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Preface

The combination of the computer and distributed networks during recent decades has led to
two ‘Digital Revolutions’ that today allow anyone to create, disseminate, and access any information
anywhere, any time, and from any smart device. The birth of the ‘Digital Age’ is a result of a
research ecosystem that was nurtured by government spending and military—industry-academia
collaboration, along with the alliance of community organizers, communal-minded hippies,
do-it-yourself hobbyists, and homebrew hackers. Strictly speaking, this collaborative creativity
that defines the digital age included the collaboration between humans and machines—also known
as ‘collaborative intelligence’. In recent years, particularly the expansion of the Fourth Industrial
Revolution (or Industry 4.0) to cities has disrupted the way in which cities are planned and developed
as well as having generated a new city conceptualization—i.e., City 4.0. This new smart city blueprint,
City 4.0, aims to leverage the power of engaged and connected citizens, digital technology, and data
to ensure and enhance the quality of urban life, productivity, and sustainable development. In other
words, City 4.0 is a city that utilizes technological developments and digitalization to transform local
public services and the local economy to produce sustainable and desired urban, environmental, and

societal outcomes for all. This reprint further elaborates the concept of City 4.0.

Tan Yigitcanlar, Bo Xia, Tatiana Tucunduva Philippi Cortese, and Jamile Sabatini Marques
Editors
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The combination of the computer and distributed networks during the recent decades
has led to two ‘Digital Revolutions’ that today allow anyone to create, disseminate, and
access any information anywhere, any time, and from any smart device. The birth of the
‘Digital Age’ is a result of a research ecosystem that was nurtured by government spending
and military—-industry—academia collaboration, along with the alliance of community
organizers, communal-minded hippies, do-it-yourself hobbyists, and homebrew hackers.
Strictly speaking, this collaborative creativity that defines the digital age included the
collaboration between humans and machines—also known as ‘collaborative intelligence’.

This interaction has changed the way in which some services are delivered. For
instance, today, the world’s largest taxi company, Uber, owns no vehicles; the world’s most
popular media owner, Facebook, creates no content; the world’s most valuable retailer,
Alibaba, has no inventory; and the world’s largest accommodation provider, Airbnb, owns
no real estate. In addition, owing to rapid developments in the digital age, technology
is widely seen as an effective apparatus to help us solve some of the most challenging
problems the world is currently facing, particularly when our impact is strongly considered
alongside our technological capabilities.

At present, unexceptionally, all parts of the world are confronted with various en-
vironmental, social, health, and economic crises—e.g., life-threatening natural disasters,
the loss of biodiversity, the destruction of natural ecosystems, regional disparities, socio-
economic inequity, pandemics, and digital and knowledge divides that are mainly caused
by a rapid population increase and an expansion of resource consumption, combined with
industrialization, urbanization, mobilization, agricultural intensification, and excessive
consumption-driven lifestyles. The rapid advancement in digital technologies provides us
with the hope that the impacts of global-scale environmental, social, and economic crises
can be eased with the help of appropriate technology.

Furthermore, in recent years, the expansion of the Fourth Industrial Revolution (or
Industry 4.0) to cities has disrupted the way in which cities are planned and developed
as well as having generated a new city conceptualization—i.e., City 4.0. This new smart
city blueprint, City 4.0, aims to leverage the power of engaged and connected citizens,
digital technology, and data to ensure and enhance the quality of urban life, productivity,
and sustainable development. In other words, City 4.0 is a city that utilizes technological
developments and digitalization to transform local public services and the local economy
to produce sustainable and desired urban, environmental, and societal outcomes for all.

Following this guest editorial backdrop, this Special Issue (‘City 4.0: Urban Planning
and Development in the Age of Digital Transformation’) contains the following 10 papers
that review, empirically explore, or theoretically expand the City 4.0 concept and practice
from the various angles of urban planning and development (or, in simple terms, urban
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planning and development in the age of Industry 4.0, which is also referred to as planning
the digital transformation of urban settlements).

In Paper #1, entitled ‘Understanding City 4.0: A Triple Bottom Line Approach’, authors
expand our understanding of City 4.0 by elaborating it from three diverse but interrelated
perspectives—namely, societal, environmental, and economic lenses or domains (also
known as the triple bottom line approach)—and highlight the key City 4.0 themes—namely,
circularity, adaptability, livability, accessibility, authenticity, and responsibility. The study
findings inform researchers, local and regional authorities, and urban planners about the
rising importance of the notion of City 4.0 and its prospective research areas.

In Paper #2, entitled ‘Synergy of Patent and Open-Source-Driven Sustainable Climate
Governance under Green Al: A Case Study of TinyML’, authors provide a conceptual
expansion of climate and environmental policy in open synergy with proprietary and open
source Tiny Machine Learning (TinyML) technology, and offer an industry collaborative
and policy perspective on the issue, through using differential game models. This study
finds that collaboration and sharing can lead to the implementation of green Al, reducing
energy consumption and carbon emissions, and helping to fight climate change and protect
the environment.

In Paper #3, entitled ‘Does the Digital Economy Promote Coordinated Urban—-Rural
Development? Evidence from China’, authors investigate whether and how the digital
economy affects coordinated urban-rural development by using a panel data model, a
Spatial Durbin Model (SDM), and a mediating effects model. The study findings pro-
vide a reference for China and other developing countries similar to China on how to
promote coordinated urban and rural development in the development process of the
digital economy.

In Paper #4, entitled ‘Smarter Sustainable Tourism: Data-Driven Multi-Perspective
Parameter Discovery for Autonomous Design and Operations’, authors offer an approach
for leveraging big data and deep learning to discover holistic, multi-perspective (e.g., local,
cultural, national, and international), and objective information on a subject. This study
develops a machine learning pipeline to extract parameters from the academic literature
and public opinions on Twitter, providing a unique and comprehensive view of the industry
from both academic and public perspectives.

In Paper #5, entitled “Does Cross-Border E-Commerce Promote Economic Growth?
Empirical Research on China’s Pilot Zones’, authors investigate whether the construction
of China’s Cross-Border E-Commerce (CBEC) comprehensive pilot zones can promote
economic growth and social sustainable development. This study employs the difference-
in-differences method to test the impact of the establishment of CBEC comprehensive pilot
zones on economic growth and discusses the impact mechanism.

In Paper #6, entitled ‘Augmenting Community Engagement in City 4.0: Considera-
tions for Digital Agency in Urban Public Space’, authors develop four augmented reality
experiences to learn more about the potential for this technology to transform community
engagement practices in the context of City 4.0. The study findings highlight the value
of augmented reality’s affordances to bring to light new interactions between community
members and project stakeholders.

In Paper #7, entitled “Transformation of Industry Ecosystems in Cities and Regions:
A Generic Pathway for Smart and Green Transition’, the author examines the pathways
towards a digital and green transition by assessing a generic pathway for the transformation
of industry ecosystems in cities and regions based on processes of prioritization, ecosystem
identification, and platform-based digital and green transition. This study generates
insights into pathways, priorities, and methods. This enables public authorities and
business organizations to master the current industrial transformation of cities.

In Paper #8, entitled ‘Automatically Generating Scenarios from a Text Corpus: A Case
Study on Electric Vehicles’, authors propose to further automate the process of scenario
generation by guiding pre-trained deep neural networks (i.e., BERT) through simulated
conversations to extract a model from a corpus. Their case study on electric vehicles shows
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that the approach yields similar results to previous work while almost eliminating the need
for manual involvement in model building, thus focusing human expertise on the final
stage of crafting compelling scenarios.

In Paper #9, entitled ‘Musawah: A Data-Driven Al Approach and Tool to Co-Create
Healthcare Services with a Case Study on Cancer Disease in Saudi Arabia’, authors propose
a data-driven artificial intelligence (Al)-based approach (called Musawah) to automatically
discover healthcare services that can be developed or co-created by various stakeholders
using social media analysis. This study emphasizes that open service and value healthcare
systems based on freely available information revolutionize healthcare in manners similar
to the open source revolution by using information made available by the public, the
government, third and fourth sectors, or others, allowing new forms of preventions, cures,
treatments, and support structures.

In Paper #10, entitled ‘Crowdsourcing Public Engagement for Urban Planning in the
Global South: Methods, Challenges and Suggestions for Future Research’, authors provide
a comprehensive overview of the crowdsourcing methods applied to public participation in
urban planning in the Global South, as well as the technological, administrative, academic,
socio-economic, and cultural challenges that could affect their successful adoption. This
study puts forward important suggestions for both researchers and practitioners, where
crowdsourcing has great benefits for the development of sustainable cities in the Global
South.

This Special Issue, with its 10 paper contributions, generates new insights by inves-
tigating City 4.0 from various disciplinary angles to the digital transformation of urban
settlements. We, the guest editors, believe that this Special Issue will be an important repos-
itory of relevant information, material, and knowledge to support research, policymaking,
practice, and transferability of experiences regarding City 4.0.

Before we close, we wish to thank the authors of this Special Issue’s papers for
accepting our invitation and submitting and revising their manuscripts within a short time
frame. Moreover, we would like to thank the referees for their thorough and timely reviews,
as well as the journal’s Assistant Editor, Ms. Sunnie Wei, for inviting us to serve as the
Guest Editors of this Special Issue.

Author Contributions: Conceptualization and writing—original draft preparation, T.Y., B.X., TT.P.C.
and J.S.-M. All authors have read and agreed to the published version of the manuscript.
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Abstract: Rapid urbanization and population increase, along with remarkable technological advances,
have accelerated the speed of digital transformation, or at least the need for it, in our cities. Whilst
being smart and sustainable is seen somewhat as an ideal city quality globally, a new city concept
has emerged—the so-called City 4.0—that combines Industry 4.0 and Society 4.0 in the context of
smart cities. While there is growing literature on the topic, there is limited understanding of City
4.0. This communication piece aims to bring clarity to City 4.0 by elaborating it from three diverse
but interrelated perspectives—namely, societal, environmental, and economic lenses or domains
(also know as the triple bottom line approach)—and highlights the key City 4.0 themes—namely,
circularity, adaptability, livability, accessibility, authenticity, and responsibility. The methodological
approach includes a thorough appraisal of the current City 4.0 literature. This communication paper
informs researchers, local and regional authorities, and urban planners on the rising importance of
the notion of City 4.0 and its prospective research areas.

Keywords: City 4.0; Industry 4.0; Society 4.0; smart city; sustainable development; knowledge-based
development; urban innovation; responsible innovation; platform urbanism; digital transformation

1. Introduction: Defining City 4.0

At present, way over half of the world’s population resides in urban localities, making
cities undoubtedly the epicenters of socioeconomic activities [1]. In some countries, the
urbanization rate surpasses the 90% mark, such as Australia, the Netherlands, and the
UK [2]. Along with cities being the primary generators of gross domestic product and
innovation, rapid urban growth also brings challenges related to sustainability, quality
of life, productivity, and urban management [3]. More specifically, we face the daunting
task of ensuring that the urban centers of tomorrow do not exacerbate environmental
degradation, social inequalities, and resource scarcity but rather serve as catalysts for
progress toward a more sustainable, livable, and equitable world.

The major challenges we face today include, but not limited to the following: (a) The
need to offer solutions to anthropogenic problems that cities have been causing; (b) The need
to respond to the increasing socio-technological and infrastructural needs of growing urban
regions; (c) The need to address the anthropogenic climate emergency; (d) The need to cater
to the aging population’s needs by using state-of-the art planning, design, construction, and
management; (e) The need to offer cutting-edge and innovative solutions to improve the quality
of life of residents; and (f) The need to prepare for digital transformation and technological
disruption [4-6].

City 4.0 is the response to such challenges [7,8]. In a nutshell, City 4.0 is a city that
utilizes technological developments and digitalization to transform local public services
and the local economy to produce sustainable and desired urban, environmental, and
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societal outcomes for all [9]. It represents a vision where cities are smart, sustainable,
inclusive, well-governed, and resilient [10,11]. As our planet undergoes an unprecedented
wave of intense urbanization processes, the concept of City 4.0, following the smart city’s
popularity and foundations, has emerged as a beacon of hope on the horizon [12]; it is
becoming a vision for many cities in the 21st century that integrate technology, innovation,
and sustainability to address the myriad challenges of rapid urbanization [13,14].

City 4.0 envisions urban environments where technology enhances resource efficiency,
connectivity improves quality of life, and data-driven decision-making transforms gover-
nance. It represents the convergence of urban development and the digital age, offering
innovative solutions to age-old urban problems [5,15,16]. By integrating various technolog-
ical advancements like Internet-of-Things (IoT), artificial intelligence (Al), big data, and
sustainable practices to manage resources, transportation, energy, and services within a
city, City 4.0 aims to create smarter, more sustainable, more efficient, and more livable and
prosperous cities [6,17].

In terms of the differences between smart city and City 4.0, both refer to urban devel-
opment concepts, but each of them emphasizes different aspects and stages of technological
advancement within a city. In essence, while smart city focuses on using technology to
improve specific aspects of city life, City 4.0 represents a more advanced stage, encompass-
ing a broader and more deeply integrated innovation and technological ecosystem aimed
at creating a highly connected, intelligent, and efficient urban environment. City 4.0 is
often seen as the next phase of smart city development, incorporating more advanced and
disruptive technologies to transform urban living and governance [5,18].

As a result, the concept of City 4.0 represents a paradigm shift in urban planning and
development, “leveraging the power of engaged and connected citizens, digital technology,
and data to ensure and enhance the quality of urban life, productivity, and sustainable
development” [9,19]. Although such a paradigm shift is occurring at the moment, there is a
knowledge gap regarding what City 4.0 is and what its key characteristics are. Tackling
this issue is the rationale behind this communication piece.

This is a communication paper, as opposed to a research article, we aim to contribute
to the efforts in bridging this knowledge gap by sharing our views on the topic thorough an
appraisal of the current City 4.0 literature and our extensive experience and expertise in the
field of smart and sustainable urbanism. In this communication piece, we explore City 4.0
from the perspectives of societal, environmental, and economic lenses (a triple bottom line
approach), and also introduce the six prominent themes—circularity, adaptability, livability,
accessibility, authenticity, and responsibility—of City 4.0.

2. City 4.0 from the Societal Lens

The societal lens of City 4.0 delves into this new city type’s societal benefits and
challenges, and the transformative potential it holds for urban societies, including the
rapidly growing aging population. City 4.0 brings profound societal benefits, influencing
various aspects of urban life through the adoption of various digital technologies and
data-driven decision-making [20].

First, City 4.0 enables active citizen engagement, since digital platforms, mobile
applications, and participatory mechanisms enable citizens to provide feedback, report
issues, and actively participate in local initiatives to shape and better control their urban
environment [21]. This active involvement fosters a sense of ownership, belongingness,
accountability, and community cohesion among citizens, maximizing their contribution to
community development and generating more sustainable solutions [9,22].

Second, City 4.0 promotes inclusive governance and community, where decision-
making is transparent and responsive to the diverse needs of stakeholders, particularly
for community citizens. This inclusivity ensures that marginalized and underrepresented
groups, especially those vulnerable and disadvantaged populations in communities, have
a voice in urban development, leading to more equitable outcomes [23].
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Third, City 4.0 enhances the delivery of public services and infrastructure for the
improvement in the quality of urban life. With data-driven insights and support from Al,
governments can optimize services and infrastructure provision such as transportation,
healthcare, education, and public safety, leading to a smart society that benefits all residents
with improved efficiency and effectiveness [24]. To improve these deliveries, it is necessary
to have good data to work on.

While City 4.0 holds immense promise for our current and future society, it is not
without its challenges and considerations, including, but not limited, to the following:

Privacy and Cybersecurity: The extensive data collection and analysis required for City
4.0 raises concerns about privacy and cybersecurity. Safeguarding citizen data and ensuring
data privacy regulations are adhered to is crucial to maintain public trust. Additionally, as
cities become increasingly interconnected, they become more vulnerable to cyber threats.
Robust cybersecurity measures are necessary to protect critical infrastructure and citizen
data [25]. Robust rules and regulations, such as the General Data Protection Law, must be
implemented to ensure that citizens’ rights are protected [26].

Digital Divide: While City 4.0 envisions a connected and engaged citizenry, it also
highlights the digital divide that exists within our societies because not all citizens have
equal access to digital technology or possess the necessary digital literacy. Addressing this
divide is crucial to ensure that City 4.0 benefits all segments of the population [27]. This
is to say, technology must be accessible and beneficial to all citizens, regardless of their
socioeconomic status, to avoid deepening social inequalities.

Public Acceptance: The changes brought by City 4.0 may not find universal acceptance
among all residents. There may be resistance to new technologies, concerns about job
displacement, or resistance to the disruption of established routines. In addition, urban
citizens from different cultures and societies may have varying levels of acceptance and
readiness for digital transformation [28].

Keeping these issues in mind, City 4.0 initiatives should be sensitive to all these factors
to ensure successful implementation. It is worth mentioning that City 4.0 brings great
opportunities and innovative solutions for addressing issues related to the rapidly growing
aging population. The aging population is a demographic trend that is reshaping societies
worldwide. By 2050, it is estimated that over 22% of the global population will be aged
60 or older [29]. This demographic shift poses unique challenges for urban planners and
policymakers, but City 4.0 offers promising solutions.

For example, the emphasis of City 4.0 on data-driven decision-making can lead to
the creation of age-friendly infrastructures, which include well-designed public spaces,
accessible transportation options, and smart homes that cater to the specific needs of older
citizens. In addition, digital technology in City 4.0 facilitates telemedicine and remote
healthcare services, making it easier for older adults to access medical care without the
need for extensive travel [30].

Additionally, given that loneliness and social isolation are significant concerns for
the aging population [31], City 4.0 platforms can foster social connections by facilitating
virtual meetups, providing information about local social activities, and encouraging in-
tergenerational interactions. Finally, considering that older adults often face challenges
with transportation and mobility, especially in sprawling urban areas, the smart transporta-
tion systems of City 4.0 can offer on-demand, accessible, and personalized transportation
options, ensuring that seniors can remain mobile and independent [32].

To summarize, the emergence of City 4.0 carries a range of important societal implica-
tions, all of which are significant and multifaceted, influencing various aspects of urban
life and society. On the one hand, it offers opportunities for enhanced citizen engagement,
improved governance, sustainability, and better quality of life. On the other hand, it
also presents challenges related to concerns regarding privacy, cybersecurity, the digital
divide, and public acceptance. Meanwhile, it is worth noting that City 4.0 has profound
implications for an aging population, the majority of which will age in cities. By building
age-friendly infrastructures, improving healthcare access, promoting social inclusion, and
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enhancing transportation options, City 4.0 can significantly improve the quality of life for
older citizens, although it is also crucial to address those similar issues like the digital
divide, privacy concerns, and digital literacy to ensure at City 4.0 truly benefits all members
of society, regardless of age.

3. City 4.0 from the Environmental Lens

City 4.0’s environmental perspective has a strong sustainability and sustainable urban
development focus. As outlined in the UN’s Sustainable Development Goals (SDGs),
sustainability encompasses environmental, social, and economic well-being [33,34]. Within
this framework, we examine how City 4.0 contributes to achieving these global objectives.

Technology and Innovation: City 4.0 adopts advanced technologies such as Al, IoT, and
big data analytics to create more efficient, sustainable, and resilient urban environments.
In addition, the adoption of these technologies can optimize transportation, energy con-
sumption, and waste management, contributing to sustainable resource use and reduced
emissions in cities [35].

Smart Infrastructure and Services: An essential aspect of City 4.0 is the development of
smart infrastructure and services, such as intelligent transportation systems, renewable
energy generation, waste reduction strategies, and other urban services [36]. These innova-
tions not only enhance the livability of cities (as discussed in the Society Lens of City 4.0)
but also significantly reduce their environmental footprint [37].

Data-Driven Decision-Making: In the context of City 4.0, the emphasis is on the environ-
mentally responsible collection and analysis of extensive data to enhance the sustainability
of urban services and the efficient allocation of resources. This highlights how data-driven
approaches in urban planning can lead to more eco-conscious governance, offering insights
into the environmental challenges and opportunities associated with this approach [38].
In City 4.0, data will promote innovation and technological ecosystems and governments
can include the smart mind society to contribute to solve city problems and to have more
transparency in the process [39].

Environmental Benefits: City 4.0 can mitigate environmental degradation, given that
sustainable urban planning can enhance green spaces, preserve biodiversity, improve
air quality, and promote climate resilience. The objective is to understand how City 4.0
contributes to sustainability within city boundaries and on a global scale [40,41].

Social Equity and Inclusion: Sustainable development encompasses social dimensions,
and our special edition recognizes their importance in the context of City 4.0. We delve into
the role City 4.0 plays in providing affordable housing, bridging the digital divide, and
ensuring community engagement. The vision of inclusive, equitable, and diverse cities is
explored in detail, emphasizing the significance of balancing technological advancements
with social progress [42,43].

Therefore, City 4.0 supports sustainable development because cities can reduce their
environmental footprint, lower energy consumption, minimize waste and mitigate the
impact of climate change by harnessing data and digital technology [44]. Regulating the
carbon emission trading policies and promoting innovation in green technologies is crucial
for City 4.0 in addressing the climate emergency [45]. This not only benefits the present
generations, but also contributes to a more sustainable future for urban societies.

Effective policies and regulations are pivotal in guiding sustainable urban develop-
ment and governments at all levels must play a central role in incentivizing and regulating
the transition to City 4.0. Public awareness and community engagement will be equally
vital, as informed and engaged citizens are instrumental in driving the transition to more
sustainable, equitable, and resilient cities.

In summary, viewed through the lens of sustainable development, the concept of
City 4.0 offers both a vision and a roadmap toward a brighter and more equitable urban
future. With this communication piece, we hope to stimulate conversations, inspire action,
and provide a platform for knowledge sharing among researchers, policymakers, and
practitioners as we collectively embark on the journey to City 4.0, a vision where our cities
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will not only flourish, but also be the cornerstones of a more sustainable and inclusive
global society.

4. City 4.0 from the Economic Lens

The economic lens of City 4.0 adopts urban innovation principles where, in this regard,
knowledge-based collective platform urbanism paves the way for a more economically
sustainable, resilient, and inclusive urban future [39]. Knowledge-based collective platform
urbanism, a key component of City 4.0, proposes a revolution in the way cities manage
their development [46]. At the heart of this strategy is the establishment of an innovative
environment that values cooperation between diverse actors—from government entities
and the business sector to academia and citizens. This confluence of visions and expertise
makes it possible to create solutions to complex contemporary urban problems.

The concept of City 4.0 expands the traditional idea of urbanism by emphasizing the
importance of technology and the use of data in improving urban infrastructures. It focuses
on capturing and analyzing real-time data to improve urban systems such as transportation
and energy management, as well as human resource development, smart marketing, and
smart technology adoption [47]. This is complemented by knowledge-based collective
platform urbanism, which highlights the role of collective knowledge in solving complex
urban challenges. Both approaches agree on the centrality of data, but while City 4.0 focuses
on optimization and efficiency, knowledge-based collective platform urbanism sees data as
a public resource that must be democratized to foster innovation [48].

The importance of entrepreneurship and innovation in knowledge-based economic
development is undeniable. To promote this integration and economic development, cities
must have universities that train a specialized and entrepreneurial workforce, as well as
support infrastructures such as incubators, accelerators, and technology parks [49]. Legisla-
tion and public policies must also favor the growth of these emerging companies, whether
through investment funds or tax incentives. Furthermore, political ties, environmental
regulations, and corporate innovation should be considered in combination [50].

In the context of City 4.0, creating a robust innovation ecosystem requires a holistic
approach that integrates the UN’s three pillars of sustainability: “economic development,
social development, and environmental protection” [51]. This ecosystem must operate in
four main domains: socio-cultural, spatial, institutional, and economic. Each domain has
its pillars; however, when we look at the economic-domain-emphasizing aspects, such as
knowledge, creativity, fostering, innovation, and competitiveness, we see cities being able
to generate economic development that is both sustainable and knowledge-based [52,53].

A crucial pillar of this vision is the emphasis on open data. By making this data
accessible to a wide range of stakeholders, a stimulus is created for the development
of new applications and services aimed at improving the quality of urban life. These
innovations can cover areas as diverse as transportation, energy management, public safety,
and health [54].

Data management plays a central role in this ecosystem, providing the necessary
stimulus to drive innovation [55]. These data, seen as commons or common goods, have
immense power in society and can be used to reorganize cities in more efficient and just
ways. These commons also include other natural or cultural resources and are fundamental
to sustainable development.

Promotion, whether through favorable tax policies, subsidies, or support programs for
entrepreneurs, plays a crucial role in the development or transformation of City 4,0. Cities
can foster an environment where startups flourish and innovation is valued by encouraging
them to generate innovations. This approach does not just benefit companies; it creates a
dynamic where all citizens benefit from technological advances and innovative solutions.
Especially when fostered by open and big data, the intelligence of the collective is used to
contribute and bring invaluable solutions to cities.

Therefore, the union of City 4.0 with knowledge-based collective platform urbanism,
and the importance of entrepreneurship and innovation, offer a transformative paradigm
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for the future of urban development. These are not just theoretical concepts, but a call to
action that demands a radical reimagining of how cities function and meet the needs of
their inhabitants. The possibilities are endless and, even in the face of significant challenges,
these approaches point towards more resilient, inclusive, and innovative cities.

5. City 4.0’s Prominent Themes

When elaborating on City 4.0, it is also important to present the prominent themes
this new city conceptualization comprises. Thus, this section concentrates on this
issue. In City 4.0, which aims to utilize technological developments and digitalization
to transform local public services and local economies to produce sustainable and
desired urban, environmental, and societal outcomes for all, the following six themes
become prominent—circularity, adaptability, livability, accessibility, authenticity, and
responsibility [56]. These interrelated key themes are briefly introduced below and a
framework with some of the exemplar approaches to these key themes are graphically
presented with some examples in Figure 1.

Designing for sense of

place & community

Figure 1. Framework of City 4.0’s prominent themes.

In the core ring of Figure 1 sits City 4.0; the middle-ring contains prominent themes of
City 4.0, while the outer-ring includes some project examples for a clearer understanding
of each theme. The six themes are concisely explained below.

Circularity: This theme focuses on economic, social, technological, and environmental
systems that aim to eliminate waste, maximize the reusing of resources, and contribute to
the sustainable development efforts of City 4.0.
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Adaptability: This theme focuses on boosting the ability to make necessary adjustments
in ecological, social, technological, and economic systems in response to actual or expected
climatic stimuli and their effects or impacts on City 4.0.

Livability: This theme focuses on enhancing the conditions of a decent life for all inhab-
itants of cities, regions, and communities, including their physical and mental wellbeing, in
City 4.0.

Accessibility: This theme focuses on informing the practice of making information,
activities, opportunities, and environments sensible, meaningful, and equitably usable for
as many people as possible in City 4.0.

Authenticity: This theme focuses on forming and maintaining spaces, places, and
communities that are genuine and distinctive and contain recognizable social-cultural and
natural characteristics and identities in City 4.0.

Responsibility: This theme focuses on informing governance decisions, including in
technology adoption and utilization, through ethical, accountable, trustworthy, explainable,
and equitable frameworks in City 4.0 [56].

The presence of each of these six prominent themes as successfully applied projects
in a city (see the outer ring of Figure 1 for project examples), at scale, will initiate the
transformation journey of that locality into a smarter and more sustainable city and will
thus pave the way to the emergence of City 4.0.

6. Concluding Remarks: City 4.0’s Prominent Research Areas

This communication piece aims to bring clarity to City 4.0, which is seen as the next
phase of smart city development, by elaborating on it from the three diverse but interrelated
perspectives—namely, the societal, sustainability, and economic lenses or domains (also
known as the triple bottom line approach). The piece also highlighted the prominent themes
in City 4.0—circularity, adaptability, livability, accessibility, authenticity, and responsibility.

Despite our communication piece shedding some light on the notion of City 4.0, the
notion is still in its infancy. We hence call for in-depth research, effective implementation,
and thoughtful consideration of the societal, environmental, and economic implications to
realize the full potential of City 4.0, while tackling its associated challenges.

Additionally, we advocate and encourage collaboration among academics, govern-
ments, communities, business, and industry professionals to ensure that our future cities
are smart, inclusive, sustainable, and responsive to the diverse needs of urban populations.
A concentrated effort is needed to reach the potential of City 4.0 in shaping the future of
our urban centers and to transform the vision of City 4.0 into a tangible reality. This also
means fostering global collaboration to address the challenges of urbanization and climate
change. As cities continue to evolve and embrace the possibilities of the digital age, City
4.0 represents a promising vision for the future of urban life, one that is smart, sustainable,
inclusive, well-governed, and resilient.

Global collaboration for urbanization and climate change is imperative to justify
the vision of City 4.0. As urbanization accelerates worldwide, and the impacts of climate
change become more pronounced, cities must unite to face common challenges. By fostering
global collaboration, cities can share best practices and innovative solutions that transcend
geographical boundaries. This collaborative approach enables the exchange of knowledge,
experiences, and technological advancements, paving the way for the development of
smart, sustainable, and resilient cities. In a world interconnected by shared environmental
concerns, collaboration is the most important management tool for City 4.0, allowing cities
to collectively navigate the complexities of urban growth and climate resilience.

Furthermore, City 4.0 needs to use collective intelligence to solve existing problems,
bringing citizens closer. From this perspective, collaborative intelligence—where humans
and Al join forces—is critical [57]. Moreover, data are the new oil and, hence, through open
data, City 4.0 can promote entrepreneurship through hackathons, contributing to digital
transformation and responsible innovation [58]. Furthermore, cities have the challenge of
promoting education and inclusion for this new world—facing many societal, economic,
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governance and environmental problems— and, to do so, they need to provide digital
network infrastructure and cybersecurity [59,60].

In this communication, we also propose public policy recommendations for achieving
City 4.0. From the societal perspective, policies should be centered on safeguarding citizen
data and ensuring data privacy, giving different groups of citizens equal access to digital
technology and improving public acceptance of City 4.0, especially regarding readiness for
digital transformation. From the perspective of the economic lens for City 4.0, it is important
that there are regulations for opening up data through public policies, and that these data
are clean and clear. As a public policy factor, guaranteeing a quality and secure internet
connection is fundamental for achieving City 4.0 status. In a nutshell, urban policies should
concentrate on initiating the transformation towards human-centered cities, focusing on
social, economic, and environmental aspects, seeking transparency in management and
utilizing technology and collective intelligence for city development.

To achieve the ideal state of City 4.0, we hence call for in-depth research, effective
implementation, and thoughtful consideration of the societal, environmental, and economic
implications in order to realize the full potential of City 4.0 while tackling its associated
challenges. In addition, we advocate for and encourage global collaboration among aca-
demics, governments, communities, business, and industry professionals to ensure that
our future cities are smart, inclusive, sustainable, and responsive to the diverse needs of
urban populations.

We also strongly advocate that, with all above-mentioned factors—along with a sound
and balanced triple bottom line approach (societal, environmental, and economic) with a
focus on the circularity, adaptability, livability, accessibility, authenticity, and responsibility
aspects of our cities—City 4.0 (utilizing digitalization as a disruptive force in cities) has the
capacity to generate development based on knowledge and sustainability, whilst offering
smarter and more sustainable, livable, and prosperous futures. We also believe that the
shared ideas in this communication paper will inform researchers, authorities, and urban
planners on the raising importance of the City 4.0 notion, and will encourage the uptake
of projects concentrating on increasing the circularity, adaptability, livability, accessibility,
authenticity, and responsibility of our cities.

Lastly, we conclude this communication piece by advocating for the importance
of prospective research on City 4.0, and mapping some of the relevant and important
research areas—as shown in Figure 2—that would be of interest to researchers dedicated to
investigating sustainable, healthy, and digital transformations and their disruptions in and
implications for our cities, communities, industries, and the environment.

.

Resilient
cities/communities

Healthy
cities/communities

Active and

engaged/connected
cities/communities
Inclusive and

responsive

technologies/cities/
communities aartand
sustainable
technologies/cities/
communities

* Smart urban technologies and societal disruptions /
q il ible urban poli i

= Evidence-based urban planning

= Sustainable urban/architectural design/delivery
* Innovative/circular/safe construction

Figure 2. City 4.0's prominent research areas.
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Abstract: Green Al (Artificial Intelligence) and digitalization facilitate the “Dual-Carbon” goal of low-
carbon, high-quality economic development. Green Al is moving from “cloud” to “edge” devices like
TinyML, which supports devices from cameras to wearables, offering low-power IoT computing. This
study attempts to provide a conceptual update of climate and environmental policy in open synergy
with proprietary and open-source TinyML technology, and to provide an industry collaborative
and policy perspective on the issue, through using differential game models. The results show that
patent and open source, as two types of TinyML innovation, can benefit a wide range of low-carbon
industries and climate policy coordination. From the case of TinyML, we find that collaboration
and sharing can lead to the implementation of green Al, reducing energy consumption and carbon
emissions, and helping to fight climate change and protect the environment.

Keywords: climate governance; environmental sustainability; green AI; TinyML; patent; open source

1. Introduction

Major economies are regaining growth while facing challenges of carbon reduction
and environmental protection [1]. Digital wave offers opportunities to achieve the goal
of “Dual Carbon” [2], and green Al (Artificial Intelligence) is a tool designed to achieve
quality development in a low-carbon economy [3]. As basic research on Al continues to
progress [4-7], Al is accelerating from the “cloud” to the “edge” in the fields of smart
manufacturing and smart cities [8], into smaller IoT devices for low-carbon energy-efficient
computing and public information monitoring [9].

Negative impacts of Al on climate policy include increased electricity consumption
and carbon emissions [10], i.e., threats such as cryptocurrencies. A shift to sustainable Al is
imperative [3,11,12]. Inclusive, credible, explainable, ethical, and responsible technological
approaches are required to drive smart city transformation [13] to mitigate planetary issues
in a sustainable manner [13,14].

TinyML (Tiny Machine Learning) supports smart cameras, remote monitoring de-
vices, wearable devices, audio capture hardware, and various sensors [15]. The power
consumption and carbon footprint of TinyML devices are much lower than those of cloud
computing and ordinary mobile devices, i.e., TinyML devices operate at a MHz level
and consume power at a mW level, which is 1000 orders of magnitude lower than cloud
computing and mobile devices; CO, emission levels are at a kg level, which is one order of
magnitude lower.
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Undoubtedly, an ecosystem of at least tens of billions of IoT devices will gain machine
learning capabilities [16]. Low-carbon and green TinyML can create a healthier and more
sustainable environment [17].

We utilize WIPO’s PATENTSCOPE database to search for TinyML keywords in search-
able fields to obtain relevant patent document information, and we then use crawler
software to capture data. We manually referenced IPC code to group, classify, and count
these TinyML patents. Second, we retrieve TinyML-related open-source projects from
GitHub open-source code hosting platform and organize and classify these open-source
projects’ programming languages and count them manually. The data in Tables 1 and 2,
both sorted in descending order, are obtained through the above acquisition and cleaning
process. As the tables show, there are differences in the classification of patent and open
source because patent classification focuses more on categorizing inventions as specific tech-
nological domains to demonstrate independence and systematic nature [18]. Open-source
projects are usually artifacts that depend on each other and other components to build
a fully functional system [19], whereas classification of open-source projects repositories
is more inclined to functional areas so that developers target and contribute to specific
problems or functions.

Table 1. TinyML Patents’ IPC Code and Usage Classification Statistics based on WIPO’s
PATENTSCOPE.

IPC Code IPC Usage Classification Count
GO6N computing model 46
GO6F data processing 30
HO4L data transmission 24
G06Q e-commerce and e-government 19
GO06K data visualization 18
G05B control system 11
A61B analytical biology 9
GleY IoT communications 8

B25] robotic arm 6
Go6V computer vision 5
Grand Total 176

Data retrieved as of 1st May 2023.

Table 2. TinyML Open-Source Project Repositories and Artifact Classification Statistics in GitHub.

Programing Language Artifact Classification Count
Other (i.e., Assembly, Java, Arduino) firmware 499
C++ hardware 201
C hardware 131
Python software 74
F# software 14
JavaScript GUI 10
Go software 9
HTML GUI 6
TeX typesetting 5
Jupyter Notebook data science 4
CSsSs GUI 4
Grand Total 957

Data retrieved as of 1st May 2023.
WIPO patent data (Table 1) indicate that TinyML green Al technology has expected

economic benefits in algorithm applications, data processing, control systems, IoT devices,
etc. (Figure 1). Open-source data (Table 2) show that repositories related to TinyML
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in GitHub are mainly distributed in firmware, hardware programming, and algorithm
implementation and application at the software level (Figure 2).
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Figure 1. TinyML Green Technology in Patent Innovation Distribution.

data science 4

=
S .
§ Typesetting 5
b=
g GUI 20
o
gn software 97
=)
2 hardware 332
[
firmware 499
0 100 200 300 400 500 600

Number of Open Source Repositories

Figure 2. TinyML Green Technology in Open-Source Innovation Distribution.

TinyML’s patented and open-source technologies play an essential role in climate
policy [20]. Optimizing irrigation for precision agriculture is used to improve crop yield and
quality [21,22]. Smart sensing systems are used in the field of early warning and monitoring
systems [23,24] to address the challenges posed by natural disasters and climate change [25].
Intelligent energy-management systems reduce energy waste and carbon emissions [26].
In smart cities, optimizing energy use of appliances [27] improves energy efficiency [28]
and reduces energy costs [29]. Optimizing traffic flow in intelligent transportation systems
reduces traffic congestion and carbon emissions [30]. In conclusion, patented and open-
source implementations of TinyML technology can play a positive role in the development
of aspects of climate policy.

Patent and open source are two distinct forms of innovation. Knowledge spillovers
bring these approaches to innovation closer together [31-33]. Organizations are blending
these two approaches to gain advantages in competition [34,35]. Through open-source
proactive spillover of technical knowledge, people draw inspiration from existing source
code examples or leverage feedback from the community to innovate or improve prod-
ucts [36]. Meanwhile, patent-built barriers are used to protect inventions [37]. In order to
form a TinyML green technology cluster, organizations must have both proprietary and
open-source technologies. Proprietary technologies create a competitive advantage and
bring economic benefits. And open-source technologies facilitate collaboration and expand
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value networks [38]. Through the synergy of proprietary and open-source technologies, a
more efficient and productive cluster can be constructed [39,40].

Research on synergy of patent and open source in TinyML-based green Al is yet to be
studied. We try to dissect this issue and also provide a broader vision of industry synergy
and policy for the increasingly serious climate and energy challenges.

The significance of this study lies in the fact that it shows the impact of TinyML-based
green Al with patent and open-source synergies on climate and environmental governance,
and demonstrates the potential to improve efficiency of climate and environmental gov-
ernance by providing technology-based conceptual updates for low-carbon, green, and
sustainable climate policies.

The first section explains the research background, raises research questions, intro-
duces methods, and describes the contributions. The second section discusses related works
in recent years that support our study. In the third section, we introduce differential games,
showing the results in three situations of noncooperative game, Stackelberg leader—follower
game, and cooperative game, and conduct discussions. In the fourth section, we summarize
the results of innovative synergy in the areas of proprietary and open source for TinyML
low-carbon green technology, and extrapolate to a wider range of low-carbon industries
and climate policy collaboration.

Realistic strategic decision-making is a game model that considers time factor and
dynamic changes, and differential games provide an analytical approach [41]. Nash’s
noncooperative game [42] lays the theoretical foundation for differential games, which
has become a critical branch of modern game theory and plays crucial role in analyz-
ing competitive strategy, market behavior, and strategic decision-making in economics,
management, and engineering [43]. In environmental protection and green Al, patents
focus on securing independence of innovative achievements by obtaining economic returns
through the granting of patent usage rights. Open source, on the other hand, emphasizes
knowledge sharing and collaboration, and promotes the popularization and progress of
technological innovation by disclosing the design and source code of innovative achieve-
ments. Through differential game analysis of competition conditions, behavioral patterns
of participants, and strategic choices and dynamics of competition between patent and
open-source approaches are revealed.

The scope of this study includes a conceptual update of climate and environmental
policy to incorporate TinyML technology. The analysis covers the potential of TinyML to
address low-carbon and climate policy issues through the examination of patent data and
open-source data. By using differential game theory to model competition between patent
and open-source approaches to environmental protection and low-carbon development,
the scope extends to providing an industry collaborative and policy perspective on the
issues, with a focus on collaboration, sharing, energy consumption reduction, and carbon
emissions reduction for sustainable development in environmental protection.

First, this study makes a marginal contribution to interdisciplinary theories of environ-
mental sustainability and digital innovation: data mining of patent and open source allows
for conceptual updates of climate policy and reveals the potential of TinyML-based green
Al in balancing environment and efficiency. Secondly, comparing previous works that focus
solely on noncooperative [44] or Stackelberg [45] approaches, or on a closed-loop supply
chain [46], we examine the application of differential game theory to evaluate complex
competing synergistic mechanisms by introducing several key variables and parameters,
i.e., rate of open technology value, willingness to open, impact coefficients, decay rates,
long-term profits and benefits of combining noncooperative, Stackelberg, and cooperative
games, and expanding to industrial competitive synergies.

2. Literature Review

Due to the rapid development of the digital era, smart technologies are seen as an
effective tool for solving challenging issues facing the world today and mitigating environ-
mental, social, and economic crises on a global scale [47]. The EU’s “Green New Deal” sets
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out the strategic goal of decoupling economic growth from resource use [48,49]. Industry
4.0 has given rise to the new concept of Cities 4.0 [50], which aims to improve quality
of life, productivity, and sustainability of cities with AI [51]. Sustainability profoundly
influences the direction of energy, transportation, housing, and agriculture [52]. Green
Al advocates a “circular economy” that aims to reduce, reuse, and recycle across sectors
and geographies [53]. Thus, the research value of green Al is highlighted. Human capital,
financing power, technological innovation, and government policies play critical roles in the
green transformation of Al [54]. Patent and open source provide the technical knowledge
required to integrate intelligence and greenness [55].

The essence of Al innovation lies in fulfilling efficient and accurate intelligent algo-
rithms [56] to promote humanistic and responsible technological development [57] and
social progress [58,59]. Through continuous exploration and improvement of green Al
technologies to reduce dependence on natural resources, and multi-disciplinary coopera-
tion and application, people are forging a sustainable [14] intelligent path for the future
of human beings and the planet [60]. TinyML [61] implements efficient machine learning
models on edge devices with low power consumption and low resource consumption [62],
reduces energy dependence, lowers the burden on the environment, which drives green Al
technologies, and redefines smart cities [13].

The application and promotion of TinyML is increasing [63]. In recent years, TinyML
as a typical technology for green Al is continuously progressing in climate governance,
environmental protection, precision agriculture, and smart cities, as demonstrated below.

2.1. In Environmental and Climate Governance

Reducing carbon footprint is crucial. TinyML as green Al is an important tool for
realizing climate and environmental policies [29], e.g., overcoming limitations of traditional
sensors and monitoring systems [20], superior efficiency and energy saving advantages
over traditional machine learning algorithms when running on small devices [64], low
power consumption, high efficiency and energy saving capabilities, and low storage costs in
environmental radiation-monitoring systems [65,66]. It also offers adaptive unsupervised
anomaly detection for extreme environments [67], thus facilitating provision of accurate
data for weather forecasting and disaster warnings [68]. The combination of TinyML and
CloudML (cloud machine learning) even enhances environmental monitoring and climate
prediction [69].

2.2. In Precision Agriculture

TinyML-based green Al addresses key challenges in precision agriculture by provid-
ing better tuning of environmental parameters [70], reducing resource consumption [71],
improving crop yield and quality [72], and promoting sustainable development. As an
example, the TinyML intelligent control system outperforms traditional models in maintain-
ing temperature and humidity balance [73], reducing system response time and resource
consumption [74], achieving smarter and more efficient food production [75], reducing
energy waste and environmental pollution [76], and thus protecting the environment and
mitigating climate change [17].

2.3. In Smart Cities

Industry 4.0 has spawned the new concept of Cities 4.0 [50]. TinyML better realizes
the collection and management of urban data. The Intelligent Transportation System (ITS),
based on TinyML IoT, can reduce traffic congestion and pollution [71], and promote the
green and low-carbon development of smart cities [47,51,77].

2.4. Technological Innovation

TinyML promotes technological innovation through algorithmic optimization. The
TinyML algorithm improves energy output efficiency by implementing a Square Cross-
section Two-phase Closed heat pump (SCTC) in a photovoltaic (PV) system [78]. TinyRep-
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tile, a decentralized edge machine learning model, combines TinyML and coalitional
meta-learning to improve computational efficiency and performance [79]. Generalized
TinyML benchmarking framework based on different operating system platforms lays the
foundation for evaluation [80]. The TinyML compression algorithm reduces memory usage
and computational complexity [81], enabling energy-efficient reasoning on Unmanned
Aerial Vehicles (UAVs) [28]. The efficiency of the C4.5 decision tree algorithm is improved
by determining economic granularity interval in TinyML algorithm optimization [82].

2.5. Competition and Synergy between Proprietary and Open Source

Differences between open source and proprietary have different impacts on the soft-
ware industry [83] and can be strategically complementary [35] and balanced [84]. Open
source and patents have strong synergies [85]. Patents often have a technological lead over
open source, but open source can also compete effectively [86]. Patents use a lock-in strat-
egy, while open source offers greater flexibility and freedom [87,88]. Open source is more
reliable and secure due to open management and auditing of source code [89,90]. RIVICE
(Open Source River Ice Model) demonstrates the benefits of open source in environmental
research collaboration and problem solving [91]. Migration timing framework from patents
to open source provides strategic guidance [53], and the governance model and platform
ecosystem will change [92].

The literature referred to above shows that TinyML’s patent and open-source technolo-
gies provide additional opportunities for climate governance and environmental protection
in multiple areas. Synergy needs to be further investigated.

3. Methods
3.1. Question

In TinyML-based green Al, patent and open source are located at the two ends of the
innovation spectrum, with patents bringing economic benefits by establishing technolog-
ical barriers and open source expanding value networks through proactive knowledge
spillovers [31-33], affecting policy on climate and carbon reduction [20]. Patent innovation
and open-source innovation form an innovation loop, as shown in Figure 3. The following
subsections investigate the open synergy problem of TinyML patent and open source in the
context of climate change and carbon reduction through three scenarios: noncooperative
game, Stackelberg leader—follower game, cooperative game.

( )
Policy Layer Climate & Environment Policies

N J

. D
Utility Layer Economic Benefit 1( Value Network

\- J

( ' N\

Artifacts Layer Patent Innovation ][ Open Source Innovation

\ V'S ‘ J

( | )
Mechanism N Open Synergies in Green Al -

J

Figure 3. Green Technology Open Synergies for Climate and Environmental Policy Enhancement.

3.2. Premises

Underlying assumption: Proprietary and open-source platforms are participants in
this study, both have technological achievements, conform to limited rationality, and make
decisions with the goal of maximizing benefits [93]. The cost of technology openness is a
convex function of willingness to open up technology [94].
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PAPI components: To present differential games, we investigate the Players + Actions +
Payoffs + Information (PAPI) framework [95], which reflects dynamic interactions between
players’ decisions based on the information they observe and the behaviors of others.
Competitive synergy is a long-term process with participants” decisions adjusted over time,
and they influence each other.

P(Players): Patent platform and open-source platform are participants in this study.

A(Actions): Both players have strategies set {Open, Close} in a discrete view. However,
as differential games consider a multidimensional continuum of strategic changes and con-
frontations [96], players’ strategies vary depending on value rate of opening technologies
(denoted p), willingness to open up technology (E), input costs to open up technologies (C),
impact coefficient on open synergy effect (1), decay rate of synergies (6), marginal return
(7r), impact factor of technology opening on total return (6), revenue sharing rate (), degree
of technology openness from patent to open source (), discount factor for both platforms
(0). The relevant symbols are defined in Table 3.

Table 3. Symbols and Description.

Symbol Description
X Patent platform
Y Open-source platform
ux € [0,1] Value rate of opening up technologies on patent platform
uy €[0,1] Value rate of opening up technologies on open-source platform
Ex(t)eR Willingness to open up technology on patent platform
Ey(t) eR Willingness to open up technology on open-source platform
Cx(t) eR Input costs for patent platform to open up technologies
Cy(t)eR Input costs for open-source platform to open up technologies
Ax € [0,1] Impact coefficient of patent platform on open synergy effect in TinyML technology
Ay € [0,1] Impact coefficient of open-source platform on open synergy effect in TinyML technology
5e [0,1) Decay rate of synergies due to technology opening
K(t)eR Synergies from technology opening up at moment ¢
x € [0,1] Marginal return of patent platform
y € [0,1] Marginal return of open-source platform
II(t) e R Total return from technology opening
6 € [0,1] Impact factor of technology opening up on total return
a € [0,1] Revenue sharing rate for patent platform
1—a€ [0,1] Revenue sharing rate for open source platform
oce [0,1] Degree of technology openness from patent platform to open-source platform
pe< [01] Discount factor for both platforms
Jx €R Long-term profits of patent platform
Jy €R Long-term profits of open-source platform
Vx(K) € R Benefits from technology opening up on patent platform
Wy (K) e R Benefits from technology opening up on open source platform
P(Payoffs): Payoffs of both players in differential games are measured in terms of their
total return from respective strategies. For simplicity, we model interactions by providing
a payoffs matrix (Table 4) under three differential game models: noncooperative game,
Stackelberg leader—follower game, and cooperative game. The process of equilibrating the
games based on HJB equations is given sequentially in Section 3.3.
Table 4. Payoffs under Differential Games.
Payoffs for Patent Platform Payoffs for Open-Source Platform
Noncooperative game Vi (10) Vy (11)
Stackelberg leader—follower game Vg (17) Vy* (18)
Cooperative game Vg™ (23) Vy** (24)

Note: This is a matrix for preview model interactions by both players. Process of equilibrating the games based
on HJB equations is given sequentially in Section 3.3.
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I(Information):

The patent platform is denoted by X. The value rate of open green Al technology is py.
The willingness to open is a time-varying function Ex(t). The input cost by patent platform
is denoted as Equation (1).

Cx(t) = EXEx () M

The open-source platform is denoted by Y. The value rate of open green Al technology
is py. The willingness to open is a time-varying function Ey (t). The input cost by open-
source platform is denoted as Equation (2).

Cy(t) = BB () @)

Innovation and technology accumulation of green Al technologies in patent and open-
source platforms have a positive incentive effect on technology opening, generating a
synergistic effect of technology opening [97], enhancing innovation efficiency of smart
green technology industry, and strengthening the policy effect of climate [34].

The synergy effect [98] is a time-varying function [99]. The rate of decay [100] describes
decay of synergistic utility over time, given that other variables are equal. Ax is the influence
coefficient, which describes the open synergy effect of the patent platform on TinyML green
technology. Ay is the influence coefficient, which describes the open synergy effect of the
open-source platform on TinyML green technology. é represents the decay rate of synergies
from technology opening. The synergistic effect of technology opening up at time ¢ is
denoted as K(t). TinyML's patent and open-source differential equations for generating
synergies are as follows:

d

5; K(8) = AxEx(t) + AyEy (t) — K(t) ®)
The impact factor of technology openness on total return is denoted as . The marginal

returns of patent and open-source platforms are 7tx and 7y, respectively. I1(t) is the total

return of technology openness in the following equation [101].

II(t) = mxEx(t) + 7y Ey (t) + 0K(t) 4)

The total returns of technology opening are shared between platforms based on rules
and mechanisms. The revenue share rate of the patent platform is denoted as « € (0,1).
The revenue share of the open-source platform is 1 — «. Platforms incentivize each other to
open up technology. The incentive level is denoted as ¢ € [0, 1] for the patent platform
and 1 — o for the open-source platform. The discount factor is assumed to be positive for
both platforms and is denoted as p.

Long-term profit functions for two platforms are expressed as follows.

{ Jx = [y e PHall(t) — Cx(t) — oCy(t)]dt

Iy = [P [(1 - )TI(t) — (1 — o) Cy (1))t ©)

Symbols used in this section and meanings are listed in Table 3.
The following subsections discuss the results of the two platforms in three game
scenarios: noncooperative game, Stackelberg leader—follower game, and cooperative game.

3.3. Game Model
3.3.1. Noncooperative Game

The noncooperative game is the one in which each player has its own interests and
goals, and where players do not necessarily need to cooperate with each other to achieve
each optimal interest. The patent platform and open-source platform were first regarded as
a noncooperative game. Micro and small participants in the patent platform own patented
technologies and license or trade them to gain financial benefits. In the open-source
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platform, developers use and share source codes for free. The open environment creates
higher visibility and a greater social effect. Everyone can contribute knowledge and skills,
and communicate and collaborate across communities.

In the noncooperative game of the patent and open-source platforms, players make
their own decisions and actions to achieve their own optimal interests. In the gaming
process, the Nash equilibrium allows us to understand the relationship between cooperation
and competition and to find equilibriums.

In the noncooperative game, platforms aim to maximize respective profits and benefits
from each technology opening and are a function of synergistic effects, denoted as Vx(K)
and Vy(K), respectively, and satisfy the HJB equation.

pVi(K) = aaTT(1) — Cx(1) + Vi (6 3,K(1)] ©)
PV (K) = x| (1= )11 = Co(0) + W/ () 5K (0| %

By solving the HJB equation, we obtain optimal willingness of each platform to open
up its technology and optimal total revenue of each.

a(mx(p+0) +0Ax)

Ex = )
X Hx(p +9)
. (—a)(my(p+9) +0Ay)
E} = )
Y py(p+9)
* _ «f ‘XZFX *\2 apy *\2
Vx(K) = p+5K+ 20 (Ex)” + W(Ey) (10)
* _ (1 _“)9 apx %12 Vl %2
The optimal total benefit (return) is the sum of Vg (K) and V7 (K).
VA(K) = Vi(K) +VE(K)
_ 6 g 22-a)(mx(p+d) +01x)°
p+o Zp;tx(p+5)2 (12)
(1—a2) (7ry (p+6)+6Ay)*
2ppy (p+0)*

3.3.2. Stackelberg Leader-Follower Game

The Stackelberg leader—follower game is noncooperative game model in which players
are composed of a leader and a subordinate (or follower). The leader makes the first
decision, and the follower makes decisions based on the leader’s decision. The leader
pre-observes the response of the follower and then makes an optimal decision, while the
subordinate needs to follow the leader’s decision to make a response. Thus, the leader has
the advantage of formulating the best strategy, while the subordinate needs to react to the
leader’s strategy to achieve the best response.

There is a relationship between technology sharing and competitiveness, and the
Stackelberg model helps scholars study the impact of technology sharing on strategies
and final market competitiveness [102]. Moreover, part of the Stackelberg game involves
technical open sharing between a patent and an open-source platform. Patent holders
obtain informational and technological advantages by applying for patents and, therefore,
utilize this advantage to formulate optimal strategies. The patent platform effectively
controls market pricing and market entry barriers, thus gaining higher profits. The open-
source platform, on the other hand, needs to respond to the strategies of the patent platform
to maximize resources and technological advantages. The open-source platform utilizes
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V(K) = Vi (K) + W' (K)

free and open attributes to attract developers and users, providing better user experience
and higher-quality products. However, open-source platforms need to comply with patent
and intellectual property regulations, and sometimes attempt to circumvent patents [103].
In addition, open-source platforms need to continually innovate and expand the user base
to maintain competitive advantages.

In practice, both open-source and patent platforms continually adjust their strategies
based on changes in market demand and technological progress. In the Stackelberg leader—
follower game, the patent platform acts as leader, while the open-source platform acts as
subordinate. Both parties need to continually evaluate market demand and technological
trends and formulate corresponding strategies to gain maximum benefits. Assume the de-
gree of technology openness of the patent platform to the open-source platformis o € [0, 1]
and the open-source platform follows the decision based on the level of technologies it
already possesses.

o represents the degree of technology openness of the patent platform to the open-
source platform. ¢ takes a value of [0,1], which represents a continuum from no technology
openness at all (o = 0, no technology is shared) to complete openness (¢ = 1, all technolo-
gies are openly shared).

When ¢ = 0, patent platform does not open any technology to the open-source
platform at all, which means the patent platform completely retains its own technology
secrets and does not share any technology with the open-source platform.

When o = 1, the patent platform completely opens all technologies to the open-source
platform, which means the patent platform is willing to share all technologies with the
open-source platform and does not keep any secrets of its technologies.

Benefit from technology openness is a function of synergistic effect from technol-
ogy openness, denoted as Vx(K) and Vy (K), respectively, and satisfies the HJB equation.
Optimal control of the open-source platform as a follower is described in Equation (13).

pVy(X) = max | (1 — a)II(t) — ‘u—X(l —0)E2 + W (K) IK(t)

Ey>0 2 ot (13)

Optimal technology openness intentions for the patent and open-source platforms are

as follows.
af(p +9)mx +0Ax]

EY = 14
T o .
Eik/* — (1 +0‘)[(p+5)ﬂ——¥+9)\¥} (15)
2py(p +9)
Optimal incentive levels for the patent and open-source platforms are as follows.
20—1
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Optimal and total returns for the patent and open-source platforms are as follows.
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Using the patent platform as leader, as described above, can be extrapolated to, e.g., a
small patent firm (SPF) or a small open-source firm (SOSF). (1) If the SPF acts as leader, it
seeks patent protection more aggressively to ensure exclusivity and market dominance of its
innovations in order to maintain inflow of economic benefits and operational sustainability.
The SPF adopts more conservative strategies to control the release and sharing of intellectual
property to protect its interests. (2) If the SOSF acts as leader, it should emphasize open-
source innovation and collaboration, and share knowledge and source code with other
developers and researchers. This promotes technological progress and market development
while increasing influence and competitiveness. Open-source developing lends itself to
large-scale collaboration and sharing, thus posing a significant challenge to the SOSF with
limited resources. In brief, small firms tend to face constraints in terms of resources and size
in highly competitive markets. Industrial centrality of innovations, flexibility of innovation,
and diversity of innovation cooperation networks are crucial for becoming a leader. Both
open-source and patent small firms need appropriate strategies based on resources and
goals, and adapt to a competitive environment and market changes.

3.3.3. Cooperative Game

The cooperative game is one in which players make decisions with the goal of maxi-
mizing common interests. Sometimes, all players maximize their gains, while at other times,
one player needs to lose its benefits to maximize collective benefits, thus maximizing sus-
tainability of cooperation. A cooperative game of technology openness is a way to achieve
a mutually beneficial situation through open technology. In the technology openness sce-
nario, various players cooperate through technology sharing and knowledge transfer [104],
i.e., patent platform facilitates exchange data and innovation through open data sharing.
Data providers and users collaborate to achieve appropriate data usage. Patent owners use
the open-source platform to allow more users to use and submit contributions, increasing
the stability and functionality of the technology, as well.

The patent platform and open-source platform allocate total benefits obtained from
the cooperative game of technology opening at a rate of « € [0, 1] for the patent platform
and 1 — a for the open-source platform. Revenues as total benefits received by the patent
platform and open-source platform are based on technology openness allocation. When
« = 0, the patent platform receives zero benefits and all benefits are retained in the open-
source platform, which means that the patent platform fully opens up its technology and
is willing to give up its own financial interests for the development of an open-source
community. When a = 1, the open-source platform gains zero benefits and all benefits go
to the patent platform, which means that the patent platform fully retains revenues and
shares no technology with the open-source platform. The value of & can be determined
according to the interests and goals of both parties to the cooperation, and it is an adjustable
parameter that can regulate the distribution of benefits in the cooperation agreement.

Benefits of technology opening for both players are denoted as Vx(K) and Vy (K), and
total benefits are denoted as V(K), and both satisfy the HJB equation.

— _ ‘Mix 2 ﬂ 2 / 2
pV(K) = g max I1(t) 5 Ex > Ey + V'(K) BtK(t) (20)

Open intentions for the patent and open-source platforms are as follows.
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Optimal returns and optimal total return from open technology for both players are

as follows.
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The cooperative game on technology open scenarios is an important method of co-
operation between enterprises, which promotes technological innovation and market
competitiveness. Through the cooperative game of technology openness, enterprises mutu-
ally promote each other, develop together, and form a strong joint competitiveness, and
also make positive contributions to the industry. The following section discusses the nonco-
operative game, Stackelberg leader—follower game, and cooperative game between patent
and open source.

4. Discussion
4.1. Results Analysis

A numerical example is provided based on definitional and value domains in Table 1
in Section 3.2, by randomly selecting values for these variables and parameters:

x=0460=03,0=02p=02ux =03,uy =04Ax =02,Ay =03, 1x = 05,
ty = 0.6, and K(t = 0) = 2, outcomes on willingness to open up technology (denoted E)
for both players separately are obtained as Ey ~ 0.8667 < E}" ~ 0.8667 < Ey™* =~ 2.1667,
and Ej ~ 1.2375 < Ej* ~ 1.4438 < EJ** =~ 2.0625. It can be seen that the willingness to
open up of both players increases progressively under the three types of games.

Further, benefits from technology opening (denoted V) for both players separately are
obtained as Vy =~ 320521 < Vg* =~ 324775 < Vg™ =~ 3.7099, and
Vy ~ 412141 < Vg* =~ 4.37664 > Vy** ~ 4.29734. It can be seen that the benefit of
the patent platform is strictly partial order with Pareto improvement under three games.
Benefits of the open-source platform are not strictly partial order, and the open-source
platform has the highest benefit (denoted Vy™) as the follower role under the Stackelberg
leader-follower game.

In addition, from patent and open-source platforms’ synergistic view, the total benefit
(return) denoted as V is obtained as V* x~ 7.32661 < V** ~ 7.62439 < V*** x~ 8.00724,
which is strictly partial order with Pareto improvement.

The results and numerical data above show that the total benefits of both platforms are
Pareto improvement under the three games and having Pareto optimality under synergy
(Figure 4). The platform’s intention to cooperate under the Stackelberg leader—follower
game increases with the level of incentive for technology openness input, which is related
to the design of the incentive mechanism. Both parties have a higher willingness to open
up technology under the cooperative game than under the noncooperative game. Attitudes
and behaviors towards technology openness are not stable but can be influenced by various
factors. Intention to open up technology is higher under the cooperative game than the
noncooperative game, which indicates that mutual collaboration and exchange tend to
foster innovation, resulting in better technology and higher returns [105]. Therefore, when
making technology opening decisions, companies should take these influencing factors
into account, combine them with the actual situation, and make a more effective technology
opening strategy to achieve better competitive advantage and business returns.
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Figure 4. Level of total return for different strategy combinations.
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In the noncooperative game, in addition to considering changes in the willingness
to open up technology, it is also necessary to consider the conflict of interest and
incentives for noncooperation of the parties, including the effects of competition
and uncertainty in the external market, resource allocation, and risk taking [106].
Strategies that can reduce incentives for noncooperation and conflicts of interest are
formulated to achieve a better competitive advantage.

In the Stackelberg leader—follower game, in addition to the level of incentives for
technology openness, it is also necessary to analyze how much influence and control
the leader has over the follower, as well as how much the follower trusts the leader
and how receptive they are to technology openness decisions [107]. As mentioned in
Section 3.3.2, role swapping between leader and follower is also an aspect worth inves-
tigating, i.e., when open-source platforms have sufficient core technology resources,
the follower becomes the leader and has a dominant influence on the technology open-
ing of the industry cluster [108]. Open-source platforms need to invest resources and
incentives in order to encourage more developers and enterprises to join in technology
sharing and innovation [109]. Meanwhile, the design of incentives for open-source
platforms also needs to take into account the specificity and needs of the industry to
establish a more flexible and effective mechanism for technological innovation [110].
Therefore, exploring the influence of power structure and role transformation on the
willingness of technology openness in the Stackelberg leader—follower game is of
great significance for enterprises when formulating technology openness strategies.
In the cooperative game, strong willingness to open up technology and synergy
between patent and open source has a boosting effect on innovation and returns.
Sharing can bring mutual trust and cooperation, which leads to a greater market share
and improved market competitiveness [111]. In the cooperative game, both players
have higher trust and willingness to cooperate, which provides a more positive
environment for technology opening. In addition, cooperation can also provide
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more sharing of resources and expertise, which further promotes the development
and innovation of technology [112]. Therefore, when enterprises make decisions on
technology opening, they can consider establishing a stable cooperative game model
through partnership, cooperative research and development, or technology sharing in
order to achieve better results of technology opening [113].

The analysis above is insightful. Firms and policymakers should recognize the benefits
of technology sharing and synergy in green Al industry. Firms should promote technology
openness and incentivize collaboration while also protecting their own intellectual property
rights. Policymakers should develop flexible laws and policies that encourage technology
sharing and innovation while also promoting industrial upgrading and economic growth.
Additionally, enterprises should strive for balance and caution in technology openness
to protect their core technologies while engaging in healthy competition and collabora-
tion with others. By adopting synergy, the TinyML-based green Al industry can achieve
sustainable development and competitive advantages.

4.2. Synergistic Approach

Current climate and environmental governance policies should seek to actively engage
with both patent and open-source areas of TinyML, promoting technology openness and
innovative synergies between platforms. The following approaches are suggested.

(1) Promote the collaborative development of proprietary and open-source TinyML
for climate and environmental governance goals. Use patent and open source together to
develop TinyML components. This approach combines the advantages of patent and open
source to ensure that TinyML development aligns with climate and environmental goals
while remaining competitive and adaptable. Open patenting, a model that emphasizes
knowledge sharing and collaboration, allows for technology sharing and licensing, fostering
innovation and industrial progress [114]. Open patents can be a collective intelligence
solution to drive technological innovation and adoption.

Under TinyML's climate and environmental governance objectives, open patents and
open source can play a synergistic role in promoting the collaborative development of
proprietary and open-source technologies [115].

In terms of open patent usage, proprietary technology companies can open up some of
their patents to allow the open-source community to use them in their own projects, which
can allow the open-source community to gain access to the application and technology
experience of proprietary technology companies and build on it for better innovation.

In terms of building open-source frameworks, know-how companies can release their
own products based on open-source frameworks, i.e., the open-source community, which
can allow more developers to participate in the development of that product and ultimately
create more solutions.

In terms of promoting co-development: proprietary technology companies and open-
source communities can work together to develop new TinyML applications and share
technology through open source, promoting continuous innovation in technology while
learning from each other’s experiences.

In terms of establishing a technology sharing platform, know-how companies can
provide effective support for the open-source community in terms of know-how through a
technology sharing platform with a focus on exchanging technology and reaching consen-
sus on sharing technology experience, intellectual property, and patents, thereby creating
more business opportunities.

(2) Foster co-promotion of proprietary and open-source TinyML under climate and
environmental governance objectives. Proprietary and open-source platforms can work
together to promote the use of TinyML technology. Patent and open-source platforms
can collaborate to promote the use of TinyML technology. Open-source platforms can
raise awareness and popularity by involving more developers in open-source hardware
and software. Proprietary technologies can be applied to a wider range of fields through
licensing agreements [116]. Collaboration among enterprises, organizations, and industry
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groups can drive the development and application of TinyML technology in various
sectors like smart agriculture and environmental protection. Strengthening the open-source
community can enhance the dissemination and promotion of open-source technology.
Active participation in policy and standard formulation can further enhance the role of
TinyML technology in environmental governance and protection. Leveraging media,
conferences, and forums can increase public awareness and understanding, promoting
the development and application of TinyML technology in environmental governance
and protection.

(3) Facilitate cross-fertilization of proprietary and open-source TinyML in the context
of climate and environmental governance objectives. Patent and open-source technologies
can collaborate to enhance the quality and efficiency of TinyML technology [117]. Open
innovation can enable the joint development of new applications, allowing for knowledge
exchange and improvement of technical expertise and effectiveness. Technical exchanges
through conferences and forums can facilitate sharing of experiences and cases to advance
TinyML. Establishing a talent training system can provide excellent professionals for both
the open-source community and proprietary technology enterprises, promoting technology
development and application. Collaboration in standardization efforts can better promote
and implement TinyML standards. Creating a sharing platform for small, low-cost, and
low-power TinyML devices can enable practitioners to share their experiences and learn
from each other, enhancing the overall effectiveness of the technology.

In summary, promoting the mutual learning of proprietary and open-source TinyML
in the context of climate and environmental governance objectives requires the open-
source community and proprietary technology companies to work together to promote
technology development and application, and to make a concerted effort in open innovation,
technology exchange, talent training, standardization, and common sharing. In these ways,
patented and open-source technologies can synergize and encourage each other to higher
achievements and better results in the development of TinyML technology [88].

5. Conclusions

TinyML is machine learning based on small machine learning algorithms, low power
consumption, low cost, and small data sets. Compared to conventional machine learning
algorithms, TinyML'’s algorithms are designed to run on low-power devices such as IoT,
portable devices, and drones. However, there may be competition between the two models
of TinyML, proprietary and open source, which could be detrimental to the low-power IoT
industry and climate environmental policy. In particular, in terms of patents, if technological
innovation is blocked, then the industry will be stuck with a monopoly of knowledge and
an inability to innovate. Especially in a highly specialized field such as TinyML, whether
patents can be managed properly will directly affect industry costs, market competition,
and the speed of industry innovation. The sustainability of the industry’s development
may also be affected if it relies only on open source.

As open source and patent technologies spread, this double-sided character intensifies.
Which is more critical for green Al, open source or patented innovation roles? Open source
freely discloses source code to the public to boost collaboration and joint improvement. In
contrast, patent protects intellectual property and exclusive ownership. In the context of
green Al i.e., TinyML, where the focus should be on environmental friendliness, compared
to high-energy consumption and pollution of traditional Al, which means both should
contribute to the development and deployment of green Al solutions. Open-source innova-
tion can foster collaboration and knowledge sharing among researchers and developers,
leading to faster and wider development of Al technologies with environmentally friendly
properties. Through open source, developers can improve on existing solutions, increasing
efficiency and reducing environmental impact. On the other hand, patent innovation can
encourage companies in green Al technological investment. Patents offer the right to
protect inventions and realize innovations, which can drive commercialization and scaling
of green Al solutions. Ultimately, open source and patent strike a balance. Open source can
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drive initial research and development of green Al, while patents can provide companies
with the financial incentives necessary to bring technologies to market at scale. In brief,
while open source and patent are critical in any technological advancement, they should
be balanced with a focus on environmentally friendly use in green Al. A combination of
open-source collaboration and patent protection can drive development and deployment
of sustainable Al solutions that mitigate the effects of climate change.

First, this study makes a marginal contribution to interdisciplinary theories of environ-
mental sustainability and digital innovation which provides a conceptual update of climate
policy with the potential for TinyML-based green Al to balance environment and efficiency;
second, this study contributes by applying differential game theory to evaluate complex
competing synergistic mechanisms by introducing several key variables and parameters
with combining noncooperative, Stackelberg, and cooperative games and expanding to
industrial competitive synergies.

This study’s limitations lie in a relatively novel direction with lag in disclosure of
practice and research. Furthermore, as climate and environmental research is often re-
lated to ethical and sustainability issues, limitations such as data privacy, energy con-
sumption, and environmental protection need to be carefully considered when applying
TinyML technology.
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Abstract: Urban—rural coordination development is a key factor in achieving sustainable development.
The research sample consisted of panel data for 30 provinces in China for the period from 2011 to 2020.
Our aim was to investigate whether and how the digital economy affects coordinated urban-rural
development by using a panel data model, a spatial Durbin model (SDM), and a mediating effects
model. The results indicate that (1) the growth of the digital economy has increased the level of
coordinated urban-rural development directly and indirectly; (2) the coordinated development of
urban and rural areas and the spatial distribution of the digital economy are highly correlated, with
eastern regions generally experiencing a high level of agglomeration and central and western regions
having a low level of agglomeration; (3) the digital economy can promote coordinated urban—rural
development by reducing the income gap between urban and rural areas; and (4) the direct and the
spatial promotion effects of digital economy development on coordinated urban-rural development
appear to be stronger in the eastern region, insignificant in the central region, and to have a significant
direct inhibition, as well as a significant spatial spillover effect, in the western region. This study
provides a reference for China and other developing countries similar to China on how to promote
coordinated urban and rural development in the development process of the digital economy:.

Keywords: digital economy; urban-rural dualism; coordinated urban-rural development; urban—rural
income gap; spatial spillover effects

1. Introduction

China’s urban—rural structure has undergone tremendous changes since the mid-1980s,
and since 2003, the government has implemented sustainability policies for coordinated urban—
rural development [1]. China has now achieved its goal of poverty alleviation, and the inequity
between urban and rural development has been dramatically reduced. However, the imbalance
between urban and rural development still exists in some remote regions [2]. Urban-biased
policies and the urban-rural dual system are the primary causes of the urban-rural gap [3].
There are three main representative theories on the development of urban—rural relationships [4]:
the urban—rural connection theory is represented by the urban-rural integration of utopian
socialism and Marxism, the Lewis-Ranis-Fei model represents the urban-rural dual structure,
and the Desakota model and the regional network model represent the urban-rural coordinated
development [5,6]. Fostering urban-rural interdependence is seen as an effort to support
sustainable urban-rural and regional growth [7,8].

With the development of next-generation technologies such as mobile internet, cloud
computing, big data, the Internet of Things, blockchain, and artificial intelligence, China’s
economy is driven toward high-quality development by the broad and rapidly expanding
digital economy. According to the “White Paper on China’s Digital Economy Growth”,
published by the China Academy of Information and Communication Technology (CAICT)
in 2022, the Chinese government is committed to fostering the expansion of its digital econ-
omy. Since 2012, the Chinese digital economy’s average annual growth rate has been 15.9%,
significantly higher than the average annual growth rate of China’s GDP over the same
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period. In 2021, the digital economy reached CNY 45.5 trillion, representing a nominal gain
of 16.2% annually. The widespread use of digital technologies has triggered an economic
revolution and brought new ways of practising production, and the digitisation of eco-
nomic systems is becoming increasingly important. From the point of view of technological
progress, digitalisation causes economic activities to have increasing marginal returns,
breaking the law of decreasing returns for each additional unit of a factor input after the
input of that factor reaches a critical point in the industrial economy. From the perspective
of production organisation, digitalisation can significantly reduce transaction costs. The
transparency of the network and the openness of information in the digital era have greatly
reduced the marginal costs of market transactions; boundaries of enterprises are shrinking,
transactions and cooperation between enterprises are becoming more frequent, and flat
production organisation forms have emerged, reducing the cost burden of enterprises.
From the perspective of resource allocation, in the digital economy, the problem of market
failure is alleviated to a certain extent, and the role of market regulation is enhanced. From
the perspective of the division of labour, the antagonism between urban and rural relations
is diminishing. With the proliferation of information and communication technologies, the
high-value-added segments of the industrial chain, such as research, development, and
sales, are gradually moving closer to technology-intensive cities, while the low-value-added
segments, such as production and processing, are moving to labour-intensive townships.
In this process, cities and townships brought into play their comparative advantages and
deepened their collaborative relationship, changing the dichotomy between the urban
economy of industrial production and the agricultural economy of smallholder production
and forming a new pattern of mutually beneficial and complementary urban-rural division
of labour [9]. The growth of the digital economy will have a profound impact on reshaping
the new urban-rural relationship, achieving balanced development in urban and rural
areas and changing the pattern of income distribution between urban and rural areas [10].
Therefore, the attention of numerous scholars has been drawn to how to effectively pro-
mote coordinated urban-rural development with digital economic growth. Most scholars
study the impact of the digital economy on coordinated urban—rural development from the
perspective of the gap between urban-rural income and consumption. Some scholars have
noted the importance of digitisation in the public sector and that digital public platforms
can provide better and equal access to public services across different sectors, which can
reduce divisions and inequalities between countries, the private and public sectors, and
urban and rural areas [11,12]. However, the academic community has yet to determine
whether the expansion of the digital economy would enable the “digital dividend” and thus
promote coordinated urban-rural development or whether it would worsen the “digital
divide” and, in that way, inhibit coordinated urban—rural development [13]; their findings
are still highly controversial.

The following are possible contributions of this study: (1) the impact of the digital
economy on the coordinated development of urban and rural areas and its mechanism of
action are explored from the perspective of narrowing the urban—rural gap in the context of
the rural revitalisation strategy; (2) China’s innovative evaluation index system of digital
economy level is constructed from four dimensions: digital economy infrastructure (DIS)
support, digital economy innovation and entrepreneurship (DIE) level, digital talent pool
(DTP), and digital technology services (DTS); and (3) the impact of the digital economy
on coordinated urban—rural development is examined from the perspective of the spatial
spillover effect, and this examination also combines the direct and the spatial heterogeneity
to further improve and complement the existing research.

The study is arranged as follows. Section 2 is a literature review, Section 3 introduces
the logical mechanism and research hypotheses, Section 4 describes the data and methods,
Section 5 provides the empirical results, Section 6 provides conclusions, and Section 7 provides
policy recommendations and limitations. The research framework is shown in Figure 1.

37



Sustainability 2023, 15, 5460

Digital Economy

Development

\1 Whether?
Spatial Durbin modelJ

Direct&Spatial effect

1

Coordinated urban-rural

Theoretical analysis Empirical testing

Development

Mediation effects W
model J How?

Indirect effect

I 1

Figure 1. Research framework.

2. Literature Review

China’s fast-rising digital economy has recently emerged as the “new engine” of the
economic and social revolution. This has caused the research in this area to exponentially
expand. Most of the relevant literature on the digital economy has observed it from three
different perspectives—theory, mechanism, and realisation. This scope of literature has
brought us a more extensive understanding of how the digital economy affects high-quality
development [14,15], a circular and sustainable economy [16,17], green innovation [18,19],
the transformation and upgrading of industrial structure [20,21], and total factor productiv-
ity [22]. Digitalisation brings opportunities as well as challenges, and digital technologies
have contributed to a shift in household financial models and have required financial
institutions to accelerate the pace of innovation to adapt to the changing environment [23].
Digitalisation has enhanced the international competitiveness of businesses and has had a
positive impact on the economies of countries at all levels of development [24,25]. However,
the digitalisation of the economy has also triggered intense market competition and unfair
practices [26], which require governments to adopt scientific policies to address these issues.
At present, there are primarily three distinct viewpoints when attempting to precisely observe
the digital economy’s influence on the coordinated growth of urban and rural areas.

From the first viewpoint, the sharing aspect of the digital economy can support the
sensible allocation of resources between urban and rural areas, narrowing the income
gap between urban and rural inhabitants and promoting coordinated urban-rural devel-
opment [27]. This viewpoint is supported by the fact that the digital economy directly
decreases the urban-rural gap through the impact it has on market integration [28], as
well as through the modular division of the labour effect. What is more, the agglomera-
tion economy indirectly reduces the urban—rural gap via workforce reallocation and the
agglomeration effect [29]. What has also been stated in the context of this viewpoint is
that even though the digital economy has surpassed its original time and space limitations,
it has still yielded the expansion of employment opportunities [30]. The digital economy’s
spillover effects have generated a significant number of jobs suited for the skill levels of
farmers while parallelly raising their incomes, and, thereby, enhancing the market resource
allocation efficiency. Based on their empirical research, Zhou (2022) came to the conclusion
that [31], with the reform of the household registration system and the construction of
transport infrastructure, the two-way flow of the urban and the rural factors can extend
the optimal allocation effect that the digital economy has on urban and rural incomes and
further promote the development of the digital economy itself.
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From the second viewpoint, digital technology will restrict coordinated urban and
rural development. The “digital divide” between the urban and rural areas can nowadays
be characterised by the vast difference in their digital infrastructure and their populations’
digital literacy. On the one side, the digital industry is more concentrated in the urban areas
where economic activities normally take place due to the digital infrastructure’s higher
quality and its higher level of advancement. On the other side, the average education level
of the rural inhabitants falls behind that of the residents of the urban areas [32,33]. As an
additional point, digital literacy, digital information absorption, and digital knowledge
digestion skills are not particularly strong among rural inhabitants either. It should be
noted as well that Jun (2017) found that digitisation and the information revolution have
not lessened the gap between the rich and the poor as was anticipated [34], but they have
rather resulted in the widening of the urban—rural income gap, recognised via the Matthew
effect. Based on the empirical tests that they have conducted, Yaping (2019) found that [35],
although the Internet’s high efficiency has reduced the cost of searching and acquiring
information, and even though it has increased income levels, due to the disparity in the
farmers’ levels of Internet application, the reduced cost of searching the Internet is not
significant in the rural areas, and this further widens the income gap between the urban
and rural regions.

According to the third viewpoint, the effect of the digital economy on the urban—rural
development gap follows an inverted U-shaped pattern [36]. In other words, the digital
economy has altered the traditional labour market’s growth pattern, and it has further
optimised the structure of income distribution. China’s digital economy is still undergoing
rapid development, while some simple and mechanised jobs have disappeared because
of digital technologies such as artificial intelligence and many low-skilled jobs have been
created, giving low-skilled and middle-skilled workers more employment opportunities
and allowing rural labourers to earn higher wages. This has in turn reduced the urban-rural
wage gap and further decreased the income disparity between them. Looking from a long-term
standpoint, however, further development of the digital economy can lead to the opposite
result in the future [37]. More specifically, the level of knowledge and the technical skills
that will be required in the future will increase together with digital improvement, which
will then leave the low-skilled labourers to face the double risk of losing employment
opportunities due to possibly being substituted by artificial intelligence or their insufficient
levels of digital literacy. Subsequently, this leads to a reduction in employment options for
low-skilled rural labourers and the majority of the farmers who do not meet the job skill
requirements and who will once again find themselves unemployed [38].

In summary;, the existing literature has deeply studied the relationship between the
digital economy and coordinated urban-rural development, thus providing a solid founda-
tion for our study. However, there are still shortcomings in terms of the research content
and perspective. First, most of the existing research focuses on the definition and mea-
surement of the digital economy or coordinated urban—rural development, while studies
of the combination of these two concepts are lacking. Second, research on the impact of
the digital economy on coordinated urban-rural development and its mechanisms has yet
to be established and improved. Third, existing research has only examined the regional
heterogeneity of the direct effects of the digital economy on coordinated urban-rural devel-
opment, ignoring the regional heterogeneity of the spatial effects of the digital economy on
coordinated urban—rural development.

To fill the gaps in current studies, we aim to combine the digital economy and coordi-
nated urban-rural development and investigate the influence of the relationship between
them, with the objective of providing empirical support for one of the three different
conclusions mentioned above. Additionally, it is hoped that our research from a spatial
perspective will lead to a different conclusion from that obtained in existing studies. There-
fore, this study uses panel data of 30 Chinese provinces from 2011 to 2020 to systematically
explore the spatial impact, action mechanism, and heterogeneity of the digital economy
impacts on coordinated urban-rural development. This is achieved by constructing a
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spatial Durbin model (SDM) and a mediating effects model and by proposing scientific and
targeted policy recommendations.

3. Theoretical Analysis and Research Hypothesis
3.1. The Direct Effect of the Digital Economy on the Coordination of the Urban and Rural Development

The mechanism by which the digital economy facilitates coordinated urban-rural
development manifests itself in the three following ways.

Firstly, the digital economy significantly improves the farmers’ ability to collect and
access information, lowering their cost of learning and knowledge sharing and thus con-
tributing to the optimisation and the upgrading of rural industries. Put differently, the
digital economy, with its technology, has significantly decreased the economic and social
transaction costs for businesses, individuals, and the public sector by reducing the cost of
information search [39].

Secondly, the digital economy allows rural areas to have equal access to an increasing
quantity of high-quality public service resources. Digital technology is a catalyst not
only for economic transformation but also for social transformation as well. It provides
significant social benefits, particularly in terms of facilitating access to basic services, such
as financial services and education. Furthermore, the digital economy addresses the lack of
traditional service provision in underdeveloped rural areas, and it fosters the coordination
and rapid improvement of the public service levels in both urban and rural areas [40].

Thirdly, the digital economy can increase the rural population’s consumption capacity
and income. The knowledge-sharing characteristics of the digital economy allow it to
maximize resource allocation and efficiency optimisation and offer consumers a greater
product choice and cheaper access to goods of identical quality [41]. When it comes to
the role of the digital economy in agricultural development, digital agriculture can effectively
reduce the wealth gap between urban and rural residents and, at the same time, increase the
farmers’ disposable income, thereby contributing to the improvement of their overall social
welfare level [42]. Taking all of this into consideration, the following hypothesis is proposed:

H1. The growth of the digital economy has had an impact on the increase in the degree of urban and
rural development coordination.

3.2. Digital Economy’s Spatial Spillover Effects on Coordinated Urban—Rural Development

According to the first law of geography, geographical objects or attributes are inter-
related and dependent on one another in terms of their spatial distribution. Analogously,
there is agglomeration, random and regular distribution [43], and spatial spillover and spa-
tial dependence within the digital economy sphere as well. The primary manifestations of
the digital economy’s spillover effects are knowledge spillover and human capital spillover.
When it comes to knowledge spillover, rural areas have surpassed the traditional methods
of acquiring and learning information through education and technical training. Instead,
they now construct digital villages. Using digital technologies, such as the Internet and
augmented virtual reality, farmers can acquire and gain knowledge more quickly and easily
now, and, in that way, they are allowing for a gradual shift in the mentality and cognitive
level of the rural communities.

When it comes to human capital spillover, the development of the digital economy
has resulted in the creation of a substantial number of job opportunities. Farmers have
improved their professional level and their abilities due to the knowledge spillover effect.
They also have the opportunity, through the Internet, to obtain a great amount of informa-
tion concerning the jobs that match their abilities, which has in turn increased the efficiency
of the resource allocation market and facilitated the flow of human capital.

The second manifestation of the spatial dependence of the digital economy’s develop-
ment is the imperfect construction of new digital infrastructure and the spatial disparities
in its distribution [44]. By constructing a virtual space, governments and businesses, as
well as cities and rural areas, can engage in cross-regional cooperation, production, and
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operation with the costs of coordination and management being reduced. Consequently,
this leads to resource sharing and complementary advantages being established between
regions and between cities and rural areas [45]. Previous research has indicated that the
impact of the digital economy on coordinated regional development has a spatial effect [46].
In other words, the development of the digital economy in an area can stimulate the region’s
coordinated regional development and the regional development of the province’s adjacent
regions. What is more, the digital economy has significant spatial spillover effects on the
other elements included in the achievement of coordinated urban-rural development, such
as urban—rural economic integration and rural revitalisation [47,48].

In addition, due to China’s vast size, significant differences in economic resources and
other factors have been found to exist between different regions. The digital economy and
the urban and rural development in each region may exhibit distinctive characteristics,
which then may result in disparate effects of the digital economy on coordinated urban and
rural development in different regions.

Considering the preceding analysis, the following research hypothesis is proposed:

H2. Through the effect of the spatial spillover, the digital economy can boost the level of coordinated
urban—rural development in neighbouring regions.

H3. The impact of the digital economy on coordinated regional development is regionally heterogeneous.

3.3. Mediating Mechanisms for the Effects of the Digital Economy on Coordinated Urban and
Rural Development

The growth of the digital economy has reduced the income gap between urban and
rural residents primarily through the following mechanisms. First, digital technology has
empowered industries, which is conducive to adjusting the structure of the agricultural
industry, extending the industrial, value, and income chains, and thus increasing the income
of rural residents [49]. Second, there is a gap in Internet penetration, digital technology
application, and e-commerce development between urban and rural areas. Most rural
areas can use the “latecomer advantage” to fully implement the digital economy dividend
and to close the income gap with urban residents [50]. Thirdly, the application of the
Internet and big data in agriculture can reduce agricultural production costs, increase
access to information, and promote the coordinated development of the entire industrial
chain (production, processing, and marketing of agricultural products). It can also lead to
the development of services related to agriculture such as recreation and tourism, which can
increase the income levels of rural residents [51]. Fourthly, the development of the digital
economy can create numerous employment opportunities in rural areas, thereby expanding
the employment base and enhancing the employment quality and income levels of locals [52].

H4. Development of the digital economy promotes coordinated urban—rural development by narrow-
ing the income gap between urban and rural areas.

4. Methodology and Design
4.1. Methodology

This study uses a panel data model, a spatial econometric model, and a mediating
effects model to investigate the impact and mechanisms of the digital economy on the
detection of urban-rural coordination.

Firstly, a panel data model is used to verify whether the digital economy has an impact
on coordinated urban-rural development and whether the effect is positive or negative,
thereby providing a basis for subsequent spatial econometric analysis.

Second, a spatial econometric model is used to verify whether there is a spatial
spillover effect of the digital economy on urban-rural coordination and whether the effect
is positive or negative, as well as to further explore the regional heterogeneity of direct and
spatial effects.
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Third, a mediating effects model is used to verify whether the digital economy can
promote coordinated urban-rural development by reducing the urban-rural income gap.

Finally, robustness analysis was conducted using three methods, i.e., 1% tail-shrinking
on the core explanatory variables, replacement of the core variables, and replacement of
the spatial matrix, in order to ensure the reliability and stability of the study results.

4.2. Variable Selection and Description
4.2.1. Measuring the Level of the Coordinated Urban and Rural Development

The coordinated urban-rural development’s spatial distribution by province in China
in 2011 and 2020 is depicted in Figure 2. Currently, the Gini coefficient (Gini) and the
urban-rural binary contrast index (Duci) are seen as the most important indicators of the
coordinated development of urban and rural areas. The Gini coefficient is applicable to the
evaluation of the overall income gap, but it is, at the same time, insensitive to the income
structure differences between urban and rural areas. The urban-rural dichotomy index is
used in explaining and analysing the dichotomous economic structure from the perspective
of the economic development process of transforming an agricultural economy into a
modern industrial economy. It is more suitable for measuring the degree of coordinated
urban-rural development.
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Figure 2. Levels of coordinated urban-rural development in Chinese provinces in 2011 and 2020.
(a) is the level of coordinated urban-rural development in Chinese provinces in 2011, (b) is the level
of coordinated urban-rural development in Chinese provinces in 2020.

In this paper, we integrate the urban—rural dichotomy contrast index and the propor-
tion of one output value into the evaluation index system of the coordinated urban-rural
development level. We also calculate the current final level of coordinated urban-rural de-
velopment using principal component analysis (PCA). The urban-rural dichotomy contrast
index is calculated as shown in the following Equation (1):

Duci = |G1/G — L1/L] 1)
where Duci stands for the rural-urban dichotomy index, G represents the gross regional
production, and G1 represents the non-agricultural sector output (the secondary and
the tertiary sectors). L stands for total employment, and L1 stands for non-agricultural
sector employment.

4.2.2. Measuring the Level of Development of the Digital Economy

There is still no universal agreement on how to measure and evaluate the development
level of the digital economy. Scholars primarily evaluate the state of the digital economy in
terms of Internet development and digital infrastructure and applications [18,53], failing to
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consider the importance of digital talent and innovation in the development of the digital
economy. In this paper, we develop a regional digital economy measurement index system
for China based on four dimensions: (1) digital economy infrastructure support (DIS),
(2) level of digital economy innovation and entrepreneurship (DIE), (3) the digital talent
pool (DTP), and (4) the digital technology services (DTS). Included are the length of optical
fibre cables, the Internet penetration rate, the mobile phone penetration rate, the number
of Internet broadband interfaces, the number of Internet domain names, information
transmission, computer services, fixed asset investment in the software industry, the
number of new enterprises, the attraction of inward investment and venture capital, the
number of patents, and the number of patent applications. Using the entropy method, we
determined the level of the digital economy. The spatial distribution of digital economy
levels by province in China in 2011 and 2020 is shown in Figure 3.
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Figure 3. Levels of China’s provincial digital economy in 2011 and 2020. (a) is the level of China’s
provincial digital economy in 2011, (b) is the level of China’s provincial digital economy in 2020.

4.2.3. Measuring the Urban—Rural Income Gap

This study uses the Thiel index to measure the urban—rural income gap. The Theil
index takes population changes into account, and it is more sensitive to the income changes
in both the high- and the low-income groups positioned at the two ends of the dispersion.

4.2 .4. Selection of the Control Variables

Based on the selections of the control variables given in the literature [54-57], and
to ensure the reliability of the measurement results, we controlled four variables. The
first one was the people’s livelihood fiscal expenditure, expressed as the proportion of the
expenditure on education, health care, housing, social security, and employment in the
fiscal budget. The second one represented the years of education per capita, expressed
as the average sum of the years of education of the educated population regional groups,
calculated via the method shown in Equation (2). The third one was the level of financial
development, expressed as the ratio of total deposits and loans to GDP. The fourth and
final control variable was the fiscal expenditure on science and technology, expressed as
the proportion of GDP in fiscal science and technology expenditures. Table 1 displays the
names and the abbreviations of the primary variables.

number of elementary schools x 6 + number of junior high schools x 9 +
number of senior high schools x 12 + secondary schools x 12 4 specialists

%15 + bachelor’s degrees x 16 + graduate students x 19

@

total population over 6 years
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Table 1. Variable selection and description.

Variable Type Variable Name Variable Symbol
Explained variables Level of coordinated urban and rural development Urds
Core explanatory variables Digital economy level Diec
Mediator variables Theil index Urig
Financial expenditure on people’s livelihood Fepl
Control varizbles Level of nandal development Finance
Fiscal expenditure on science and technology Scte

4.3. Data Sources and Descriptive Statistics

Using panel data from 30 provinces (municipalities directly under the Central Gov-
ernment and autonomous regions) from 2011 to 2020, this paper empirically examines the
impact of China’s digital economy on the coordinated growth of urban and rural areas.
Hong Kong, Macao, Taiwan, and Tibet were omitted from the analysis due to insufficient
and excessively missing data for some regions in those areas. The data regarding the digital
economy and the coordinated development of urban and rural areas are derived from the
“China Statistical Yearbook” published from 2012 to 2021. China’s Digital Economy Innova-
tion and Entrepreneurship Index, published by the Center for Enterprise Research at Peking
University, provides access to variable data, including the number of new enterprises, foreign
investment, venture capital, patents granted, trademark registrations, and software copyright
registrations. The descriptive statistics of the variables are given in Table 2.

Table 2. Descriptive statistics of variables.

. . Standard Minimum Maximum
Variables Sample Size  Average Value Deviation Value Value
Explained variables Urds 300 0.466 1.474 —0.257 8.723
Explanatory variables Diec 300 0.797 0.758 0.067 4.078
Mediator variables Urig 300 0.093 0.043 0.018 0.227
Fepl 300 0.409 0.04 0.281 0.504
C | variabl Avsy 300 9.452 1.073 7.514 14.185
ontrol variables Finance 300 3.199 1.08 1.568 7.607
Scte 300 0.471 0.262 0.155 1.286

4.4. Model Setting
4.4.1. Panel Data Model

To test the validity of the research hypotheses, we first needed to develop the following
fundamental model for the empirical examination of the direct impact mechanism that the
digital economy has on coordinated urban-rural development:

Urdsit = op + oiyDiecit + oteZip + 1y + O + €4t 3)

where i stands for the province code, t is time, Urds represents the level of the coordinated
urban-rural development, Diec is the level of digital economy development, vector Z stands
for a series of the control variables, . represents the individual fixed effects of provinces
that do not vary over time,  represents the time fixed effects, and ¢ stands for the random
disturbance term.

4.4.2. Spatial Econometric Model

Secondly, based on model (3), to discuss the spatial spillover effects of the digital
economy on the coordinated development of urban and rural areas, we have used the SDM,
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the spatial autoregression model (SAR), and the spatial error model (SEM) for testing. The
specific employed models are given below.

Urds; = og + pWUrds; ¢ + ¢p1WDiec; y + oy Diecjy + p-WZit + XcZip + 1y + Ot + € (4)
Urds;; = g + 1 Diecjy + &cZi + €5t 5)

Urds; s = g + g Diecjy + &cZi ¢ + pWUrds; ¢ + 1y + 8¢ + €5 ¢ (6)
where p represents the autoregressive regression coefficient, W is the spatial weight matrix,
and ¢; and ¢. stand for the spatial interaction terms of the core explanatory and the
control variables, respectively. The connotations of Equations (5) and (6) are consistent with
Equation (4).

4.4.3. Mediating Effect Model

The digital economy can impact coordinated urban—rural development by affecting
the income gap between urban and rural residents. For the empirical analysis, a model of
the mediating effect is developed, as shown in the Equations below:

M = ¢o + p1Diecit + PpcZip + 1y + 8¢ + €ip (7)

Urds;+ = Bo + B1Dieci + PoMit + BcZit + 1 + 8¢ + €1t ®)
where M represents the mediating variable, indicating the urban—rural income gap (Urig).

4.5. Setting of the Spatial Weighting Matrix

To determine the distance between the provinces, we have utilised the two spatial
weight matrices given below. The Equation (9) is the adjacency matrix, which is relatively
easy to construct. If there is a common boundary between two different provinces, then
the final value is 1; otherwise, it is 0. The Equation (10) is the economic distance matrix,
which represents the difference in the level of economic development between provinces,
expressed as the absolute value of the subtraction of each province’s GDP. These two
weighting matrices are set as follows:

Wi — 1 Areaiis adjacent to areaj ©)
Y7 0 Areaiisnotadjacent to area j
1/[GCpi — G| i #]
Wij:{ O| P PJ| Pl (10)

Gpi and Gpj represent the difference in economic income (GDP) between province
i and province j, respectively, and the other symbols have the same connotation as in
Equation (4).

5. Empirical Testing and Analysis
5.1. Baseline Regression Analysis

Table 3 displays the effects of the digital economy on the coordinated development of
urban and rural areas in each region. The findings of the Hausman test suggest that a fixed-
effects model is preferable to a random-effects model. In light of this, the fixed-effects model
was also utilised to estimate the parameters of this study. Model (1) displays the baseline
regression results without the inclusion of control variables, while models (2) through
(5) display the baseline regression results with the increasing inclusion of control factors.
The estimated coefficient of the digital economy development level (Diec) on the urban-rural
coordination development level (Urds) was found to be significantly more positive with or
without the inclusion of the control variables, while the size of the decidable coefficient R?
remains largely consistent. This suggests that, as the digital economy develops, the level of
urban-rural coordination development in each region increases too. These results support H1.
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Table 3. Baseline regression results.

Variables 1) 2) 3) 4) (5)
Diec 0.309 *** 0.311 *** 0.292 *** 0.293 *** 0.333 ***
(0.085) (0.086) (0.082) (0.082) (0.089)
Fepl —0.319 —0.404 —0.432 —0.903
(1.337) (1.280) (1.286) (1.341)
Avsy 0.532 *** 0.538 *** 0.530 ***
(0.108) (0.109) (0.110)
Finance 0.026 0.012
(0.088) (0.089)
Scte —0.323
(0.264)
Year YES YES YES YES YES
Province YES YES YES YES YES
N 300 300 300 300 300
R? 0.933 0.933 0.934 0.939 0.939

Note: *** mean significant at the 1%, with standard errors in brackets.

5.2. Spatial Correlation Analysis
5.2.1. Global Spatial Correlation Analysis

The spatial analysis requires the existence of a spatial correlation between the research
variables. Primarily, Moran’s I index and the Geary index are utilised to determine whether
a spatial correlation exists. In this study, Moran’s I index was used to analyse the spatial
association between the digital economy (Diec) level and the level of urban—rural develop-
ment coordination (Urds). Table 4 displays the results of this experiment. Moran’s I index
of the digital economy and the coordinated urban-rural development were considered
positive at the 1% level, and the two exhibit spatial clustering phenomena, satisfying the
requirements for spatial model analysis.

Table 4. Global Moran Index.

Urds Diec
Year
Moran’s I Z Value Moran’s I Z Value

2011 0.333 *** 5.029 0.226 *** 3.303
2012 0.331 *** 5.024 0.231 *** 3.212
2013 0.329 *** 5.012 0.165 * 2.363
2014 0.328 *** 4.999 0.161* 2.361
2015 0.329 *** 4.986 0.168 * 2.458
2016 0.327 *** 4.961 0.192 ** 2.716
2017 0.328 *** 4.939 0.218 ** 2.985
2018 0.328 *** 4.909 0.151* 2.046
2019 0.331 *** 4.829 0.061 1.045
2020 0.324 *** 4.564 0.013 0.517

Note: *, **, ** mean significant at the 5%, 1%, and 0.1% levels.

5.2.2. Local Spatial Correlation Analysis

The local Moran index offers a more precise depiction of the spatial correlation between
the regions, and it also investigates the local spatial aggregation of the explored variables.
In our study, the local Moran index was computed for each year from the sample, under
the adjacency matrix. The results demonstrated a spatial association between the digital
economy (Diec) and coordinated urban-rural growth (Urds). Figures 4 and 5 depict
2011 and 2020 Moran scatter plots for the digital economy and coordinated urban-rural
development, respectively. As depicted in Figure 4, as the digital economy’s level increased,
many provinces fell into the first and third quadrants, with spatial spillover and diffusion
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(Moran's 1=0.1477)

effects gradually increasing. Most provinces were located in the first and third quadrants
of Figure 5, demonstrating a spatial correlation between coordinated urban and rural
development. We can conclude from the preceding study that there has been a significant
spatial association between the digital economy and urban-rural development.
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Figure 4. Moran’s scatter plot of the digital economy levels in 2011 and 2020. (a) is the Moran’s
scatter plot of the digital economy level in 2011, (b) is the Moran’s scatter plot of the digital economy
level in 2020.
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Figure 5. Moran's scatter plot of the level of urban-rural coordination in 2011 and 2020. (a) is the
Moran’s scatter plot of the level of urban-rural coordination in 2011, (b) is the Moran’s scatter plot of
the level of urban-rural coordination in 2020.

5.3. Analysis of the Spatial Econometric Estimation

In this study, we have employed the test idea of Elhorst (2015) [58], but we have also
selected a suitable spatial econometric model using the four steps explained below.

Firstly, the Lagrange multiplier (LM) test results indicated that the choice of either
the SEM or the SAR model was appropriate. Thus, the SDM that included both was to
be selected. Secondly, the likelihood ratio (LR) test results indicated that the original
hypothesis did not hold, indicating that the SDM model could not be degraded to the SAR
model or the SEM model. Finally, the Hausman test results indicated that the choice of the
fixed-effects model was more suitable for the estimation than the random-effects model.
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The estimation results for the spatial Durbin, spatial lag, and the SEM, under the adjacency
matrix, are given in Table 5.

Table 5. Regression results of the spatial model.

@ 2 (3)

SDM SAR SEM
Diec_Main 0.299 *** 0.260 *** 0.174 **
(0.078) (0.077) (0.078)
Diec_Wx 0.627 ***
(0.165)
Diec_W-Direct 0.371 *** 0.280 ***
(0.087) (0.084)
Diec_W-Indirect 1.061 *** 0.204 **
(0.241) (0.080)
Diec_W-Total 1.432 *** 0.484 ***
(0.298) (0.152)
rho 0.347 *** 0.447 ***
(0.078) (0.070)
lambda 0.441 ***
(0.078)
sigma?2_e 0.099 *** 0.117 *** 0.115 ***
(0.008) (0.009) (0.010)
Year YES YES YES
Province YES YES YES
N 300 300 300
R? 0.186 0.341 0.461

Note: **, *** mean significant at the 1%, and 0.1% levels.

To further examine the spatial spillover effects of the digital economy on coordinated
urban-rural development, the effects of the explanatory variables of one region on the
explained variables of the same and other regions were decomposed using the partial
differential interpretation method into direct effects, indirect effects, and total effects [59].
The results are shown in Table 5.

Table 5 displays the results of the fixed-effects spatial models, which reveal that the
signs and the numerical magnitudes of the regression coefficients of the variables in the
SDM, SAR, and SEM models were found to be essentially consistent, with the results being
highly credible. This empirical analysis reveals that all factors of the digital economy have
had a considerable positive impact on the level of coordinated urban-rural development
in neighbouring regions. This then indicates that the digital economy did in fact promote
the level of coordinated urban-rural development in the neighbouring regions through the
spatial spillover effects, thus providing support for H2. As far as explanatory variables go,
the direct effect, indirect effect (the spatial spillover effect), and the total effect of the digital
economy (Diec) all had a significant positive effect, indicating that the digital economy
not only increased the coordinated urban-rural development level in the region but also
improved it in neighbouring regions. This finding offers additional support for H2.

5.4. Further Research: Regional Heterogeneity
5.4.1. Regional Heterogeneity of the Direct Effects

Using the statistical system as well as the classification standards most recently re-
leased by the National Bureau of Statistics as a guide, in this study, we have also divided
China’s 30 provinces (the municipalities directly under the Central Government and the
autonomous regions) into three major regions: the eastern, the central, and the western
regions. The regressions for each region used the SDM to experimentally examine regional
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variability in the digital economy’s direct effects and spatial spillover effects on China’s co-
ordinated growth of urban and rural areas. Table 6 shows that the digital economy positively
influences eastern and central regions’ coordinated urban-rural growth. On the other hand,
a negative coefficient was found for its effect in the western region. In other words, these
results indicate that the digital economy did significantly promote coordinated urban-rural
development in the eastern region and that it did significantly inhibit this development in
the western region, thereby providing support for H3. Due to the small sample size, the
promotion effect in the central region was not found to be statistically significant.

Table 6. Regional heterogeneity test.

(W0 ) (3)

East Middle West
Direct-Diec 0.364 ** 0.046 —0.015*
(0.150) (0.042) (0.009)
Spatial-Diec 1.462 *** 0.019 0.062 *
(0.306) (0.087) (0.035)
rho 0.438 *** 0.409 *** —0.817 ***
(0.114) (0.137) (0.173)
sigma?_e 0.107 *** 0.002 *** 0.000 ***
(0.015) (0.000) (0.000)
Year YES YES YES
Province YES YES YES
N 110 80 110
R? 0.381 0.354 0.384

Note: *, **, *** mean significant at the 5%, 1%, and 0.1% levels, with standard errors in brackets.

5.4.2. Regional Heterogeneity of the Spatial Effects

If the regional heterogeneity is analysed from the perspective of the direct effects alone,
the results could be biased. Table 6 additionally includes the spatial spillover effects, which
should be employed in further investigations of the regional heterogeneity and the digital
economy, in relation to the coordinated urban-rural development from a spatial spillover
perspective. Table 6 further demonstrates that, at the national level, the spatial spillover effects
of the digital economy on coordinated urban-rural development were significantly positive.

From the combined effects, the digital economy was shown to have a significant
positive effect on the coordinated urban-rural development level in the eastern region
through the direct and spatial spillover effects. In the central region, however, the direct
and the spatial spillover effects of the digital economy on the coordinated urban-rural
development level were not found to be significant, but they rather exhibited a general
tendency to improve it. Finally, in the western region, the direct and the spatial promotion
effects were also not significant, even though they showed a general tendency to increase.
Additionally, in the western region, the direct and the spatial promotion effects of the
digital economy were more pronounced, but they did exhibit two opposing effects: direct
inhibition and spatial promotion.

Possible explanations for the differences between the direct and the spatial spillover
effects include the fact that the spatial spillover effects exhibit different regional trends
due to the factors such as network structure, knowledge gaps and absorptive capacity,
and economic and policy environments. The central and the western regions are still in
the initial development stage of the digital economy due to a lack of digital infrastructure,
digital talents, and other resources, while the eastern regions have developed the digital
economy earlier and consequently have a higher degree of development and aggregation
level than the central regions, allowing them to reap the benefits of the digital economy.
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5.5. The Mediating Effect of the Digital Economy on Coordinated Urban—Rural Development

Following Fritz and MacKinnon's research (2007) [60], a mechanism analysis was first
conducted to investigate the impact of the digital economy on the income gap between
urban and rural residents. Model (1) in Table 7 shows regression estimates from a fixed-
effects model. The results demonstrate that the digital economy reduces the urban—rural
income gap. This study also employed the mediating effects model to empirically investi-
gate the relationship between digital economy development and coordinated urban-rural
development by examining the income gap between urban and rural areas. Combining
the regression results of models (2) and (3) in Table 7, the estimated coefficients of the core
explanatory variables and the mediating variables were found to be significant at the 1%
level, and therefore, no further Sobel test was required. Furthermore, there is a mediating
effect with the income gap between urban and rural residents (Urig) as the mediating
variable, which supports H4.

Table 7. Mediation effect test.

1) ) (3)

Variables Urig Urds Urds
Diec —0.23 *** 0.371 *** 0.214 ***
(0.003) (0.079) (2.16)
Urig —6.868 ***
(1.421)
Control variables YES YES YES
Year YES YES YES
Province YES YES YES
R2 0.383 0.664 0.688
N 300 300 300

Note: *** mean significant at the 1%, with standard errors in brackets.

5.6. Robustness Tests

To ensure the consistency and stability of the empirical results, we used the following
three methods. The results of applying a 1% tail-shrinking to the core explanatory variables
are shown in model (1) of Table 8, and they represent the firstly employed method. The
second method that was employed included replacing the core explanatory variables and
reconstructing the digital economy level for the regression, in accordance with Tao’s (2020)
research [61], and the regression results of model (2) are presented in Table 8. The third
employed method included the replacement of the spatial weight matrix with an economic
distance matrix. The resulting model (3) is presented in Table 8 as well. The estimation
results of all the models shown in Table 8 indicate that the core explanatory variables are
significantly positive, though with different levels of confidence, except for variations in
the estimated values. This shows that the found empirical results are more robust.

Table 8. Robustness tests.

) ) 3)

Diec 0.352 *#* 7.329 *# 0.138 **
(0.078) (1.223) (0.068)
W-Diec 0.544 *** 13.013 *** 0.495 ***
rho 0.330 *** 0.179 ** 0.382 ***
(0.079) (0.083) (0.102)
sigma2_e 0.102 *** 0.410 *** 0.258 ***
(0.008) (0.034) (0.022)
N 300 300 300
R? 0.188 0.179 0.285

Note: **, *** mean significant at the 1%, and 0.1% levels, with standard errors in brackets.
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6. Conclusions

The rapid growth of the digital economy has made it a key factor in the high-quality
development of China’s economy, with digitalisation and artificial intelligence seen as
the future economic development trend. Based on the balanced panel data obtained
for 30 provinces (the municipalities directly under the Central Government and the au-
tonomous regions) in China for the period from 2011 to 2020, this paper deals with the effect
of the digital economy on coordinated urban-rural development, using a combination of
panel fixed-effects models, the mediating effects model, and the SDM. Conclusions that can
be drawn based on the results of our analysis are discussed below.

First, the results of the benchmark regression indicate that the development of the
digital economy has significantly reduced the dual economic structure of urban and rural
areas and that it has fostered the growth of coordinated urban—rural development. Second,
the results of the SDM stipulate that the existence of a significant positive spatial spillover
effect of the digital economy on coordinated urban—rural development is present and that
the found results were still significant under the transformation of the economic distance
matrix. These results are found to be highly robust. Third, the digital economy affects
urban-rural coordinated development by reducing the urban-rural income gap. Fourth,
the results of the heterogeneity test point out that the positive impact of the digital economy
on coordinated urban-rural development is robust as well. Finally, the results of the
heterogeneity test show that the impact of the digital economy on coordinated regional
development is regionally heterogeneous, where the digital economy has a significant
positive effect on urban and rural development in the eastern region, a non-significant
positive effect in the central region, and a significant inhibiting effect in the western region.
In terms of the spatial spillover effects, the digital economy has exhibited a positive spillover
effect on the coordinated development of the urban and rural areas in the eastern region,
whereas it has no promotion effect on the central and western regions. In summary, the
digital economy innovation dividend was found to be significantly higher in the eastern
region than in the central and western regions.

7. Policy Recommendations and Limitations
7.1. Policy Recommendations

In response to these findings, the following policy recommendations are presented:

(1) Thesimultaneous development of the digital economy in urban and rural areas should
be promoted. Moreover, what should also be promoted is the integrated development
of the urban and rural areas, and the digital economy’s dividends should be fully
released. To further explain, firstly, the application of digital technology in rural areas
needs to be strengthened, parallel with the act of active promotion of the application
of new agricultural development models based on artificial intelligence, the Internet
of Things, big data, and 5G technology. What also needs to be empowered is the
development of digital villages with digital technology. Secondly, what should be
accelerated is the construction of an intelligent agricultural production system, the
integration of agricultural and rural data, the development of the existing agricul-
tural information service platforms, and the enhancement of agricultural information
service capabilities. This should serve to establish modern agriculture in the coun-
tryside with strong and enduring competitive advantages. Thirdly, investment in
the education and training of farmers should be increased, with an emphasis put
on the development of their digital literacy and vocational skills, as farmers’ wages
and incomes are significantly influenced by their level of knowledge and proficiency.
Finally, increasing the knowledge and skills of farmers will narrow the gap between
the labour skill endowment of the urban and the rural workforce. This will thereby
enhance their employment competitiveness and ensure the stability and sustainability
of employment for rural residents.

(2) Given the heterogeneity of the digital economy development between regions, cities,
and rural areas and groups, it seems to be necessary to formulate differentiated and
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hierarchical digital economy development strategies. Firstly, we should promote the
construction of the “East is Digital, West is Digital” and “Broadband China” projects,
as well as the construction and the layout of rural digital infrastructure. Secondly,
the “New Infrastructure” program should increase their investment in rural areas
and thusly gradually improve the digital infrastructure environment and the digital
technology penetration rate in rural areas. In turn, this will reduce the cost of search-
ing and absorbing information in rural areas and additionally narrow the “digital
divide”. What needs to be carried out, thirdly, for the coordinated development of the
urban and rural areas is to stimulate the endogenous momentum of the digital trans-
formation of the traditional industries, promote the stable development of the digital
economy, and further consolidate the dividend effect caused by digital technology. To
do this, the government should play its role of guidance and support, thus leading
the digital transformation of the traditional industries in a reasonable manner, as well
as providing certain financial and tax policy support.

(3) Another segment that asks for action is the full utilisation of the digital economy’s
spatial spillover effect on the coordinated development of the urban and rural areas,
as well as the information radiation-driven effect of the relatively developed digital
economies in the surrounding areas. We should promote the rationalisation of the
layout of the digital economy industry together with the even distribution of digital
resources. We should also direct the spatial concentration of the digital economy to
rural areas, alleviate the contradiction between the resources, the environment, and the
development in rural areas, and, at last, narrow the “digital divide” between the urban
and rural areas. In that way, we would be promoting the coordinated development of
the urban and rural areas. What should be strengthened is cross-regional exchanges
and cooperation, where governments should actively build cross-regional cooperation
platforms, promote and support inter-regional cooperation and exchanges, and, in
that way, create a good environment for cooperation and innovation. Governments
should finally promote the reasonable flow of talents, capital, and other elements
across the regions to be able to build sharing practices of urban and rural resources
and propel the development of underdeveloped rural areas more effectively.

7.2. Limitations and Prospects

This study includes the digital economy and coordinated urban-rural development in
the research framework, examines the impact and mechanism of the digital economy on
coordinated urban-rural development from the perspective of urban—rural income disparity
as well as spatial spillover, and puts forward policy recommendations for promoting
coordinated urban-rural development. However, there are several limitations of the study.

First, there are many factors affecting coordinated urban-rural development, and this
study measures the level of coordinated urban-rural development from the perspective
of economic structure, which may not provide a comprehensive measure of urban and
rural development.

Second, the sample used in this study is based on provincial-level data, which may bias
the results to a certain extent due to the small sample size; using prefectural or county-level
data would be more detailed and accurate.

Finally, this study has only looked at the current coordinated urban-rural development
of the digital economy, and the driving effect of the digital economy on urban-rural
development in the long term may yield different results.

Future studies could use more refined measures of coordinated urban-rural devel-
opment and more detailed data and methods such as dynamic modelling to explore the
long-term effects of the digital economy on urban-rural development.
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Abstract: Global natural and manmade events are exposing the fragility of the tourism industry and
its impact on the global economy. Prior to the COVID-19 pandemic, tourism contributed 10.3% to
the global GDP and employed 333 million people but saw a significant decline due to the pandemic.
Sustainable and smart tourism requires collaboration from all stakeholders and a comprehensive
understanding of global and local issues to drive responsible and innovative growth in the sector.
This paper presents an approach for leveraging big data and deep learning to discover holistic,
multi-perspective (e.g., local, cultural, national, and international), and objective information on a
subject. Specifically, we develop a machine learning pipeline to extract parameters from the academic
literature and public opinions on Twitter, providing a unique and comprehensive view of the industry
from both academic and public perspectives. The academic-view dataset was created from the
Scopus database and contains 156,759 research articles from 2000 to 2022, which were modelled to
identify 33 distinct parameters in 4 categories: Tourism Types, Planning, Challenges, and Media and
Technologies. A Twitter dataset of 485,813 tweets was collected over 18 months from March 2021 to
August 2022 to showcase the public perception of tourism in Saudi Arabia, which was modelled to
reveal 13 parameters categorized into two broader sets: Tourist Attractions and Tourism Services.
The paper also presents a comprehensive knowledge structure and literature review of the tourism
sector based on over 250 research articles. Discovering system parameters are required to embed
autonomous capabilities in systems and for decision-making and problem-solving during system
design and operations. The work presented in this paper has significant theoretical and practical
implications in that it improves Al-based information discovery by extending the use of scientific
literature, Twitter, and other sources for autonomous, holistic, dynamic optimizations of systems,
promoting novel research in the tourism sector and contributing to the development of smart and
sustainable societies.

Keywords: smart tourism; sustainable tourism; natural language processing (NLP); big data analytics;
deep learning; machine learning; unsupervised learning; Bidirectional Encoder Representations from
Transformers (BERT); literature review; smart societies

1. Introduction

Smart tourism [1,2] has developed as a sector of the smart societies concept [34],
which integrates traditional tourism practices with the use of smart technologies to offer
transformative and tailored solutions for the specific needs and requirements of travelers.
However, the exploitative practices of capitalist approaches have had a detrimental effect
on social, environmental, and economic sustainability. In response, sustainable tourism has
emerged as an alternative approach that seeks to enhance both the tourism experience and
promote longer-term sustainability [5-10].
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1.1. Tourism in the Global Economy

Prior to COVID-19 (2019), the tourism sector, which was nearly three times larger than
agriculture [11], amounted to 10.3% of the world’s GDP, approximately USD 9.6 trillion [12].
In 2019, international visitors spent approximately USD 1.8 trillion, which represented
6.8% of total exports. In the same year, the sector accounted for one-quarter of all new jobs
created globally and made up 10.3% of all jobs totaling 333 million [12].

COVID-19 severely impacted the tourism sector, reducing its contributions to the
global GDP by nearly half in 2020, and subsequently recovering slowly in 2021 to a total
global GDP contribution of USD 5.8 trillion [13]. In 2020, 62 million jobs were lost in the
tourism sector, and the spending by domestic and international visitors declined by nearly
50% and 70%, respectively [12].

1.2. A Case Study on Tourism in Saudi Arabia: Diversification of Oil-Based Economy

For Saudi Arabia, in 2019, prior to COVID-19, travel and tourism amounted to 9.7% of
the total national GDP, equaling 77.8 billion USD (see “Saudi Arabia 2022 Annual Research:
Key highlights” at [12]). The sector contributed 1.58 million jobs, making up a 12.2% share
of national jobs. The spending by domestic and international visitors in Saudi Arabia was
16.6 billion USD and 29.9 billion USD (10.4 percent of total exports), respectively.

There was a significant drop in all these economic figures due to the pandemic in
Saudi Arabia. The 2021 economic figures for travel and tourism are as follows. The tourism
sector was 6.5% (down from 9.7%) of the total national GDP, equaling 51.5 billion USD,
and contributed 1.3 million jobs, making up a 10% share of national jobs. The spending by
domestic and international visitors in Saudi Arabia was 16.2 billion USD and 6.1 billion
USD (2.3% of total exports), respectively. The relatively low decline in domestic spending
across the pandemic time is because a large part of local tourism is based on rural, natural,
or religious sites and activities. Moreover, the restrictions on international travel and
tourism were compensated by domestic travel. These economic figures for Saudi Arabia
and other countries can be found in [12].

These numbers clearly show the vulnerability of the tourism sector and the national
and global economies.

It is high time for new investors and other stakeholders in the tourism sector in Saudi
Arabia, explained as follows. The Saudi economy has been heavily dependent on the oil
industry. Saudi Arabia’s vast oil reserves and position as the world’s largest exporter of
oil give it significant economic leverage in the global market. Its role in OPEC and close
economic relationships with major oil-consuming countries allow it to influence the price
and stability of the oil, making it a key player in the global geoeconomics of oil.

Saudi Arabia is diversifying its economy to reduce its reliance on oil, create new job
opportunities, attract foreign investment, and prepare for the future in order to provide
more stability, be more attractive to investors, and ensure its long-term prosperity. For
instance, Saudi Arabia is investing in renewable energy as part of its efforts to diversify its
energy mix and reduce reliance on oil. The goal is to produce 50% of the nation’s electricity
from clean energy sources by 2030, and the country has made significant progress in the
development of solar and wind energy. It is also exploring other forms of renewable
energy, such as geothermal and tidal energy, and has established initiatives and programs
to support the development of renewables.

Tourism is an important target sector in Saudi Arabia’s efforts to diversify its econ-
omy [14]. It is expected that the tourism sector will become the white oil, i.e., a major source
of revenue for Saudi Arabia, similar to how (black) oil has traditionally been a major con-
tributor to the country’s economy [15]. Saudi Arabia, which is located in the Middle East,
is a country known for its rich cultural history and significant religious sites such as Mecca
and Medina. The government has been working to develop the country’s tourism industry
in recent years, with a focus on both domestic and international tourism. To support this
growth, the government has implemented initiatives, for instance, the development of new
infrastructure, such as hotels and airports, and the promotion of the country as a desti-
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nation for events, conferences, and other business activities. There are opportunities for
growth in various areas of tourism, including cultural and religious tourism, adventure and
nature-based tourism, business and conference tourism, and medical tourism. In addition,
Saudi Arabia is home to a number of cultural and natural attractions, including museumes,
galleries, the Asir National Park, and the Al-Hasa Oasis. Its cities, including Riyadh and
Jeddah, are also popular tourist destinations. The planned city of NEOM is being developed
as a hub for advanced technology and innovation, and there are several other planned
tourism developments in Saudi Arabia, including Qiddiyah, Amaala, Trojena, Oxagon, The
Line, Sindalah, and the Red Sea Project. Some of these are connected to NEOM city [16].
As Saudi Arabia and other Gulf countries compete in the tourism industry, they each
offer unique cultural and natural attractions, modern infrastructure and facilities, and a
convenient location for tourists from around the world. All of these recent developments
and factors make researching the tourism sector in Saudi Arabia exciting and lucrative.

1.3. Technologies and Their Impact on Tourism

The tourism industry is being transformed by a number of key technologies, includ-
ing virtual and augmented reality, artificial intelligence, machine and deep learning, the
Internet of Things (IoT), mobile technologies, social media, big data and analytics, and
blockchain. The IoT is expected to positively impact the tourism industry by providing
timely or real-time interactions with tourists in areas such as transportation, attractions,
tours, shopping, and hotels [17]. Artificial intelligence and machine learning are being
employed to improve the customer experience through personalized recommendations and
helping with trip planning, finding the nearest restaurants, suggesting road conditions, and
many other applications for reservations, hotels, transport, and restaurants [18]. Virtual
and augmented reality is being used to create immersive experiences for travelers [19].
Mobile technologies and social media have made it easier for travelers to book trips, find
things to do, and connect with other travelers [20]. Big data and analytics are helping
the industry to understand traveler behavior and preferences [21]. Blockchain has the
potential to revolutionize the way the industry operates by enabling secure, transparent,
and decentralized transactions [22]. These technologies are coming together to provide
innovative capabilities and services including forecasting tourism demand [23], mining
tourist locations, pathways, and travel itineraries [24], the visualization of tourist mobil-
ity activity patterns, identifying tourist congestion zones and tourist routes in specific
areas [25], measuring tourist satisfaction [26], support for decision-making [27], identifying
factors related to tourist satisfaction [28], integration of the Android platform and GPS
services for guiding tourists to their preferred sites [29], augmented reality for historical
tourism using mobile and smart devices [30,31], and more.

These technologies are all playing a significant role in transforming the tourism
industry into smart tourism and shaping the way we travel in the future. Smart tourism [1,2]
has developed as a sector of the smart societies concept [3,4], which integrates traditional
tourism practices with the use of smart technology to offer tailored solutions for the specific
needs and requirements of travelers.

1.4. The Need for Smart, Responsible, and Sustainable Tourism

Tourism is a multi-faceted industry that can bring economic and cultural benefits, but
it can also pose challenges [32-34]. Environmental sustainability is a major concern, as the
growth of tourism can put a strain on natural resources and ecosystems and contribute to
climate change [35]. Overcrowding and over-tourism can lead to social and environmental
impacts and overburden local infrastructure [36—40]. The economic impact can be positive,
but can also lead to disruption and inequality [41]. Cultural sensitivity is also important
as the influx of tourists can lead to cultural tension [37]. Health and safety risks, such as
the spread of disease, crimes, and natural disasters, are also a concern [38,42]. Geopolitical
dynamics and wars are also worsening the situation [43,44]. Many innovative and radical
technologies are emerging frequently [45,46] while the existing technologies are evolving
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at a fast pace, and these advancements and dynamics are making unforeseeable impacts
on societies and hence on tourism, its nature, and requirements [30,31,47]. It is important
for all stakeholders, such as governments, businesses, and local communities, to work
together to develop sustainable and responsible tourism practices, a concept being pursued
internationally under the sustainable tourism umbrella [5-10].

A holistic and dynamic (interactive, timely, or real-time) understanding of the sector
and related global, regional, national, and cultural issues is needed to drive innovation
and improvements toward smart and sustainable tourism [42]. Further details about the
research gap can be found in Section 2, and a discussion on the novelty and utilization of
this work can be found in Section 6.

1.5. This Work

This study uses our data-driven approach to model the tourism industry through
the lens of both academics and the general public, using 156,000 research papers and
485,000 tweets. By combining advanced technologies such as deep learning and big
data, we have developed a machine learning pipeline to extract parameters from both
the academic literature and public opinions on Twitter. This approach gives a unique
and comprehensive view of the tourism industry from two differing perspectives. These
perspectives are not isolated and have some impact on each other, but they still have
distinct and significant variations.

The aim of this study is to gain a comprehensive understanding of tourism, drive
future research through cutting-edge technologies, and ultimately develop a theory and
approach for smarter tourism that supports sustainable future societies. The paper presents
a comprehensive knowledge structure and literature review of the tourism sector, drawing
on more than 250 research articles.

The academic-view dataset was constructed using the Scopus database for the pur-
pose of uncovering key elements of academia-oriented tourism. The dataset consisted of
156,759 English language research article abstracts and titles along with their keywords,
covering the period from 2000 to 2022 (precisely 30 July 2022). By analyzing the academic
dataset, we identified 33 distinct parameters relating to tourism and grouped them into
four main categories, viz. Tourism Types, Tourism Planning, Tourism Challenges, and
Media and Technologies.

For a period of 18 months from March 2021 to August 2022, we collected a Twitter
dataset showcasing the public perception of the tourism sector in Saudi Arabia. The dataset
comprised of 485,813 tweets and was limited to the region to focus on local tourism
issues and compare them with international views. Our analysis revealed 13 parameters,
which were then categorized into 2 broader set of parameters, Tourist Attractions and
Tourism Services.

A software tool (see Section 3 for details) was developed for our data-driven approach
to smart tourism, composed of four software modules: Data collection and storage, pre-
processing, modelling and discovery, and validation, reporting, and visualization. The
tool uses pre-trained BERT word-embeddings and UMAP for dimensionality reduction,
HDBSCAN for clustering, and class-based TF-IDF scores to determine the importance of
words in each cluster. The parameters are discovered from clusters and grouped into macro-
parameters based on domain knowledge and are validated using internal and external
methods. Visualization approaches, such as dataset histograms, taxonomies, and similarity
matrices, are used to describe the data and clusters. Python packages such as Seaborn,
Plotly, and Matplotlib were used to construct these visuals.

Figure 1 presents a multi-perspective taxonomy of the tourism sector, generated by
our software tool. This taxonomy offers both academic and public perspectives, providing
a comprehensive understanding of the industry. Additionally, it includes international and
national or cultural (Saudi Arabia) perspectives, highlighting the diversity of the sector. The
academic and international view provides a broad and in-depth analysis, covering 15 types
of tourism, various planning dimensions, major challenges, and the impact of media
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and technology. In contrast, the national and public perspective in Saudi Arabia focuses
on services such as medical insurance and popular tourist attractions, including recent
developments such as the trillion-dollar NEOM smart city, AlUla city, and seasonal festivals.
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Figure 1. A multi-perspective taxonomy of smarter sustainable tourism.

The paper is organized as follows. Section 2 covers the related literature and identifies
research gaps. Section 3 explains the research methodology and design of the proposed
tool. Section 4 examines the parameters identified from an academic (and international)
perspective using Scopus data. Section 5 examines the parameters identified from a public
(and local or national) perspective using Twitter data. Section 6 presents a discussion.
Section 7 concludes and suggests areas for future research.
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2. State-of-the-Art and Research Gap

This section reviews works related to this paper. Our methodology that leverages deep
learning has afforded us to conduct a comprehensive review of research on tourism using
a dataset comprising 156,759 papers from the Scopus database. Additionally, we carried
out an extensive review of research on the use of machine learning and data analytics
in the tourism sector. No work directly linked to our study was found (i.e., a holistic,
multi-perspective parameter discovery of the tourism sector using deep learning and big
data analytics). However, to locate our study within the larger body of works on the use of
machine learning and big data analytics in the tourism sector, we discuss related research
from three fields. Firstly, we review research on the analysis of the academic literature
(i.e., scientometric and bibliometric analysis works) in tourism. This is relevant because
our work is based on the analysis of scientific literature on tourism. Subsequently, we
review research in tourism on the application of artificial intelligence and machine learning
for the analysis of digital and social media including Twitter. This is relevant because we
analyze and extract parameters from Twitter data. Finally, we highlight the research gap in
Section 2.3.

2.1. Data Analytics of Scientific Literature

Bibliometric and scientometric analysis of scientific literature has been used as an
approach to analyze existing research in different areas such as finance [48], construction
industry [49], transportation [50,51], smart homes [52], artificial intelligence [53,54], and
others. Scientists have also employed scientometric analysis in tourism. For instance,
Zach et al. [55] studied technology and innovation in the tourism sector using topic mod-
elling. Loureiro et al. [19] used text mining to investigate augmented and virtual reality
research in the tourism sector. Barrera-Barrera [56] used the LDA (Latent Dirichlet Alloca-
tion) algorithm for text mining research in tourism and hospitality with the aim to provide
recommendations for selecting a suitable journal for submitting manuscripts using as crite-
ria the manuscript topic, the journal scope, and the journal impact factor. Fang et al. [57]
presented a scientometric investigation of the tourism literature with a focus on climate
change using the CiteSpace tool. Chen and Zhou [58] used the CiteSpace tool and sciento-
metric analysis to investigate people’s motivation for travelling. Ribeiro et al. [59], using
the VOSviewer tool, conducted a bibliometric analysis of the tourism literature with a focus
on smart tourism. Bageri et al. [60] employed scientometric analysis and the VOSviewer to
investigate mining tourism with the aim of acquiring an understanding of the prospects
of environmentally sustainable tourism involving the mining industry. It is clear from the
literature that all the existing works have focused on specific topics in tourism. None of the
works have attempted to use scientometrics to analyze the tourism literature in its broad
sense and develop a comprehensive understanding of the tourism landscape.

2.2. Social Media Analytics

Data from digital and social media including Twitter has been widely used with textual
analytics to study various phenomena and problems in different application domains such
as in healthcare [61,62], disasters [63], smart homes [52], education [64], COVID-19-related
studies [65,66], event detection [67,68], opinion mining about government services [69],
city logistics [70,71], and transportation [51]. Likewise, in the tourism sector, several
works involving textual analysis of Twitter data have been reported. Afzaal et al. [18]
presented a classification of tourist sentiments from data in online reviews with the goal
of extracting and categorizing users’ favorable or negative sentiments about certain as-
pects. Ramanathan et al. [72] reported sentiment analysis of Twitter data with the aim of
understanding tourists’ views about tourism in Oman. Feizollah et al. [73] used Twit-
ter data to investigate people’s discussion topics and sentiments about halal tourism.
Colladon et al. [24] reported a study based on the analysis of social networks and seman-
tics of data from the travel forum TripAdvisor to forecast tourist arrivals in seven cities in
Europe. Hasnat et al. [74] proposed a method using Twitter data for classifying tourists
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and residents and determining the destination preferences of tourists. Obembe et al. [75]
reported sentiment analysis of Twitter data to investigate the influence of social me-
dia and communications between stakeholders on the tourism sector during COVID-19.
Vecchio et al. [1] showed how value can be created from social media data to improve a
tourist destination.

The works that are specific to the analysis of tweets in the Arabic language for research
related to tourism are but a few. Al Sari et al. [76] used Twitter, Snapchat, and Instagram data
to study the performance of different machine learning algorithms for sentiment analysis of
cruise experiences in Saudi Arabia. Alasmari and Abdelhafez [77] used machine learning
to analyze Twitter data to investigate visitor sentiments about tourist destinations in Saudi
Arabia. Al-Smadi et al. [78] reported sentiment analysis of hotel reviews in the Arabic
language. Sayed et al. [79] compared the performance of machine learning algorithms for
sentiment analysis of hotel reviews in Arabic. Al Omari et al. [80] proposed a Logistic
Regression method for sentiment analysis of reviews of hotels, food, and shopping places.

None of the works on social media analytics in English, Arabic, or other languages
have attempted to extract a holistic national understanding of tourism.

2.3. Research Gap and Novelty

The review of the literature we provided above establishes that the current research and
development on smart tourism have primarily focused on investigating specific functions,
activities, or aspects of tourism, such as the analysis of tourist sentiments, experiences,
satisfaction levels, cruise experiences, food and accommodation experiences, travelling
routes, forecasting tourism demand, and others.

While the existing literature is rich in breadth and depth, a comprehensive under-
standing of the tourism landscape is missing that is needed to better design and optimize
the tourism sector, particularly because of the opportunities offered by the emerging tech-
nologies that allow sector-wide and intersystem, holistic optimizations. Moreover, none of
the works on Twitter data analytics in English, Arabic, or other languages have analyzed
tourism in its broad sense to develop a holistic national understanding of the tourism space.

Our work bridges these gaps and is novel due to its aim, design, methods, and results.
None of the earlier works have been aimed at or designed to discover a multi-perspective,
international, and national, holistic landscape of tourism. None of the earlier works have
used a methodology and accordingly developed a tool that uses several cutting-edge deep
learning and big data methods for the analysis, discovery, and visualization of information
and knowledge for policymaking, design, and operations. An outcome of this work is deep
learning-based discovery of information structure and taxonomy, design, and operations
parameters, and a comprehensive review of the tourism sector literature.

3. Methodology and Design

In this section, the methodology and design of our proposed system are described in
detail. The system architecture is displayed in Figure 2, which examines relevant topics
that describe the tourism landscape, its various dimensions, its evolving nature, digital
technologies and smart societies, tourist experiences, and tourism sustainability by using
Scopus research articles. The software architecture is comprised of four components that
will be discussed in the subsequent section. The overview of the system, including the main
algorithm, is discussed in Sections 3.1-3.6, which describe the data collecting technique,
data pre-processing, parameter modelling, parameter discovery and quantitative analysis,
visualization, and validation, respectively.
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Figure 2. System architecture.

3.1. Methodology Overview

Algorithm 1 describes the fundamental steps at a high level of our proposed system.
We performed a specific search query to obtain the data, then saved the results in CSV
format. Then, we loaded the CSV file into the Panda data frame for the pre-processing
step. During pre-processing, redundant articles, unnecessary characters, tokenization,
stop words, and lemmatization are eliminated. Then, we utilized pre-trained BERT word
embedding [81]. The essential part of the BERTopic model is the dimensionality reduction
of the embeddings, therefore, we use UMAP. Subsequently, we applied the clustering
technique using HDBSCAN to cluster the topics into groups of similar embeddings [82],
and we calculate the class-based TF-IDF score to determine the significance of words
within each cluster. In addition, we save the model and allocate each document to a cluster.
Based on our domain expertise, we renamed the clusters as parameters and grouped these
parameters into macro-parameters. The parameters and macro-parameters were thereafter
displayed graphically. In addition, these parameters were validated using both external
and internal validation.

Algorithm 1 BERTopic Algorithm

Input: Scopus SearchQuery

Output: Topics with labeled parameters and visualization

: CSV_file <— DataColletion (Scopus SearchQuery)

: AbstractPapers_DF <— read_CSV (CSV_file)

: PreProces_AbstractPapers <— DataPreprocessing (AbstractPapers_DF)
: word_embedding <— CreateBERT_EmbeddingModel (PreProcess_AbstractPapers)
: UMAP_Model - DimensionReduction (word_embedding)

: HDBSCAN_Model <— Clustering (UMAP_Model)

: Caclcaulate_ClassTFIDF <« Clustering (HDBSCAN_Model)

: BERT_Clusters < ClusterRediction (Caclcaulate_ClassTFIDF)

: Model +— LoadModel (BERTopicModel)

10: Parameters < relabeled (BERT_Clusters)

11: figures < Visualization (Parameters)

O 0 NI OO WIN -
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3.2. Dataset Collection Method

We utilized two types of data sources. The first one is the Scopus database, which
we used to collect the academic literature, whereas the second data source is Twitter. We
collected the pertinent papers from Scopus, the largest database of abstracts that includes
expanded data and connected academic material from many different disciplines. The
knowledge provided by Scopus helps researchers, librarians, research managers, and
professionals make better decisions, take better actions, and produce better results. As such,
we believe it offers an academic view of smart tourism. Articles might be produced to
describe public perceptions and circumstances, yet these perceptions and expressions could
be called academic because they are viewed and presented by academics. We used Twitter,
a microblogging social media network, to determine the public’s perspective on smart
tourism. Twitter might contain tweets from governments, companies, and other interested
individuals. Tweets from these and other parties might be utilized to understand other
perspectives. We downloaded the Scopus academic literature from the Scopus website,
then we used a CSV file to save them. Moreover, we used Twitter REST API to extract
Arabic tweets then stored them in a CSV file.

3.2.1. Dataset (Scopus)

We collected 156,759 research documents by utilizing the “Tourism” keyword from
five disciplines: Computer Science, Social Science, Environmental Science, Engineering,
Business, and Management and Accounting. We limited our research documents type
to articles, reviews, conference papers, conference reviews, book chapters, and books.
Furthermore, we filtered the publication years as 2000-2022 and selected the English
language. Faulty data such as duplicates and “no abstract available” were removed. The
final data contained 100,244 articles.

Figure 3 illustrates the histogram of the Scopus abstract articles. The x-axis displays
the number of academic research articles, while the y-axis displays the word count for each
research article abstract. We note that many research article abstracts contained 250 words
or more. The maximum number of words in the research abstract is 1500. The average
abstract length of academic research abstracts is approximately182 words. Few research
articles had more than 500 words.
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Figure 3. Histogram (Data Source: Scopus).

3.2.2. Dataset (Twitter)

The dataset collection phase used Twitter REST API to extract Arabic tweets. The
Tweepy library and cursor python function were used to fetch tweets. The tweets were

extracted using a search query for the keywords related to tourism, its types, and some
Saudi cites, such as “ &>\.JV” (Tourism), “_auV” (Travel), “ & sgmud! &>LdV” (Saudi Tourism),

“ida Wl =LY (Local Tourism), “SJV” (AlUla), ”f 32" (Neom), and others. Moreover, we

64



Sustainability 2023, 15, 4166

used several tourism types such as, “&.2 ,Wli>\.J\" (Historical Tourism), “ izudlisJV”

(Environmental Tourism), “ 44 M &>L.JV” (Religious Tourism), and others. Furthermore,

we utilized several hashtags related to the list of tourism activities and festivals in Saudi
Arabia and other hashtags for the official account of Saudi Tourism such as “ 2\, JI_ s i

(# Riyad Season), “ 4,5 gaul!_2us#t” (#Saudi Summer), and others. We also collected data
using twitter official accounts that post about tourism in Saudi Arabia such as the Saudi
Tourism Authority (@SaudiTourism); (@VistSaudiAR), the official account of Saudi Tourism
Activates; (@GEA_SA), the official Twitter account of the general entertainment authority
in Saudi Arabia; and (@Tourism_newsl), the account for publishing tourism news. Table 1
indicates a sample of the keywords, hashtags, and accounts that were used for scraping the
tweets. The total number of collected tweets is 485,813 tweets that were retrieved during
the period from March 2021 to August 2022. We saved the tweets in CSV format. The steps
of the data collection process are depicted in Algorithm 2. Firstly, we utilized a search
query to search for relevant tweets using the cursor Python function. We extracted the
tweet-created time, id, and text, then we saved them in a CSV file. Algorithm 2 illustrates
the steps of the data collection.

Algorithm 2 Data Collection Algorithm

Input: Search_query {}

Output: Tweets_CVS File []

1: api <+ connect_Twitter_API ()

2: Tweets_DF < collect_tweetsTourism (created_at, tweet_id, tweet_text)
3: Tweets_CSV < Tweets_DF

Table 1. The tourism keywords, hashtags, and Twitter accounts used to collect the dataset.

Keywords

Tourism, Travel, Saudi Tourism, Domestic Tourism, Tourists, Travelers

Hashtags

V:}:L}#‘ Mallf ‘M\iw\# ‘UAL‘..‘)hiﬁ'“’}‘# c&é&i\.\hir\aw\# “35-‘,«;“,‘:‘%“’# aaﬂd‘y.ud\ig_\i:\.a# Aﬁa}ud\ih\_yll# c:gJyu.d\icj‘)#
The Spirit of Saudi Arabia, Saudi Tourism, Saudi Summer, Our Summer, Internal Tourism, Riyadh Season, Discover AlUla, AlUla, NEOM

Accounts

gﬁ)m Aalal) Ll cdabud] :QJM\ Ayl ‘%JM\ D) daludl )L\;\ ddaludl IB1BY)
@Saudi MT, @Tourism news1, @VistSaudiAR, @SaudiTourism, @ GEA_SA

Figure 4 shows the histogram of Arabic tweets. The number of tweets is indicated
on the x-axis, while the word count of the tweet text is indicated on the y-axis. Tweets
are commonly less than 60 words long. There are relatively few tweets with more than
60 words in them. Only a small number of tweets have a maximum of 90 words, and a few
tweets have less than 10 words.

3.3. Data Preprocessing

During the data analysis, data pre-processing is an essential step after the collection
of data. Data pre-processing is conducted to improve the data analysis quality and ac-
curacy. This includes using several approaches to clean the data that has been collected.
Two different types of data sources were used in our research. English academic articles
were included in the Scopus dataset, whereas Arabic tweets were included in the Twitter
dataset. Twitter and Scopus cannot be pre-processed using the same technique because of
the varied languages utilized in both datasets. The following subsections describe the data
preprocessing processes for Scopus and Twitter individually.
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Figure 4. Histogram (data source: Twitter).

3.3.1. Pre-Processing (Scopus: English)

Among the pre-processing phases are the removal of duplicate articles, the removal of
irrelevant characters, tokenization, and lemmatization using POS tags, and the removal of
English stop words. Algorithm 3 illustrates the preprocessing steps as follows: First, we
used a Python library (Panda) to read the CSV and saved it in the data frame. Second, we
identified and removed redundant articles. Then, we deleted all unnecessary characters.
In the fourth phase, the texts were tokenized using the Python package “genism”, which
contains the basic preprocess function. After that, the English stop words were removed
using (NLTK) the Natural Language Toolkit list of predefined stop keywords. We initially
developed the BERT parameter model and utilized the provided stop words list from NLTK
for clustering. After obtaining the topics from the BERT model, we checked the associated
keywords for each discovered parameter and investigated the irrelevant keywords that
scored a high probability in the parameter. After some experimentation, we came up with
a list of keywords and phrases that did not have a big impact on the parameters that were
generated. Because of this, we removed certain keywords from the articles and added
them to the list of stop words in our final model. Finally, the data were lemmatized using
the WordNetLemmatizer. The cleaned abstracts were collected and saved in a CSV file for
parameter modeling and discovery.

Algorithm 3 Data Preprocessing (Scopus: English)

Input: abstract

Output: clean abstract

: abstract _DF < read_CSV (CSV _file)

: RD_DF < DuplicateRemoval(abstract_DF)

: RNV_DF « RemovaNoAbstractValue (RD_DF)
AIC_DF < RremovelrrelevantCharacters (RNV_DF)
: token_DF < tokenizer (AIC_DF)

: RSW_DF <— removeStopWords(token_DF)

: lemma_DF < lemmatization (RSW_DF)

: clean_DF < cleanAbstract(lemma_DF)

® N U WN

3.3.2. Pre-Processing (Twitter: Arabic)

Algorithm 4 illustrates the preprocessing steps of Arabic Twitter datasets. The steps
are explained in the following sections.
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Algorithm 4 Data Preprocessing (Twitter: Arabic)

Input: tweets_list; stopwords_List

Output: CleanTweets []

: tweets_DF < load(tweets_list)

: tweets_RD < RemoveDuplicate(tweets_DF)

: tweets_RIC + removelrrelevantCharacters(tweets_RD)
: tweetstokens < tokenization(tweets_RIC)

: tweets_normalize < Normalization(tweets_tokes)

: tweets_RS <— removeStopWords (tweets_normalize)

: clean_Tweets [ | + cleantweets(tweets_RS)

NN U 0N

Removing Duplicates Tweets and Irrelevant Characters

After collecting the tweets, we saved them in CSV files and loaded them into the Panda
Data Frame format. We iterated the tweets and removed duplicate tweets to avoid the
frequency of the same tweets. We defined the cleaning function that iterated the text of the
tweet and removed numbers, the English alphabet, emails, URLs, extra whitespace, emojis,
line breaks, and extra spaces. Moreover, all punctuations marks were removed because the
majority of punctuation marks are misused. Therefore, we created a list of all punctuation
containing periods (.), question marks (?), semi-colons (;), colons (:), commas (,), Arabic
semicolons (¢), and Arabic question marks (?), and we removed different types of brackets,

mathematical symbols, and slashes. Furthermore, we deleted the hashtags and underscores
to reduce the feature set’s size and increase the value of information.

Tokenization

The tokenization process involved dividing text data into words (tokens). The NLTK
library contains a module called tokenize (), which further classifies sentences into sub-
sentences or words.

Normalization
The normalization process involves replacing letters that have multiple shapes with

the same basic shape. For example, the Arabic letter Alif (“), which is spelled Alif, has three
shapes (! ! )), it normalized to (!). In additionally, the letter Yaa ( s) is normalized to ()
dotless Yaa and Taa Marboutah (o 3) is normalized to dot Taa ().

Removing Stop-Words

In any language, there are many stop-words in textual data. Pre-processing involves
removing these stop-words from textual data. Certain libraries are available in several
languages for text preprocessing. An example is the Natural Language Toolkit (NLTK). It is
used in a wide variety of languages, including Arabic. To remove the stop-words, we used
the stop-words list provided by the NLTK library. In addition, we added a list of created

I

stop-words that are usually used in dialectical Arabic, for example, “¢51”, ufg_"’, “olae”,
and “b;'..é.\”.

3.4. Parameter Modeling

We used the BERT topic modeling approach in our system to cluster the data and
identify parameters [83]. We created a word-embedding model before parameter modeling
by utilizing BERT, a transformer-based method created by Google [81]. BERT is used
to analyze text data and extract features, such as word and sentence embeddings. The
sentence-transformer model known as “distilbert-base-nli-mean-tokens” was used in our
work. Our documents were initially converted into numeric representations and generated
dense vector representations for each document in the data corpus. The essential part
of the BERTopic model is the dimensionality reduction of the embeddings; therefore, we
used UMAP, which contains a considerable number of parameters. The n_neighbors and
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n_components are the most important parameters. The parameter n_components refer to
the dimensionality of the embedding. Depending on the circumstance, there are no direct
approaches to select the optimum values. We tested the model several times, and we found
that the n_neighbors = 20 and n_components = 7 produced the best result. Subsequently,
we applied the clustering technique using HDBSCAN to cluster the topics into groups of
related documents. Many parameters control the clustering technique, but min cluster size
and min sample are the most significant HDBSCAN settings. The min cluster size specifies
the minimum possible cluster size. The cluster size is controlled by the min sampling
parameter. If the min sample is less than the min cluster size, the article will be merged
into the same cluster. When the min sampling is large, more items are eliminated. The
importance of terms for each parameter was also determined using a class-based TF-IDF
score. The TF-IDF provides a way to evaluate the importance of words among texts by
calculating a word’s frequency in a specific document, as well as its importance throughout
the whole corpus. However, if we regard each document inside a group as a distinct
document prior to running TF-IDF, we will be able to evaluate the importance of each word
within a cluster. This significance rating is known as the c-TF-IDF score. The parameter is
more representative the more significant the words are inside a cluster. We may therefore
obtain keyword-based descriptions for each parameter. Equation (1) is used to generate
the c-TF-IDF score, where f is the word frequency for each class and c is determined and
divided by the total number of words w. The overall frequency of words across all classes
(f) is divided by the total number of unjoined texts (d) (cc).

fe d

¢ —TF - IDF 0 x log 102(; 7, (1)

Before the training model, it is challenging to predict how many topics will be pro-
duced once the topic model has been trained. We trained our documents using BERTopic,
which produced results for several parameters. The nr_topic parameter determined the
number of topics that will be reduced after training the topic model. It will reduce the
number of topics to the specified nr_topics. We found the nr_topic = 45 is a reasonable
number of topics. After that, we labeled all parameters and saved the model.

We re-labeled and aggregated the parameter—which was initially represented as an
integer number—into macro-parameters using our domain expertise and quantitative
analysis techniques. In the section below, we explain the quantitative analysis techniques.

3.5. Parameter Discovery and Quantitative Analysis

Understanding the topic model and how it works requires visualizing BERTopic and
its variations. Users find it challenging to test their models since topic modeling may be
a very subjective profession. An important step in solving this problem is to examine
the issues and determine whether they make sense. Therefore, after our BERTopic model
has been trained, we may iteratively go over hundreds of topics to truly understand the
topics that were extracted. However, that takes a while and does not have a universal
representation. However, visualizing the topics that were produced using quantitative
analysis techniques might be a better approach. We identified the parameters and macro-
parameters using domain expertise and quantitative analytic techniques, (i.e., Intertopic
distance, keyword score, hierarchical clustering, and similarity matrix).

3.5.1. Term Score

A list of keywords (terms) for each parameter does not express the context of an
associated parameter in the same manner. We need to determine the required number of
keywords, as well as the beginning and ending points of essential keywords before we can
identify a parameter. We sorted the keywords in decreasing order to visualize the c-TF-IDF
score for each parameter [83]. The parameter may be identified significantly with the help
of this word score visualization.
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3.5.2. Inter-Topic Distance Map

The inter-Topic distance map generates a two-dimensional visualization of the param-
eters in an interactive Plotly graph. It is represented by parameter circles, the size of which
is often related to the number of dictionary words required to describe that parameter. The
circles are created using a MinMaxScaler algorithm. The parameters that are closer together
share more words [83].

3.5.3. Hierarchical Clustering

The hierarchical clustering of parameters relies on cosine similarity matrices between
parameter embeddings to connect parameters consistently [83]. Hierarchical clustering
creates a unique cluster of hierarchical clusters by carefully matching clusters. All clusters
are evaluated in all possible pairings beginning with the correlation matrix, and the pair
with the greatest average inter-correlation inside the experimental cluster is selected as the
new unique cluster.

3.5.4. Similarity Matrix

Applying cosine similarities to topic embeddings generates the similarity matrix [83].
The result will be a matrix displaying how closely related specific topics are to one another.
The light green color displays the least similarity between parameters, while the dark blue
color displays the largest similarity link.

3.6. Validation and Visualization

The outcomes may be both internally and externally verified. Internal validation of
parameters entails examining and analyzing the documents associated with the parameter.
Documents in our study might be academic articles or tweets. In most of the documents in
our collection, we explained how we judged the relationship between the documents and
the parameters. External validation is measured by analyzing the parameters, keywords,
and metrics of the two datasets. We applied a variety of visualization approaches for
internal and external validation. Many visualization approaches are utilized to describe
the datasets, clusters of documents, and identified parameters. Dataset histograms [84],
taxonomies, hierarchical clustering [85], Intertopic Distance Maps [86], similarity matri-
ces [87], Term Rank, Similarity Matrix [88], temporal progression charts [89], and word
clouds are examples of these. Several Python packages, including Seaborn [90], Plotly [91],
and Matplotlib [84], are used to construct these visuals.

4. Tourism Parameter Discovery for Tourism (Academia: Scopus)

In this section, we discuss the detected parameters by our BERT model obtained from
the Scopus dataset.

Section 4.1 provides an overview of the parameters and macro-parameters. In Section 4.2,
we provide quantitative analysis of the clustering characteristics and discovered parameters.
In Section 4.3, we discuss each individual macro-parameter in detail and the temporal
analysis of each macro-parameter.

4.1. Overview and Taxonomy (Academia: Scopus)

We discovered a total of 45 clusters using the BERT modelling algorithm from the
Scopus dataset. Our approach in this research was to cluster the data and then eliminate
any unnecessary clusters. We omitted four clusters from the original clustering results as
they were irrelevant to the work’s subject. Four clusters (0, 24, 32, and 37) contain irrelevant
words and the redundant keyword “tourism” due to the use of it in the research article. We
grouped the 33 discovered parameters into four macros, termed macro-parameters, based
on domain knowledge, the similarity matrix, hierarchical clustering, and other quantitative
methods. The methodology and process used to discover parameters and group them into
macro-parameters have already been described in Section 3.5.
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Table 2 list the parameters and macro-parameters of the Tourism Scopus dataset. The

parameters are categorized into four macro parameters, including Tourism Types, Tourism
Planning, Tourism Challenges, and Media and Technologies (Column 1). Columns 24 list
the parameters’ names, their numbers, and the percentage of the articles for each parameter
in the clustering model, accordingly. The fifth column represents the top 20 keywords
related to each parameter. The BERT model identified 43.28% of documents as outlier
clusters, so we ignored these clusters, and the remaining 56.7% of documents are listed in
the fourth column.

Table 2. Macro-parameters and parameters for tourism (data source: Scopus).

Macro Parameters

No.

%

Keywords

Urban Tourism

18

0.34%

Urban, City, Urban Tourism, Culture, Space, Heritage, Branding, Tourism,
Spatial, Social, City Branding, Economic, Historic, Destination, Sustainable, City
Image, Policy, Urban, Planning, Design

Rural Tourism

1.31%

Rural, Rural Tourism, Farm, Tourism, Agricultural, Rural Area, Village,
Community, Agritourism, Farmer, Landscape, Economic, Sustainable, Cultural,
Traditional, Farming, Rural Community, Land, Product, Resource

Beach &
Marine Tourism

22

0.31%

Coastal, Marine, Blue, Ocean, Area, Sea, Tourism, Maritime, Marine Tourism,
Coastal Tourism, Resource, Economic, Ecosystem, Management, Island,
Economy, Coastal Area, Sustainable, Coast, Coastal Zone

31

0.24%

Beach, Coastal, Litter, Sand, Coast, Wave, Erosion, Management, Item, Area,
Sediment, Marine, Sea, Along, Shoreline, Plastic, Natural, Recreational,
User, Activity

National Parks

38

0.21%

Park, National Park, National, Visitor, Area, Protected, Management, Protected
Area, Nature, Recreation, Ecotourism, Forest, Area, Cultural, Sustainable,
Resource, Environmental, Community, Ecological, Landscape

39

0.21%

Forest, Specie, Are, Land, Mountain, Plant, Bird, Vegetation, Landscape, Change,
Cover, Fire, Park, Tree, Habitat, Management, Ecosystem, Population,
Natural, Diversity

Tourism Types

Wildlife Tourism

21

0.31%

Wildlife, Animal, Hunting, Specie, Human, Wild, Bear, Visitor, Population, Park,
Experience, Habitat, Viewing, Area, Management, Encounter, Activity,
Community, Disease, Protected

29

0.25%

Wildlife, Animal, Elephant, Wildlife Tourism, Zoo, Specie, Human, Wild,
Population, Bear, Tourism, Park, Hunting, Habitat, Visitor, Area, Management,
Viewing, National Park, Encounter

Adventure
Tourism

43

0.18%

Mountain, Adventure, Hiking, Trail, Alpine, Tourism, Area, Mountain Tourism,
Landscape, Climbing, Hiker, Bike, Adventure Tourism, Destinations, Mountain
Area, Biking, Activity, Management, Natural, Recreation

Diving Tourism

13

0.41%

Diving, Reef, Coral, Oil, Marine, Spill, Sea, Coral Reef, Coastal, Specie, Water,
Island, Area, Site, Impact, Ecosystem, Coast, Environmental, Damage, Pollution

Sports Tourism

25

0.28%

Olympic, Sport, Game, Event, Olympic Game, Cup, Mega, Olympics, World Cup,
Host, City, Legacy, Hosting, World, Host City, Sporting, Impact, Sport Tourism,
Resident, Host

33

0.25%

Olympic, Sport, Game, Event, Olympic Game, Cup, Mega, Olympics, World Cup,
Host, City, Legacy, Hosting, World, Host City, Sporting, Impact, Sport Tourism,
Resident, Host

Space
Tourism

12

0.49%

Space, Flight, Launch, Commercial, Vehicle, Mission, Earth, Exploration, Station,
Satellite, Private, International, Human, Technology, Cost, Design, Passenger,
Law, Operation, Future
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Table 2. Cont.

Macro Parameters No. % Keywords
Culture & Geological, Geotourism, Geopark, Geological Heritage, Heritage, Area, Site,
Heritage Tourism 30 0.25%  Volcanic, Geomorphological, Unesco, Rock, Village, Building, Historical,
& Economic, Architectural, Resource, Global, Mining, Activity
. Festivals, Event, Music, Cultural, Visitor, Art, Community, Impact, Identity, Place,
Music & o . . : . - .
. 16 0.37% Organize, Culture, Economic, Group, Experience, Finding, City, Social,
Art Tourism . .
Held, Satisfaction
Religious, Pilgrimage, Religious Tourism, Spiritual, Pilgrim, Religion, Sacred,
Religious Tourism 19 0.33%  Church, Tourism, Christian, Secular, Spiritual Tourism, Buddhist, Spirituality,
Temple, Pilgrimage, Experience, Visitor, Heritage, Place
Halal Muslim, Islamic, Halal, Halal Tourism, Religious, Islam, Tourism, Destination,
Tourism 40 0.21% Compliant, Friendly, Country, Satisfaction, Religiosity, Non, Religious Tourism,
Hotel, Attribute, Finding, Service, Saudi, Mosque, Pilgrimage, Pilgrim, Relationship
Medical & Medical, Medical Tourism, Health, Patient, Healthcare, Hospital, Wellness, Spa,
. 6 1.03% Tourism, Health Tourism, Treatment, Service, Healthcare, Travel, Quality,
Wellness Tourism ..
Country, Eastern, Industry, Medicine, Factor
Volunteer Volunteer, Experience, Host, Organization, Community, Host Community,
Tourism 23 0.30% Participant, Motivation, Organization, Group, Project, International, Practice,
Interview, Personal, Cultural, Global, Understand, Program, Motivation
Education Student, Tourism, Teacher, Work, University, Industry, Management, Tourism
.. 2 1.10% Student, International, Language, Graduate, Classroom, Educator, Program,
& Training . .. . . .
Vocational, Degree, Training, Experience, Questionnaire, Degree
Employee, Job, Customer, Satisfaction, Work, Service, Organizational,
Workforce 17 0.34% Relatlgnslr}lp, Performance, Workplace, Industry, W(.)rker,. Leadership,
Orgaruzatlon, Manager, Engagement, Customer Satisfaction, Influence,
Tourism, Working
Airline, Airport, Air, Low Cost, Aviation, Passenger, Carrier, Cost, Transport,
Air Transport 36 0.23% Low, Flight, Service, Travel, Industry, Demand, Route, Market, International,
Traffic, Code
50 Hotel Hotel, Customer, Hotel Industry, Industry, Employee, Performance, Guest,
g Industr 5 0.86% Manager, Satisfaction, Star, Management, Room, Green, Relationship, Hotel
= y Manager, Star Hotel, Model, Organizational, Service Quality, Environmental
'LE Food Food, Restaurant, Culinary, Food Tourism, Cuisine, Gastronomic, Gastronomy,
@ . 3 1.1%  Tourism, Experience, Product, Dining, Consumption, Culture, Customer,
g Services ! . . . .
] International, Safety, Service, Satisfaction, Industry, Quality
= . . .
Growth, Economic Growth, Economic, Tourism, Model, Test, Demand, Country,
15 0.38% Tourism Demand, International, Income, GDP, Arrival, Relationship, Result,
Long, Long Run, Panel, Domestic, China
Economic Growth - - - -
Tourism Industry, Growth, World, Growing, Economic, International, Market,
10 0.56%  Sector, Tourism Industry, Country, Largest, Travel, Economy, Fastest, Fastest
Growing, Destination, Global, City, Increase
Poverty, Pro Poor, Tourism, Alleviation, Poverty Alleviation, Pro, Community,
EGUC 27 0.27% Income, Poverty Reduction, Economic, Country, Growth, Sector, Government,
Benefit, Low, Development, Rural, Policy, Household
Forecastin Forecasting, Model, Algorithm, Google, Forecast, Ontology, Forecast, Time Series,
Metho dsg 14 0.42% Fuzzy, Recommendation, Prediction, Neural Network, Performance, Arrival,

Accurate, Combination, Result, Error, Corpus, Machine
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Table 2. Cont.

Macro

Parameters

No.

%

Keywords

Tourism
Challenges

Climate Change

44

0.17%

Climate, Weather, Temperature, Thermal, Summer, Climatic, Dog,
Meteorological, Outdoor, Season, Tourism, Weather Condition, Day, Warm,
Comfortable, Humidity, Tourism Climate, Winter, Daily, Warm, Humidity,
Comfortable, Pet, Seasonal

20

0.32%

Ski, Winter, Climate, Resort, Climate Change, Ice, Mountain, Sport, Alpine, Area,
Season, Condition, Adaption, Impact, High, Temperature, Cover, Destination, Alp

Air Quality
& Pollution

26

0.28%

Carbon, Emission, Low carbon, climate, carbon emission, tourism, Co2,
Environmental, co2 emission, Consumption, Climate, Change, Growth, Policy,
Country, Travel, Economic, Greenhouse, Industry, Air

WQPM

0.92%

Water, Lake, River, Water Quality, Groundwater, Water Resource, Quality, Waste,
Water, Basin, Pollution, Drought, Irrigation, Management, Water Supply,
Reservoir, Ecosystem, Sediment, Damage, High, Environmental

Disasters

35

0.23%

Tsunami, Disaster, Earthquake, Damage, Recovery, Flood, Area, Landslide,
Natural Disaster, Hazard, Coastal, Natural, Affected, Tourism, Vulnerability,
Indian Ocean, Resilience, Building, Impact, Affected

28

0.26%

Death, War, Site, Memorial, Literary, Tourism, Heritage, Museum, Memory,
History, Visitor, Place, World War, World, Visit, Military, Book, Experience,
Narrative, Right

Pandemics

0.60%

COVID-19, 19, Pandemic, 19 Pandemic, Crisis, Disease, Industry, Health, Travel,
Impact, Outbreak, Risk, Sector, 2020, Affected, Business Measure Global,
Countries, Policy

Sustainable
Tourism

42

0.18%

Sustainable, Sustainable Tourism, Tourism, Community, Environmental,
Sustainability, Amazon, Manager, Heritage, Cultural, Policy, Impact, Attitude,
Destination, Economic, Protection, Visitor, Ecotourism, Industry, Management

Media & Technologies

Film & TV Media

41

0.20%

Film, Film Tourism, Movie, Television, Induced Tourism, Tv, Drama, Tourism,
Popular, Screen, Video, Production, Cinema, Celebrity, Film Television, Audience,
Fan, Cultural, Destination Image, Travel

Online &
Social Media

0.56%

Online, Internet, Website, Travel, Social Media, Golf, Facebook, User, Hotel,
Customer, Marketing, Consumer, Twitter, Review, Online Travel, Booking,
Instagram, Travel Agency, Sentiment, Purchase

Mobile
Applications

0.66%

Mobile, Smart, Smart Tourism, Smartphone, Mobile Device, Phone, City, Tourism,
Technology, Mobile Application, Information, User, Smartphones, Location,
Context, Experience, Map, GPS, Platform, Design

Virtual Reality

34

0.23%

3d, Algorithm, Detection, Building, Virtual, Computer, Digital, Simulation,
Software, Modelling, Sensor, Machine, Optimization, Laser, Visualization,
Reconstruction, High, City, Network, Photogrammetry

0.67%

Destination, Intention, Satisfaction, Vr, Image, Model, Relationship, Perceived,
Effect, Service, Result, Finding, Destination Image, Influence, Customer, Quality,
Factor, Emotion, Decision, Implication, Implication

The taxonomy was extracted for the 33 parameters that were detected by our BERT

model (See Figure 5). The taxonomy was created from Table 2, and it indicates the parame-
ters, their macro-parameters, and some keywords related to the parameters. The first-level
branches indicate the macro parameters, the second-level branches indicate the discovered
parameters, and the third-level branches show the most representative keywords associated
with each parameter.
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Figure 5. A taxonomy of tourism extracted from the Scopus dataset.

4.2. Quantitative Analysis (Scopus)

This section presents the quantitative analysis including the term score, word score,
Intertopic distance map, hierarchical clustering, and similarity matrix. A set of keywords
are used to represent each parameter; however, not all of them accurately define it. Figure 6
demonstrates that the first ten to thirteen terms in each topic’s ranking accurately reflect
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the topic. Since the probability of all other words are so close to one another, their ordering
is essentially meaningless. Therefore, in order to label the parameter, we focused on its top

ten to thirteen terms.

Term score decline per Topic

0.15
48]
P \
(o}
L]
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& 0.1
T
\
w \
H \
L]
\
0.05 \ 4 \
. A\
—
"i
1 3 5 7 9 11 13 15 17 19
Term Rank
Figure 6. Term rank (data source: Scopus).
Figures 7 and 8 visualize the top 10 keywords for each parameter (see Section 3.5).
The importance score, or c-TF-IDEF, is used to order the keywords. There are 33 subfigures,
and in each subfigure, the horizontal line shows the importance score, and the vertical line
shows the parameter keywords.
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Figure 7. Smart tourism parameters with keywords’ c-TF-IDF scores (data source: Scopus) (Part A).

74



Sustainability 2023, 15, 4166

Religious Tourism

Beach & Marine Tourism

religious coastal I
pilgrimage I marine I
religious tourism I blue I

spiritual I ocean N

pilgrim  I— sea N

religion | tourism |

sacred NN maritime I

church marine tourism I

tourism I coastal tourism IS
christian N economic [N

0 0.05 0.1 0 0.02 0.04 0.06
EGUC Wildlife Tourism

poverty wildlife

pro poor EEE—— animal

tourism I elephant

alleviation | EG——
poverty alleviation IEEE—
pro I

wildlife tourism
z00
specie

community I wild
income — bear
poverty reduction I tourism
economic I park
a 0.02 0.04 0.06 0.08 0 0.02 0.04 0.06
Virtual Reality Disasters
3d tsunami ——
algorithm I disaster EEGEG——
detection I earthquake EEEEE————
building I recovery |
virtual I flood |E—
computer NN landslide |—
digital natural disaster ——
simulation coastal NN
software NN tourism NN
modeling NN indian ocean N
o 0.02 0.04 0.06 0 0.02 0.04 0.06
Halal Tourism Film & TV Media
muslim - I film
islamic | film tourism
halal I movie
halal tourism  |IEEEE_—— television
religious NN induced tourism
islam tv
tourism I drama
friendly tourism
country N popular
religiosity NN screen
0 0.05 0.1 0 0.05 0.1
Climate Change
climate
weather N
temperature I
thermal IEE——
summer |
climatic |IE—
outdoor |E—
tourism
meteorological I
weather condition I
o 0.02 004 0.06 0.08

Volunteer Tourism

volunteer
volunteer tourism
volunteering
tourism

host

wvoluntourism
motivation
community
organization
host community

B
=
=
&
e

0.15 0.2

Culture & Heritage Tourism
geological
geotourism
geopark
geological heritage
heritage
volcanic
geomorphological
scientific
rock
mining

airline

passenger
low cost |
aviation |EEG—
carrier IEE—
air transport  ———
flight  |—
airline industry [N
0 0.02  0.04

0.06 0.08

Sustainable Tourism
sustainable |G
sustainable tourism G
tourism I
community | IEEEE——
envircnmental I
sustainability | INEEG_—
amazon
management I
heritage | IEE_—
cultural I

o
=
o
2

Air Quality & Pollution
carbon
emission I
low carbon EEEEEE————
climate EE—N
carbon emission INEEEG—_—_E
tourism  IEE—
co2
environmental  E—
co2 emission I
consumption
0 0.02

0.04 0.06

Sports Tourism
sport
event I
sport tourism I
sport event NI
sporting N
athlete
spectator M
tourism |
host N
running
0 0.05 0.1

National Parks

theme park |E—_—E
theme NN

natural
environmental I
landscape NN
protected area
forest N

0 0.02 0.04

0.06 0.08

Adventure Tourism

mountain I

adventure |

hiking I

trail - —
alpine
tourism IR
mountain tourism I
landscape IEEEEE
climbing NN
hiker I

0 0.02

Figure 8. Smart tourism parameters with keywords’ c-TF-IDF scores (data source: Scopus) (Part B).

Figure 9 indicates the hierarchical clustering of the 33 parameters and systematically
pairs them based on the cosine similarity matrix (see Section 3.5). We noticed that clusters 1,
42,18, 43, 38, and 29 created a unique cluster that we labelled the Tourism Types parameter.

Figure 10 shows the similarity matrix among the parameters (see Section 3.5). The
dark blue shows the highest similarity between parameters, whereas the light green color
shows the least similarity. For example, we note there is a dark blue color between cluster
20 (Climate Change) and cluster 43 (Adventure Tourism), which indicates a high simi-
larity score because climate change is one of the most important factors that could affect

adventure tourism.

Figure 11 shows the Intertopic Distance Map based on a multidimensional scale. The
figure clearly identified four macro-clusters, where three clusters are clearly identified on
the right side, and the lower-left side represents one cluster.

4.3. Tourism Types

This macro-parameter captures various dimensions of the tourism landscape in re-
lation to the following parameters: Urban Tourism, Rural Tourism, Beach and Marine
Tourism, Natural Parks, Wildlife Tourism, Adventure Tourism, Diving Tourism, Sports
Tourism, Space Tourism, Cultural and Heritage Tourism, Music and Art Tourism, Religious
Tourism, Halal Tourism, Medical and Wellness Tourism, and Volunteer Tourism.
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4.3.1. Urban Tourism

This parameter captures tourism in urban areas and its link with technologies and
smart cities. The keywords in this parameter include Urban, City, Urban Tourism, Culture,
Space, Heritage, Branding, Tourism, Spatial, Social, City Branding, Economic, Historic, Des-
tination, Sustainable, City Image, Policy, Urban, Planning, Design, Creative, and Study. The
dimensions and research areas related to this parameter include the mobility management
of tourist flows [92], providing better tourist services [93], improving street parking sys-
tems [94], green tourism [95], strategies to develop cities with sustainable hospitality [36],
and the causes and effects of over-tourism in urban cities [36].

4.3.2. Rural Tourism

The keywords that were detected by our model include Rural, Farm, Rural Area,
Agricultural, Community, Area, Farmer, Village, Economic, Sustainable, Activity, Rural
Community, Landscape, Resource, Social, Farming, Cultural, Business, Traditional, and
Result. The Rural Tourism parameter concerns tourism involving farms, rural areas, and
agricultural activities bringing many benefits to the local communities. These benefits
include the economic growth of local communities [96] and sustainable development of
rural areas [97]. Rural Tourism is often seen as a good option for rural development and
poverty reduction [98] and a major source for creating job opportunities in rural areas [99].
For instance, farmers may benefit from tourism by offering accommodation or selling farm
products to tourists [100].
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Figure 9. Hierarchical clusters (data source: Scopus).
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4.3.3. Beach and Marine Tourism

The Beach and Marine Tourism parameter is created by merging two clusters (numbers
22 and 31) because the clusters include keywords pointing to similar subjects. It contains
the following keywords: Marine, Island, Sea, Site, Coastal, Ecosystem, Contact, Activity,
Area, Management, Recreational, Water, Specie, Impact, Damage, Ocean, Change, Cover,
Environmental, and Environment. Beach and Marine are the main assets of tourist desti-
nations. This parameter captures the issues related to the development, protection, and
environmental sustainability of beaches and coastal and marine areas of the county. The
parameter dimensions include developing a beach management strategy [101], ensuring
the cleanliness of beach environments [102], protecting tourism infrastructure in beach
zones [103], reducing environmental pollution, which can affect beach tourism experi-
ences [104], ensuring the safety of water transportation to support the growth of marine
tourism [105], and managing fishing activities in the maritime protected area [106].
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Figure 10. Similarity matrix (data source: Scopus).
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Intertopic Distance Map
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Figure 11. Intertopic distance map (data source: Scopus).

4.3.4. National Parks

The National Parks parameter explores the following keywords: Park, National Park,
National, Visitor, Area, Protected, Management, Protected Area, Nature, Recreation, Eco-
tourism, Natural, Forest, Area, Cultural, Sustainable, Resource, Environmental, Community,
Ecological, Landscape, and Village. This parameter emphasizes the importance of National
Parks as tourist attractions designed to protect the natural environment from ecosystem pro-
liferation. For example, Emphandhu et al. [107] applied a set of strategic policies to enhance
local communities and National Parks. National Parks are very valuable natural areas and
have the potential to attract a large number of visitors. Rogowski et al. [108] managed car
traffic in National Parks to avoid over-tourism. Liu et al. [109] investigated the impact of
climate change on the number of visitors in National Parks as climate change has a signifi-
cant influence on rainfall and climate temperature. Kariyawasam et al. [110] investigated
the role of National Parks in ensuring socioeconomic sustainability. Puustinen et al. [111]
discussed how the number of visits is connected to the qualities of National Park, the
leisure services within it, and tourism services in the neighboring areas.
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4.3.5. Wildlife Tourism

This parameter concerns Wildlife Tourism activities in their natural habitats and
tourists” experience. It is created by merging clusters 21 and 29. It contains the following
keywords: Animal, Elephant, Wildlife Tourism, Zoo, Specie, Human, Population, Bear,
Habitat, Visitor, Area, Management, National Park, Whale, Boat, Marine, Tour, Industry,
Behavior, and Interaction. We discovered several topics related to this parameter including
developing interpretations at wildlife tourist destinations such as zoos, aquariums, and
others to increase visitors’ understanding and appreciation for natural resources, as well
as to make them aware of the effects that human activity has on animal populations [112],
investigating the potential impacts of post-visit action tools such as printed handouts and
email updates on the development of sustainable behavior following a wildlife tourism
experience at a zoo [113], examining animal cloning and how it can help future tourist
efforts [114], visiting and playing with animals in their natural environment such as
watching whale and shark cage diving [115], and enhancing tourists” Wildlife Tourism
experiences to achieve environmental sustainability by analyzing online reviews of wildlife
tourism [116]. For instance, Flower et al. [117] looked at the types of tourists most likely to
visit various elephant tourism locations and examined visitors’ sentiments before and after
their visits to try to raise public knowledge of the problems within elephant tourism sites
in order to encourage positive attitude and behavior change.

4.3.6. Adventure Tourism

The Adventure Tourism parameter relates to travelling that involves a certain level
of adventure and risk and may require specific skills such as climbing and physical ex-
ertion. It contains the following keywords: Mountain, Adventure, Hiking, Trail, Alpine,
Tourism, Area, Mountain Tourism, Landscape, Climbing, Hiker, Bike, Adventure Tourism,
Destinations, Mountain Area, Biking, Activity, Management, Natural, and Recreation. The
dimensions in this parameter include creating an Adventure Tourism package, assisting in
the improvement of product offerings in areas with natural resources [118], analyzing how
visitors and tour guides behave in terms of sustainability during Adventure Tourism trips
in natural places [119], evaluating the level of customer satisfaction of an adventure trip
provider [120], risk management in Adventure Tourism by assisting tourism organizers and
adventure tour guides in identifying risk and developing risk mitigation and risk reduction
techniques [121], and investigating how Adventure Tourism may help the destination’s
tourist growth [122].

4.3.7. Diving Tourism

Diving Tourism relates to diving activities, coral reefs, and associated environmental
impacts. It is represented by the following keywords: Diving, Reef, Coral, Oil, Marine,
Spill, Sea, Coral Reef, Coastal, Specie, Water, Island, Area, Site, Impact, Ecosystem, Coast,
Environmental, Damage, and Pollution. We discovered several dimensions and topics by
reviewing academic documents that belong to this parameter including, among others,
managing awareness of the significance of external risks to local diving operators [123],
constructing artificial reefs to preserve coral reefs from several threats such as climate
change, heavy human activity, and commercial usage, providing new tourist destinations
that change diving and diving experiences [124], developing scuba diving guide features
to ensure diver safety and environmental impact considerations associated with this ac-
tivity [125], supporting the socioeconomic enhancement of coastal zones and islands by
developing maritime infrastructure such as diving parks [126], and educating scuba divers
to achieve environmental goals for coral reef protection [127].

4.3.8. Sports Tourism

Sports Tourism captures important dimensions of tourism related to sports events.
It is represented by the following keywords: Sport, Event, Game, Mega, Sporting, Host,
City, Legacy, Impact, Hosting, World, Destination, Economic, Participant, Image, Fan,
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Social, International, Resident, and Group. Studies under this parameter discussed several
important factors related to Sports Tourism including how sports events enhance tourism by
bringing foreign visitors to a city to encourage economic growth [128], how foreign world
cup tourists generate significantly higher returns compared to foreign leisure tourists [129],
the importance of cycling and racing sports that bring positive participation in upcoming
sport events [130], building a recommendation system to notify users who are more likely
to attend an upcoming active sporting event [131], and using smartphone technology to
enhance tourists” viewing experiences and provide information about sport events and
enable facility booking, buying of tickets, and more [132].

4.3.9. Space Tourism

The Space Tourism parameter is described by the following keywords: Space, Flight,
Launch, Commercial, Vehicle, Mission, Earth, Exploration, Station, Satellite, Private, In-
ternational, Human, Technology, Cost, Design, Passenger, Law, Operation, and Future.
We discovered several topics linked to this parameter by reviewing the Scopus academic
articles that related to it. For example, Aravindhan et al. [133] discussed the importance
of medical examinations during space travel for successful survival and the difficult per-
formance of human exploration throughout space flight. It consists of training, selecting
spaceflight, and recovery from several side effects post-flight. Saputra et al. [134] studied
the effect of open Space Tourism on regional development, which is measured by tourist
satisfaction, destination image, and visitor attraction and commitment. In addition, the
public increasingly views Space Tourism not just as a kind of entertainment but also a
resource that provides access to alternative airspace, provides new opportunities for sci-
entific and academic research, and creates opportunities for technological development
and innovation [135]. Ganesha et al. [136] applied sentiment analysis from Twitter data to
analyze the opinion of people about Space Tourism and found that the majority of people
have confidence in space travel and eagerly await the day when they can fly to space,
whereas few individuals worry and have negative feelings about the potentially harmful
impacts of Space Tourism. Security is an importance issue for spaceflight [137]. Maintaining
the sustainability dimensions in Space Tourism is another critical matter of concern [138].

4.3.10. Cultural and Heritage Tourism

Cultural and Heritage Tourism are among the major tourist attractions. This param-
eter covers concepts related to Heritage Sites, Historical Sites, UNESCO, Archaeological
and Cultural Heritage, Museums, Visitor Experiences, Exhibitions, Art and History, and
Augmented Reality. The parameter highlights the need for the protection of historical
sites and the enhancement of tourism involving Cultural and Heritage. The dimensions
in this parameter include the development of virtual museums based on emerging tech-
nologies [139], building virtual reality systems to develop virtual tours in historical tourist
attractions [140], using augmented reality smartphone applications to promote historical
tourism [141], developing digital storytelling methods based on recommendation systems
to improve the experience of tourists who come into contact with artistic and cultural
heritage [142], and educating the next generation about the historical places by using video
games [143]. For example, for virtual museums, Garlandini et al. [144] illustrated how
museums benefited from digital innovative technologies during the pandemic shutdown
and attracted people efficiently in a safe and accessible way. Sapio et al. [143] proposed
video games as an entertainment tool for historical places in Italy to teach users and the
next generation about such places and enable them to interact with the world safety.

4.3.11. Music and Art Tourism

This parameter captures various dimensions of tourism involving music and art
festivals. The keywords in this parameter include Festivals, Event, Music, Cultural, Visitor,
Art, Community, Impact, Identity, Place, Organize, Culture, Economic, Group, Experience,
Finding, City, Social, Held, and Satisfaction. A good number of research articles in this
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parameter covers the benefits and harms of tourism related to music events. For example,
Carneiro et al. [145] studied the importance of festivals for generating economic impacts on
the community and the need to define appropriate strategies to increase the positive impact.
Almedia et al. [146] investigated the primary promotional channels for a music festival
by understanding the primary marketing communication channels and the most efficient
techniques to reach various groups of the public as a vital aspect of festival management.
Montoro-pans et al. [147] analyzed the web search behavior of prospective music festival
attendees, which indicates hidden patterns of behavior among cultural tourists who want
to attend music festivals. Tan et al. [148] examined the influence of music festival-specific
factors on visitors” levels of satisfaction and how this impacts people’s well-being. On
other hand, festivals can also have negative effects on host residents and communities. For
instance, Moisescu et al. [149] investigated the negative impacts produced via over-tourism
during the time of large music events, which include noise pollution, crime, damage to the
natural environment, traffic and parking traffic problems, and others.

4.3.12. Religious Tourism

Religious Tourism is a type of tourism where people travel to visit a religious site. The
Religious Tourism parameter captures studies related to religious tourism and sites. This
parameter is represented by keywords including Religious, Pilgrimage, Spiritual, Pilgrim,
Site, Religion, Sacred, Temple, Experience, Visitor, Heritage, Place, Motivation, Cultural,
Muslim, Islamic, Tourism, Destination, and Satisfaction. Looking at the documents related
to this parameter, we found different dimensions of this parameter, including religious
tourist motivations [150,151], religious tourist experiences [152], exploring sacred sites [153],
technological developments in religious heritage sites [154,155], and the role of Religious
Tourism for enhancing social and economic growth within local communities [156].

4.3.13. Halal Tourism

This parameter captures dimensions related to Halal Tourism that is geared toward
Muslims to provide them with halal food and other facilities that are compliant with or
friendly to the Islamic faith. It includes the following keywords: Muslim, Islamic, Halal,
Halal Tourism, Religious, Islam, Destination, Compliant, Friendly, Country, Satisfaction,
Religiosity, Religious Tourism, Hotel, Attribute, Finding, Service, and Intention. Religious
observances play an important role in the hotel selection process for Muslim travelers, and
easily accessible Halal food is a preferred travel requirement for this group. Yen et al. [157]
discuss the requirements of Muslim visitors for basic hotel and food services, specify the
categories in which these features should be placed, and determine which areas require
additional resources to attract more Muslim tourists. Yahaya et al. [158] analyzed the
criteria related to observing Islamic rules, such as participating in fasts and prayers, eating
halal food, self-discipline and abstinence, refraining from drinking alcohol and illegal
sexual practices, and separating people by gender in spas and swimming pools. These are
essential requirements for Muslim tourists and hotel visitors and may vary based on the
individual Muslim practices.

Dabphet et al. [159] examined the criteria of Muslim tourists” selection of travel locations
and accordingly looked into the overall Muslim tourists satisfaction. Rahman et al. [160]
investigated the possible effects of non-Muslim visitors’ perceptions of halal travel destina-
tions and their word-of-mouth for halal travel destinations. Aji et al. [161] studied Muslims’
opinions and plans to travel to non-Islamic nations and determined what variables affect
Muslims’ decision to travel to non-Islamic countries by examining their perceptions of
those countries. Sthapit et al. [162] investigated the overall halal food preferences of non-
Muslim travelers, the reasons they previously tried halal cuisines, the pleasant and negative
feelings they had, and the memorable aspects of their most recent halal food experiences
after returning from vacations.
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4.3.14. Medical and Wellness Tourism

This parameter captures various dimensions related to tourism that is undertaken
nationally or internationally primarily for the purpose of improving wellness and obtaining
better or relatively inexpensive treatment of illnesses and healthcare services. This parame-
ter is represented by the following keywords: Medical, Patient, Healthcare, Spa, Hospital,
Treatment, Wellness, Service, Healthcare, Travel, Cell, Quality, Factor, Country, Eastern,
Industry, and Medicine. We discovered various topics linked to this parameter by analyzing
various quantitative data and reviewing the articles related to this parameter. For example,
Jangra et al. [163] presented an Internet of Things (IoT)-based framework for health moni-
toring that may be useful for both medical travelers and hotel management in keeping track
of the health of personnel and visitors. It examines numerous bodily vital signals and then
informs the admin of each person’s health situation. Cham et al. [164] examined how ad-
vertisements and social media communications affect hospital branding and trust building
before the consumption stage, as well as their effects on medical tourists’ perceptions and
attitudes about service quality, satisfaction, and behavioral intentions. Mahmud et al. [165]
investigated how satisfied and devoted international medical tourists are with the level of
healthcare services offered by foreign medical facilities. Prajitmutita et al. [166] identified
the most efficient ways for healthcare providers to allocate resources to enhance healthcare
quality from the viewpoint of medical tourists. Markovi¢ et al. [167] focused on measuring
customer satisfaction and service quality, particularly when entering the health tourism
industry. It offers guidelines for hospital administrators to create plans that would satisfy
patients” demands for high-quality care and make them more competitive in the market for
Medical Tourism.

4.3.15. Volunteer Tourism

Volunteer Tourism involves volunteering to travel and benefit typically disadvantaged
host communities to tackle issues such as health, education, the environment, and the econ-
omy [168]. This parameter captures various dimensions of Volunteer Tourism including
volunteer tourists’ participation, experiences, and motivations during their travel. The
keywords represented in this parameter include Volunteer, Experience, Organization, Com-
munity, Host Community, Participant, Motivation, Group, Project, International, Practice,
Interview, Personal, Cultural, Global, and Program. Examples of studies under this parame-
ter include the participation of women volunteers in tourism in rural areas [169], examining
the reasons for volunteer tourists’ motivation to participate [170], how volunteer tourism
organizations could encourage re-participation motivation in a short-term or long-term
period [171], creating volunteering opportunities for visitors and local volunteers engaging
in community festivities [172], and how volunteering tourists gain positive benefits related
to their social selves and careers [173].

4.3.16. Temporal Progression (Tourism Types)

Figure 12 shows the temporal evolution of research intensity for the macro-parameter
Tourism Types. The plot shows that there is a somewhat sustained increase in the re-
search activity among all parameters (consider the y-axis scale). The parameter Rural
Tourism shows the largest increase in research activity followed by Medical and Wellness
Tourism. Obviously, COVID-19 has affected the growth of tourism from 2020; however,
its relationship with the decline in the number of research articles needs to be established.
Furthermore, we note that the decline in the numbers towards the end of the plots is
because the data for 2022 are not for the whole year (the data containing research articles
were collected on 30 July 2022, which makes up 58.3% of the annual data). Moreover,
another interesting trend is that Rural Tourism shows a higher rate of increase than other
types of tourism, and the rate is even higher around COVID-19 period, which indicates
agreement with the trend because of the lower levels of social distancing requirements in
open areas.
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Figure 12. Temporal progression (macro-parameter: Tourism types) (data source: Scopus).

4.4. Tourism Planning

The macro-parameter Tourism Planning captures the services, planning, and develop-
ment related to the Tourism Industry. It includes eight parameters, including Education
and Training, Workforce, Air Transport, Hotel Industry, Food Services, Economic Growth,
Economic Growth for Underdevelopment Communities, and Forecasting Methods.

4.4.1. Education and Training

This parameter relates to the development of Educational and Training programs for
enhancing the tourism and hospitality industry. The keywords include Student, Learning,
Teaching, Hospitality, School, Skill, Educational, Career, Curriculum, Teacher, Academic,
Undergraduate, Graduate, Experience, Group, Training, Management, Higher, Industry,
and University. The research topics in this parameter include students’ perceptions of jobs
in the hospitality and tourism industries [174], developing English courses for tourism
purposes [175], creating and delivering courses in the field of sustainable tourism devel-
opment to meet particular training requirements [176], and establishing models of open
education for tourist companies by training experts in designing tourism areas and leisure
environments [177].

4.4.2. Workforce

This parameter covers various dimensions related to the workforce in the hospitality
and tourism sector including Workforce required skills, attributes, and behaviors, support
structures, satisfaction, management, performance, and productivity. It contains keywords
including Employee, Job, Organizational, Hospitality, Work, Hotel, Satisfaction, Perfor-
mance, Workplace, Leadership, Commitment, Relationship, Working, Training, Service,
Skill, Manager, Industry, Effect, and Human Resource. For example, Haarhoff et al. [178]
examined the relationship between positive travel experiences and foreign language pro-
ficiency of the labor force and discussed issues to better understand how language and
tourism interact. They encouraged tourist organizations to pay attention to language chal-
lenges and suggested that employment criteria for employees in the tourism sector should
also consider language skills. Bani-Melhem et al. [179] indicated the most important factor
influencing employees’ creative behavior is their workplace satisfaction, with colleagues’
support serving as a key mediating factor. Moradi et al. [180] demonstrated how better or-
ganizational commitment and e-training will enhance the success of virtual teams working
in e-tourism. They also stressed that employees’ participation in training initiatives plays a
big part in deciding how productive and effective employees are at work.

The staff of international hotels are the most crucial links in the service delivery chain
since they interact directly with the hotel’s guests. Tsai et al. [181] suggest that international
hotel managers must build positive relationships with their internal workforce and be
effective future leaders in a dynamic environment. Choi et al. [182] investigated ways
to improve the use of smart work by looking at the personal opinions of the