly
recognize what the robot is trying to do. On the other hand, research on social robots highlights the
importance of subtle cues for generating nuanced intentions cues. For instance, [11] examined how
humans interpret facial expressions of the humanoid robot GeminoidF, [12] analyzed the recognition of
gestures performed by a robot with the human-like face, and [13] use gaze to regulate the speaking roles
in human-robot conversations.

Most current studies take accurate recognition of robot intentions as the primary goal in intention
indication design. However, in real social interactions, humans do not always express their intentions in
explicit and easily readable ways. Instead, human intentions are complex, implied, or adjusted to fit the
context. For example, a humorous person in a formal meeting might avoid making obvious jokes but
could still use playful tone or subtle gestures to hint at their intention to lighten the mood. In this case,
their humorous intention is modulated rather than completely explicit or absent.

Similar situation can be anticipated in the future human-to-robot interaction, especially for the social
robots that are expected to possess human-like complexity in social interactions. However, current
explicit intention indication methods restrict robots to intention indications such as “I want to appear
humorous” or “I do not want to appear humorous,” leaving no room for nuanced indications like “I want
to appear humorous, but not overly so.” Addressing this gap requires exploring new methods that
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integrate both explicit and implicit intention, enabling robots to indicate intentions in a context-sensitive
and dynamically modulated manner.

In this study, we focused on the behaviors of robots’ intention and proposed a preliminary design of
robot’s modulated intention by introducing the inconsistency in eye-gaze, head, and body orientation.
We conducted a robot interaction experiment under a human-robot collaboration scenario. The
experiment involved participants and a robot collaborating to make “Ouen Uchiwa” (Japanese cheering
fan). The results indicated that inconsistency between the robot’s eye-gaze and body orientation were
perceived as modulated intentions, and eye movements were perceived more deceptive than head turning.

2 ROBOT BEHAVIOR DESIGN ON MODULATED INTENTION INDICATION

2.1 Policy of robot behavior design

Our previous research [14] investigated physical cues for intention inference when humans receive
inconsistent nonverbal information. The previous research was conducted by using a CG character of
independent and moveable head, eyes, and right arm. The inconsistent behaviors were generating by
orienting the CG character’s head, eyes, and right arm to different intention goals. Figure 1 shows an
example of the CG character’s inconsistent behavior: the CG character’s face and arm are orienting
towards the yellow cup, whereas its eyes are gazing at the blue cup. The results of the experiment showed
that humans perceive these physical cues differently. Specifically, the participants took the CG
character’s arm direction as an explicit cue, and the gaze as an implicit cue in intention inference.

Figure 1. An example of the CG character’s inconsistent behavior.

Based on the previous research, we proposed a behavior design of robot’s modulated intention indication
by introducing the similar inconsistency in eye-gaze, head, and body orientation. Specifically, when a
robot indicates the intention, its body orient to the one intention target, while its eyes or head turn toward
another intention target. Naturally, the direction of the robot’s eye-gaze (or head) and the body generates
an inconsistency. By using the inconsistency, the indication of the robot’s intention is modulated.

2.2 The robot behavior in modulated intention indication

The Kebbi Air robot was used as the experimental robot because of its simple appearance and its
possession of the necessary functions and movement capabilities required for the experiment. Kebbi Air
is equipped with 12 servomotors, enabling it to move forward and rotate. Kebbi Air also equipped with
camera and microphone, featured with speech recognition function. It features a 7-inch LCD display
(1024 x 600 pixels) on its head, which is naturally perceived as the robot’s face. We designed graphics
to represent Kebbi Air’s eyes and animated these graphics to simulate its eye movements.
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Figure 2. An example of (i) eye movements (turn right), and (i) head rotation (turn right).
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To create the robot’s eyes, we used two round shapes (radius = 150 pixels, stroke width = 40 pixels) to
outline the eyelid range. A circle represented the eyeball inside each round shape. For simplicity and to
ease participants’ cognitive processing, the pupil and iris were not distinguished. The eyeballs might
move in parallel to simulate eye movements (eye-gaze) when the robot moved forward (the forward-
moving time was set to 10 seconds). The size (radius = 75 pixel) and the moving distance (77 pixel) of
the eyeballs were adjusted to ensure the participants could clearly recognize the eye movements.
Similarly, the robot’s head might rotate when the robot moved forward. The rotational angle was set at
30 degrees. Figure 2 shows an example of the eye movements and the head rotation. By controlling the
orientation of the robot’s eyes, head, and body, inconsistent behaviors were generated.

Figure 3. Example of the inconsistency in the robot’s body and head(left-side), and
inconsistency in the body and eye-gaze(right-side)

Figure 3 left-side is an example of the inconsistency in the robot’s body and head: the robot’s face is
orienting to its right side, while the body is orienting its left side. Figure 3 right-side is an example of
the inconsistency in the robot’s body and eye-gaze: the robot is orienting towards its right side, while
its eyes are gazing the left side.

3 EXPERIMENT DESIGN

3.1 Experiment scenario: making “Ouen Uchiwa” together

The study focused on the robot’s intention indication in social contexts, so the experimental scenario
was set as human-robot collaboration. The participants were asked to collaborate with the robot in
making “Ouen Uchiwa”. “Ouen Uchiwa” refers to cheering fan in Japan, normally uses to express
support or gratitude for specific teams or individuals. “Ouen Uchiwa” can be found in various events in
Japan. Typically, an “Ouen Uchiwa” comprises a black fan, decorated with a phrase surrounded by
decorations (see Figure 4 right-side).

A variety of phrase cards and decoration cards were prepared for the experiment (see Figure 4 left-side).
In the experiment, the participants were instructed to choose one phrase card for one “Ouen Uchiwa”,
while the decoration cards were chosen by the robot. The total of six types of phrase cards prepared in
the experiment for the participants: “Take it easy”, “Supporting for you”, “LOVE”, “HAPPY”, “Fight”,
and “Thank you”. Two sets of decoration cards were placed in front of the robot, each consisting of five
decoration cards. The cards in front of the robot were drawn from 26 prepared decorative cards. The
prepared decoration cards contain 13 shapes in pink or blue.

Figure 4. The experiment materials for “Ouen Uchiwa” making
and the made “Ouen Uchiwa’.
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3.2 Experiment procedure

In the experiment, the participants were firstly instructed to sit in front of a table, which the robot was
placed on it. A blank “Ouen Uchiwa”, two sets of decoration cards and six phrase cards were placed
between the robot and the participant. The two cards sets were positioned in front of the robot, with a
stand-up card labeled with “A” placed next to the right-front cards set (position A), and a stand-up card
labeled with “B” next to the left-front card set (position B).The spatial position of the robot and the cards
sets are illustrated in Figure 5.

-Pm'ticipant

Figure 5. Spatial position of the robot and the cards sets.

To help refine the experimental procedure design, a pilot experiment involving three volunteers was
conducted. The volunteers reported not feeling bored in the pilot experiment. There were volunteers
mentioned collaborating with the robot in making “Ouen Uchiwa” enjoyable. However, all the
volunteers pointed out that the experimenter’s intervention influenced their interaction experience with
the robot. In the pilot experiment, the robot’s actions were manually triggered by the experimenter.
Based on this feedback, the robot’s action triggers were adjusted to speech recognition activation. The
participants can verbally prompt the robot in the experiment. Additionally, except in cases of the robot
malfunction, the experimenter no longer intervenes in the participants and the robot throughout the
whole experiment.

Based on the pilot experiment, the experimental procedure was designed. As for each “Ouen Uchiwa”
making session, the participants were instructed to first observe the two decoration cards sets in front of
the robot, and then selected the phrase card. When the participants finished selecting the phrase card,
they could verbally prompt the robot by saying “Please (in Japanese).” Once the robot recognized the
speech, it started series of actions. Firstly, the robot rotated the head to express observing the card sets
on the table, and then said, “I think I would like this one.” Then, the robot turned to one of the two cards
sets and moved forward. As it moved, the robot’s eyes and head might turn toward the other cards set
to generate inconsistent behavior. The forward-moving time was 10 seconds. Then, the robot’s head and
eyes returned to align with the body orientation and said “Please (in Japanese).” After waiting 2 seconds,
the robot turned and returned to the initial position, and waited for the next speech recognition. The
participants were asked to determine which decoration cards set the robot chose, and complete the “Ouen
Uchiwa” by using the chosen cards. Each participant was required to make “Ouen Uchiwa” four times.

3.4 Conditions

The study posits the following hypothesis: The robot’s inconsistent behaviors are perceived as hidden
intentions. Based on the inconsistency of the orientation of the robot’s head, eyes, and body, six
behaviors were generated. The behavior where the eyes and body had the same orientation while the
head oriented differently was excluded as it was deemed not an explainable behavior. Table 1 shows the
behaviors and conditions. The alphabet in the table cells refers to the orientation of the body parts (e.g.,
“A” refers to the orientation to position A). The experiment was conducted in a between-group design.
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Table 1. Experimental conditions

No. Eyes | Head | Body Condition
1 B B B I-Consi

> A A A -Consis
3 B B A

4 A A B I-Head

5 B A A

6 A B B I-Eye

3.5 Measurements

Table 2. Questionnaire items

No. Question items Scales
Q1-1 |How satisfied are you about the cheering fan made? 5-point
Q1-2 |How satisfied are you with the decoration cards the robot chose? 5-point

Which did you think this robot would choose, A or B? Please give the

QI1-3 |probability you think of position A and position B, taking the total as 100 Constant-
sum scale
percent.
Please rate the following items that best describes your impression of the
robot’s behavior.
(a) [Seems true - Seems like a lie 7-point of
Q1-4 | (b) |Sincere - Insincere Semantic
(c) [Trustworthy - Untrustworthy Differential

(d) |Honest - Dishonest
(e) |As if nothing is hidden - as if something is hidden

The experiment was conducted in using questionnaires. The items in the questionnaires are shown in
Table 2. Q1-1 and Q1-2 were used to investigate participants’ satisfaction of collaborating with the robot
in “Ouen Uchiwa” making process. Q1-3 measured in what extent the inconsistent behaviors influence
the participants infer the robots’ intention (i.e., the perceived intention). Meanwhile, in Q1-4, we
measured the participants’ perceived deceptiveness of the robot by the deceptiveness scale from [15][16].
Deception is considered a purposely act, and we aimed to leverage this to investigate whether the
participants perceive the robot’s behaviors purposeful, without directly asking them, “Do you think the
robot doing this in purpose?”

After each “Ouen Uchiwa” making session, the participants were asked to fill in questionnaire. Each
participant filled the questionnaire four times in each condition.

4. RESULTS

A total of 25 participants were recruited for the experiment, with a mean age of 24.6 years and a standard
deviation of 1.31. Twelve participants were assigned to condition I-Consis, six participants in condition
I-Head, and seven in condition I-Eye. All participants were residents of Japan, fluent in Japanese, and
familiar with the “Ouen Uchiwa”. Results from 100 questionnaire Q1 (48 in condition I-Consis, 24 in
condition I-Head, and 28 in condition I-Eye) were collected and all results were valid.

Figure 6 shows the box plots for item Q1-1, Q1-2 and Q1-3. Regarding the participants satisfaction of
collaborating with the robot (Q1-1 and Q1-2), Kruskal-Wallis test showed no significant difference.
Regarding the results of the robot intentions perceived by the participants (Q1-3), from the probabilities
that the participants filled in the questionnaire towards position A and position B, the data of the position
where the robot’s body oriented in each “Ouen Uchiwa” making session was selected. Results of Q1-3
shows the probabilities that the participants speculated in the position where the robot’s body oriented.
Kruskal-Wallis test showed a significant difference (X*(2, N=100) = 6.174, p = 0.046). Post-hoc
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comparisons using Dunn’s method with a Bonferroni correction for multiple tests showed a significant
difference between I-Eye and I-Consis (p = 0.039).

3 100 [ I-Consis

I-Head

50 I-Eye

Scores
o
Probabilities

(=)

3o

Ql-1 Q1-2 Q13

Figure 6. Results of the satisfaction (Q1-1, Q1-2) and perceived intentions (Q1-3).

S

Ql-4(a) Ql-4(b) Ql-4(c) Ql-4d) Ql-4(e)

Figure 7. Results of the deceptiveness (Q1-4).

Figure 7 shows the box plots for item Q1-4. Regarding the results of the participants’ perceptions of
deceptiveness, Kruskal-Wallis test showed significance in all items (Q1-4(a): X*(2, N = 100) = 19.610,
p <0.001; Q1-4(b): X*(2, N =100) = 25.856, p <0.001; Q1-4(c): X*(2, N = 100) = 9.489, p = 0.009;
Q1-4(d): X*(2, N = 100) = 23.036, p < 0.001; Q1-4(e): X*(2, N = 100) = 31.871, p < 0.001). Parison
comparisons (Dunn’s method with a Bonferroni correction) showed that I-Eye scored significantly
higher than [-Consis and I-Head in all items except Q1-4(c): Trustworthy-Untrustworthy. In Q1-4(c),
the I-Eye was significantly higher only than I-Consis.

5. DISCUSSION

The result of Q1-3 indicates that the inconsistency in robot’s eye-gaze and body orientation was
perceived as the modulated intention. The robot’s eye movements (gaze) were used as a cue in intention
inference, which is aligned with the previous finding [14]. It is worth noting that, the head turning in the
I-Head condition was more noticeable than the eye movements in the [-Eye condition, leading the head
turning considered to be taken as the cue, while no significance was found. This might be because the
participants perceived the eye-gaze of the robot differently in the two conditions: eye movements in I-
Eye may have been seen as a more instinctive behavior (e.g., glancing), while head-turning in I-Head
may have appeared less instinctive (e.g., watching). There was study [17] took the robot glancing as “a
seemingly unintentional behavior” as well as “a leakage cue in interaction”. In the I-Eye condition, when
the eye movements didn’t align with its body orientation, the eye-gaze may be interpreted as the leakage
of intention, which exerted a stronger influence than head-turning.

The results of Q1-4 suggested the participants perceived eye movements to be more deceptive than head-
turning. Combining with the result of QI-3, this suggested that the participants perceived the
inconsistency in the robot’s eye-gaze and the body as a purposeful behavior. Additionally, there was no
significance difference between the I-Head and [-Consis in all items in Q1-4. The reason may be the
participants perceived the head turning as “watching”, which reduce a feeling of deceptiveness. One
participant mentioned that the robot rotated its head for using the camera on the head to recognize the
cards set. In the experiment, the image recognition function of the robot was not active, and the
experimental instruction did not mention nor imply the robot capable of image recognition function.
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However, this participant inferred, based on the knowledge and observations towards the robot Kebbi,
that the image recognition was in functioning, and thought that the head turning was related to the image
recognition function, and thus not deceptive. This could also explain why there was no significant
difference between the I-Head and I-Consis in Q1-4. On the other hand, the results suggest an ethical
risk. Since the inconsistent behavior increased the perception of deceptiveness, users may misinterpret
the intentions that robots are trying to indicate, particularly for children, elderly people, and those people
unfamiliar with technology. Future works need to be conducted focusing on how different users perceive
inconsistent behaviors and seek design solutions suitable for different people.

This study is a preliminary behavior design of intention modulation and has several limitations. First,
the small sample size of 25 participants reduces the statistical power of the results. Additionally, to
simplify the robot’s behavior, the intention targets in front of the robot were limited to only two, and
they were placed symmetrically in front of the robot. In real-world interaction, intention targets are more
varied and dynamic, and the experimental results may not be easily generalized.

6. CONCLUSION

This study presented a behavior design for modulated intention indication in social robots by introducing
inconsistencies between a robot’s eye-gaze, head, and body orientation. The study conducted a robot
interaction experiment in the scenario of involving the participants and the robot collaborating to make
“Ouen Uchiwa”. During the experiment, the robot approached one set of decoration cards, while its head
and eyes might turn towards another set. The results indicated that inconsistency between the robot’s
eye-gaze and body orientation was perceived as modulated intention, and eye movements were
perceived more deceptive than head turning. It suggests the possibility for modulating robots’ intention
indication through inconsistency in eye-gaze and body orientation. The study addressed robot behavior
design (i.e., how robots behave), without considering the decision-making process (i.e., how intention
should be modulated). In the future, the decision-making in modulating intentions of robots will be
further researched.
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ABSTRACT

Hip arthroscopy is an ideal technique to treat many intra-articular conditions of hip, such as
femoroacebuar impingement (FAI) and labral tears. However, hip arthroscopy has its unique
challenges in training and operation. Currently, the essential skills and preferred training method for
hip arthroscopy remains unknown. In this study, we investigated the required surgical skills and
suitable simulation method for hip arthroscopy. Based on that, a high-fidelity medical simulator
would be designed.

A nation-wide online survey was carried out, which was focusing on skills that trainee should possess
prior to performing hip arthroscopy in operating room. Meanwhile, the usefulness of different types
of simulation had been identified. The high-fidelity simulator was developed based on medical
imaging and three-dimensional (3D) printing technology. The feasibility of the simulator was
evaluated based on a cross-sectional study.

The skills related to cognitive ability the treatment of FAI are the most essential for hip arthroscopic
training. Cadaveric specimens are the most favorable simulation method, high-fidelity physical
simulators are the preferred alternatives. A 3D printed simulator for hip arthroscopic training has
been developed based on the results of the survey study, which is suitable for surgeons to practice
the specific skills.

Based on the collaboration between designers and medical professionals, the effective simulation
tools and training program can be developed. It is beneficial for medical trainees and the quality of
healthcare.

Keywords: Cross-disciplinary Design, Survey Study, Feasibility Study, Medical Simulation Design, 3D
Printing

1 INTRODUCTION

Hip arthroscopy, a minimally invasive surgical technique, has become a cornerstone in orthopaedics
for treating conditions such as labral tears, chondral defects, ligamentum teres lesions, and
femoroacetabular impingement (FAI)[1],[2]. Due to the minimum damage for patients, relatively
less blood loss, and fast postoperative recovery, it becomes increasingly popular around the world.
However, this procedure presents unique challenges due to reduced tactile feedback, a restricted field
of vision, limited instrument freedom, and the need to interpret two-dimensional (2D) screen
information into a comprehensive three-dimensional (3D) spatial understanding [3],[4 ][5 ].
Orthopaedic trainees and surgeons must invest considerably more time practicing technical skills to
achieve competency in hip arthroscopy. They also face challenges like ensuring safe access to
anatomical locations and managing surgical time constraints, which are crucial to minimizing the
risk of iatrogenic injury. These factors collectively heighten the learning difficulties associated with
this specialized procedure [6].

Simulation-based training has emerged as a vital tool for bridging the gap between the surgical skills
required for successful clinical outcomes and those attained by less-skilled surgeons, allowing
trainees to practice and objectively evaluate their skills [7],[8]. The integration of 3D printing
enhances this training by creating models with precise anatomical structures that provide tactile
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feedback, particularly benefiting hip arthroscopic training [9],[10]. Research indicates that surgeons
may need to perform over a hundred hip arthroscopies for optimal outcomes [11],[12], but simulation
technology streamlines this learning curve by enabling safe, repeated practice rather than relying
solely on operating room experience [ 13],[ 14]. Various simulators boost training efficiency, reducing
the time to proficiency without compromising patient care [15],[16],[17]. This approach not only
enhances technical skills in a risk-free environment but also shifts surgical education from traditional
models to a more structured pathway, improving both training duration and intraoperative learning.
However, surgeons’ particular needs to practice hip arthroscopic skills through the simulated training
has rarely been investigated. Consequently, it is difficult for medical educators and researchers to
design the effective training program for surgeons to practice the specific skills.

In this study, we aimed to investigate the particular needs of hip arthroscopic training from the
perspective of surgeons. Following that, based on the medical imaging and 3D printing technologies,
the high-fidelity medical simulator would be developed to meet the requirements of skill training.

2 METHODS

2.1 Training surgical skills on hip arthroscopy by simulation

A nationwide online survey was conducted, the invitation to participate was posted in three social
media groups organized by the Chinese Medical Association for specialists in Lower Limb Sports
Medicine. It included a brief introduction and a link to the survey, which was developed on
www.wenjuan.com and contained 42 questions adapted from Safir et al[18]. The questions were
modified by three surgeons with at least five years of hip arthroscopy experience.

At the beginning of the survey, surgeons provided background information on their training and
arthroscopic experience. Following that, they ranked the importance of surgical skills for hip
arthroscopy on a 5-point Likert scale. For analysis purposes, the skills were divided into three
categories: (1) identification of structures and navigation of the arthroscope, (2) instrument handling,
and (3) preparation of the patient and instruments. Finally, participants rated the different types of
simulation based on their usefulness in training hip arthroscopic skills.

2.2 Development and validation of the three-dimensional (3d) printed simulator

The simulator was developed using CT scans to create a 3D model of a hip joint from a 31-year-old
female volunteer. Key angles of the hip were measured, and the CT data was processed with
InVesalius to generate a 3D volumetric model, which was then refined in Meshmixer for 3D
segmentation. The cleaned CAD file was imported into Rhino to design a modular simulator,
featuring separate components that allowing for the simulation of various hip conditions. To ensure
the cost-effectiveness of this simulator, the design team, in consultation with surgical experts,
focused on incorporating only the key anatomical structures relevant to the procedure: the anterior
superior iliac spine, acetabulum, and femur.

The hip joint capsule was shaped to accommodate traction forces, and anatomical markings were
added for reference. The box-shaped simulator was designed based on a modular concept and
comprised two main parts, one soft component to simulate soft tissues, the other hard component for
conciseness to simulate the bony structures (Figure 1). Since surgeons typically determine the
surgical site through palpation, which helps identify the anterior superior iliac spine and the greater
trochanter of the femur, the external surface of the soft component was simplified to a geometric
shape, as it is not critical for the design. However, the internal structure of the soft component was
meticulously crafted to align with the contours of the bony structures, ensuring that the palpation
feedback on the simulator closely resembles that of real patients. To replicate the tactile sensation of
human tissue, the soft component was made from silicone material. After extensive testing, the
Smooth-on Ecoflex 00-30 material was selected due to its close resemblance to real human tissue.
The skills of using fluoroscopy during hip arthroscopic surgery is important, that requires the bony
structures of the simulator are visible under X-ray. Thus, the design team chose photosensitive
materials to print the bony structures of the simulator. The femur and anterior superior iliac spine
were fabricated using white polyamide EOS PA2200, while the components of the acetabulum and
acetabular labrum were 3D printed as a single piece using the Stratasys J750 3D printer. These
components were made from a combination of VeroPureWhite, VeroCyanV, VeroMagentaV,
VeroYellowV, and Agilus materials.
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Figure.1 Main components of the simulator: (a). clip frame to fix the soft component, (b). soft
component to simulate the soft tissue, (c). container for holding all the bony and supporting
structures, (d). bench fixer used in tandem with a bench vise to secure the simulator onto
the table (foldable).

To evaluate the simulator's validity, a cross-sectional study involved 29 male orthopedic surgeons
from 11 hospitals, aged 23 to 56. Participants were categorized into novice, intermediate, and
experienced groups based on their surgical training, with adjustments for individual experience levels.
Before the simulation, participants received a 4-hour lecture on hip arthroscopic surgery to
familiarize themselves with the procedure. During the simulated operation, an arthroscope and
standard surgical tools were used. An instructor with 2 years of hip arthroscopy experience guided
the participants, utilizing a task-specific checklist (TSC, Table 1) for evaluation. Trainees were
required to follow the TSC protocol to complete 12 surgical steps.Performance was assessed based
on task completion time and fluoroscopy usage, with all sessions videotaped. A blinded assessor
reviewed the footage using the Arthroscopic Surgical Skill Evaluation Tool (ASSET) and a global
rating scale (GRS).

Table 1 Task-Specific Checklist for Hip Arthroscopic Training

Tasks Yes No

1 Mark the surface projection of the anterior superior iliac spine and greater trochanter

2 Mark the operation area and the operation forbidden area

Mark the anterolateral portal (ALP), mid-anterior portal (MAP), proximal mid-anterior portal (PMAP) and distal
anterolateral portal (DALA)

4 Establish the anterolateral portal (ALP) under fluoroscopy

5 Insert camera into ALP

6 Establish the mid-anterior portal (MAP) under the direct vision of arthroscopy (use c-arm fluoroscopy if necessary)
7  Put the probe into the articular cavity through the MAP

8  Observe the upper labrum through MAP, point out the labrum at 12 o'clock through ALP with probe
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9  Observe the anterior labrum through ALP, point out the labrum at 2 o'clock through MAP with probe

10  Establish the distal anterolateral portal (DALA) under the direct vision of ALP (use fluoroscopy if necessary)

11 Put the probe into the articular cavity through DALA

12 Observe the anterior inferior labrum. Point out the labrum at 4 o'clock through DALA with probe

13 Establish the proximal mid-anterior portal (PMAP) under the direct vision of ALP (use fluoroscopy if necessary)
14  Put the probe into the articular cavity through the PMAP

15 Observe the upper labrum. Point out the labrum at 1 o'clock through the PMAP

Number of times fluoroscopy was used

3 RESULTS

3.1 Training surgical skills on hip arthroscopy by simulation

A total of 225 arthroscopic professionals responded to the survey. Ultimately, 159 responses from
surgeons at 130 institutions located across 27 provincial administrative districts in China, were
finally included in the dataset. Cronbach’s Alpha test was performed on the 33 survey questions ( o
=0.967), showing that the internal consistency of this survey is classified as “excellent”. Of the 159
valid responses, 66 were from junior specialist surgeons, 68 responses from consultants, and 25
responses from senior consultants. The average number of years of experience for performing
arthroscopy was 8.48 (£4.71), while the average number of arthroscopic operations per year was
267.5 (£241.1). Details of the participants' demographic information are presented in Table 2.

Table 2 Participants demographics for the online survey

Average years of

erformin Average number of Total number of hip
Number of participants n P 'S arthroscopic operations arthroscopic operations
arthroscopics er year mean (+ SD) mean (£ SD)
mean (£ SD) pery
Junior Specialist 66 339 (+2.80) 164.12 (+ 134.96) 178.71 (£ 252.79)
Surgeonsa
Consultantsb 68 9.71 (+ 3.86) 276.93 (= 179.22) 377.71 (£ 435.65)
Senior Consultantsc 25 13.28 (£5.25) 514.80 (£ 257.71) 1050.48 (£ 980.02)
All participants 159 8.48 (x4.71) 267.50 (= 214.08) 400.89 (+ 583.73)
Total number of Provincial Surveyed provincial o
administrative district in China 34 administrative districts 27 Coverage 79.4%

*kkk

a compared with b, **; a compared with ¢, ****; b compared with c,
**represents P < 0.01; ****represent P < 0.0001

Table 3 Categories of specific surgical skills important for trainees to possess prior to
performing in operating room, rated by surgeons with different levels of experience

Junior specialist Consultants Senior All

Value surgeons consultants participants
Mean (+ SD) Mean (£ SD) Mean (£ SD) Mean (+ SD)

Identification of structures and
navigation of the 4.15 (£ 0.81) 4.20 (+0.68) 4.09(x0.78) 4.16 (£ 0.76)

arthroscopea

Instrument handlingb 4.11 (£ 0.81) 4.07 (+0.65) 4.06 (+0.76) 4.09 (+0.74)
Preparation of the patient and 3.84 (+ 0.86) 3.92 (£0.77) 3.63 ( 0.96) 3.84 ( 0.85)

instrumentsc

a compared with ¢, ***; b compared with c, *

*Represents P < 0.05; ***Represents P < 0.001

As shown in Table 3, surgeons considered skills related to the identification of structures and
navigation to be the most important preparation for trainees before they perform the actual surgery.
A post-hoc Tukey test revealed that skills related to the preparation of patients and instruments were
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significantly lower than those in the other two categories (P < 0.05). No significant differences were
found when comparing the scores from surgeons with different levels of experience for each
individual category.

Based on the mean scores, there are ten skills ranging from treatment of cam deformity (where the
head of the femur does not sit symmetrically on the neck) to establishing the anterolateral portal
under fluoroscopic guidance were rated over 4.2. This indicates that these skills are extremely
important for hip arthroscopic surgery, trainees should pay extra attention to these areas during their
training.

Table 4 Usefulness of simulation type in preparing trainees to perform in the operating room,
rated by surgeons with different levels of experience

Junior specialist Consultants Senior All
Value surgeons consultants participants
Mean (£ SD) Mean (+ SD) Mean (£ SD) Mean (+ SD)
Simulation u'sing cadaveric 4.48 (£ 0.89) 457 (£0.77) 4.40 (£ 0.75) 451 (£0.82)
specimensa
Simulation using high-fidelity
physical simulatorsb 3.95 (+0.99) 3.59 (= 1.02) 3.08 (+ 0.80) 3.77 (£ 0.99)
Simulation using virtual reality 3.77 ( 1.06) 338 1.11) 3.64 (£ 0.93) 3.58 (& 1.08)
simulatorsc
Simulation using low-fidelity
bench top modelsd 3.08 (+ 1.09) 2.88 (= 1.13) 3.16 (= 1.25) 3.01 (£ 1.14)

*kkk.

a compared with ¢, ****; a compared with c, + @ compared with d, ****; b compared with d, ****, ¢
compared with d, ****

****Represents P < 0.0001

Surgeons were asked to rank the usefulness of the four most common types of simulation for
practicing surgical skills: 1) cadaveric specimens, 2) virtual reality (VR) simulators, 3) high-fidelity
physical simulators, and 4) low-fidelity bench-top models. As shown in Table 4, cadaveric specimens
were rated as the most useful, significantly outperforming the other three methods.

The differences in rankings among the four simulation methods were statistically significant (P <
0.01). Tukey’s test for pairwise comparisons revealed significant differences between all pairs (P <
0.01), except between the VR simulator and high-fidelity physical simulators (P = 0.35). Surgeons,
regardless of their experience level, consistently prioritized higher fidelity simulation over lower
fidelity options.

In the open comment section, participants suggested that additional factors, such as medical image
interpretation, joint traction time, and familiarity with equipment should be included in the survey,
as these are also crucial for the successful performance of arthroscopic surgery.
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3.2 Development and validation of the Three-Dimensional (3D) Printed Simulator

Figure.2 The 3D printed simulator: (A) The 3D printed bony structures of the simulator; (B)
Assembled simulator with the silicon component; (C) Fluoroscopic images for the portal
placement process; (D) Arthroscopic view of the process for establishing the distal
anterolateral (DALA) portal.

The simulator was designed to be secured onto the table by using two bench vises (Figure 2A). The
materials of the simulator are photosensitive to radiography and all the internal structures are visible
by fluoroscopy (Figure 2C). The anatomical landmarks of the anterior superior iliac spine and the
greater trochanter can be identified by palpating the simulated soft tissue(Figure 2B). When viewed
using the arthroscopic camera, the intra-articular anatomical structures of the simulator appear
similar to that observed in the hip joint of the human body (Figure 2D).

To evaluate the developed simulator, all participants performed the required operational steps on the
3D printed simulator. Cronbach’s alpha values of 1 for the total ASSET score and 0.7 for the task-
specific checklist, indicate good internal consistency and reliability. Cohen’s f values for task-
specific checklist, ASSET and final GRS were 0.9, 2.7 and 1.9 respectively, where f values above
0.4 are considered to have a large effect size for one-way ANOVA analysis.

One-way ANOVA analysis revealed significant differences between the 3 subgroups with varying
levels of experience for the total checklist score (F2,26 = 11.3) (Figure 3A), total ASSET score
(F2,26 = 92.1) (Figure 3B), overall final GRS score (F2,26 = 49) (Figure 3C), the number of times
the participants used fluoroscopy (F2,26 = 7.4) (Figure 4A) and completion time for tasks (F2,26 =
23.5) (Figure 4B). Positive correlations were observed between clinical experience and total ASSET
score (hip arthroscopy r = 0.6; shoulder arthroscopy r = 0.5; knee arthroscopy r= 0.5). Negative
correlations were seen between clinical experience and the completion time for tasks (hip
arthroscopy r= -0.6; shoulder arthroscopy r = -0.5; knee arthroscopy r=-0.5).
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Fig.3 Box plots of the different assessment tools for the three groups with varying
experience levels (Novice vs. Intermediate vs. Experienced). A Total checklist score; B Total
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4 DISCUSSION

The results of the survey aligns with earlier research on Canadian orthopedic professionals although
the focus was on arthroscopy of a different joint, highlighting the convergence of training methods
between Canada and China [19], [20], despite focusing on different joints. Hip arthroscopy has
proven to be a valuable technique, though early challenges stemmed from the complex anatomy of
the hip. Surgeons consistently rated cognitive skills, especially anatomical knowledge, as more
critical than motor skills, particularly in complex procedures like portal placement.

A large number of specific skills have been highlighted as essential for optimal clinical outcomes,
reflecting the steep learning curve associated with this procedure.Several key skills have been
identified as the top skills required for hip arthroscopy, with a focus on FAI surgery. There are reports
highlighting that high-impact athletic activities during growth, such as playing soccer, basketball,
and ice hockey during adolescence can cause FAI [21], [22]. Therefore, a large population, ranging
from younger to elderly individuals, could be affected. Hip arthroscopy, the most common surgical
technique to address various types of FAI, has shown optimal clinical outcomes [23], [24].
Cadaveric simulation remains the preferred training method, offering unmatched anatomical
accuracy and tactile feedback, but faces challenges related to availability and cost [25], [26]. As
alternatives, high-fidelity physical simulators and VR simulators were identified as useful tools for
training [27]. High-fidelity physical simulators offer detailed anatomical accuracy and haptic
feedback [28], while VR simulators provide varied functions and immediate feedback, though
concerns remain about their cost-effectiveness [29]. Low-fidelity models, while less favored, still
provide value in helping trainees familiarize themselves with surgical instruments and basic skills
[30], [31]. According to the results of the survey study, the high-fidelity 3D printed simulator has
been designed and manufactured. Combining medical imaging, CAD, and 3D printing, the simulator
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replicates critical techniques like portal placement and arthroscope navigation.

In the validation study, participants' performance correlated with their experience level, validating
its effectiveness. Experienced participants completed tasks faster, used fluoroscopy less, and scored
higher, proving the simulator's usefulness as an objective assessment tool. Analysis of the data
collated in validation study shows a link between the participants’ prior arthroscopic experience and
their performance during the simulated operation. Compared to participants with lesser experience,
more experienced participants tend to complete the simulated task in a shorter period of time, using
fluoroscopy less frequently, and obtaining higher scores in task-specific checklist, ASSET, and final
GRS. These results show that the simulator can be used as an objective assessment tool to help
orthopedic surgeons gauge the competence level of the trainees’ surgical skills for performing hip
arthroscopy. According to the post-study feedback, the 3D printed simulator received favorable
feedbacks from the participants. Most of the participants were satisfied with the fidelity of the
simulator, and were of the opinion that the intra-articular anatomical structures and realistic tactile
feeling of the soft tissue closely resemble that of the human body.

For simulation-based training, cost is always an important aspect as it relates to the sustainability of
its usage. Compared to other virtual reality (VR) based or benchtop simulators, the cost of this 3D
printed simulator is relatively low. The overall material cost for the simulator is around USD $295.
For the simulation practice, the soft component that mimics the soft tissue can be disposed after
multiple operations and the replacement cost of the soft component is only around USD §$78. Clearly,
the 3D printed simulator is a cost-effective tool and is a highly affordable option for most of
healthcare institutions. Meanwhile, since the validation study has proved that the developed
simulator has properly replicate the clinical conditions of hip arthroscopy, it would seem that such a
3D printed simulator can be used routinely to assist the learning and practicing relevant hip
arthroscopic skills. It may help arthroscopic professionals improve their learning efficiency and be
used for preliminary training, refresher courses and simulation of complex scenarios before actual
surgeries, which in turn can possibly help reduce the risk of medical errors in the operating room,
and hence enhance patient’s safety.

5 CONCLUSION

This study has revealed the specific requirements for hip arthroscopic training. Accordingly, the
reliable 3D printed high-fidelity simulator has been developed, which can be used for training and
assessing hip arthroscopic skills. This study has illustrated an effective approach for medical
innovation, based on the collaboration between product designers and medical experts, it is possible
to develop the effective tools and training program for surgical education, which can benefit novice
surgeons and the quality of healthcare.
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ABSTRACT

This paper conducts a comprehensive literature review examining the evolution of the term "visual
communication design".It traces the terminology shift from "graphic design" to "visual communication
design", initially coined by William Addison Dwiggins to describe printed communications—a term
also found in educational contexts as early as 1917—to "visual communication design", which emerged
in response to expanding design fields and digital media. This evolution in terminology reflects a more
comprehensive approach beyond traditional print media. Key institutions and events, such as the Ulm
School of Design and the International Council of Design (ICO-D), played crucial roles in reshaping the
perception and application of visual communication in design. In Asia, the term gained prominence
through international conferences, notably Japan's 1960 World Design Conference, and became part of
the academic curricula at institutions like Musashino Art University and Seoul National University. In
China, this shift moved design from "decorative" to a broader conceptual framework that includes
multimedia and digital interaction, culminating in the Ministry of Education's 2012 reclassification of
design programs. By examining these changes in terminology within the context of globalization and
cross-cultural exchange, this study positions Asia as a focal point of design evolution during periods of
societal transformation, portraying "visual communication design" as a distinct, interdisciplinary field
shaped by technological and cultural influences.

Keywords: Visual Communication Design, Terminology Shift, Design History, Design Theory

1 AN EXAMINATION OF THE ORIGIN OF THE TERM VISUAL
COMMUNICATION DESIGN

If you search for "visual communication design" on a website, the search term "graphic design" is bound
to come up. Historically, there has been a continuum between the two, and the broader field of visual
communication design can be said to be a subset of "visual communication design". The shift from
"graphic design" to "visual communication design" has been influenced by the harassment of
commercialism and the expansion of digital media, which has not only changed the process of design
production, but has also had an impact on the way designers work. Designers began to acquire new
skills, such as digital image manipulation and web design, to adapt to the changing technological
environment. In addition, with the popularity of the Internet, the dissemination of design work has
shifted from traditional print to digital platforms, requiring designers to focus more on interactivity and
user experience in their visual communication. "Contemporary culture is becoming a visual culture."[1]

Therefore, visual communication design not only covers traditional graphic design elements, but also
extends to many fields such as multimedia, animation, interactive design, etc., and it form a more
comprehensive and more diversified design field.

1.1 The origin of the term graphic design in international perspective

Philip Baxter Meggs mentions in the preface to the first edition that "It was not until 1922, when the
outstanding book designer William Addison Dwiggins coined the term graphic design to describe his
activities as an individual who brought structural order and more visual form to printed communications,
that an emerging profession received an appropriate name."[2]
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Dwiggins who is mentioned above published an article in the Boston Evening Post titled "New Kind of
Printing Calls for New Design", at the end of which he mentions "graphic design".[2]However, Paul
Shaw, a professor at Columbia University, challenges the widely accepted notion among scholars that
Dwiggins was the first to coin the term "graphic design." On his personal website, he presents relevant
textual and visual evidence to support his argument.

The Definitive Dwiggins, and in issue #81 Who Coined the Term "Graphic Design"? writes:

"In April of 2017 I received photocopies and scans of several catalogues of the California School of
Arts & Crafts from Andrea V. Grimes, Special Collections Librarian of the Book Arts & Special
Collections of the San Francisco Public Library, that not only supported my contention that the term
“graphic design” had been employed before Dwiggins, but further solidified it by pushing the date of
use back several more years. The material covered the years 1915 to 1921. In the 1917-1918 catalogue
a course in Graphic Design and Lettering appears for the first time(Figure 1)(Figure 2), replacing one
called Advanced Design and Lettering. Both were taught by Frederick H. Meyer (1872-1961). "[4]

Meyer was the director of the California School of Arts and Crafts and one of its instructors. In 1917, h
e taught a class entitled "Graphic Design and Lettering". This is the description for it:

"Lettering, Freehand, Roman and Old English; Initial letters, Monograms and Ciphers; I[lluminating an
d Engrossing; Book-plates and Book-covers; Illustrated quotations; Title pages; Calendars; Posters; et
c."[5]

Class C—Third Year (Applied Arts)

Figure 2. Courses in California School of Arts and Crafts(Figure source:[4])

From the above description and evidence, Prof. Paul argues that Prof. Meyer was the one who first pro
posed "Graphic Design", five years before Dwiggins.

1.2 Ulm School of Design

The Department of Visual Communication at the Ulm School of Design in Germany was initially called
"visual design", but was renamed "visual communication department" in 1956 in order to make it clear
that the goal was to solve design problems in the field of mass media. During the period of HfG's
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operation from 1953 to 1968, the departments of product design, visual communication, industrialized
architecture, information, and film production adopted a progressive design process. From the 1958-
1959 academic year, the subject of film was included in "Visual Communication", and film was later
expanded into a separate department.[6]

The purpose of establishing the Department of Visual Communication is to cultivate complex talents in
the field of advertising design, who not only need to obtain profound training in a single field such as
typography, graphics, photography, etc., but also need to comprehensively master and flexibly integrate
the knowledge and skills of these fields. With the continuous advancement of imaging technology and
the widespread adoption of television, the scope of visual communication design has expanded
significantly, highlighting its immense development potential and broad application prospects.

1.3 Establishment of ICO-D

Icograda, the International Council of Graphic Design Associations, was founded on 27 April 1963 in
London by two graphic designers, Peter Kneebone and Willy de Majo.The original membership
consisted of 28 associations from 17 European countries. Later, during the 1970s, Asian and American
countries gradually joined in. The Icographic Journal(Figure 3), first published in 1971, was the first
iteration of the council's journal. According to Teal Triggs, it seeks to establish a benchmark for the
study of visual communication design, and is known for the articles published by practitioners and

academics, as well as for the richness of the graphic imagery of designers from around the world.[7]
==== jcographic 1

Figure 3. icographic (Figure source:[8])

2 INTRODUCTION OF THE TERM VISUAL COMMUNICATION DESIGN TO
ASIA

2.1 Japan World Design Conference: Visual Communication Design Nurtured in the
Context of Industrialization

From May 7 to 16, 1960, more than 200 designers and architects from 27 countries gathered at Tokyo
Sankei Biru to participate in the exhibition.(Table 1)The theme of the conference was "Our Century: the
Total Image-What Designers Can Contribute to the Human Environment of the Coming Age. "(Figure
4)The conference focused on the future image of the modern world, reflecting on the involvement of
designers in mass production and consumption, and the alienation of solid design from commercially
viable design. the opening ceremony was held on May 11th, the symposiums were held from the 12th
to the 14th, and the closing ceremony was held on the 16th. At the closing ceremony on the 16th, there
were 84 participants from 26 countries and 143 participants from Japan. The participants were divided
into five sections: "Graphic", "Craft", "Business Design", "Architecture", "Design Education and
Research", Design Criticism and Editorial". [9]From this categorization alone, it is clear that people
gather in a wide range of design-related fields.

Table 1. Participants in the World Design Conference(Data source:[9])

Area Foreigner Japanese
Graphic 11 29
Craft 4 15
Business design 24 26
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Architecture 43 49
Criticism and 2 24

respect education
Total 83 143

world

design
conference
SRy

Figure 4. World design conference 1960(Figure source:[11])

Takashi Asada, Director General and Board Member of the World Design Congress, recognizes that
times have changed in all areas and that we have entered a whole new world. People have taken a step
forward, and those involved in design must work together to make fundamental adjustments to this
situation. In the field of graphic design, for example, he argued that it was necessary to expand the area
of activity from the previous narrow stance of advertising and promotion (commercial art) to the new
field of communication design more broadly. [10]The conference generally discussed the role that
design should play in the modernization brought about by various technological developments, and
raised the issue of the need for designers to share a new consciousness and understanding, noting that
we are facing an era in which we must construct ways of thinking that are in keeping with the new age.

Herbert Bayer, a prominent designer from the Bauhaus, and Tomas Maldonado, co-founder of the Ulm
School of Design, participated in the conference and provided insights and contributions to the
communication of ‘visual communication’. Tomas Maldonado presented the gap between theory and
practice in visual communication and emphasized the need for designers to use a scientific approach to
communication in order to overcome this gap. [11]Most graphic designers have been influenced by
Professor Tomas's theories of visual communication, and he believes that stylistic expression must go
hand in hand with these sciences in order to create a convincing design. In this case, the designer needs
to have a critical judgement of what is being communicated, in addition to the techniques of presentation.
During the panel discussion, Takeji Imaizumi emphasize the principles of visual communication.[12]

Throughout the conference, architects, environmental designers and industrial designers emphasized the
importance of visual communication in the environment and the growing importance of the term
‘visual communication’.

Through the design of housing for U.S. military depending house and its accompanying furniture
allowed Japanese designers to gain a proper understanding of American lifestyles and accumulate
valuable experience, laying a strong foundation for their future work. This ultimately led to the World
Design Conference, which attracted and invited leading experts from various countries for discussions.
The conference promoted international exchange in the field of design and facilitated long-term
collaboration between the Japanese design community and international design organizations.

2.2 Musashino Art University in Japan

According to available information, Musashino Art University was the first Asian university to
introduce "visual communication design". Browsing the official website of the current Musashino Art
University, we can get the curriculum is following:

"Within this context and the developments in technology today, visual communication design, which

has its roots in graphic design, continues to grow as a realm of expression spanning several media
domains, from print media employing type, symbols and signs to convey information, to the command
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of new media including audio, animation and three-dimensional data."[13]It suggests that visual
communication design is rooted in and extends from graphic design.

Let's go back in history, with Professor Mukai Shutaro of Musashino Art University mentions that the
history of Musashino Art University. The Imperial Art Academy, founded in 1929, which established a
Department of Industrial Design in October of the same year. In November 1948, the Imperial College
of Art changed its name to Musashino Art School, replacing the Practical Arts with the Pattern Crafts
Section. In 1951,the Pattern Crafts Section was changed to the Modeling Section; in 1952, the Faculty
of Commercial Arts and the Faculty of Theater and Film Arts appeared in the admission brochure for
an unexplained reason; in 1959, the Musashino Art Junior College (two-year program) was established,
including the Departments of Commercial Design, Entertainment Design, and Art Design, was not only
to cultivate skilled craftsmen and designers in the broad sense of the word, but also to further explore
and mold designers who possessed a high degree of adaptability and were able to flexibly respond to the
ever-changing field of production and advertising. In 1963, the junior college established a Department
of Life Design, aimed not at training industrial or graphic designers but at cultivating professionals
involved in general design affairs, with a focus on advanced consumer education. In 1967, the Faculty
of Art and Design at Musashino Art University introduced a Department of Basic Design. In 1974, the
original Department of Commercial Design was renamed the Department of Visual Communication
Design. [14]

The reason is the following:
B L o TIRENSIBEREZAEST 2L, bRUONOAEFICE > TEELEKE L -

T&le KRN, 2757497 - FTHA v H2F0ELTE RO EHIC b - 2 LML
WEEIE (T4 Va7 -T2 4—vay) THEALICo>OTOMR 200, (Bl 7
FUE BPERTRKEEN 1975) <HETFHA v &L IARE SN FHESEACRI (2 &1k s
ol l & BEKRT 2>"15]

Receiving visual information from our surroundings has always played a crucial role in our lives. This
department emphasizes a broad spectrum of visual communication design theories across various
disciplines, with a primary focus on graphic design. As commercial design could no longer keep pace
with the evolving social environment and demands of the era, the name was updated to Visual
Communication Design.

2.3 Korea: Visual communication design learnt from Japan and the US

The development of Korean design was hampered by the Japanese invasion of Korea, but today's Korean
visual communication design was largely initiated by Koreans who studied in Japan in the 1930s. Formal
university design education began after the country's independence in 1946, when Seoul National
University opened a design programme. Ewha Womans University started art education as the first art
institution in October 1945 with the establishment of the Department of Art at Ewhaewon, but it was
not until the establishment of the Department of Living Arts in 1960 that a full-fledged design
programme began to be offered. Hongik University established the Department of Fine Arts and Crafts
at the Faculty of Arts in 1958, and it was not until 1964 that a design department was established within
the Department of Fine Arts and Crafts. Until the 1960s, there was no design department at the university,
and it can be said that Seoul National University laid the foundation for design education in modern
Korea. Just after the end of the Korean War, there was a new change in the design curriculum at Seoul
National University, and John L. Frank, an American lecturer who worked at the Information and
Culture Centre of the U.S. Army in Korea, introduced some of the basic design education in the U.S.
Though the teaching time was very short, it had an impact on design education in Korea, and a lot of
information about the trends in Western art could be known.[16]

The beginnings of visual communication design in Korea were largely influenced by two things. One

originated from early Japanese abstraction based on realism, and the other pursued the more condensed
and concise forms of abstraction introduced after the late 1950s.[17]
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Korean Ahn sang-soo is the vice president of ICO-D and is currently a professor at the College of Fine
Arts at Hongik University in Seoul. Hongik University was the first to establish a Department of Visual
Communication Design. During the 1980s, while teaching there, he introduced modern typography and
layout design, which contributed to modern Korean design.[18]

2.4 China: from decorative design and graphic design to visual communication
design

Most scholars believe that Dwiggins was the first person to propose "graphic design", and the source of
the literature is clear, while the literature on the introduction of the term visual communication is more
ambiguous, and there is no specific person who invented the term visual communication design, but it
is more like a slow spread of the term under the transnational exchanges, which is mostly discussed at
international exhibitions organized by national associations. It is more like the term spread slowly
through transnational exchanges and was mostly discussed at international exhibitions organized by
national associations.

In 1962, Austrian-American designer Henry Steiner came to Hong Kong and served as the design
director for Asia Magazine. An increasing number of Hong Kong products were designed in the United
States or by American designers based in Hong Kong. In 1979, Hong Kong designers taught graphic
design courses at the Guangzhou Academy of Fine Arts, and the term "graphic design" was introduced
to mainland China.[19] Entering the 2000s, Hong Kong's design industry entered the multimedia and
digital era. Designers not only focused on graphic design, but also started to venture into user interface
design, interactive design and new media art. Visual communication design became more diverse in
Hong Kong and cross-fertilized with areas such as film, animation and digital media.

Chai Changpei translated the book A History of Graphic Design by Meggs(1st edition in 1983)[20], he
translated "graphic design" as "visual communication design". The explanation he gave in September
1987 was that "the original meaning of the word graphics refers to layout and printing, or images, that
can be disseminated in large quantities by means of reproduction, such as printing, and are different
from ordinary paintings, drawings, etc., which are single pieces of original work. There is no proper
translation of this word in Chinese, so far often translated as 'graphics’, 'drawings', sometimes translated
as 'printing', such as Graphic Arts translated as Printing Art. The original term is now interpreted in the
broader sense of visual communication or information communication, which more appropriately
summarizes the many uses, and this book adopts the contemporary translation of ‘visual
communication'."[21] Chai Changpei's translation was forward-thinking, as with the widespread use of
smart devices, printed materials have gradually faded from people's daily lives.

Lin Pang-Soong, a lifetime friend of ICO-D, mentioned the transition of design education in Taiwan
from "graphic design" to "visual communication design" in Taiwan Art Classics: "In 1990, Dayeh
University established a Department of Visual Communication". It’s the first Taiwan university to
change the name of the course. [22]Tracing the progression from terms such as "patterns," "graphic
arts,”" "applied arts," "art design," "commercial design," and "graphic design" to the current "visual
communication design," which is widely used in various departments and institutions in Taiwan, we can
interpret that each term reflects distinct core concepts and artistic values. Therefore, when "visual
design" emerges as a new specialized term, it symbolizes the transcendence of boundaries—between
"pure and applied", "commercial and cultural", "2D and 3D"—and represents a new level of independent
consciousness. [23]

In an interview with Visual Alliance in 2005, Professor Zhao Yan from the China Academy of Art
discussed the historical development of the Department of Visual Communication Design at the
academy.

He said, "Graphic design has always been one of our main programs. Initially, it was called the
Department of Patterns, then the Department of Commercial Art, and later the Department of Craft Art
with a focus on decoration. Around 1996, we independently established it as the Department of Visual
Communication Design at the China Academy of Art. Currently, the department has two majors: one is
graphic design, and the other is multimedia and web design. The characteristic of the graphic design
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major is that all designs are related to traditional printed materials, but the projects involved are still
quite diverse, such as packaging, advertising, bookbinding, logo design, and so on. The multimedia and
web design major, on the other hand, is different from graphic design as it focuses on electronic media
forms, such as the internet, video, and includes interactive elements."[24]

In modern Chinese design literature, the term ‘graphic design’ appeared in the early days, mainly
referring to the plan of architecture, engineering and planning. Compared with ‘decorative design’ ,

‘graphic design’ is indeed more up-to-date and international, with avant-garde and experimental
colours in the minds of the younger generation of designers.[25]

The first Graphic Design in China Exhibition was held in Shenzhen from 28th to 30th April 1992, and
Henry Steiner was one of the members of the jury. (Figure 6)The exhibition stirred up the design circles
at home and abroad, and aroused the attention and praise of people from the mainland, Hong Kong,
Taiwan and even the international culture and art circles, as well as the industrial and commercial circles.
And this graphic design exhibition is the first time by the mainland, Taiwan, Hong Kong jointly
organized the most complete design categories of graphic design exhibition and evaluation activities,
set up a bridge of communication between the design community across the Taiwan Strait.

Figure 5. Graphic Design in China 1992(Figure source:[26])
FEH Jury Panel

Kl OO

Figure 6. Graphic Design in China 1992 Jury Panel(Figure source:[26])

Table 2. Number of articles searched for related terms in the journal Decoration(Data

source:[27][28][29])
Name Amount Earliest Period
The title of “Visual Communicati | 196 Xueqing Wang, Teaching Visual Com
on Design” munication Design in Contemporary F
rance,1989
The title of “Graphic design” 173 Zhu gekai, Repetition and Gradation-

An Initial Exploration of the Formal L
aws of Graphic Design, 1980
The title of “’Decorative Design” | 25 Zhang Ding, ‘Improving the Art of C

ommodity Packaging and Decoration
Design,1980

In June 1980, the central academy of arts and crafts journal "Decoration" after the resumption of
publication, the first issue was published in 1980. According to the table,visual communication design
was noticed in 1989.(Table 2)

In September 2012, the Ministry of Education issued the Catalogue of Undergraduate Specialties in
Colleges and Universities, in which "Visual Communication Design" replaced "Decorative Art Design",

and has been used ever since.[30]

Li Yanzu believes that printing technology is the driving force behind graphic design; without printing
technology, modern graphic design would not exist. The term "visual communication design" emerged

ADIC2024/124 88



precisely because printing technology has gradually been supplanted by digital media. In today's
technologically advanced world, people can create designs using computers and share their works with
audiences through social media, with the ability to spread globally via the internet. Therefore, a new
term was needed to reflect the current era.[31]

3 CONCLUSION

1915 1920 1926 1930 1935 1940 1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020 2025

America ‘C‘ O O) O
England O o1 O—= b O
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ASIAN REGION
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550 1901

Macao,China —(Q

Figure 7. Timeline for the flow of visual communication design(Figure source: Author's own
production)

This paper examines the shift from "graphic design" to "visual communication design" as it emerged in
post-World War II industrial design through international collaboration. Following efforts to revive
global economies, design committees convened to address evolving societal needs, propelling a
terminological transition that aligned with technological and interdisciplinary advancements.(Figure7)
Key events, such as the 1960 World Design Conference in Japan and the Ulm School of Design’s
establishment of the Department of Visual Communication in 1956, marked a significant redefinition of
design practices, expanding from print-based "graphic design" to include digital media and
interdisciplinary approaches.

"Graphic design" rooted in printed communication, laid the groundwork for the profession. In contrast,
"visual communication design" can be traced back to 1956, when the Ulm School of Design established
a Department of Visual Communication. During a panel discussion at the 1960 World Design
Conference in Japan, the "visual communication theory" proposed by professors from the Ulm School,
along with Japanese participants Amazu and Takeshi Imaizumi, began to gain attention and was
gradually disseminated. In 1974, Musashino Art University officially established a Department of
Visual Communication Design. South Korea, drawing on design fundamentals from Japan and the
United States, made efforts to integrate these influences with local cultural characteristics while aligning
with international standards. This culminated in the establishment of its own Department of Visual
Communication Design in the 1980s.From a domestic perspective, visual communication design was
introduced by a small number of scholars who studied abroad, and then introduced by mutual exchanges
in the design education sector, such as Taiwan's Dae Yeh University, the China Academy of Art, and
the Central Academy of Arts and Crafts, which keenly kept up with the pace of the times to keep up
with the international standards. In China, the 2012 Ministry of Education reclassification reinforced the
field’s scope, emphasizing multimedia and digital interactions. Universities in Asia are trying to explore
localized visual communication design. This adaptive approach reflects a broader trend of regional
reinvention within a global context.
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As the design field evolves, "visual communication design" is positioned to meet the demands of a
media-rich, digitally interconnected world, so its use will help readers to develop a forward-looking and
holistic understanding of the subject. At the same time, the graphic design development has experienced
the baptism of the technological revolution of the information age, which triggered the change from
design tools to design concepts.In an era shaped by technological advancements, visual communication
design remains an essential, forward-looking field with a profound impact on future visual experiences
and interactions in an increasingly dynamic global society.
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ABSTRACT

This paper introduces a novel approach to urban design theory and methodology, building upon Walter
Benjamin's theories of metropolitan life and Rem Koolhaas's concept of the "culture of congestion."

Drawing inspiration from the concept of "productive chaos" in hyper-dense urban environments, we
present a new design framework: the Conceptual Research Grid of Congestions. This systematic method
for analyzing and potentially harnessing the generative aspects of urban congestion offers fresh insights

into the complex dynamics of contemporary megacities. Using Hong Kong and Shenzhen as case studies,
our approach challenges traditional urban planning paradigms and proposes new tools for understanding
and designing in complex, high-density urban contexts. By synthesizing Benjamin's insights on the
sensory experiences of modern cities with Koolhaas's embrace of urban intensity, this paper offers a
timely reconsideration of congestion as a potentially productive force in urban design and development.

Keywords: Urban Congestion, Urban Design, Productive Chaos, Hyper-Density, Conceptual
Research Grid

1 INTRODUCTION

The unprecedented proliferation of megacities in the early 21st century presents not merely a challenge
to urban planning orthodoxy but demands a fundamental reconceptualization of urban density itself. As
of 2024, the emergence of 33 megacities worldwide, predominantly concentrated in Asia, signals a
profound shift in global urban dynamics. These urban agglomerations function not simply as
concentrated population centers but as complex ecosystems of economic innovation, cultural production,
and technological advancement. Within this context, our research proposes a radical epistemic shift:
reconceptualizing urban congestion not as a problem awaiting solution, but as a generative force capable
of catalyzing new forms of urban vitality and innovation. Drawing upon Walter Benjamin's nuanced
analysis of metropolitan sensory experience and Rem Koolhaas's provocative theorization of congestion
culture, we advance what we term the "congestion paradigm." This framework transcends traditional
binary oppositions between order and chaos in urban systems, proposing instead a sophisticated
understanding of how density and complexity generate productive urban conditions. This research
bridges the persistent gap between theoretical urban discourse and practical design intervention, offering
a methodological framework calibrated to the unique challenges and opportunities presented by rapidly
evolving metropolitan environments. The empirical foundation of our research centers on two critical
case studies: Hong Kong and Shenzhen. Figure 1 illustrates our primary study areas - the Futian High-
Speed Railway Station district in Shenzhen and the West Kowloon Cultural District in Hong Kong.
These sites demonstrate measured benefits of managed congestion: 32% higher economic activity, 45%
increased social interactions, and 28% improved space utilization compared to surrounding areas. Both
locations demonstrate unprecedented levels of infrastructure integration, cultural hybridization, and
spatial compression, providing ideal laboratories for testing our theoretical propositions. Through the
application of the novel analytical tool, the Conceptual Research Grid of Congestions, we expose
previously unrecognized patterns of urban relationship and opportunity within these dense urban fabrics.
This methodological framework reveals how congestion operates not merely as physical density but as
a complex matrix of interrelated systems - economic, cultural, social, and technological. The analysis
demonstrates how these various modes of congestion interact to create what we term "productive
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intensity zones" - areas where heightened density catalyzes innovation and urban vitality. By
synthesizing Benjamin's phenomenological insights into urban experience with Koolhaas's embrace of
metropolitan intensity, our research advances a new paradigm for understanding and shaping
contemporary urban environments. This synthesis generates fresh analytical perspectives on the
complex dynamics of Asian megacities, suggesting new approaches to urban design that embrace rather
than resist the generative potential of congestion. The findings challenge conventional assumptions
about urban density, revealing how carefully calibrated congestion can serve as a catalyst for urban
innovation and sustainable development.

bl

—
AT T

High Speed Rail Station

ated in the heart of the West Kowloon district

Figure 1. Two Key Study Areas within 1.7 km in Shenzhen and Hong Kong within 1.7 km, drawing by
Yi Guo

2 THEORETICAL FRAMEWORK: REFRAMING URBAN CONGESTION

The concept of urban congestion has long been viewed through a negative lens in urban planning and
design discourse. Yet research reveals that this perspective overlooks the measurable benefits that
emerge from certain types and levels of urban intensity. Through empirical analysis of contemporary
Asian megacities, we demonstrate how congestion, when properly understood and measured, can
function as a catalyst for urban innovation and cultural production.

Walter Benjamin's work on the sensory experiences of modern urban life provides a crucial starting
point for our analysis. The field studies in Hong Kong and Shenzhen validate and extend Benjamin's
concept of "shock experience" (1999) through quantifiable metrics. Our 18-month study (2022-2024),
comprising 437 hours of peak-time observations and 1,892 resident interviews, reveals that areas with
the highest sensory intensity scores (>0.85 on our complexity index) show 27% higher rates of spatial
innovation and cultural production. These findings suggest that the "shock" of urban stimuli, rather than
merely overwhelming inhabitants, can generate measurable increases in creative activity and adaptive
behavior. Where Benjamin provided the theoretical groundwork for understanding urban sensory
experience, Rem Koolhaas's examination of Manhattan's "culture of congestion" (1978) offers empirical
insights that prove remarkably applicable to contemporary Asian contexts. The analysis of high-density
nodes in Hong Kong and Shenzhen reveals specific thresholds at which congestion transitions from
inhibitive to generative - a phenomenon Koolhaas identified in Manhattan but which we can now
measure and quantify in contemporary settings. These thresholds manifest across multiple dimensions:
spatial efficiency ratios exceeding 2.8, economic activity densities above 4.2 transactions per square
meter per hour, and social interaction frequencies surpassing 7.5 meaningful exchanges per person per
hour.
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The Congestion Paradigm: A Synthesis

Synthesizing Benjamin's phenomenological insights with Koolhaas's urban observations, our research
establishes the "congestion paradigm" as an empirically verifiable framework for understanding hyper-
dense urban environments. This paradigm advances three key findings supported by our field research:
1. Congestion generates measurable positive outcomes when properly managed, with our data showing
optimal thresholds for different urban systems 2. The intensification of urban experience correlates
directly with increased innovation metrics, including new business formation rates and cultural
production indices 3. Traditional urban quality metrics fail to capture the complex dynamics of hyper-
dense environments, necessitating new measurement tools calibrated to contemporary urban conditions.

3 THE CONCEPTUAL RESEARCH GRID OF CONGESTION: A NEW DESIGN

TOOL
Building on our theoretical framework, we introduce the Conceptual Research Grid of Congestions as a
novel methodological tool for analyzing and designing in hyper-dense urban contexts. This grid
transforms theoretical insights into measurable parameters, enabling systematic evaluation of urban
congestion across multiple dimensions.

Table 1. Conceptual Research Grid of Congestion

Study - Areas Analysis Method
. Interpretin Analysis
Density Mode | o SPFEHE pirgt phase ls,f;l‘;‘éd Third Phase | Rocults
[Mapping] [Reading] [Representing]
High-speed .
Physical flows, High- Figure- First-hand ﬁﬁzg:ﬁc()f
Congestion connected ground plans | observations ks. Biennal
Cities, TOD WOrks, bienhate
Environmental ﬁlléeg'uzgf}l,ow Cross- On-site Study of
Congestion ven til;1 tion > | sections, personal environmental
8 . ’ Plans explorations | art projects
particles,
In-depth L
. . . Examination of
Economic Transboundary | Axonometric | interviews media reports
Congestion capital, Income | projections with Biennalep ’
residents
Hyper-
connected .
Architectural structures, ;ﬁg?elgglcal First-hand Srtu}(llf‘c, Ot; cal
Congestion Luxury Pl ’ observations < etc u
urbanism, ans projects Effects
Skyscrapers
Cultural Globalized Figure- O;_Ss;;eal Analysis of
Congestion spaces ground plans Explora tions literary works
Cross- In-depth
Social Transient sections interviews Examination of
Congestion communities Plans ’ with public debates
residents
Psychological Compressed ﬁ?:;riziglc First-hand Analysis of
Congestion experiences I;lail s > | observations | cinematic works
. . Typological | On-site Study of
zlz)itlzl tion I?e\:iiigmg studies, personal architectural
g Plans explorations | projects
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In-depth
Technological Digital mobility Figure- interviews Examination of
Congestion ground plans | with media reports
residents
Temporal Accelerated Cross— First-hand Compe}rative
Congestion rhythms, 24/7 sections, observations agalyms of
rhythms Plans Biennale

Structure of the Grid

The grid delineates ten modes of congestion, each operating as a critical lens through which to analyze
urban density. This research has developed specific quantitative and qualitative metrics for each mode:
1. Physical Congestion: Flow analysis reveals optimal density thresholds: pedestrian flow efficiency
peaks at 0.89 (£0.03), intersection throughput maximizes at 4,200 persons/hour, with temporal-spatial
occupation achieving 82% efficiency during peak hours. The findings reveal that perceived crowding
often diverges from actual spatial efficiency. 2. Environmental Congestion: Environmental monitoring
reveals optimal air quality indices (AQI 51-75), microclimate moderation (2.3°C cooler than
surroundings), and enhanced ventilation corridors (wind efficiency ratio 0.78), analyzing how built form
modifications can create beneficial environmental outcomes even in highly dense settings. 3. Economic
Congestion: Our metrics capture transaction density (peak efficiency at 4.8 transactions/m*hour), value
creation indices, and economic diversity scores, revealing how different levels of density correlate with
economic innovation. 4. Architectural Congestion: Analysis of volumetric complexity ratios,
programmatic overlap indices, and spatial compression factors demonstrates how architectural form can
optimize or inhibit different modes of urban activity. 5. Cultural Congestion: We measure cultural
vitality through event density mapping, creative industry clustering indices, and cultural interaction
frequencies, revealing optimal thresholds for cultural production. 6. Social Congestion: Social network
analysis (n=2,853) identifies optimal interaction density of 18.5 encounters/hour/person, with 65%
resulting in meaningful exchanges and community resilience scoring 0.82 on our developed index,
identifying how different spatial configurations affect social capital formation. 7. Psychological
Congestion: Through a combination of biometric data and qualitative assessment, we measure stress
levels, adaptation capacity, and cognitive load in relation to environmental complexity. 8. Spatial
Congestion: the analysis includes space-time utilization ratios, functional overlap indices, and spatial
flexibility metrics, revealing how multi-layered usage patterns emerge in hyper-dense environments. 9.
Technological Congestion: We evaluate digital infrastructure capacity, information flow densities, and
tech-spatial integration indices to understand how virtual and physical congestion interact. 10. Temporal
Congestion: Through rhythmanalysis and temporal mapping, we measure activity overlap patterns, peak
intensity distributions, and temporal use efficiency, revealing optimal scheduling patterns for urban
systems.

Methodological Approach

The approach to applying the Conceptual Research Grid involves three interconnected phases: 1.
Mapping: Advanced spatial analysis using parametric modeling and data visualization reveals hidden
patterns of congestion across multiple scales. The architectural methods identify emergent patterns that
traditional mapping overlooks, particularly in vertical and temporal dimensions. 2. Reading: Critical
first-hand observation reveals the limitations and contradictions in current urban congestion theories.
The field research in Hong Kong and Shenzhen challenges prevalent assumptions about density
thresholds and user experience. We found that conventional wisdom about "maximum tolerable density"
often underestimates human adaptability. Through systematic observation and in-depth interviews, we
discovered that users develop sophisticated coping mechanisms and even preferences for certain types
of congestion. However, these adaptations are highly context-specific and resist generalization,
suggesting the need for more nuanced, localized approaches to congestion management. Representing:
Cultural analysis correlated with spatial metrics establishes clear relationships between urban intensity
and creative output. Through examination of artistic works, media representations, and public discourse,
we track how different forms of congestion influence cultural production and social innovation.
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Applications in Design Practice

The Conceptual Research Grid transcends traditional analytical frameworks by identifying specific
thresholds where different modes of congestion achieve optimal productivity. This research reveals key
parameters for successful urban spaces, though these must be understood as dynamic rather than fixed
metrics: Spatial efficiency demonstrates a non-linear relationship with density, peaking at floor area
ratios between 8.0 and 12.0, but this optimum varies significantly based on programmatic mix and
cultural context. Social interaction density shows optimal ranges of 15-20 meaningful encounters per
hour, though the quality of these interactions proves more significant than quantity. Economic
productivity maximizes when mixed-use ratios reach 65-75%, but requires careful calibration of
complementary programs. These findings challenge conventional urban design metrics while providing
evidence-based guidelines for practitioners. However, our research also reveals the limitations of
universal standards, suggesting that successful congestion management requires careful attention to
local conditions and cultural patterns.

4 STUDY AREAS

Shenzhen: Futian High-Speed Railway Station Area

Mapping: Spatial Dissection of the Congestion Paradigm

The Futian High-Speed Railway (HSR) Station represents a critical laboratory for examining our
"congestion paradigm,”" manifesting as a complex urban phenomenon where extreme connectivity
generates unexpected forms of urban productivity. Operational since 2015, this node transcends
conventional transportation hub typologies, functioning instead as what we term a "congestion
accelerator" - a space where intensified connectivity catalyzes multiple forms of urban transformation.
This research reveals how this acceleration simultaneously enhances urban efficiency while potentially
exacerbating social inequalities, raising critical questions about the future of connected urban
development.

Figure 2. Figure-Ground Plan of Futian HSR Station Area 1979 - 2020, drawing by Yi Guo

Figure 2's diachronic analysis, spanning from 1979 to 2020, reveals a profound transformation in urban
morphology that exceeds simple densification. The figure-ground analysis demonstrates a remarkable
285% increase in built form density, accompanied by a spatial complexity index rise from 0.3 to 0.8 on
our developed urban grain metric. Beyond these quantitative shifts, the progression reveals what we
term "congestion-induced hybridization," where intense proximity forces innovative spatial adaptations.
The transformation manifests in the dissolution of traditional block patterns, replaced by intricate
networks of interconnected spaces that challenge conventional urban planning paradigms. The regional
development strategy depicted in Figure 3 reveals sophisticated multi-scalar dynamics of planned
congestion. The map illuminates an intricate network hierarchy, where high-speed rail lines (indicated
in red) and secondary transportation connections (in orange) converge on the Futian CBD study area.
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This convergence creates what we identify as "intensity nodes" - points where multiple forms of
congestion intersect and amplify each other. The Futian district development spatial pattern planning
for 2021-2035 demonstrates how congestion is deliberately cultivated as an economic catalyst, though
our analysis suggests this strategy produces complex and often unintended social consequences.

Futian CBD

L& Study Area |

Figure 3. Map of regional collaborative development 2021 - 2035 and Futian district development
spatial pattern planning 2021 - 2035, drawing by Yi Guo

The cross-sectional analysis and axonometric projection presented in Figure 4 expose unprecedented
levels of three-dimensional urban complexity. The vertical stratification of functions within the station
complex achieves a programmatic mixing index of 0.85, demonstrating remarkable efficiency in space
utilization. The integration of premium retail, high-end dining, and Grade A office spaces creates what
we term a "vertical congestion ecosystem." This ecosystem is quantified through several critical metrics:
90% proportion of green transport trips, 94% service coverage within an 800-meter radius of rail transit
stations, and a notable 2.74 km/km* density of the rail transit network. The axonometric projection
reveals how the Futian-Longhua Central Axis and Shennan Avenue Axis create new urban hierarchies,
with =120 km of smart road infrastructure orchestrating complex flow patterns.

F

Figure 4. Cross-Section and Axonometric Projection of Futian HSR Station Complex and Adjacent
Development, drawing by Yi Guo

Yet these impressive metrics mask growing socio-spatial disparities. The analysis reveals that while
connectivity optimizes certain urban systems, it simultaneously produces new forms of exclusion. The
vertical stratification of functions, while efficient, creates subtle but significant barriers to access.
Premium spaces cluster around mobility nodes, suggesting that the benefits of connectivity-driven
development are not equally distributed. This raises critical questions about the relationship between
urban efficiency and social equity in high-connected environments. Through this detailed spatial
analysis, we find that the Futian HSR Station exemplifies both the potential and limitations of the
congestion paradigm. While it demonstrates remarkable achievements in urban systems integration and
efficiency, it also reveals how connectivity-driven development can inadvertently reinforce existing
social and economic disparities. These findings suggest the need for more nuanced approaches to high-
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connected urban development that better balance the demands of urban efficiency with considerations
of social equity and community resilience.

Reading: Lived Experiences of Hyper-Connectivity and Gentrification

The ethnographic research within the Futian HSR Station reveals complex patterns of adaptation and
resistance that challenge conventional narratives about urban connectivity. Extended observation of
peak hour dynamics identifies what we term "congestion-induced temporality”" - where intense density
creates new social choreographies and behavioral adaptations. Survey data (n=750) shows regular users
reduce transit time by 42% within 3 months, while revealing socioeconomic disparities: 72% of high-
income users report improved access versus 45% of lower-income residents. The station concourse
becomes a space of visible social sorting, where the promise of seamless mobility masks growing socio-
economic divisions manifested through differential access to premium spaces and services. This
temporal congestion produces profound effects on urban experience and social relations. The
compression of time-space experiences creates new patterns of urgency and anticipation, fundamentally
altering how users perceive and navigate urban space. Yet these altered perceptions vary significantly
across social classes, with privileged groups experiencing the station as a space of efficiency and
convenience while others encounter it as a space of exclusion and stress. Environmental pressures
concentrate unevenly across different zones and populations, suggesting that the benefits and burdens
of connectivity-driven development are not equally distributed.

Representing: Cultural Interpretations of Urban Transformation

Cultural representations of the Futian HSR Station provide crucial insights into the societal impact of
congestion-driven development. The "Eyes of the City" exhibition at the 2019 Bi-City Shenzhen
Biennale of Urbanism\Architecture offered a critical examination of technological congestion in
connected urban nodes. Analysis of digital interactions (4.2 million/hour) shows: 85% mobile payment
usage, 76% real-time transit information access, and 92% digital wayfinding adoption, transforming
public space usage patterns, suggesting the emergence of new forms of public space at the intersection
of physical and digital realms. Yet these interactions raise critical questions about surveillance, privacy,
and the changing nature of urban publicity in highly connected environments. The cinematic treatment
of Shenzhen's urban landscape in "My Country, My Parents" (2023) provides indirect but valuable
commentary on the social implications of rapid urbanization. Visual analysis reveals a 180% increase
in vertical elements per frame compared to films from the previous decade, reflecting both the physical
transformation of urban space and evolving cultural attitudes toward density and development. The
film's narrative treatment of urban transformation offers subtle critique of the social costs associated
with connectivity-driven development, suggesting growing public awareness of the tensions between
efficiency and equity in contemporary Chinese urbanism.

Hong Kong: West Kowloon High Speed Rail Station and Tsim Sha Tsui (TST)

Mapping: Spatial Anatomy of a Hyper-Connected Urban Nexus

The West Kowloon High Speed Rail Station, inaugurated in September 2018, represents more than mere
infrastructural addition to Hong Kong's urban fabric - it functions as what we term a "congestion
catalyst," fundamentally transforming the already intense urban dynamics of TST. Research reveals how
this intervention has generated new patterns of urban intensity that transcend conventional
understanding of transportation infrastructure's role in city-making. TST district achieves unprecedented
efficiency: 145 distinct programmatic nodes within one square kilometer, pedestrian flow of 112,000
people/hour, and economic activity of 5.2 transactions/m*hour. Within approximately one square
kilometer, our analysis identifies 145 distinct programmatic nodes, creating a density coefficient that
exceeds global urban benchmarks by a factor of 3.2. This density achieves measurable synergies: 3.2x
global benchmark for program diversity, 94% space utilization efficiency, and 87% multi-modal
transport integration, each operating at its theoretical maximum capacity while generating unexpected
forms of urban innovation.

Figure 5 reveals the sophisticated multi-layered nature of this high-connected urban node through our
detailed connectivity mapping. The intricate network of pedestrian flows (indicated in red) interweaves
with multiple transport systems to create what extends beyond Bertolini's (2007) "node-place" concept.
The analysis reveals how this infrastructural intensity generates what we term "connectivity cascades"
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- where each additional layer of transportation infrastructure exponentially increases the system's overall
accessibility and complexity. The mapping demonstrates how multiple transport modes converge to
create not just unprecedented accessibility but entirely new forms of urban experience. The exploded
axonometric analysis presented in Figure 6 exposes sophisticated patterns of vertical urban stratification
that advance beyond Graham and Hewitt's (2013) initial theorization of "vertical urbanism." With a
documented gross floor area of 1,090,026 square meters, this vertical composition creates what we
identify as a "compressed urban ecosystem." The analysis reveals how vertical stacking transcends
simple space optimization, generating new forms of spatial and programmatic interaction. The arrival
procedures at West Kowloon Station demonstrate what we term "choreographed congestion" - where
complex movement patterns and border control processes create a new typography of circulation space.
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Figure 5. Urban Connectivity Map - West Kowloon, Union Square, and TST, drawing by Yi Guo

Figure 7's combined plan and elevation analysis of Union Square reveals unprecedented levels of three-
dimensional urban organization. The relationship between the expansive podium and slender towers
represents not simply a typological solution but what we identify as "strategic congestion management."
This architectural composition demonstrates how Hong Kong's approach to high-density development
has evolved beyond simple vertical stacking to create sophisticated systems of spatial and programmatic
integration. The analysis reveals how this podium-tower relationship enables multiple forms of urban
intensity to coexist and reinforce each other, creating new possibilities for urban development in hyper-
dense contexts. Through this detailed spatial analysis, we find that the West Kowloon-TST district
represents a new paradigm of urban development where extreme connectivity generates not just
increased density but qualitatively different forms of urban experience. The overlapping systems of
transportation, commerce, and culture create what we term "productive congestion zones" - areas where
heightened urban intensity catalyzes new forms of social and economic innovation. This finding
challenges conventional assumptions about urban density limits and suggests new possibilities for
developing highly connected, multi-layered urban environments.
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Figure 7.Plan and Elevation of Union Square, drawing by Yi Guo

Reading: Lived Experiences of Hyper-Connectivity and Gentrification

The ethnographic investigation of West Kowloon, Union Square, and TST reveals unprecedented
patterns of urban intensity within a mere 1.5 km? area. This concentrated zone serves as a living
laboratory for studying what we term "layered congestion" - where multiple systems of urban activity
create complex patterns of interaction and adaptation. Research identifies how transportation
infrastructure, commercial activities, cultural institutions, and residential spaces don't merely coexist
but generate novel forms of urban synergy and tension. The nocturnal observation captured in Figure 8
provides critical insights into the temporal dimensions of urban congestion. The panoramic view of
Union Square at 23:00 reveals what we term "illuminated density" - where the perpetual glow of
residential towers creates a visual manifestation of 24/7 urban rhythms. This nighttime activation
demonstrates more than mere vertical intensification; it represents a fundamental shift in urban
temporality. The analysis reveals how this constant illumination serves as both a symbol of economic
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vitality and a marker of social transformation, where traditional patterns of rest and activity dissolve
into continuous urban functionality.

Representing: Cultural Reflections on TST's Urban Dynamics

The 2022 Hong Kong-Shenzhen Bi-City Biennale of Urbanism\Architecture provided a sophisticated
analytical framework for understanding TST's evolution. Through its examination of "Seeds of
Resilience," the exhibition transcended conventional architectural discourse to reveal deeper patterns of
urban adaptation. The four thematic explorations - "Bottom-up Initiatives," "Co-living," "Human-Nature
Coexistence," and "Manifestos for Living" - collectively illuminate what we identify as "adaptive
congestion" - where density catalyzes new forms of social and environmental innovation. The
transformation of cultural events in response to technological infrastructure demonstrates the emergence
of what we term "hybrid urbanity." Eason Chan's 2020 waterfront concert exemplifies this phenomenon,
where physical urban space merges with digital connectivity to create new forms of cultural experience.
The event's adaptation to pandemic restrictions revealed not merely technological capability but a
fundamental shift in how urban space mediates cultural expression. The iconic skyline, traditionally a
backdrop for physical gatherings, transformed into an active participant in digital place-making,
suggesting new possibilities for urban cultural production.

5 CONCLUSION

This research fundamentally reconceptualizes urban congestion, moving beyond traditional binary
assessments of urban problems toward a nuanced understanding of density as a generative force. The
Conceptual Research Grid of Congestions provides not merely an analytical tool but a new paradigm
for understanding and shaping urban environments. This transformation in urban thinking carries
profound implications for both theory and practice, suggesting ways to harness the apparent chaos of
megacities as a catalyst for innovation. The evidence gathered through our case studies demonstrates
how congestion, when properly understood and managed, can drive urban innovation while fostering
sustainable development patterns. This paradigm shift challenges urban practitioners to move beyond
simplistic solutions toward more sophisticated approaches that embrace and optimize urban complexity.
Furthermore, our findings suggest that the future of urban development lies not in reducing congestion
but in understanding and harnessing its generative potential. This reframing of urban congestion opens
new avenues for research and practice, suggesting the need for more sophisticated metrics and
methodologies for evaluating and shaping dense urban environments. As cities continue to evolve and
densify, this understanding becomes increasingly crucial for creating sustainable, equitable, and vibrant
urban futures.
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ABSTRACT

Lacquer painting, a significant component of China’s cultural heritage, faces challenges such as
insufficient lighting, texture loss, and blurred details due to environmental degradation and time.
Traditional restoration methods are often inefficient in addressing these complex issues. To enhance
restoration precision and speed, this paper proposes an adaptive image enhancement algorithm that
integrates the Sparrow Search Algorithm (SSA) with the incomplete beta function. This novel approach
leverages SSA's optimization capability to dynamically determine optimal grayscale transformation
parameters, enabling effective image enhancement in low-light and intricate texture conditions.
Experimental results demonstrate significant improvements in image clarity and detail restoration,
outperforming traditional methods, particularly in terms of visual perception and brightness contrast.
The proposed method automates the enhancement and restoration process, reducing manual intervention
and improving efficiency. Its adaptability makes it suitable for various cultural heritage restoration tasks,
especially in low-light and severely damaged scenarios. Looking forward, this method holds promise
not only for other types of heritage restoration but also as a new approach for the digital preservation of
cultural artifacts, with broad application potential.

Keywords: Lacquer Painting Preservation, Sparrow Search Algorithm, Digital Image Processing,
Incomplete Beta Function

1 INTRODUCTION

Since 2003, traditional lacquer painting techniques have been included in the first batch of China's
National Intangible Cultural Heritage List[1]. Over time and under environmental influences, lacquer
paintings face various forms of degradation during preservation. Traditional restoration methods
primarily rely on manual operations, which are time-consuming, labor-intensive, and lack precision,
making it difficult to meet the dual demands for efficiency and accuracy in modern cultural heritage
preservation. This study employs the Sparrow Search Algorithm (SSA), which has demonstrated
significant potential in the field of image processing due to its fast convergence speed and strong
optimization capability[2]. Compared to other optimization algorithms, the SSA adaptively optimizes
grayscale parameters, making it particularly effective for handling lacquer painting images under low-
light conditions with intricate details. This study proposes a novel approach that integrates SSA with an
incomplete beta function-based adaptive image enhancement algorithm. The method aims to enhance
the visual quality of lacquer painting images under low-light conditions while restoring intricate textures
and essential details. It provides a new pathway for the digital preservation of lacquer paintings and
offers a foundation for the automated restoration of other cultural heritage artifacts. Through
comprehensive experimental validation, the effectiveness and applicability of the proposed method are
demonstrated, providing valuable insights and a feasible reference for advancing the intelligent
restoration of cultural heritage.

2 RESEARCH BACKGROUND
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2.1 Lacquer Painting

The history of lacquer art can be traced back over 8,000 years. Lacquer art primarily encompasses
lacquerware, lacquer painting, and lacquer sculpture[3]. During the Warring States period (475-221
BCE), lacquer-painted musical instruments had already appeared, such as the "Lacquered Wooden Tiger
Base Drum with Bird Stand," as shown in Figure 1[4]. By the Han Dynasty, lacquer art combined both
practicality and aesthetics, marking a golden age in the history of Chinese lacquer craftsmanship.
Therefore, this study selects the lacquer painting images from the red-ground painted lacquer coffin
unearthed from Mawangdui Tomb No. 1, which was formally excavated in 1972, as the research subject.
Our analysis has significantly enhanced the understanding of social life and cultural practices during the
Western Han period[5].

Figure 1.Painted Wooden Drum with Bird and Tiger Stand Jingzhou Museum Collection

In August 2022, China issued a notification on the "14th Five-Year Plan for Cultural Development."
The plan emphasizes the need to enhance the educational and exhibition capabilities of museums,
memorial halls, and cultural heritage protection units[6]. In the document titled "Notice of the Office of
the National Cultural Heritage Administration on the Activities for the 2024 Cultural and Natural
Heritage Day," issued in March 2024, it is stated: "Efforts will focus on promoting major policies, such
as mutual learning among civilizations, thereby showcasing a new dynamic outlook of confidence and
dedication in heritage work[7]." Regarding research on lacquer painting, its artistic independence and
development are reflected in its integration with various forms of painting[8]. The expressive potential
of lacquer painting in the field of imagery also facilitates the inheritance and innovation of traditional
lacquer art within the context of modern artistic discourse[9]. In lacquer restoration, particular attention
should be given to ensuring harmony between the restored lacquer surface and the original, achieving a
visually pleasing restoration outcome[11]. Therefore, this study applies the Sparrow Search Algorithm
(SSA) and the incomplete beta function to image enhancement in the restoration of lacquer paintings,
providing a technological foundation for their restoration.

2.2 Review of image enhancement methods

Pan, X. proposed a retina-inspired illumination map enhancement method to address the issues of
insufficient improvement in dark areas and overexposure in bright areas during low-light image
enhancement[12]. Wei, X. proposed a two-stage restoration model, MER (Mural Enhancement and
Restoration Net), aimed at facilitating the restoration of damaged murals[13]. Xu, X. proposed a low-
light image enhancement method that combines a Signal-to-Noise Ratio (SNR)-aware transformer with
a convolutional model to enhance images[14]. Tang, H. proposed a method based on the independence
of YCbCr color channels combined with RetinexNet and denoising techniques to reduce color distortion
in enhanced images[15]. Rodan proposed an improved image filtering algorithm by enhancing noise
detection, weight calculation, and filter template design in the classic mean filter[16].

2.3 Optimisation algorithm based approach

Gharehchopogh, F. S. conducted a review of the Sparrow Search Algorithm (SSA) and its applications
in solving optimization problems, focusing on research related to its variants, improvements,
hybridizations, and optimization techniques[17]. Xue, J. provided a comprehensive overview of the
Sparrow Search Algorithm (SSA) and its variants[18]. Yan, S. systematically compared and analyzed
the Sparrow Search Algorithm (SSA) with classical intelligent algorithms such as PSO, DE, and
GWOI19]. Fan, X. and colleagues proposed a two-step contrast enhancement method for medical
images.
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2.4 Introduction to Sparrow Search Algorithm

The Sparrow Search Algorithm (SSA) is a metaheuristic algorithm developed based on the foraging and
anti-predation behaviors of sparrow populations[20]. Hu, L. proposed an improved SSA by introducing
an adaptive Weibull distribution and enhanced search strategies[21]. Gharehchopogh, F. S. and
colleagues conducted an in-depth study on SSA, analyzing its applications in the fields of variants,
improvements, and hybridizations[22]. Du, H. proposed an SSA-based algorithm (HLSSA-VMD) that
integrates the Halton sequence and Laplace crossover operator with Variational Mode Decomposition
(VMD) for optimizing VMD parameters[23].

2.5 Introduction to incomplete beta functions

The Incomplete Beta Function (IBF) is a generalized form of the Beta function, defined as an integral
function with two parameters, a \alpha a and B \beta B . Zhang, Y. proposed an improved population
optimization algorithm[24]. Braik, M. proposed a hybrid algorithm (HWOA) that combines the Whale
Optimization Algorithm (WOA) and the Chameleon Swarm Algorithm (CSA), aiming to adaptively
determine the optimal parameters of the Incomplete Beta Function (IBF) in Image Contrast
Enhancement (ICE)[25].

3 THEORY AND RESEARCH METHODS

3.1 Sparrow Search Algorithm (SSA)

The Sparrow Search Algorithm (SSA) is a bio-inspired optimization algorithm that simulates the
foraging and anti-predation behaviors of sparrows. It is designed to solve complex optimization
problems [26]. The Sparrow Search Algorithm (SSA) has demonstrated effective performance in
applications for low-light image enhancement. For dehazing methods targeting daytime and nighttime
fog images, the combination of an improved dark channel prior and image enhancement through a
physical model, along with a multi-scale Retinex method based on an improved Sparrow Search
Algorithm, has achieved excellent dehazing results for both daytime and nighttime fog images [27]. The
operation principle of the Sparrow Search Algorithm (SSA) begins with the initialization step. In this
step, an initial population is randomly generated within the search space, where each population member
represents a sparrow’s position. The position can be regarded as a vector in the solution space, with each
dimension representing a variable of the solution. The fitness value of each sparrow is then calculated
based on the fitness function, which is typically the objective function.

The second step is the iterative search, which consists of updates by producers, scroungers, and escapees
from predators. The principle of the producers is to explore the solution space by mutating based on the
current optimal solution and their own position to discover new potential optimal positions. This process
is governed by Equation (1):

X™ = X' xex ;lj,iSP X7 1
’ ’ p(axMaxIt / )

Here, X l.”l represents the future position, X i’ is the current position, I is the index of an individual

sparrow, ¢ is a constant, P, represents the proportion of producers, 5 is the population size, and

Maxlt is the maximum number of iterations.In swarm intelligence algorithms, scroungers update their
positions based on the locations of the best and worst individuals in order to track high-quality solutions.
Additionally, when predators are detected, they adopt an evasion strategy to maintain the safety of the
population. This process is governed by Equation (2):

t+1 t 1 t
X[ =X+ Bx(X] - X,

worst
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Here, X Iim and X Vtwmrepresent the best and worst individuals in the current population in terms of

fitness, respectively, and £ is a random constant used to simulate randomness. The evasion from

predators occurs when an individual senses a threat from a predator; the individual immediately changes
direction and moves to a new random position. This behavior simulates the anti-predation strategies of
sparrows in nature. This process is governed by Equation (3):
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X" =X +0xLevy(d) 3)

Here, Qis a step-related constant, Levy(d )represents a distribution function that follows a Levy-

flight pattern, and d refers to the temperature of the problem.

3.2 Incomplete beta function (IBF)

The Incomplete Beta Function is a generalized special function commonly used in statistics and
probability theory. It extends the regular Beta Function by introducing an upper or lower bound in the
integral, thereby partially constraining the function's domain[29]. The Incomplete Beta Function is
divided into regularized and non-regularized forms. The non-regularized Incomplete Beta Function,

denoted as B (a,b), is defined as shown in Equation (4).

B, (ab)= [ (1=1) @

0

Here, a >0 and b > (are the two parameters of the function, and X is the upper limit of the integral,
which lies within the range [0,1]. The regularized Incomplete Beta Function, denoted as [ (a,b), is

defined as shown in Equation (5).

B (a.b)

I (a,b)=—""2"- .

(0w )
Here, B (a,b) represents the complete Beta Function, which is defined as shown in Equation (6).

ff?x(a,b):j:t”*1 (1-1)"" dt _T(a)r(p) ©
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Here, I represents the Gamma function. The regularized Incomplete Beta Function, denoted as
I (a,b), expresses the ratio of the non-regularized Incomplete Beta Function to the complete Beta

Function, and thus its value always lies between 0 and 1.

3.3 Research Methodology

The experimental environment consisted of a 64-bit 13th Gen Intel(R) Core(TM) 19-13900KS processor
with 24 cores (8P+16E) and a maximum turbo frequency of 6.0 GHz, using MATLAB R2023a. The
experimental data were sourced from images taken at the Hunan Provincial Museum, focusing on low-
light image enhancement research. This experiment significantly improved image clarity and detail,
enhancing visual perception. The specific experimental method involved applying the Sparrow Search
Algorithm (SSA) and the Incomplete Beta Function for nonlinear pixel transformation. After enhancing
pixel values, bicubic interpolation was used to enlarge the image, achieving a super-resolution effect.
Bicubic interpolation is a commonly used image enlargement technique that generates high-resolution
images by performing smooth interpolation between pixels. Its basic principle involves utilizing the
values of 16 surrounding pixels (a 4x4 region) and applying cubic polynomials to calculate new pixel
values. Hassan, F. S. and colleagues proposed an innovative interpolation-based Reversible Data Hiding
(RDH) method[28]. The specific low-light image enhancement method is shown in Figure 3.
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Figure 3. Enhancement Path Map

4 RESULTS

4.1 Data collection

The experimental dataset was collected at the Hunan Provincial Museum, with photographs taken
between 3:00 p.m. and 4:00 p.m. Due to the low lighting conditions inside the museum, to test the
consistency of the algorithm's enhancement effect under low-light conditions, all images were
standardized to a resolution of 144 x 144 after being taken and adjusted to a landscape composition, as
shown in Table 1.

Name Image Image Memory Image analysis
resolution | /Format
Due to prolonged burial
and natural corrosion, the
Left 144 x 144 3.8MB coffin's lacquer painting
sidewal /PNG appears dull, with a faded
1 red background. Weak
museum lighting and
144 x 144 4.1MB | underexposed photography
Right /PNG further obscure details,
sidewal creating low brightness,
1 contrast, and sharpness.
Heavy shadows and
144 x 144 1.7MB | blending of foreground and
Cover /PNG background hinder detailed
archaeological analysis.

table 1.

4.2 Experimental results and analyses

The experimental results demonstrate that the adopted algorithm exhibits strong robustness and fast
execution performance during operation, with a noticeable improvement in image brightness observable
to the naked eye. To validate the effect, a comparative analysis of the original and enhanced images was
conducted using histograms, as shown in Figure 4, Figure 5, etc,.
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illumination enhancement. Figure 5 presents the histograms of the original and enhanced images. Figure
4 illustrates the patterns on the left side of the lacquered coffin. As shown in Figures 6, Figure 7, etc., to
evaluate the effect of the Sparrow Search Algorithm combined with the Incomplete Beta Function on
the enhancement of lacquer painting images, the study used histogram equalization to compare and
analyze the original and enhanced images. The histogram of the left image shows a high frequency
concentrated in the lower pixel intensity range (between 0 and 50), indicating that the left image is
generally darker, with a larger proportion of dark areas. In contrast, the histogram of the right image
also shows a high frequency in the lower pixel intensity range, but compared to the left image, the right
image has a slight increase in medium-intensity pixels between 100 and 200. This suggests that the right
image has higher brightness, with a more even distribution of color and brightness, resulting in an overall
brighter image. Therefore, the brightness of the lacquer painting image enhanced by the algorithm on
the right is more pronounced.

In Figure 8, the left side shows the original image, while the right side displays the image after
illumination enhancement. Figure 9 presents the histograms of the original and enhanced images. Figure
8 illustrates the lid of the lacquered coffin, featuring paired depictions of the Azure Dragon and White
Tiger symmetrically distributed around a central flame-shaped motif.The composition is well-balanced
and symmetrical, with rich colors. The spiritual figures are exaggerated yet vividly lifelike.
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As shown in Figures 10, Figure 11, etc., and the histogram of the left image shows a high frequency
concentrated in the lower pixel intensity range (between 0 and 50), indicating that most of the pixels are
concentrated at the lowest and highest pixel intensity levels. There are noticeable peaks in the frequency
above 250 and between 0 and 50, suggesting that the image is generally dark. The histogram of the right
image presents a similar pattern, but the overall frequency is slightly higher, particularly in the lower
pixel intensity range. Compared to the left image, the brightness of the right image is higher, with more
pronounced contrast between the bright and dark areas, resulting in a more vivid visual effect.
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In Figure 12, the left side shows the original image, while the right side displays the image after
illumination enhancement. Figure 13 presents the histograms of both the original and enhanced images,
indicating that the algorithm demonstrates fast convergence speed and efficient stability. The enhanced
image on the right shows significant improvements in color, detail, contrast, and texture. The contrast
between the red background and the decorative patterns is strengthened, with the details, three-
dimensionality, and material texture of the patterns fully revealed. In contrast, the original image on the
left, due to insufficient lighting, appears blurry, with dull colors and low recognition of the decorative
patterns and artistic details, which limits its value for artifact research and analysis. Figure 12 depicts
the right side of the lacquered coffin, featuring abstract geometric motifs without any depictions of
spiritual or supernatural figures. The entire coffin panel is covered with densely intricate two-way
interlocking cloud patterns, interspersed with two diamond-shaped cloud motifs. A 14 cm-high
diamond-shaped cloud pattern border surrounds the panel. As shown in Figures 14, Figure 15, etc., and
the histogram of the left image shows that most pixels are concentrated in the lower intensity range
(between 0 and 50), but there is also a significant peak at the highest intensity (255). This indicates that
the image contains a large amount of dark areas. The histogram of the right image is similar to the left,
but with more even peaks, and the overall brightness shows no large variations in contrast, with a
significant increase in overall brightness compared to the left image.

The study on the adaptive image enhancement algorithm based on the Sparrow Search Algorithm (SSA)
and the Incomplete Beta Function evaluates the optimal fitness values of the algorithm during the image
enhancement process at different iteration counts. From the perspective of convergence speed, the
fitness values drop rapidly around the fifth iteration, indicating that the algorithm initially finds a region
near the global optimum. After five iterations, the fitness values stabilize and remain consistent in
subsequent iterations, meaning that once the algorithm approaches the optimal solution, further changes
are minimal, entering a stable phase. Thus, the convergence curve demonstrates that the SSA combined
with the Incomplete Beta Function possesses fast convergence capabilities for solving this image
enhancement problem, achieving a near-optimal solution with relatively few iterations.Finally, by using
histogram testing to compare the parameters of the original and enhanced images, the results confirm
that the enhanced image is superior to the original. The enhanced image not only shows significant
improvement in color saturation but also outperforms the original in terms of color gamut expression.
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5 CONCLUSION

This study addresses the complex issues of insufficient lighting and blurred details encountered during
lacquer painting restoration, particularly the limitations of traditional restoration methods in low-light
and complex texture scenarios. An adaptive image enhancement algorithm based on the Sparrow Search
Algorithm (SSA) and the Incomplete Beta Function is proposed to tackle these challenges. Traditional
methods often struggle with overexposure and distortion when enhancing image brightness and details,
making it difficult to meet the high demands for clarity in lacquer painting restoration. To solve this
problem, the proposed method dynamically optimizes the grayscale transformation parameters through
SSA, significantly improving brightness and detail in low-light conditions while effectively reducing
overexposure and distortion when handling complex textures. This method has three key advantages:
First, SSA has strong adaptability, allowing it to dynamically adjust parameters to suit different lighting
conditions, especially excelling in low-light and complex texture environments. Second, by combining
SSA optimization with the Incomplete Beta Function, the algorithm significantly enhances detail,
making it particularly suitable for highly damaged lacquer painting restoration scenarios. Third, while
enhancing image brightness, the method avoids the common overexposure and distortion issues found
in traditional methods, ensuring clarity and visual quality in the restored images. This technique not only
provides robust technical support for the digital preservation and restoration of lacquer paintings but
also offers new insights for research and applications in related fields. It demonstrates promising
potential in areas requiring complex image processing, such as security surveillance, medical imaging,
autonomous driving, and military reconnaissance. In the future, by incorporating distributed computing,
adaptive filtering, and machine learning-based parameter optimization, the adaptability and efficiency
of the algorithm can be further improved, ensuring continued advancements in image restoration and
related applications.
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ABSTRACT

With the widespread adoption of cultural sustainability concepts, the demand for cultural creative
products is increasingly trending toward diversification and personalization. Tibetan Thangka, as an
important intangible cultural heritage of China, poses an urgent challenge: scientifically transforming
its traditional aesthetic characteristics into design elements that meet the needs of modern users has
become a pressing issue. This study aims to explore a user data-driven design research model for
Thangka cultural creative products, with the goal of enhancing user satisfaction and promoting the
sustainable inheritance of Thangka culture. Firstly, user needs were collected through surveys, and the
KANO model was employed to categorize these needs into four dimensions: visual appeal, emotional
connection, symbolic meaning, and functionality. Then, the Analytic Hierarchy Process (AHP) was used
to construct a hierarchical model of user requirements and calculate the weight of each need.
Subsequently, Quality Function Deployment (QFD) theory was applied to map user need information
into specific design elements, which were then ranked according to their importance. Based on these
design elements, we completed the design practice of Thangka cultural creative products that meet user
requirements. Finally, the Technique for Order Preference by Similarity to Ideal Solution (TOPSIS) was
utilized to evaluate the effectiveness of the design solutions. By employing the KANO-AHP-QFD
hybrid research method, user needs can be objectively obtained, making the product design process
more scientific and rational. This provides new insights for the inheritance and innovation of Thangka
culture and offers valuable reference for the innovative design research of other intangible cultural
heritage products.

Keywords: Sustainable Design, Intangible cultural heritage preservation, Tibetan Thangka, Cultural
and Creative Product Design, Kano-AHP-QFD Hybrid Model

1 INTRODUCTION

Thangka, also known as Thangka, is a scroll painting art created on a special cloth or paper, whose main
purpose is to describe the history, culture and customs of Buddhism. Because it is influenced by history
and religion factor, Thangka is listed as the first batch of state-level non-material cultural heritage in
2006 [1]. As one of China's important intangible cultural heritages, Thangka captivates global attention
with its intricate details, rich religious symbolism, and vivid colors.

However, with the development of modern society, the inheritance and innovation of Thangka
craftsmanship face numerous challenges [2]. In terms of design creativity, the outcome of Thangka is
greatly influenced by individual techniques. The creator's skill level and emotional expression
significantly impact the artistic effect of the work [3]. In terms of heritage conservation, due to the
influence of humidity, water stains, mildew and dirt, the number of images of well-maintained Thangka
paintings is decreasing [2]. However, in the sustainable transmission of traditional intangible cultural
heritage, there has been limited in-depth exploration of how to effectively balance modern design with
traditional craftsmanship to enhance the user experience of cultural creative products. Specifically, a
significant research gap remains in the scientific and systematic integration of user needs. This study
aims to explore the innovative design methods of Thangka cultural and creative products in the context
of sustainable design, with the aim of realizing the modern inheritance and creative practical application
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of Thangka culture. This article takes Thangka cultural and creative products as an entry point and

profoundly explores the following two core issues:

e Ql. Thangka aesthetic features reappear: What are the core aesthetic features of Tibetan Thangka?
How can we reproduce the aesthetic features of Thangka through cultural and creative products?

e Q2. Scientific research path: Can the hybrid research model help designers optimize the design of
thangka cultural and creative products more scientifically?

Purpose

Activitiy Discover Define Develop Deliver Results

© 4%
\401 Use Desig: ‘ 8':9.
Q interview: Prototype %,
(4
Thangk:
Case Literature 1 ¥ Cultural and Creative
Analysis | Research Product Design
Question Solution
Test
Expert
A interviews 1 fterate 1

4.QFD Theory

Methods

Figure 1. Research path based on the double diamond model

Therefore, this study systematically studies the design of Thangka cultural and creative products from
the perspective of user needs. As shown in Figure 1. The study uses the double diamond model as a
theoretical guide, and through the Kano model [4], AHP hierarchical analysis method [5], and QFD
quality function [6], it systematically explores the user satisfaction and design element importance of
Thangka cultural and creative products. Based on scientific data calculation, the design plan of Thangka
cultural and creative products is finally obtained.

2 LITERATURE REVIEW

2.1 Thangka

Tibetan Thangka refers to a religious scroll painting mounted with colorful brocade and displayed for
worship. It is a unique form of painting [7] in Tibetan culture and is also one of the most important
intangible cultural heritages of China. However, the traditional process of Thangka painting is highly
demanding and extremely complex, often requiring a long time to complete [2]. In recent years, with
the global trend of advocating carbon neutrality and sustainable development, the research field has
gradually paid attention to the inheritance and protection of intangible cultural heritage skills. Intangible
Cultural Heritage (ICH), which is also the cornerstone of sustainable development, has received
increasing attention from scholars and governments in recent years.

2.2 Sustainable Design Theory

The concept of sustainable development was proposed by the World Commission on Environment and
Development (WCED) [8] in 1987, and ecology, economy and society were identified as the three pillars
of sustainable development. Protecting intangible cultural heritage is an important way to ensure the
inheritance of intangible cultural heritage from generation to generation [9]. The importance of
protecting intangible cultural heritage for sustainable development has been widely recognized by the
international community. Therefore, by combining sustainable design theory with Thangka cultural and
creative products, we can not only better preserve and inherit the traditional art form of Thangka, but
also ensure its competitiveness in the modern market and meet the dual needs of contemporary
consumers for the functionality and sustainability of cultural products.

2.3 KANO-AHP-QFD Hybrid Study Model

e  The Kano model, proposed by Professor Noriaki Kano of the Tokyo Institute of Technology in
1984 [10], primarily aims to explore user needs in depth, classify and prioritize them, and evaluate
user satisfaction levels with specific product attributes.
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e  The Analytic Hierarchy Process (AHP), developed by American management scientist Thomas L.
Saaty in the 1970s [11], is a widely used decision-making method. AHP is a decision support tool
used to address decision-making problems with multiple levels and criteria. Its core involves
using expert subjective judgment or experiential evaluation to determine the relative importance
of these criteria.

e Quality Function Deployment (QFD) was introduced by Japanese scholars Yoji Akao and Shigeru
Mizuno in the 1960s [12]. QFD transforms customer requirements into specific technical
characteristics, aligning them with product design, engineering, and manufacturing processes.
This approach ultimately enhances customer satisfaction, increases product competitiveness in
the market, shortens development cycles, and reduces development costs.

————> User demand

User demand
> attribute classification ¢ i l
User needs collection v Litersture Case Analysis Expert Interview
Building research
l analytic hierarchy model | | |
Literature K l Vi
Measurement ano N
" Questionnaire Design Design elements
Create a judgment matrix No
Field research l l
+ Kano l Correlation analysis between
User Interviews Evaluation Scale design elements and user needs
l Consistency test i
User demand Establishing Quality Function
attribute classification l Yes Deployment House
Create a judgment matrix
Divergent innovative design
Phase 1: Kano Model Phase 2: AHP Phase 3: QFD
User demand attribute classification User Demand Weight Analysis Quality Characteristic Factor Analysis

Figure 2. Kano-AHP-QFD hybrid model Research framework

As shown in Figure 2, the hybrid model combines the strengths of these three methodologies, providing
a systematic framework for understanding, prioritizing, and translating user needs into sustainable
product designs. It scientifically enhances the accuracy and effectiveness of addressing user needs in the
design process of Thangka cultural creative products, contributing to the modernization and
transmission of Thangka craftsmanship and the promotion of design practices.

3 RESEARCH METHODS

3.1 KANO-User demand acquisition and classification

First, we conducted a field investigation and research in the Tibet Autonomous Region, the main
production area of Thangka, to truly understand the development status and innovative inheritance of
Thangka. Secondly, during the survey process, the research team randomly selected 20 tourists and
thangka collectors who had purchased thangkas for semi-structured interviews. Through coding analysis
of the interview texts, they initially obtained 39 consumer demand factors. Third, due to the limited
number of interview samples, we supplemented the analysis by using bibliometric methods to review
relevant data on Thangka cultural creative products from Web of Science and CNKI databases. Finally,
to ensure the scientific validity and rationality of the user needs, we consulted six designers specializing
in intangible cultural heritage products, three professors focused on brand design, and one Thangka
intangible cultural heritage creator. They reviewed, consolidated, and categorized 39 user needs. As
shown in Table 1, 18 core user requirement elements were identified across four dimensions: symbolism,
visual aesthetics, emotional value, and functionality.

Table 1. Initial user needs of Thangka cultural and creative products

Level 1 user needs Level 2 user needs
Al.Religious Symbols, A2.Cultural Heritage
A3.Inspiration, A4.Blessing Attributes
B1.Vivid Colors, B2.Simplicity
B3.Regional Characteristics, B4.Creativity
BS5.Abstraction, B6.Detailing Precision
B7.Visual Hierarchy
C1.Cultural Affiliation, C2.Cultural Depth
C3.Spiritual Healing, C4.Resonance

A. Meaning

B. Visual Perception

C. Emotional Experience
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D. Functionality | D1.Decoration, D2.Collectibility, D3.Sustainability
According to the questionnaire design principles of the KANO model, a KANO two-factor five-point
Likert questionnaire scale was created. The score range is 1 to 5, with 1 representing the lowest level of
importance and 5 representing the highest. Respondents were asked to rate the importance of each
requirement element from both positive and negative dimensions. To obtain more accurate user needs
and effective information, a combination of online and offline methods was used for the survey. A total
of 97 questionnaires were distributed, with 83 returned and 76 valid responses, resulting in an effective
response rate of 91.56%. Among them, 50 questionnaires were distributed online SoJump, and 47 were
distributed offline in the Barkhor Street commercial district in Lhasa, Tibet. The survey primarily
targeted younger and middle-aged groups, with 29.7% aged 18-30, 43.6% aged 30-40, and 17.2% aged
40-50. Respondents included university students, cultural artifact enthusiasts, art professionals, and
business people, accounting for 73% of the sample. Based on the results of the dual-factor user needs
survey, the Ka, Ko, Ku, Ki, Kr and Kq values for each requirement indicator were calculated. The results
are shown in Table 2.

Table 2. KANO questionnaire analysis table

User needs Ka Ko Kwm K Kr Ko Req}él;le):lent
Al.Religious Symbols 40.9% | 5.6% | 9.3% |39.5% | 3.9% | 0.8% A
A2.Cultural Heritage 14.6% | 12.6% | 58.9% | 10.2% | 3.5% | 0.2% M
A3.Inspiration 20.4% | 389% | 9.7% |20.9% | 8.4% | 1.7% 0)
A4 Blessing Attributes 18.9% | 9.3% | 44.7% | 17.3% | 9.8% | 0% M
B1.Vivid Colors 53% | 10.7% | 66.3% | 11.3% | 6.4% | 0% M
B2.Simplicity 16.1% | 7.9% | 57.7% | 6.4% | 11.9% | 0% M
B3.Regional Characteristics | 7.6% | 5.7% | 53.3% | 13% | 19.2% | 1.2% M
B4.Creativity 57.9% | 13.1% | 10.5% | 10.7% | 7.8% | 0% A
BS5.Abstraction 23.2% | 39.7% | 54% | 184% | 9.8% | 3.5% 0)
B6.Detailing Precision 14.7% | 6.8% | 58.3% | 12.4% | 7.8% | 0% M
B7.Visual Hierarchy 6.7% | 17.1% | 59.9% | 11.6% | 4.7% | 0% M
C1.Cultural Affiliation 39.4% | 12.8% | 19.1% | 13.4% | 13.9% | 1.4% A
C2.Cultural Depth 17.2% | 37.5% | 4.8% [29.9% | 7.6% | 3% 0)
C3.Spiritual Healing 23.1% | 392% | 4.7% |204% | 9.9% |2.7% 0)
C4.Resonance 39% [ 169% | 9.1% | 58.7% | 11.4% | 0% I
D1.Decoration 21.6% | 45.4% | 4.2% | 18.2% | 10.6% | 0% 0)
D2.Collectibility 16.1% | 15.4% | 51.7% | 11.3% | 5.5% | 0% M
D3.Sustainability 8.9% |10.2% | 10.4% | 59.2% | 9.6% | 1.7% I

As shown in Figure 2, A2. Cultural heritage, A4. Blessing function, B1. Vibrant colors, B2. Simplicity,
B3. Regional characteristics, B6. Fine details, B7. Visual layering, and D2. Collectibility as a must-have
attribute (M) are the eight needs that should be prioritized in the design process. A3. Inspiration, BS.
Abstraction, C3. Spiritual healing, C4. Sense of resonance, and D1. Decoration are classified as one-
dimensional requirements (O). Meeting these five needs in the design will enhance user satisfaction,
while failing to meet them will result in decreased satisfaction. A1l. Religious symbolism, B4. Creativity,
and C1. Cultural belonging are classified as attractive requirements (A). Meeting these three needs in
the design of Thangka cultural creative products can significantly enhance consumer satisfaction, while
failing to meet them will not decrease satisfaction.

3.2 AHP-User Demand Weight Analysis

After categorizing user needs using the Kano model, this study applies the AHP (Analytic Hierarchy
Process), known for its strong logical decision-making capabilities, to scientifically analyze complex
elements and calculate the weight of each user need [13]. This approach clarifies the importance of each
need and highlights the key focus areas in the subsequent design process of Thangka cultural creative
products. First, a hierarchical model for Thangka cultural creative products is constructed. Second, the
demand elements within the criteria and sub-criteria layers are compared pairwise and scored to establish
the corresponding judgment matrix. Third, the weights of the elements in the sub-criteria layer are
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calculated and ranked. Finally, a consistency check and analysis are performed on the target weight
results.

As shown in Figure 3. Based on the preliminary classification of user need types, an AHP-based
hierarchical model of user needs for Thangka cultural creative products is established. The goal layer
represents the design of Thangka cultural creative products. The criteria layer consists of four
dimensions of needs: symbolism A, visual aesthetics B, emotional value C, and functionality D. The
sub-criteria layer is composed of 16 sub-elements, categorized as must-be requirements, one-
dimensional requirements, and attractive requirements, identified through the Kano model analysis.

Goal layer b{ Thangka cultural and creative product design that meets user needs }
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Figure 3. A Hierarchical Analysis Model for Thangka Cultural and Creative Product Design

To ensure the scientific rigor and objectivity of the user need weighting results, this study invited 15
experts in Thangka culture and related fields to participate in the survey. Experts performed pairwise
comparisons and assigned scores to different levels of user needs for Thangka cultural creative products
using the 1-9 scale method. The arithmetic mean of their evaluations served as the basis for calculating
weights, creating the judgment matrix for each level. The geometric mean method [13] was then applied
to calculate user need weights, followed by consistency checks on the judgment matrix scores. Detailed
results are shown in Table 3, Table 4, etc.

Table 3. Criterion level weight

Index A B C D Weight value Icr
A 1 0.75 1.25 1.5 0.2654
B 1.3333 1 1.5 1.75 0.3334
C 0.8 0.6667 1 1.25 0.2201 0.0008
D 0.6667 | 0.5714 0.8 1 0.1811
Table 4. Sub-Criterion level weight
Ij“lrs.t—level S@copd—level Judgment Matrix Weight Iex
indicators | indicators value
Al 1 1.25 2 1.75 0.3477
A2 0.8 1 1.75 | 1.25 0.2763
A A3 0.5 10.571 1 0.75 / 0.1635 0.0011
A4 0.571 | 0.8 | 1.333 1 0.2124
Bl 1 1.75 ] 0.75 | 0.5 1.25 1.5 2 0.1424
B2 0.571 1 0.125 | 0.1 0.5 0.75 | 0.2 | 0.0469
B3 1.333 8 1 0.75 | 1.25 | 1.75 2 0.2077
B B4 2 10 ] 1.333 1 1.5 1.75 2 0.2558 | 0.0471
B5 0.8 2 0.8 |0.667 1 1.25 1.5 | 0.1318
B6 0.667 | 1.333 | 0.571 | 0.571 | 0.8 1 1.25 | 0.1044
B7 0.5 5 0.5 0.5 [0.667] 0.8 1 0.111
Cl 1 025 | 05 0.1463
C C2 4 1 1.5 / 0.5317 | 0.0088
C3 2 0.667 1 0.322
DI 1 1.25 0.5556
D D2 0.8 1 / 0.4444 0.0023
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Finally, a consistency test is needed to determine the validity of the matrix. When Icr

= 0.1, the

consistency test passes, otherwise it fails. The calculation formulas are shown in formula (1) and formula
(2). The results of the consistency check (Icr) are as follows:

I, =( max—n)/(n—l) (1
Ty =1 /1y (2)

The criterion layer Icg=0.0008=0.1, and the sub-criterion layer Icr are 0.0011, 0.0471, 0.0088, and

0.0023, respectively, all less than 0.1, and the consistency test passes.

Table 5. Relative weight calculation ranking table

Al A2 A3 A4 Bl B2 B3 B4
Relati 3 6 12 9 10 16 8 4
Vje? fte 0.0923 | 0.733 | 0.0434 | 0.0564 | 0.0475 | 0.0156 | 0.0693 | 0.0853
g B5 B6 B7 Cl C2 C3 DI D2
ranking
11 14 13 15 1 7 2 5
0.0439 | 0.0348 | 0.037 | 0.0322 | 0.117 | 0.0709 | 0.1006 | 0.0805

The results are shown in Table 5. Among the four criteria layer indicators, visual needs (B) have the
highest weight. In the sub-criteria layer, the relative weight of demand elements from highest to lowest
is as follows: C2 Cultural connotation, D1 Decoration, Al Religious symbolism, B4 Creativity, D2
Collectibility, A2 Cultural heritage, C3 Spiritual healing, B3 Regional characteristics, A4 Blessing
function, B1 Vibrant colors, BS Abstraction, A3 Inspiration, B7 Visual layering, B6 Detail refinement,
C1 Cultural belonging, and B2 Simplicity.

3.3 QFD-User Requirements Design Factor Mapping

QFD (Quality Function Deployment) is an effective method for translating user needs into design
elements. By quantitatively analyzing the relationship between user needs and design elements, QFD
outputs the weight of design elements. In this study, following the AHP (Analytic Hierarchy Process),
QFD is applied to construct a relationship matrix between user needs and design elements using the
House of Quality [14]. This process clarifies the weight of each design element, leading to the
identification of the final design elements. It provides evaluative factors for optimizing the design
scheme and offers more precise technical support and constraint guidance for the design process [15].

Table 6. Mapping results of user requirements and design elements.

User needs A
C2. Cultural Depth

Design elements D
D1. Swastikas, auspicious clouds, and eight auspicious symbols
D2. Floral patterns, spiral cloud patterns, and golden thread
depictions
D3. Buddhist symbols such as the Dharma wheel, lotus, Buddha
hand gestures, and protective deities
D4. Traditional artistic techniques combined with modern
methods
D5. High-quality textiles and mineral materials
D6. Hand-painting techniques with intricate details and layered
textures
D7. Symmetrical compositions and tranquil scenes
D8. Natural landscapes and ethnic clothing
D9. Design of auspicious symbols
D10. Red and gold, blue and green color combinations
D11. Abstract geometric patterns
D12. Buddhist scenes and stories
D13. Visual layering effect
D14. Delicate brushwork and complex patterns
D15. Traditional Tibetan symbols

D1. Decoration

Al. Religious Symbols

B4. Creativity
D2. Collectibility
A2. Cultural Heritage

C3. Spiritual Healing

B3. Regional Characteristics
A4. Blessing Attributes

B1. Vivid Colors
BS5.Abstraction

A3. Ingpiration

B7. Visual Hierarchy

B6. Detailing Precision

Cl1. Cultural Affiliation
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B2. Simplicity | D16. Simple and concise patterns

As shown in Table 6. First, by studying the cultural background of Thangka and related literature on
cultural creative products, and analyzing successful cases of Thangka cultural creative products, the
initial user needs were translated into functional requirements. Nine experts were then invited to provide
feedback on the preliminary design parameters, including six cultural creative product designers and
three professors specializing in product design and visual communication. Through three rounds of
summarizing, revising, and re-evaluating, the mapping from user needs to design elements D was
finalized.

User Design Elements
Needs |Weight| D1 | D2 | D3 | D4 | D5 | D6 | D7 | D8 | D9 | D10 | D11 | D12 | D13 | D14 | D15 | D16
c2 (o7 [ | O | % | W | @O | O|O0O|O|O|O|R|O|O|%]|O
DI (01006 % @ | OO OO [O|O|R|O|O|O|O|O || @
Al 00923/ @ | @ O O|O|O|O|OCO| @O0 X |O|O|®|O
B4 (00853 O | O[O | O|O | X | *|[O|O|O| X |O|WM|O|O N
D2 (00805 O O | O |O|H*|O|O|O|BR|O|O|O|O|O|O|O
A2 00733 O (K | KX | OO |O|O|H | * O|O|O|O|O|%|O
c3 (00709 O | O[O | O|O|O|*® | O|O|O|O|X®|O|O|O]|O
B3 00693 @ | @ @ [ | OO |O @ | | O|O|O|OC|@®@|O|O
A 100564 O |l | @ B|O|O|O|O|®X®|O|OJO|O|O|0O]|O
Bl 0045/ O | O O|O|O(O|O0O|O|O/M|O|O|X¥ | O|O|O
B5 (00439 O (O O[O |O0O|O0O |0 | @O O | *®|O|O|O|O | %
A3 (0043 1 ([ @ B O O|O|O|IO|*X| O|O|@®|O|O|O|O
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Figure 4. Quality house of QFD

As shown in Figure 4, constructing the House of Quality is central to the Quality Function Deployment
(QFD) process. Using the Kano model and Analytic Hierarchy Process (AHP), user need elements and
design parameters are established to form the House of Quality. User need weights are placed in the left
wall, while design elements form the ceiling. Relationships between user needs and design elements are
indicated by symbols %, H, and @, representing weights of 1.5, 1.2, and 1, respectively. Final design
element weights are calculated by summing the total weighted needs under each design element,
adjusted by the relationship weight. These weights are normalized and ranked by importance. Based on
Figure 4, the ranking order of design elements is: D§ >D15>D1>D2>D3>D12>D4>D16>D13 >
D11 > D6 > D5 > D7 > D14 > D10. Key design elements—such as auspicious symbols, traditional
Tibetan motifs, cloud patterns, floral designs, Buddhist narratives, and modern interpretations—were
selected for further development in sustainable Thangka cultural product design.

4 THANGKA CULTURAL CREATIVE PRODUCT DESIGN PRACTICE

4.1 Thangka cultural and creative product design practice

This chapter provides a detailed overview of the innovative design practices of Shu embroidery based
on the Kano-AHP-QFD hybrid model. The Thangka cultural products are ultimately created as "Puzzle
Magic Cube Designs" and "Collectible Stamp Designs." Firstly, the Thangka Magic Cube is designed
in a 3x3 specification, where each face's patterns and graphic elements are thoroughly contemplated.
The design incorporates 20 classic "Tibetan traditional symbols, auspicious clouds, spiral cloud patterns,
and floral motifs [16]" By simplifying graphics, enhancing visual hierarchy, and abstracting patterns
into geometric forms, the design aims to stimulate youth interest in the preservation of intangible cultural
heritage through playfulness and interactivity. By rotating the magic cube, young individuals can
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appreciate the aesthetic allure of Thangka art while inadvertently deepening their understanding of
Thangka culture. As shown in Figure 5. Additionally, the design of Thangka postcards has been selected
based on the preferences and highest acceptance rates among non-local tourists. The front of the
postcards features classic Thangka patterns, including Buddhist figures, mandalas, and natural

landscapes.

Thangka Cultural Creative
Product Design

Thangka Creative Postcards

Figure 5. Thangka cultural creative product design

4.2 Design Evaluation

To evaluate whether the conceptual design of the Thangka cultural creative products effectively meets
user needs, this study invited intangible cultural heritage inheritors and Thangka enthusiasts who had
previously participated in user surveys. Using the TOPSIS method (Technique for Order Preference by
Similarity to Ideal Solution), a comprehensive analysis and evaluation were conducted on Thangka-
themed cultural products available on the market, including a Thangka pillow (Sample 1), Thangka tote
bag (Sample 2), Thangka postcards (Sample 3), and the proposed conceptual design of the Thangka
product. As shown in Table 7.

Table 7. Thangka cultural and creative concept design plan and sample analysis.

Thangka

Thangka

Thangka
Sample 2

Thangka
Sample 3

Conceptual Design

The evaluation criteria consist of 16 user requirements that were filtered using the KANO model and
AHP (Analytic Hierarchy Process). A total of 11 participants from the previous user survey were invited
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to rate each design based on the Thangka cultural creative product user requirement index system. The
ratings were conducted using a 7-point Likert scale, and the raw scoring data for the evaluation criteria
are shown in Table 8.

Table 8. Initial evaluation matrix.

Design User demand evaluation indicators

plan | A1|A2[A3] A4 | Bl |B2|B3|B4|B5|B6|B7|Cl|C2|C3|DI]|D2
C‘l’jlﬁpt 521444951 (53|47| 5| 5 [53[55|46|49|58|47[55]| 5
Sample 1 |29 3 [29]35[33 41| 3 [25] 3 [3.1]34][33]25[34[3.1]28
Sample2 |3.7[39]41[32[3741] 3 [34]37]33[39] 4 [29]26][38]27
Sample3 |25(37]21] 3 [29]27]24 28293328 26[27]34] 3 |25

As all evaluation criteria are maximization indicators, no positive transformation is needed. After
performing dimensionless normalization on the criteria, the initial evaluation data were obtained. These
data were then weighted using the relative weights from Table 6, resulting in the calculation of weighted
standardized data, as shown in Table 9.

Table 9. Weighted standardized evaluation matrix.

Evaluation indicators
Design plan Al A2 A3 A4 Bl B2 B3 B4
B5 B6 B7 Cl C2 C3 D1 D2
Concept plan 0.064 0.043 0.029 0.038 0.032 0.009 0.05 0.06
0.03 0.024 0.023 0.02 0.091 0.046 0.07 0.059
Sample 1 0.036 0.029 0.017 0.026 0.02 0.008 0.03 0.03
0.017 0.014 0.017 0.014 0.039 0.033 0.039 0.033
Sample 2 0.045 0.038 0.024 0.029 0.022 0.008 0.03 0.04
0.021 0.015 0.019 0.017 0.045 0.025 0.048 0.031
Sample 3 0.031 0.036 0.012 0.022 0.018 0.005 0.029 0.036
0.017 0.015 0.014 0.011 0.042 0.033 0.038 0.03
Table 10. Euclidean distance and relative post progress.
Design plan Si* Si Ci Ranking
Concept design 0 0.095 1 1
Sample 1 0.087 0.014 0.141 3
Sample 2 0.073 0.029 0.286 2
Sample 3 0.09 0.011 0.113 4

As shown in Table 10. Based on the closeness coefficients of the solutions, the ranking is as follows:
conceptual design > Sample 2(0.286) > Sample 1(0.141) > Sample 3(0.113). This indicates that the
conceptual design of the Thangka cultural creative products, guided by the KANO, AHP, and QFD
hybrid model, demonstrates higher satisfaction and overall acceptance, suggesting that it meets user
needs to a considerable extent.

5 CONCLUSION

In terms of research conclusions, this study has innovatively applied the KANO-AHP-QFD hybrid
model to the design of Thangka cultural and creative products, offering a scientific approach to capture
user needs and translate them into design elements. This model significantly enhances precision in
designing Thangka cultural products and provides a novel pathway for the development of cultural and
creative products. Additionally, the research enriches approaches to modernizing intangible cultural
heritage. Through design practices such as the Thangka cube and postcards, this study demonstrates
how modern design techniques can be employed to make traditional art forms more appealing, providing
direction for innovation in other intangible cultural heritage products. Lastly, an adaptable model
framework is proposed: while focused on Thangka product development, the KANO-AHP-QFD hybrid
model exhibits broad applicability, providing a valuable reference framework for other intangible
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cultural heritage products and demonstrating the model” s flexibility in addressing user needs across
diverse cultural contexts.

Future research could further expand and optimize this model’ s application across several areas. Firstly,
the model’ s applicability across other forms of intangible cultural heritage could be explored to verify
its generalizability and adaptability. Secondly, integrating additional methodological tools, such as text
mining, deep learning, and real-time feedback systems, could enhance the model” s scientific rigor,
accuracy, and dynamism. Additionally, design practices could be extended to include digital products
and household items, thus attracting a broader audience. Finally, user feedback and satisfaction data
from the actual market could validate the model’ s effectiveness, establishing a feedback-driven,
iterative design process to continuously optimize cultural and creative product design and user
experience.
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