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Preface

This reprint unfolds an essential dialogue on the transformative power of smart technologies in

shaping our urban futures. It is a narrative that threads together the United Nations’ Sustainable

Development Goals with ground-breaking research, a narrative that weaves the urgency for

sustainability into the fabric of urban living.

As you navigate through these chapters, you will encounter the pioneering work of dedicated

researchers whose studies serve as beacons, guiding us through the complexities of modern cities.

From the utilization of big data and AI to the intricacies of citizen engagement and participatory

governance, each chapter contributes a critical piece to the puzzle of sustainable development. The

diversity of approaches and depth of analysis presented here are testaments to the vibrant scholarly

community’s commitment to advancing our urban environments.

In drafting this preface, we recognize the collective endeavor that has brought this reprint to

fruition—the insightful contributions of the authors, the meticulous evaluations of the peer reviewers,

and the support from the MDPI Sustainability team, particularly Crystal Cheng. Together, they have

curated a compendium that not only reflects the state of the art but also charts a course for future

innovations.

This reprint is intended for a broad audience, ranging from academic researchers and students

to urban planners, policymakers, and community leaders. It aims to inspire, inform, and instigate

change, fostering a global dialogue on how smart technologies can be harmonized with sustainable

practices to create resilient, liveable, and equitable urban spaces.

As we turn towards the challenges and opportunities that lie ahead, this preface serves as an

invitation to explore, to question, and to act. It is a prelude to the indispensable conversations and

actions needed to ensure that our shared urban future is not only smart but sustainable, inclusive,

and thriving for all.

Welcome to a journey of discovery and transformation. Welcome to the future of our cities.

Rashid Mehmood, Tan Yigitcanlar, and Juan M. Corchado

Editors
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1. Introduction

In the dynamic landscape of contemporary living spaces, cities, and societies, the
call for sustainable urban and regional development resonates with increasing urgency.
This Special Issue addresses this urgency head-on. It is dedicated to exploring the multi-
faceted challenges and burgeoning opportunities in the domain of sustainable development,
leveraging the immense potential of advanced technologies.

As the complexities of our urban and societal environments escalate, manifesting in
various forms such as natural pandemics, disasters, civil unrest, and economic disparities,
this Special Issue aims to provide a critical platform for discourse and innovation. An-
chored by the United Nations’ Sustainable Development Goals (SDGs), this Special Issue
underscores the imperative for urgent, comprehensive, and collaborative action towards
achieving the triple bottom line of sustainability—encompassing social, environmental,
and economic dimensions. This Special Issue transcends the conventional boundaries of
technological exploration. It explores the strategic application of a plethora of advanced
technologies—from the miniaturization and digitization of sensors and actuators to AI
and big data-driven insights and optimizations; digital twins; and cloud, fog, and edge
computing. These technological advancements are not merely tools for efficiency but are
envisioned as catalysts for sustainable urban futures, guided by ethical, responsible, and
long-term sustainable practices [1–3].

Bringing together a diverse range of research articles and literature reviews, this
Special Issue serves as a melting pot of ideas and innovations. It fosters a much-needed
dialogue among various communities engaged in policy and infrastructure research, aiming
to understand the interplay of cross-disciplinary issues and collaboratively forge holistic,
sustainable, and globally optimized solutions. As we navigate through the pages of
this Special Issue, we the Guest Editors invite our readers to immerse themselves in the
rich tapestry of insights and perspectives. Each contribution is a piece of the puzzle in
understanding and shaping sustainable urban and regional development in our intricately
connected and rapidly evolving world. Within this editorial, the 13 published papers are
primarily organized into five themes for simplicity and clarity, though it is important to
note that many of these papers intersect with multiple themes.

Figure 1 depicts the top keywords from the articles published in this Special Issue.
The word cloud visually encapsulates the thematic essence of the Special Issue. Dominant
terms like “urban”, “smart”, “technology”, “sustainable”, and “development” affirm the

Sustainability 2024, 16, 1171. https://doi.org/10.3390/su16031171 https://www.mdpi.com/journal/sustainability1
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centrality of innovative, tech-driven approaches relative to urban and regional develop-
ment. Supporting keywords such as “economic”, “digital”, “system”, “data”, and “policy”
reflect the multifaceted discourse spanning economic considerations, digital infrastruc-
tures, systematic planning, data utilization, and policy making. The inclusion of “citizens”,
“public”, “education”, and “environmental” underscores a commitment to inclusivity, edu-
cational outreach, and environmental stewardship. This graphic synthesis illustrates the
interconnectivity of concepts that are pivotal to advancing sustainable urban futures.

 

Figure 1. Word cloud depicting the top keywords from the articles published in this Special Issue.

Next, we discuss each of these themes, exploring how they collectively and individu-
ally contribute to the broader narrative of sustainable urban and regional development.

1.1. Technological Innovation for Sustainable Urban Development

This theme explores how technological innovation, particularly in the realms of AI,
IoT, big data analytics, and blockchain, serves as a cornerstone for sustainable urban de-
velopment. It encompasses the development and application of advanced technologies
to create smarter, more efficient, and sustainable urban environments. Alshamlan et al.
(Contribution 1) introduce a novel weighted parallel hybrid recommendation system to
enhance the tourism experience. By providing personalized travel recommendations, it
addresses the limitations of existing tourism mobile applications. This system signifies
the application of AI and data analytics in improving user experiences in urban tourism,
showcasing how technology can personalize and elevate sustainable urban interactions.
Binsaedan et al. (Contribution 6) explore the development of an urban computing frame-
work for smart neighbourhoods in Jizan City, Saudi Arabia. Their work underscores the
pivotal role of digital technologies in urban development. This study aligns with the theme
by showcasing how urban computing can improve quality of life, environmental protection,
and economic growth in urban neighbourhoods.

Xiang et al. (Contribution 7) focus their research on the application of smart tech-
nologies in street renewal, emphasizing sustainable urban development in China. They
investigate smart street management and control in five Chinese cities, categorizing ap-
plications into areas such as smart transportation and environmental monitoring. This
study exemplifies the integration of IoT and smart technologies in urban planning, enhanc-
ing the sustainability of street spaces. Goldsmith et al. (Contribution 13) investigate the
potential of blockchain technology in addressing governance challenges in Oman. Their
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paper examines how blockchain can enhance, supplement, or reform existing governance
systems. This exploration emphasizes the role of technological innovation in facilitating
more transparent, efficient, and accountable governance in urban settings, showcasing its
potential impact on modern urban development.

Each of these contributions underscores the vital role of technological innovation in
shaping sustainable urban environments. They reflect the diverse applications of advanced
technologies, from enhancing tourism experiences to improving street management and
governance systems. These studies collectively illustrate the transformative impact of
technology on urban sustainability.

Future research in the realm of technological innovation for sustainable urban de-
velopment, drawing upon the studies of Alshamlan et al. (Contribution 1), Xiang et al.
(Contribution 7), Goldsmith et al. (Contribution 13), and Binsaedan et al. (Contribution 6)
could focus on expanding the scope and scalability of urban computing applications. This
involves exploring sophisticated AI and IoT integrations for diverse city functions, from
traffic and environmental management to public safety and utility services. The potential
of blockchain technology, as investigated by Goldsmith et al., can be extended to broader
urban contexts, providing efficient, transparent, and secure solutions for urban governance
and service delivery. Future studies should also emphasize user-centric design in urban
technology innovations, ensuring solutions are tailored to the diverse needs and preferences
of urban populations. Additionally, there is a significant opportunity for interdisciplinary
research that merges urban planning, information technology, and social sciences, aiming
to develop holistic and sustainable urban solutions. This comprehensive approach will
contribute to the advancement of smart urban environments, aligning technological sophis-
tication with social welfare and environmental sustainability. Moreover, the insights from
Binsaedan et al.’s urban computing framework (Contribution 6) highlight the importance of
incorporating digital infrastructure in a way that enhances the quality of life and economic
growth in urban neighbourhoods. By focusing on these areas, future research can ensure
that technological advancements in urban development are not only innovative but also
inclusive, adaptable, and aligned with the broader goals of sustainable urban living.

1.2. Smart and Sustainable Mobility and Infrastructure

This theme focuses on the advancements and challenges in developing smart, sus-
tainable mobility solutions and infrastructure. It encompasses the use of innovative tech-
nologies to enhance transportation systems, improve digital infrastructure, and ensure
efficient, eco-friendly urban mobility. Li et al. (Contribution 2) discuss the impact of
open-source platforms in challenging the digital infrastructure triopoly of major operating
systems. It emphasizes the role of government incentives and stakeholder collaboration in
fostering sustainable, open-source digital ecosystems, highlighting a shift towards more
equitable and accessible digital infrastructures. Golbabaei et al. (Contribution 3) explore
the socio-demographic factors influencing perceptions and attitudes towards autonomous
demand-responsive transit (ADRT), particularly autonomous shuttle buses. This study
aligns with sustainable mobility, examining how various social groups perceive and interact
with emerging transportation technologies. Maluleke et al. (Contribution 8) focus on the
economic feasibility of deploying 5G networks in rural South Africa and contribute to the
infrastructure aspect of sustainable mobility. They examine the integration of terrestrial and
aerial networks for 5G coverage, addressing the digital divide and enhancing connectivity
in rural areas. This research is pivotal in understanding how advanced telecommunication
networks can support sustainable development in less urbanized regions.

Future research in the realm of smart and sustainable mobility and infrastructure,
drawing from the works of Li et al. (Contribution 2), Golbabaei et al. (Contribution 3), and
Maluleke et al. (Contribution 8), could explore the seamless integration of autonomous
transportation systems into existing urban fabrics, emphasizing both efficiency and public
acceptance. Investigating the expansion of advanced telecommunication networks, such as
6G, is crucial for supporting smarter infrastructure across diverse landscapes, from bustling
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urban centres to rural areas. Future studies should also focus on ensuring equitable access
to digital resources, a challenge highlighted by Li et al., to bridge the digital divide and
foster inclusive urban development. Additionally, the environmental impact of new mobil-
ity solutions, particularly their role in promoting green transportation and reducing urban
carbon footprints, is a pertinent area for exploration. This comprehensive approach, encom-
passing technological, social, and environmental aspects, is key to advancing sustainable
urban mobility and infrastructure.

1.3. Citizen Engagement and Participatory Governance

This theme emphasizes the importance of involving citizens in the governance and
development of sustainable urban environments. It explores how participatory approaches
and digital governance can enhance decision-making processes, ensuring that urban de-
velopment aligns with the needs and aspirations of the community. Alamoudi et al.
(Contribution 5) present a framework for citizen participation in the development of smart
sustainable cities in Saudi Arabia. They underscore the significance of engaging citizens
in urban planning and decision-making processes, highlighting the crucial role of human
involvement alongside technological advancements in creating equitable and sustainable
urban environments. David et al. (Contribution 11) focus on the adoption strategies of
digital technologies by local governments and investigate the challenges and opportunities
of digital governance. They stress the need for a balanced approach that includes pub-
lic participation, skill development among employees, and a clear understanding of the
technology’s impact, advocating for a more inclusive and transparent governance model.

Building on the insights from Alamoudi et al. (Contribution 5) and David et al. (Contri-
bution 11), future research on this theme could explore the development of more interactive
and user-friendly digital platforms for civic engagement, enhancing the accessibility and inclu-
sivity of governance processes. Studies could also investigate the impact of digital governance
tools on enhancing transparency and accountability in urban management, drawing from the
advancements in digital technologies discussed by David et al. Investigating strategies for
effectively integrating citizen feedback into urban planning and policy making, as suggested
by Alamoudi et al., is another critical area for future research. This approach should focus
on understanding the diverse needs of urban populations, ensuring that governance models
are adaptable and responsive to the changing dynamics of urban societies. Additionally, the
exploration of novel participatory models that leverage emerging technologies like blockchain,
as mentioned by Goldsmith et al. (Contribution 13), could further enhance the efficacy and
trustworthiness of participatory governance systems.

1.4. Socio-Economic Aspects of Sustainability

This theme reveals the socio-economic dimensions of sustainability, showing how
urban development initiatives impact and are influenced by social and economic factors.
It encompasses studies on education, healthcare, quality of life, and economic patterns
and how these elements interplay with sustainable development goals. Golbabaei et al.
(Contribution 3) investigate the socio-demographic predictors influencing public percep-
tion and attitudes towards autonomous demand-responsive transit use. Their research
offers critical insights into how different societal segments respond to new transportation
technologies. This study underscores the necessity of addressing diverse societal needs and
perspectives in urban development initiatives, emphasizing the importance of inclusivity in
the evolution of urban transportation. Kuzior et al. (Contribution 4) investigate the relation-
ship between adult education and a country’s economic competitiveness and innovative
potential, highlighting the significant role of lifelong learning in sustainable development.
Their study reveals the profound socio-economic impact of education on national progress,
drawing attention to the crucial interplay between educational initiatives and a nation’s
developmental trajectory. Ding et al. (Contribution 10) offer an analysis of the economic
spatial patterns within the Chengdu–Chongqing urban agglomeration, focusing on the
factors that influence economic development in these urban clusters. Their study sheds
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light on the uneven spatial distribution of economic development and underscores the
importance of policy interventions that aim to address regional disparities. This research
provides essential insights into achieving balanced economic growth, highlighting a key
aspect of sustainable urban development.

Future research in this area, inspired by the works of Golbabaei et al. (Contribution 3),
Kuzior et al. (Contribution 4), and Ding et al. (Contribution 10), could further investigate
the intricate relationship between urban development and socio-economic factors. Studies
could explore more comprehensive strategies to integrate education, particularly lifelong
learning, into urban development policies to foster economic growth and innovation, as
discussed by Kuzior et al. Research could also explore the social implications of emerging
urban technologies, assessing their accessibility and impact across different demographic
groups, building on the insights provided by Golbabaei et al. Additionally, there is a need to
examine the economic disparities within urban regions, as highlighted by Ding et al., to de-
velop more equitable and inclusive urban development strategies. This future work should
aim to create a sustainable urban environment that not only advances technologically but
also nurtures social well-being and economic equity.

1.5. Green AI and Sustainable Systems

This theme addresses the intersection of artificial intelligence, sustainability, and envi-
ronmental consciousness. It focuses on how green AI and other sustainable technologies
can be used to create systems that are not only efficient and innovative but also respon-
sible and ecologically sound. This theme explores the development and application of
technologies that prioritize long-term sustainability over short-term gains, aligning with
the broader goals of sustainable urban futures.

Trieu and Lin (Contribution 9) present an important study on developing a service
system for optimizing food resource allocation and service exchange, employing multi-
agent systems and AI. Their work showcases the potential of advanced technology in
enhancing the sustainability and efficiency of food networks. This research is a notable
example of how technology can be adeptly used to bridge urban–rural sustainability gaps,
offering innovative solutions to complex logistical challenges. Hung’s paper (Contribution
12) offers an insightful exploration of smart elderly care services in China, addressing
both the challenges and advancements in this evolving field. The integration of smart
technologies in elderly care is a testament to a broader commitment to improving the
quality of life for the aging population, while simultaneously promoting sustainability
within healthcare systems. This study highlights the vital role of technology in transforming
healthcare services to meet the needs of an aging urban society.

Future research, drawing from the findings of Trieu and Lin (Contribution 9) and
Hung (Contribution 12), could explore the development of AI-driven systems that prioritize
ecological and social sustainability. This includes advancing AI technologies in urban
agriculture and food systems, optimizing resource use, and reducing waste. Research
should also focus on creating smart healthcare systems that are not only technologically
advanced but also sustainable and accessible to all segments of society, as highlighted
in Hung’s study. Additionally, there is scope for investigating how green AI can be
integrated into various urban systems, such as waste management and energy consumption,
to promote sustainable living practices. This research direction would align with the
overarching goal of developing urban environments that are technologically advanced,
socially inclusive, and environmentally responsible.

2. Discussion

The array of contributions in this Special Issue not only illuminates the multifaceted
nature of sustainable urban and regional development but also weaves a narrative that
underscores the critical interplay between technology and sustainability. As we navi-
gate through the insights offered by each paper, a mosaic of innovative approaches and
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thought-provoking perspectives emerges, collectively advancing our understanding of
smart technologies in the urban and regional context.

Notably, the thematic categorization of the contributions reveals an intricate tapestry
of research directions. From the detailed exploration of technological innovation for urban
development, as observed in the works of Alshamlan et al. (Contribution 1) and Binsaedan
et al. (Contribution 6), to the profound considerations of socio-economic aspects of sustain-
ability, highlighted by Golbabaei et al. (Contribution 3) and Kuzior et al. (Contribution 4),
each theme contributes a unique hue to our understanding of sustainable development.

A critical observation across these themes is the harmonious balance between tech-
nological advancements and the human element—be it through citizen engagement, as
emphasized by Alamoudi et al. (Contribution 5), or the socio-economic implications un-
derscored by Ding et al. (Contribution 10). This balance is pivotal, ensuring that while
we march forward with technological prowess, we remain grounded in the realities and
subtleties of human experiences and societal needs. Furthermore, the contributions col-
lectively underscore the importance of adaptable and resilient systems, as delineated in
the discussions on green AI and sustainable systems. The innovative approaches of Trieu
and Lin (Contribution 9) and Hung (Contribution 12) not only advocate for technological
efficiency but also stress the need for sustainability and ethical consideration in our pursuit
of urban development.

The findings and insights presented in this Special Issue have significant implications
for practice and policy in the realm of sustainable urban and regional development. They
highlight the integration of urban computing and AI in improving urban planning and
management efficiency and the transformative role of blockchain in enhancing governance
transparency. The emphasis on citizen engagement and inclusive governance underlines
the importance of participatory urban development. Additionally, the focus on green AI
and sustainable systems emphasizes the need to balance technological advancements with
environmental sustainability. This compendium serves as a crucial guide for stakeholders
in fostering innovative and sustainable urban development.

This Special Issue acknowledges the challenges and limitations in current research,
offering a realistic perspective for future development. Key challenges include integrating
advanced technologies like AI and IoT into urban infrastructures, revealing a gap between
theoretical models and real-world applications. The scope of research also faces limitations
in addressing diverse socio-economic and cultural contexts, underscoring the need for
more comprehensive studies. Additionally, issues with data availability and scalability
of solutions highlight the need for research that is universally applicable. Future work
should focus on collaborative, interdisciplinary research, developing adaptable solutions,
and bridging the gap between innovation and practical implementation. These efforts are
crucial for evolving the field and creating more robust, inclusive urban solutions.

As we synthesize the insights from this Special Issue, it becomes evident that the journey
towards sustainable urban and regional development is not linear but a multifaceted endeav-
our. It demands a collaborative approach, integrating diverse perspectives and expertise and
a willingness to adapt and evolve with the changing dynamics of our urban landscapes.

3. Conclusions

As we draw to a close on this Special Issue, it is clear that the journey towards
sustainable urban and regional development is multifaceted and continuously evolving.
The diverse array of research presented here not only contributes to a deeper understanding
of smart technologies in urban settings but also highlights the importance of integrating
these technologies with social, economic, and environmental considerations.

The contributions in this Special Issue, from the implementation of innovative urban
computing frameworks to the exploration of green AI and sustainable systems, collectively
paint a picture of a future where technology and sustainability go hand in hand. However,
as we have seen, this journey is not without its challenges. The limitations and obstacles
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faced by researchers remind us of the complex reality of urban development and the need
for adaptable, inclusive solutions.

Looking ahead, the consolidated future work directions offer a roadmap for addressing
these challenges. Building upon the insights and findings from this Special Issue, future
research can explore sophisticated AI and IoT integrations for diverse city functions, expand
the application of blockchain technology in urban governance, and emphasize user-centric
design in technological innovations. It should also aim to develop holistic solutions that
balance technological advancement with ethical, social, and environmental considerations.

Finally, this Special Issue stands as a beacon, guiding us towards innovative, sustain-
able, and globally optimized solutions for urban and regional development. The path
forward calls for collaboration, adaptability, and a commitment to not just envision but
actively construct sustainable cities and regions of the future.
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Abstract: With the growing significance of the tourism industry and the increasing desire among
travelers to discover new destinations, there is a need for effective recommender systems that cater to
individual interests. Existing tourism mobile applications incorporate recommendation systems to
alleviate information overload. However, these systems often overlook the varying importance of
different items, resulting in suboptimal recommendations. In this research paper, a novel approach is
proposed: a weighted parallel hybrid recommendation system. By considering item weights and
leveraging parallel processing techniques, this method significantly enhances the accuracy of the
similarity between items, leading to improved recommendation quality and precision. With this
approach, users can efficiently and effectively explore new destinations that align with their unique
preferences and interests, thereby enhancing their overall tourism experience and satisfaction. To
evaluate the effectiveness of the proposed weighted parallel hybrid recommendation system, we
conducted experiments using a dataset consisting of 20 users. The results demonstrated that the
proposed approach achieved an impressive classification accuracy of 80%. A comparative analysis
revealed that the proposed approach outperformed that of existing systems and achieved the best
results in terms of classification accuracy. This finding highlights the effectiveness and efficiency of
the proposed method in generating and promoting sustainable travel experiences by developing a
personalized recommendations system for the unique preferences and interests of individual users.

Keywords: social recommender system; mobile application; recommendation system; weighted
similarity; cosine similarity; travelers; place reviews; agent-based model; tourism recommendation
allocation

1. Introduction

A social network recommender system can provide personalized recommendations,
based on a user’s preferences, past travel experiences, and behavior, within the application.
This can help travelers discover new destinations and activities that match their interests.
The main focus of this study is to improve the effectiveness of hybrid recommender systems
in the tourism industry by incorporating weights with cosine similarity. The motivation
for developing such systems stems from the fact that planning a trip can substantially
boost one’s happiness. However, many travelers face the challenge of deciding where
to go and may miss out on new places that match their preferences [1]. To address this
issue, this study aims to improve the current methods of obtaining travel recommendations.
In this study, a new method that utilizes a weighted parallel hybrid recommendation
system is proposed. This approach improves the accuracy of the similarity between items
and enhances the recommendation quality by exploiting the differences between items.
In comparison to existing methods, the proposed approach provides more efficient and
accurate results for a recommender system. Typically, travelers rely on friends, family,
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celebrities, or social media to find destinations. However, these sources have limitations,
and it would be beneficial to have a social network mobile application that allows travelers
to share their experiences with others.

The proposed method offers various features that enhance user experience, including
the ability to access detailed posts and recommendations from other users, share personal
experiences, and easily create trip lists. To facilitate list creation, the proposed method
incorporates a hybrid recommender system that combines content-based and collaborative
filtering techniques. This system suggests lists created by other users based on similarities
in their profiles and behavioral patterns within the application.

The tremendous growth in digital information and Internet users has led to the prob-
lem of information overload, impeding users’ ability to efficiently find relevant content.
While search engines like Google have partially addressed this issue, prioritizing, and
personalizing available information based on user interests and preferences remains a
challenge. Consequently, the demand for recommender systems has surged. Recommender
systems aim to alleviate information overload by filtering essential information from vast
amounts of dynamically generated data, considering user preferences, interests, and behav-
ior. By analyzing a user’s profile, a recommendation system can predict their preferences
for specific items [2]. Notably, prominent brands, such as Netflix, Amazon, and Google,
have built their platforms around recommender systems.

There are three primary types of recommendation systems: collaborative filtering,
content-based filtering, and hybrid systems that integrate both approaches. Collaborative
filtering analyzes user behavior, activities, and preferences to predict user preferences based
on similarities with other users. One advantage of collaborative filtering is that it does not
require in-depth analysis or understanding of the product; the recommendation system
selects items based on available user information. Content-based filtering operates on the
assumption that if a user likes one item, they will likely enjoy similar items. This algorithm
measures item similarity based on the user’s preference profile and item de-scription.
However, content-based filters have the limitation of recommending only content similar to
what the user has already interacted with, potentially resulting in limited recommendations.
On the other hand, hybrid recommendation systems leverage both collaborative (metadata)
and content (transactional) data. This approach utilizes natural language processing tags
to create item tags and employs vector equations to calculate similarity. By utilizing
a collaborative filtering matrix based on user behavior and preferences, users can be
recommended items. The Netflix recommendation engine serves as a classic example of
a hybrid recommendation technology, considering both user interests (collaborative) and
content descriptions (content-based) [3,4].

Overall, this study aims to enhance the travel planning experience by providing per-
sonalized recommendations and promoting sustainable tourism. By using this technology,
travelers can make more informed decisions, discover new destinations, and share their
experiences with others in the traveling community.

The rest of the paper is organized as follows: This section presents a brief background
about recommender systems. Section 2 introduces the work that has been undertaken in
the field of related recommender systems. Section 3 describes the dataset that has been
used in this study and the proposed method. Section 4 presents the experiment stages
and the results that have been obtained. Section 5 discusses the results. Finally, Section 6
concludes the study.

2. Literature Review

This section explores different applications and tools that use recommender systems
to enhance their features and functionality. One such application is Google Maps [5], which
allows users to search for places and to view the fastest route to a particular location by
walking, car, or train. Google Maps also features a place page that displays ratings and
reviews and user profiles, and offers the ability to follow other users, and make lists that
can be shared with others. In Google Maps, the recommender system suggests places
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based on reviews, photos, and updates from people and businesses that users follow on the
platform. The system uses collaborative filtering techniques to identify similarities between
users’ preferences and to generate personalized recommendations [5]. For example, if
a user frequently searches for coffee shops and leaves positive reviews, the system may
suggest similar or related places.

The RoadTrippers [6] app is designed specifically for road travelers, allowing users to
plan their road trips by entering the start and end points of the trip, and to read reviews of
places, view travel guides, and see recommended stops endorsed by previous travelers. In
RoadTrippers, the recommender system offers recommended stops endorsed by previous
travelers. The system uses content-based filtering techniques to match a user’s preferences
with similar places and activities. For instance, if a user frequently visits museums and
historical sites, the system may suggest similar places to visit along the route.

Another popular application is TripAdvisor [7], which provides detailed information
on different destinations and uses recommender system technologies to support users in
their trip destination tasks. The platform’s main features include creating plans, adding
saved places to plans, making bookings, and leaving reviews. TripAdvisor also allows
users to follow other people and to view their profiles and reviews. In TripAdvisor, the
recommender system uses a combination of content-based and collaborative filtering
techniques to suggest places and create personalized travel plans. The platform analyzes a
user’s search and browsing history to identify their preferences and suggest places that
match their interests. The system also considers the ratings and reviews of other users to
generate recommendations.

Wanderlog [8] is a travel application that enables travelers to create trips and post
guides for other users to view and follow. Users can plan future trips on the Wanderlog
app, create notes and lists of places they wish to visit, and attach reservations and add
notes when building their plans. In Wanderlog, the recommender system suggests places
based on a user’s destination and preferences. The system uses collaborative filtering
techniques to analyze a user’s previous searches and activities to generate personalized
recommendations. For instance, if a user frequently searches for vegan restaurants, the
system may suggest similar places to visit during their trip.

As part of the related work to this research, Lin et al. [9] conducted a study that
focused on developing a travel recommendation method that not only considers users’
personalized needs, but also aims to maximize team satisfaction. The study was achieved
through the utilization of an enhanced collaborative filtering algorithm (CFA) method,
and it was grounded in key techniques for recommendation in the context of collaborative
filtering algorithm (CFA) applications, encompassing fusion methods and fusion strategies.
The fusion method is further classified into two categories: model fusion, where recommen-
dation combinations are generated based on user preference models, and recommendation
fusion, which involves fusing prediction scores obtained from traditional algorithms for
each user and which can incorporate the list of recommended items. When it comes to
fusion strategies, the mean value strategy, the least pain strategy, and the happiest strategy
are widely used in recommendation key techniques. The improved CFA technique merges
the similarity factor and the correlation factor, which offers a more effective solution to the
issue of data sparsity in travel recommendations. The instance validation carried out on
https://Qunar.com (accessed on 9 April 2023) revealed that the enhanced CFA method
proposed in this study exhibited a significant decrease in both the mean absolute error
(MAE) and the root-mean-square error (RMSE) when compared to the non-optimized CFA
method, across different values of K. This observation highlights the efficacy of the pro-
posed method in enhancing the accuracy and performance of the recommendation system.
The utilization of the satisfaction equalization strategy is aligned with the conventional
fusion strategy for varying numbers of users. The effectiveness of the improved method
proposed in this study is confirmed through experimental analysis conducted on a relevant
tourism dataset from the city of Chongqing, validating its ability to enhance the quality of
tourism recommendations.
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Jagtap and Borate [10] conducted a study that focused on a tourist destination recom-
mendation system using cosine similarity. Since the early 1990s, for information and even
recommendations, we now turn to the Internet. Finding vacation spots on the Internet is a
common practice. As a result of the overwhelming number of destinations and information
available, a lot of time is wasted before an appropriate tourist destination is determined. To
provide cogent and fast recommendations, the destination recommendation system utilizes
data analysis and machine learning. In this paper, the cosine similarity algorithm is used
to provide generalized recommendations to every user. A variety of tourist locations are
represented in the dataset used. The cosine similarity algorithm predicts the most relevant
tourist places using some important features of the dataset, such as the tourism category,
the minimum budget (per day), and the visa requirement.

Luong et al. [11] presented a novel approach to enhancing user-based collaborative
filtering (UBCF) by clustering users based on cognitive similarity across different cul-
tures. To gather feedback from cross-cultural users, the authors deployed a crowdsourcing
platform that featured a simple and user-friendly feedback collection process. The ex-
periments on the dataset showed that the proposed approach outperformed the baseline
UBPS, which only considers global similarity. However, the study by Luong et al. has
some limitations. Specifically, the evaluation methods used to form user clusters were
not examined, and demographic and personal information that could have been collected
from users were not taken into account. For this reason, this research aims to introduce a
more advanced approach to splitting the user list into preferred clusters by using a priority
and weighted cosine similarity measure to improve the recommendation performance.
Overall, while the approach presented by Luong et al. [11] is promising, further research is
needed to address the limitations of the study and to advance the field of cross-cultural
recommender systems.

Abbas et al. (2022) [12] implemented new trip recommendations using the concept of
serendipity. The challenges of personalized trip recommendations lie in discovering rele-
vant, novel, and unexpected points of interest (POIs) while ensuring high user satisfaction.
To address these challenges, a novel method called serendipity-oriented personalized trip
recommendation (SOTR) was proposed by Abbas et al. (2022) [12]. SOTR uses serendip-
ity to discover users’ satisfaction based on relevance, novelty, and unexpectedness. The
proposed recommendation algorithm aims to efficiently plan the trip and maximize the
user experience.

However, one possible weakness or limitation of SOTR [12] is that it may require
a significant amount of relevant and accurate user data to provide personalized and
effective recommendations. Additionally, while the novelty and unexpectedness of some
recommendations may be appreciated by some users, others may prefer more conventional
and familiar options, which could limit the overall acceptance and adoption of the method.

Overall, these applications demonstrate the potential of recommender systems in
the tourism industry, providing users with personalized recommendations, enhancing
the travel planning experience, and promoting sustainable tourism. These applications
use different recommender system techniques to generate personalized recommendations,
enhance the travel planning experience, and promote sustainable tourism.

3. Methodology

This study outlines the data collection and preparation process, as well as the pro-
posed hybrid recommender system that combines content-based filtering and collaborative
filtering. The goal of this section is to provide a detailed explanation of the methodology
employed in developing the recommendation system.

3.1. Data Collection and Preparation

Data was collected and prepared to train and test the recommendation system module.
As an appropriate dataset meeting the requirements of the weighted recommender system
module was not readily available, we decided to build our own dataset. The dataset was
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crowdsourced, allowing us to outsource questionnaires, gather data in real-time, and to
obtain a larger and more diverse set of observations compared to traditional data collection
methods [13].

3.2. User Characteristics and Preferences

The collected data included the following user characteristics: user ID, age (ranging
from 12 to 61 years old), marital status (for users aged 18 and above), presence of children
(for users aged 18 and above), gender, preferred country for travel, preferred places to visit,
user-assigned tags used in created lists, and the lists that the user saved.

3.3. Proposed Hybrid Recommender System

This section presents the proposed method, which utilizes a hybrid recommender
system combining content-based filtering and collaborative filtering to recommend lists
of posts to users. The method involves two main components: the content side and the
collaborative side.

• Content-Based Filtering: The content side of the recommender system is based on the
user’s characteristics. These characteristics include the user’s age, gender, social state,
whether they have children or not, the countries they prefer (e.g., Middle Eastern,
Asian, European, American, African), and the types of places they enjoy (e.g., restau-
rants/cafes, shopping malls, parks, museums, sports attractions). These attributes
contribute to creating a personalized recommendation for each user. To incorporate
these characteristics, this study employs techniques such as the TfidfVectorizer for
normalization of the tf-idf representation. This transformation converts the count
matrix into a normalized or tf-idf (term frequency inverse document frequency) repre-
sentation. The tf-idf algorithm provides a meaningful numerical representation for
machine learning algorithms and predictions. The TfidfVectorizer produces output
vectors, including Vec Places, Vec Tags, Vec Age, Vec Country, Vec Social state, Vec
Children, and Vec Gender.

• Collaborative Filtering: On the collaborative side, the recommendations are based on
the tags attached to the lists that the user has saved. Each tag is assigned a weight
based on its importance, with higher weights given to more significant values. This
weighting scheme allows us to prioritize and emphasize the most relevant tags in the
recommendation process.

To combine the content-based and collaborative filtering components, this study
employs a weighted recommender system based on cosine similarity. The proposed
recommender system method is illustrated in Figure 1. The implementation of the method
is carried out using the Python programming language. We utilize the Pandas library to
manipulate the data.

The first step employs the TfidfVectorizer [14] for the normalization of the tf-idf
representation. This process converts the count matrix into a normalized or tf-idf (term
frequency inverse document frequency) representation. The tf-idf algorithm is commonly
used to convert text into a meaningful numerical representation suitable for machine
learning algorithms and predictions. The “tf” in tf-idf refers to term frequency, representing
the number of times a term “t” appears in a document “d”. The inverse document frequency
(idf) denotes the weight of a term. The defined idf is illustrated in Figure 2.
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Figure 1. The proposed recommender system method.

Figure 2. Idf(t) formula [13].

The TfidfVectorizer (Vec Places, Vec Tags, Vec Age, Vec Country, Vec Social state, Vec
Children, and Vec Gender) produces the output. The count vectorizer provides frequency
counts relative to the vocabulary index, while the tf-idf takes into account the overall
document weights of words. The data is then fed into the cosine similarity calculation. The
formula for the tf-idf is shown in Figure 3.

Figure 3. Tf-idf(t) formula [13].

The weights assigned to each feature category are justified based on empirical evidence
and user feedback. Three categories are defined based on importance:

Category 1: Contains tags and places, assigned weight 3. This category is extremely
important for generating similar lists aligned with the user’s interests on the explore page.

Category 2: Contains age and country, assigned weight 2. This category is less important
than Category 1 but still contributes to generating relevant lists for users on the explore
page.
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Category 3: Contains social state, children, and gender, assigned weight 1. This category
has the lowest weight as it is less influential than Category 1 and 2 in generating similar
lists for user interests on the explore page.

To determine the weight of each category, crowd-sourcing methods were utilized to
gather user feedback and preferences. By analyzing the results, we identified the features
that were most closely related to user choices and had the greatest impact on generating
similar lists. Based on this analysis, the weights were assigned to each category according
to their importance in generating recommendations aligned with the user’s interests on
the explore page. Cosine similarity is a metric used to measure the similarity between
documents regardless of their size. It calculates the cosine of the angle between two vectors
projected in a multi-dimensional space. Even if two similar documents are widely separated
by Euclidean distance, they can still be considered closer together based on cosine similarity.
The advantage of cosine similarity is that even if two documents are separated by a large
Euclidean distance, they can still be considered similar. A smaller angle corresponds to a
higher cosine similarity [15]. Figure 4 illustrates the assignment of different weights to each
feature based on their importance and relationship.

Figure 4. Data priority.

Based on this analysis, the weights were assigned to each category according to their
importance in generating recommendations aligned with the user’s interests on the explore
page. Table 1 summarizes the weighted data, indicating the assigned weights for each item.

Table 1. Weighted data.

Item Priority

Places 3
Tags 3

Country 2
Age 2

Social state 1
Children 1
Gender 1

Afterwards, the method displays the top 10 similar users and concludes by displaying
the recommendations.

4. Analysis and Results

To investigate the performance of the recommender system by using a weighted
parallel hybrid method with cosine similarity, different types of cases were tested, and the
results were compared. Rather than comparing the methods to excellent state-of-the-art
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recommendation algorithms, the aim of this experiment was to demonstrate that weighting
coefficients can be combined with cosine similarity and that the weighted cosine similarity
measure improves recommendation performance.

4.1. Data

Data were collected and prepared in order to train and test the recommendation system
module, which is available on the GitHub platform [16]. In order to provide academic
support to the text, this section discuss the data and refers to the relevant literature.

When searching for a suitable dataset for the proposed weighted recommender system
module, difficulties were encountered in finding one that fulfilled all the requirements. As
a result, we made the decision to construct our own dataset. It is important to note that
the minimum number of observations that a dataset should have is approximately 500
observations, as suggested in the literature [13].

To collect the data, we employed a crowdsourcing approach, which allowed us to
outsource questionnaires and gather data in real-time. This method enabled us to obtain
a significantly larger and more diverse set of observations compared to traditional data
collection methods. By leveraging crowdsourcing, we were able to collect a rich and
comprehensive dataset for the proposed recommender system [17].

Table 2 provides a detailed explanation of each item present in the dataset. The
construction of our own dataset ensures that it meets the specific requirements of our
weighted recommender system module and allows us to conduct thorough evaluations
and experiments [18].

Table 2. Items and their characteristics.

Item Name Characteristics

user_id The number of the user’s ID
age Age of the user that ranges from 12 to 61 years old

married Whether the user is married or not if he/she is 18 or above
children Whether the user has children or not if he/she is 18 or above
gender Whether the user is male or female

most_liked_country The preferences of the user’s most liked country to travel to

most_liked_place Preferences of the user’s most liked places to go to when
traveling

user_assigned_tags Tags that are used by users in their created lists
lists_id_save The ID of lists that were saved by the user

4.2. Experimental Results

The recommender system will generate the top 10 similar users and then generate
the lists saved by the top 10 similar users for each user for 20 users who were randomly
selected to test the accuracy of the recommender system module. Table 3 shows the
synthetic representation of users that contains a summary of the experimental results.

Table 3. Synthetic representation of users.

Category Sub-Category Number of Times Used

Gender
Female 12
Male 8

Age
19–28 6
30–42 7
44–61 7

Country Preference *

European 17
American 7

African 4
Middle Eastern 8

Asian 8
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Table 3. Cont.

Category Sub-Category Number of Times Used

Places Preference *

Restaurants/cafes 8
Shopping malls 10

Sports attractions 11
Museums 9

Parks 7

Have Children
Yes 12
No 8

Social Status
Single 9

Married 11

Used Tags *

#coffee 1
#friends 1

#waterParks 5
#fun 5

#america 5
#Yummy 1
#London 1

#UK 1
#food 1
#hotel 11

#art 3
#swimming 6

#History 3
#families 3
#flowers 5
#fresh air 3
#libarary 1
#nature 1
#castle 2

#hiroshima 2
#Mountain 2

#games 1
#mario 1

#studio_ghibli 1
#anime 1

#activities 2
#kids 3

Did not use tags 7
* A user can have multiple values in the country and places preferences and tags.

Appendix A shows each users’ characteristics and their explore page after generating
lists by the 10 most similar users.

Accordingly, the proposed method produces lists of places for different countries or
for the same country based on the data input. The lists contain different places related to
specific categories, such as restaurants, breakfast places, and countries. We noticed the
recommender system module detected (16) correct and (4) incorrect, so, the accuracy of the
module by using this formula for calculating the accuracy of module is:

Accuracy =
Number o f attempts correct detected

Number o f test uusers
=

16
20

× 100 = 80%

In order to evaluate the proposed method, the precision and recall of the module were
calculated using the following equations [8], where the true positives equal 11, the true
negatives equal 5, the false positives equal 1, and the false negatives equal 3.

Precision =
True Positives

(True Positives + False Positive)
=

11
11 + 1

=
11

(11 + 1)
= 0.916 = 91.6%
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Recall =
True Positives

(True Positives + False Negatives)
=

11
(11 + 3)

= 0.785 = 78.5%

To thoroughly evaluate the performance of the proposed method, a comparison
was performed with two related tourism recommendation systems: user-based Pearson
similarity (UBPS) [11] and a recommender system based on the cognitive similarity between
cross-cultural users (CSBCC) [11]. The comparison was conducted based on accuracy, and
the results are presented in Table 4. The comparison results for the proposed method and
other related methods are shown in Table 4. The results indicate that the proposed method
outperformed UBPS and CSBCC in terms of accuracy. Specifically, the proposed method
achieved an accuracy of 80%, while SOTR [12], UBPS [11], and CSBCC [11] had accuracies
of 54%, 75%, and 76%, respectively. These findings suggest that the proposed method
represents a more effective approach for tourism recommendation systems.

Table 4. The performance measurement of the proposed method and comparison with more recent
and related works in the literature.

RS\Performance Measurements NO of Users Accuracy Precision Recall

Proposed Method
SOTR [12]
UBPS [11]

CSBCC [11]

20
11
20
20

80%
54%
75%
76%

91.6%
45.1%

78%
50.7%

In conclusion, the proposed method has been shown to be a better approach for
tourism recommendation systems than SOTR [12], UBPS [11] and CSBCC [11]. It has
a higher accuracy rate, which indicates that it is a more effective approach for tourism
recommendation.

5. Discussion

This section highlights the potential benefits of using recommendation systems in the
travel industry. These systems can recommend suitable deals, such as for hotels, flights, or
activities, making it easier for travelers to identify suitable places quickly and easily. The
proposed solution enhances the accuracy of the recommender system by using a weighted
parallel hybrid method with cosine similarity. This approach assigns a value to each item,
thereby recognizing that some items are more important than others.

The experimental results presented in the previous section demonstrate that the
proposed method is efficient and provides good results for a recommender system by im-
proving the accuracy of the similarity between items, thus enhancing the recommendation
quality accuracy. This approach is novel and advanced, and its application in the tourism
field can benefit both local and global economies by helping people to discover the world
in a way they enjoy.

Moreover, the proposed system can be useful for both travelers and local businesses.
For travelers, the system helps them find suitable destinations and activities, while for
businesses, it provides an opportunity to showcase their offerings to a wider audience. The
use of such technology in the tourism industry can also help promote sustainable tourism
by encouraging travelers to explore lesser-known destinations and reducing over-tourism
in popular areas.

In conclusion, the proposed method for a recommender system in tourism is innova-
tive and has the potential to transform the way people discover and explore the world. By
using this technology, travelers can make more informed decisions, and local businesses
can benefit from increased exposure. The application of such a technology in the tourism
industry can also have positive economic and social impacts, making it a promising area
for future research and development.
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6. Conclusions

The main objective of the proposed recommender system, as described in this paper,
is to enhance the accuracy of recommendations by taking into account the differences
between items. The system serves as a social network for travelers, helping them plan
their next trip, discover new places in a city, and save time and effort when searching for a
new place by recommending lists based on the similarity between the user and other users.
To achieve this goal, a novel method that utilizes a weighted parallel hybrid approach is
proposed. This method assigns each item a value, recognizing that some items are more
important than others, thereby improving the accuracy of the similarity between items and
enhancing the quality and accuracy of recommendations.

The proposed method outperforms existing recommendation systems, providing
efficient and effective results for a recommender system. It has the potential to transform the
way people explore new destinations, making travel planning more efficient and enjoyable.
In conclusion, the proposed recommender system method is a significant contribution to the
tourism industry, providing travelers with a reliable and accurate source of information and
recommendations. The use of a weighted parallel hybrid approach is a novel and advanced
technique that improves the accuracy of the similarity between items and enhances the
quality of recommendations. This method has the potential to promote sustainable tourism,
reduce over-tourism, and to benefit local and global economies. However, the application
has certain limitations, including the lack of statistics on post/list views and list additions
for users. Additionally, the recommender system currently only supports Android devices
and the English language, requiring improvement in accuracy, iOS device support, and
language options (such as Arabic).

Future work will aim to address these limitations and to enhance the system by
incorporating more statistical data on post/list views and list additions for users, improving
accuracy, and expanding language support. Moreover, alternative approaches will be
investigated to further improve the system’s performance, such as incorporating deep
learning or other advanced techniques. These enhancements aim to enable the system to
provide more accurate and personalized recommendations for travelers, thereby enhancing
their overall experience.

Author Contributions: Methodology, H.A.; software, G.A.; validation, H.A. and N.A.; resources,
Y.A. and S.A.; data curation, H.A., S.A. and R.A.; writing—original draft, H.A., N.A., S.A. and
Y.A.; writing—review and editing, H.A.; supervision, H.A. All authors have read and agreed to the
published version of the manuscript.

Funding: Deputyship for Research and Innovation, Ministry of Education in Saudi Arabia funding
this research (IFKSUOR3-014-2).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Data Availability Statement: The data used to support the findings of this study are available and
can be accessed online through the GitHub platform [15].

Acknowledgments: The authors extend their appreciation to the Deputyship for Research and
Innovation, Ministry of Education in Saudi Arabia for funding this research (IFKSUOR3-014-2).

Conflicts of Interest: The authors declare no conflict of interest.

19



Sustainability 2023, 15, 14447

Appendix A

Table A1. The experimental results of user #1.

User Number User Details User Explore Page

User #1

• Female;
• 25 years old;
• Likes the countries (European,

American);
• Likes the places (restaurants/cafes,

shopping malls)
• Single;
• Does not have children;
• Uses tags (#coffee #friends

#waterParks #fun #america).

Table A2. The experimental results of user #2.

User Number User Details User Explore Page

User #2

• Female;
• 30 years old;
• Likes the countries (European,

American);
• Likes the places (restaurants/cafes,

shopping malls, sports attractions);
• Single;
• Does not have children;
• Uses tags (#Yummy #London #UK

#food #waterParks #fun #america).

Table A3. The experimental results of user #3.

User Number User Details User Explore Page

User #3

• Female;
• 45 years old;
• Likes the countries (European,

African);
• Likes the places (museums, parks);
• Single;
• Does not have children;
• Uses the tag (#hotel).
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Table A4. The experimental results of user #4.

User Number User Details User Explore Page

User #4

• Female;
• 34 years old;
• Likes the countries (European);
• Likes the places (shopping malls,

parks);
• Married;
• Has children;
• Does not use tags.

Table A5. The experimental results of user #5.

User Number User Details User Explore Page

User #5

• Female;
• 36 years old;
• Likes the countries (European,

American, Middle Eastern);
• Likes the places (restaurants/cafes,

museums);
• Married;
• Has children;
• Does not use tags.

Table A6. The experimental results of user #6.

User Number User Details User Explore Page

User #6

• Female;
• 20 years old;
• Likes the countries (Middle Eastern,

American);
• Likes the places (restaurants/cafes,

sports attractions);
• Single;
• Does not have children;
• Does not use tags.
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Table A7. The experimental results of user #7.

User Number User Details User Explore Page

User #7

• Female;
• 49 years old;
• Likes the countries (African,

European);
• Likes the places (museums, parks,

sports attractions);
• Married;
• Has children;
• Does not use tags.

Table A8. The experimental results of user #8.

User Number User Details User Explore Page

User #8

• Female;
• 30 years old;
• Likes the countries (Middle Eastern,

European);
• Likes the places (shopping malls,

sports attractions);
• Single;
• Does not have children;
• Uses tags (#art #swimming #History

#families #flowers #freshair).

Table A9. The experimental results of user #9.

User Number User Details User Explore Page

User #9

• Female;
• 50 years old;
• Likes the countries (Middle Eastern,

European, African, Asian);
• Likes the places (shopping malls,

sports attractions, parks, museums);
• Married;
• Has children;
• Uses tags (#libarary #nature #castle

#hiroshima #flowers #Mountain).
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Table A10. The experimental results of user #10.

User Number User Details User Explore Page

User #10

• Female;
• 42 years old;
• Likes the countries (European,

Asian);
• Likes the places (museums, sports

attractions);
• Married;
• Has children;
• Uses tags (#games #Mountain

#flowers #castle #hiroshima).

Table A11. The experimental results of user #11.

User Number User Details User Explore Page

User #11

• Female;
• 19 years old;
• Likes the countries (European);
• Likes the places (shopping malls);
• Single;
• Does not have children;
• Uses tags (#swimming #art

#History).

Table A12. The experimental results of user #12.

User Number User Details User Explore Page

User #12

• Male;
• 28 years old;
• Likes the countries (Middle Eastern,

Asian);
• Likes the places (parks,

restaurants/cafes);
• Single;
• Does not have children;
• Uses tags (#families #flowers

#freshair).
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Table A13. The experimental results of user #13.

User Number User Details User Explore Page

User #13

• Male;
• 26 years old;
• Likes the countries (European,

American);
• Likes the places (museums,

shopping malls, sports attractions);
• Married;
• Has children;
• Uses tags (#art #swimming

#History).

Table A14. The experimental results of user #14.

User Number User Details User Explore Page

User #14

• Male;
• 61 years old;
• Likes the countries (Asian,

European, Middle Eastern) ;
• Likes the places (museums,

restaurants/cafes, sports
attractions);

• Married;
• Has children;
• Uses tags (#families #flowers

#freshair).

Table A15. The experimental results of user #15.

User Number User Details User Explore Page

User #15

• Male;
• 33 years old;
• Likes the countries (Asian,

American);
• Likes the places (restaurants/cafes,

sports attractions);
• Married;
• Has children;
• Uses tags (#activities #america

#waterParks #fun #swimming
#kids).
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Table A16. The experimental results of user #16.

User Number User Details User Explore Page

User #16

• Male;
• 44 years old;
• Likes the countries (Asian, Middle

Eastern, European, American);
• Likes the places (sports attractions,

restaurants/cafes, parks, shopping
malls);

• Married;
• Has children;
• Uses tags (#america #waterParks

#fun #swimming #kids).

Table A17. The experimental results of user #17.

User Number User Details User Explore Page

User #17

• Male;
• 49 years old;
• Likes the countries (Asian, Middle

Eastern, European);
• Likes the places (museums, parks,

shopping malls);
• Married;
• Has children;
• Uses tags (#activities #waterParks

#america #swimming #kids #fun).

Table A18. The experimental results of user #18.

User Number User Details User Explore Page

User #18

• Female;
• 19 years old;
• Likes the countries (European);
• Likes the places (shopping malls);
• Single;
• Does not have children;
• Does not use tags.
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Table A19. The experimental results of user #19.

User Number User Details User Explore Page

User #19

• Male;
• 60 years old;
• Likes the countries (European,

Asian);
• Likes the places (museums);
• Married;
• Have children;
• Do not uses tags.

Table A20. The experimental results of user #20.

User Number User Details User Explore Page

User #20

• Male;
• 31 years old;
• Likes the countries (European,

African);
• Likes the places (sports attractions);
• Married;
• Has children;
• Does not use tags.
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Abstract: Urban computing is the incorporation of computing, sensors, and actuation technology into
urban life. In Saudi Arabia, the neighborhoods lack an integrated approach to social, economic, and
environmental values, thereby creating consequences, such as inefficient mobility, poor environmental
protection, low quality of life, and inadequate services or facilities. This article aims to develop a
smart sustainable neighborhood framework (SSNF) to create districts that contribute to a healthy
environment, sustain a strong community, and thrive in economic value. The framework is created
by two main factors, first is identifying and analyzing the categories of urban computing. Second is
choosing the appropriate indicators from sets of standards, including sustainable development goal
(SDG) 11, as developed by the United Nations. These two factors shaped the proposed “smart and
sustainable urban computing framework (SSUCF)” of “people”, “prosperity”, and “environment”
dimensions, and it has been applied to the Alkhaledia district as a case study. The result indicates that
urban computing can be used as the basis of support, along with smart and sustainable standards
to produce an SSNF. Furthermore, with the analysis of relevant data, this framework can be used
in similar neighborhoods to enhance the quality of residents’ lives, environmental protection, and
economic values.

Keywords: smart neighborhood; sustainable indicators; urban informatics; urban sustainability;
Saudi cities

1. Introduction

Cities are currently acting as engines for economic development, providing opportu-
nities for expansion while dealing with several internal and external challenges, such as
environmental hazards, resource depletion, high energy consumption, and high production
of CO2 and greenhouse gas emissions, which results in pollution [1]. Additionally, the
number of people living in cities is continually growing; by 2050, 68% of the world’s popu-
lation is predicted to reside in cities [2]. Rising populations increase other major concerns,
such as community safety, the efficiency of mobility, and poor quality of life, especially in
districts and neighborhoods.

The neighborhood or district is an important scale of development to consider since
it is the core of cities. If neighborhoods suffer then cities subsequently suffer, moreover,
neighborhoods need attention in order to develop livable and sustainable environments.
Moreover, smart neighborhoods improve the social networking and capital of the popu-
lace [3]. Smart cities can be developed at different geographical scales, starting from the
neighborhood, and should lead to the enhancement of quality of life and neighborhood
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livability [4]. The integration and growth of smart cities and smart neighborhoods can
therefore help to alleviate the effects of urbanization and the environmental risks that
most cities, especially in developing countries, are currently facing. This requires the
development of new, functional, and user-friendly services and technologies, especially in
the fields of energy, transportation, and information and communication technology (ICT).
These solutions also need a combination of approaches in terms of advanced technology
solutions, research, innovation, and deployment [5].

Several urban computing strategies can be deployed to support the systematic devel-
opment of smart neighborhoods. Urban computing involves the use of smart technologies
and the internet of things (IoT) as tools to reach sustainability and progressively foster
resilient neighborhoods. Furthermore, it is essential to know the neighborhoods and citi-
zens’ needs to implement the right strategies and methods of smart technology to promote
sustainability. Additionally, it is not only about smart technologies but also about the collec-
tion of relevant data that can guide us to solutions [6]. Moreover, the considerations should
include how to manage the data and connect technology with neighborhood challenges to
resolve them. Urban computing is generally understood to be a technique for acquiring,
integrating, and analyzing large-scale heterogeneous data created by a range of resources
inside urban environments, such as sensors, gadgets, cars, structures, and humans [7].
It is relevant to urban informatics, which involves the application of information and
communication technologies in managing and understanding urban areas [8].

In the context of Saudi Arabia, it has been deduced from various literature reviews that
there is a lack of a smart and sustainable framework for Saudi neighborhoods, especially
in the use of smart technologies to support sustainable development. Recent studies
have examined social sustainability in Saudi neighborhoods [9], greenspace usability [10],
heritage management [11], the transformation of housing typology [12], and life-cycle-based
strategic framework for smart sustainable cities at the city scale [13]. Thus, the focus of this
article is to discuss the development of a smart and sustainable neighborhood framework
by applying the concept of urban computing and various smart and sustainable standards.
The development of the proposed framework goes through a process; firstly, starting by
exploring multiple strategies and other frameworks from various literature reviews on the
concept of urban computing. Then secondly, examining and analyzing sustainable cities
or neighborhood standards in addition to smart standards. Consequently, the proposed
framework is tested for its success in maintaining an economic, environmental, and social
neighborhood by applying it to the Alkhaledia district in Jizan. The framework has the
goal of creating an inclusive neighborhood, with a focus on having social connectivity
and environmental protection. This goal, which is relevant to the current need of Saudi
districts, applies to other communities. More importantly, the Saudi Arabia Vision 2030
features focus areas of “vibrant society”, “thriving economy”, and “ambitious nation”,
which establish the need for more sustainability-oriented neighborhoods that facilitate
smart technologies to support sustainability and its measures.

However, the proposed framework with its context of smart technologies and depen-
dence on data raises many challenges and limitations. Having a data-driven framework
can have multiple risks, such as data security, privacy, and acquisition. Since the collection
of data is restricted and confined to only what resources are available, the success of the
framework depends on how much data about the neighborhood is accessible. Furthermore,
having the framework depends on citizens’ willingness to provide data which can cause
difficulties in obtaining the data.

The analysis of this article focuses on the four elements of urban computing: urban
sensing, data management, data analytics, and delivery of services. The concept of urban
computing will be used as a structured procedure to implement smart aspects to transform
neighborhoods into smart neighborhoods, and an assessment of sustainability by using
sustainable indicators to measure social, economic, and environmental aspects of a neigh-
borhood. This paper will also explore how to reflect this on current Saudi neighborhoods
by studying literature reviews and a case study. The main objectives of this article are to:
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• Investigate the sustainability standards and smart indicators to be used in smart
sustainable neighborhoods;

• Develop a smart and sustainable urban computing framework for neighborhoods;
• Assess Alkhaledia district, Jizan, as a case study, using the proposed framework.

2. Review of the Literature

2.1. Smart Neighborhood

A new development paradigm combines urban sustainability with smartness, em-
phasizing the significance of taking both issues into account simultaneously [14]. It was
developed in response to the criticism of smart urban strategies that conflict with sustain-
ability, as well as an effort to address the needs of today’s highly digitalized cities in a more
comprehensive way than the conventional concept of sustainability allows, and that could
be implemented on a neighborhood level [15]. The sustainable development goals (SDGs)
are relevant to this research because smart city solutions are expected to play a key role
in supporting cities and communities in reaching these goals by aiding stakeholders in
controlling and measuring progress toward the SDGs using widely accepted indicators.
Recently, attention has focused on how smart solutions can help elevate the quality of life
and enhance sustainability of neighborhoods [4].

2.2. Sustainable Neighborhoods

In Saudi Arabia, specifically, achieving sustainability is a challenging task. There are
many impediments to overcome to attain sustainability goals [16]. Despite these challenges,
the Saudi Arabian government aspires to make the country one of the most sustainable
in the region and to set it as an inspiring example for other nations. Existing conditions
must be reviewed at several scales, including regions, cities, districts, neighborhoods, and
buildings, to attain sustainability. The neighborhood is the city’s smallest planning unit,
which contains a variety of elements, such as houses, streets, people, open spaces, and so
on [17]. Therefore, achieving a smart and sustainable neighborhood is a good start to attain
sustainability for life quality and well-being.

To address current urbanization issues, such as population increase, urban sprawl,
poverty, inequality, pollution, overcrowding, urban biodiversity, urban mobility, and energy,
the UN-Habitat (the United Nations Human Settlements Program for human settlements
and sustainable urban development) assists nations in developing urban planning concepts
and systems. The proposed plan is based on five principles that encourage compactness,
integration, and connectedness, which are three essential attributes of sustainable communi-
ties [18]. The five guiding principles are population concentration, mixed-use development,
social variety, adequate street space, and limited land-use specialization. These principles
are the prime focus of assessing the sustainability of the Alkhaledia district and providing
possible solutions, if any, for the missing factors.

2.3. Smart and Sustainable Indicators for Neighborhoods and Communities

The International Telecommunication Union’s (ITU) definition of “smart sustainable
cities” is divided into two parts: the first describes a city’s smart characteristics, while the
second describes urban sustainability [19]. The use of information and communication
technologies (ICTs) to improve quality of life, the efficiency of urban operations, and com-
petitiveness, for instance, are examples of innovations that are associated with smart city
characteristics. These innovations aim to improve the quality of life, efficiency of urban ac-
tivities and services, and citizen involvement. Moreover, a city’s sustainable characteristics
are those that guarantee that it fulfills the economic, social, environmental, and cultural
needs of both present and future generations [15]. Therefore, the proposed framework
integrates smart indicators for the development of smart neighborhoods, combined with
some sustainable indicators for the environmental, economic, and cultural aspects of a
sustainable neighborhood with the focus on urban computing and its strategies as the inspi-
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ration for a clearer and more strategic framework for smart and sustainable neighborhoods
or cities.

3. Materials and Methods

This paper focuses on connecting and integrating the smart indicators and the sus-
tainable indicators of neighborhoods and communities, then molding them to fit urban
computing strategies. Thereby, creating an urban computing framework applied to the
local context of Saudi Arabia. This is mainly achieved by collecting various indicators that
are smart or sustainable and fitting them into the four categories of urban computing which
are urban sensing, data management, data analysis, and delivery of services. By making
urban computing the overall umbrella of smart and sustainable indicators with also the
ISO, ITU, and SDGs indicators, the proposed framework was constructed (Figure 1).

Figure 1. The chart of the proposed framework.

3.1. Developing Urban Computing Framework for the Local Context

Urban computing is a concept used in this project to develop a framework by including
smart and sustainable indicators and standards, with the inspiration of urban computing
strategies to create a strategic local context framework. This helps achieve smart and
sustainable neighborhoods, communities, and cities. Urban computing in this context
is used as an overall umbrella to support indicators to become more strategic and it
shows how, with the support of urban computing strategies, we can perform successful
development of smart and sustainable neighborhoods.

Urban computing is used as a base support for this framework, to formulate a strong
strategy for the development of smart and sustainable neighborhoods and communities.
One of the main challenges of developing smart neighborhoods is analyzing the urban data,
which can be difficult due to their heterogeneity, high complexity, and vast volumes [20].
Therefore, it may cause inefficient use of these data and a lack of relevant processes for
solutions. “Urban computing” is the term used to describe the method of developing,
integrating, processing, analyzing, and compiling vast quantities of data from various
sources to achieve a specific goal, such as addressing issues with sustainability, efficiency,
adaptability, equity, and living quality. In addition, the term refers to the use of several
sensors, devices, platforms, infrastructures, and networks, as well as the corresponding
algorithms, strategies, processes, and protocols in the context of data-driven smart urban
sustainability [21]. Urban computing is the basis for the developed framework since it is a
comprehensive method of capturing and utilizing the vast amounts of big data generated
in cities to improve urban forms, infrastructure, urban environments, and urban services,
along with urban operational management and development planning systems.
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As a result, it can produce deep insights that can be utilized to make well-informed
decisions and can build feedback mechanisms between humans and their activities, as
well as between humans and the urban environment [21]. Moreover, a collection of smart
standards is incorporated into the developed framework to obtain quantitative and qual-
itative data involved in the urban computing concept. The chosen standards, including
the European Telecommunications Standards Institute (ETSI) standard, are adopted to
assess the standardization needs of communities and neighborhoods looking to increase
their social, economic, and environmental sustainability through integrating information
systems, such as ICTs into their infrastructures and processes. Therefore, the five standards
used in this project (ITU-T Y.4901/L.1601, ITU-T Y.4902/L.1602, ITU-T Y.4903/L.1603, ETSI
TS 103 463, SDGs) are adopted to integrate a set of indicators into the concept of urban
computing and to provide a standardized basis for the framework.

3.2. Developing Indicators for Assessment

For the development of the urban computing framework, the smart indicators that
were collected are (ITU-TY.4901/L.1601, 2016) [19]; (ITU-TY.4902/L.1602, 2016) [22]; (ITU-
TY.4903/L.1603, 2016) [23]; and (ETSI-TS103-463, 2017) [24]. The sustainable indicators
were a collection of SDG 11: sustainable cities and communities [25] and UN-Habitat: five
principles [18]. Additionally, we combined all of these mentioned smart and sustainable
indicators to construct an assessment tool influenced by the urban computing concept.

3.2.1. Urban Sensing Category

Urban sensing revolves around the distribution of sensors in communities and neigh-
borhoods to reveal information and collect various data on the neighborhood to help
enhance services among the neighborhoods. In this article, the urban sensing category is
linked to the five standards which are shown in Figure 1. The five standards are matched
to the principles of urban sensing in urban computing, which is the relevancy of sensors for
serving the citizens and the environment. This applies to placing many sensors that support
the IoT and machine learning analysis for the advanced development of supplying data.

3.2.2. Urban Data Management Category

Urban data are an important pillar of any smart community or city since they offer
insights into environmental, economic, or social information. These data provide data-
driven solutions that benefit everyone. Urban data management processes vast amounts of
dynamic urban data from several areas, including traffic, meteorology, human movement,
and POIs, using cloud computing platforms, data structures, and retrieval algorithms [26].
This layer is necessary since it aids in data classification and develops special indexing
structures and retrieval algorithms for geographical and spatiotemporal data. Additionally,
the category of urban data management is linked to the five standards listed in Figure 1.
The standards are used for the efficient distribution of data management, which is for the
optimal results of data gained from the distributed sensors. Figure 1 shows the linkage
between the five standards and the data management of the urban computing concept.

3.2.3. Urban Data Analytics Category

Urban data analysis uses a range of data-mining techniques and machine-learning
algorithms to unlock the value of information from data in a variety of fields. Using al-
gorithms, such as clustering, classification, regression, and anomaly detection, this layer
changes fundamental data mining and machine-learning approaches to handle spatiotem-
poral data [26], using the science of big data analytics to process big volumes of data.

Consequently, the five standards indicated in Figure 1 are linked to the category of
urban data analytics. These standards are used as a platform to execute data analytics
efficiently and to provide the best information. The information extracted from big data
analytics can result in unexpected relations between different elements, which can be a big
advantage for creating services for people, the environment, and financial prosperity.
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3.2.4. Delivery of Services Category

An interface for domain systems to access knowledge from an urban computing
application using cloud computing platforms is provided by the service-providing category.
Due to the transdisciplinary nature of urban computing, data-driven knowledge must be
incorporated into existing domain systems for them to make better judgments. For instance,
air quality forecasts from an urban-computing application can be linked to current mobile
apps to help people plan their trips, or they can be used by environmental protection
authorities’ systems to help them make pollution-control decisions [26]. This is critical to
serving citizens’ needs and providing efficient services. Consequently, there is a relationship
between the five standards and how they can help optimize the services provided to the
people, environment, and prosperity.

4. Results

4.1. Smart and Sustainable Urban Computing Framework

The five selected smart and sustainable indicators were analyzed to create relations to
urban computing strategies. For instance, the smart standard (ETSI-TS103-463, 2017) [24]
was selected to analyze its four dimensions and choose appropriate indicators for the
concept of smart and sustainable neighborhoods. Subsequently, a checklist is created
as a start to indicate the relationship of the smart indicators to the urban computing
categories (urban sensing, urban data management, urban data analytics, delivery of
services), this is to set a starting line on how urban computing concept can be used as a
basis for the smart and sustainable neighborhood. Furthermore, the (ITU-TY.4901/L.1601,
2016) [19], (ITU-TY.4902/L.1602, 2016) [22], (ITU-TY.4903/L.1603, 2016) [23], (UN Habitat
principles) [18], and (UN, SDG 11: make cities and human settlements inclusive, safe,
resilient and sustainable, 2016) [25] relations to urban computing were mapped.

The next stage of the findings Is developing three new dimensions for “smart and
sustainable urban computing (SSUCF)” which are people, prosperity, and environment
(Figure 2). Following the analysis of those three dimensions and relating them to the urban
computing concept, an extensive table was formed as a binary (yes/no) checklist for the
SSUCF for neighborhoods. This checklist was developed by picking only 42 appropriate
smart standards using their unit and weight. Subsequently, Figure 2 illustrates how the
urban computing categories are matched for a clearer understanding of urban computing
and the developed framework’s dimensions. This is created by a match work diagram
that shows how each category of urban computing matches the dimensions in SSUCF; for
instance, the “environment” dimension requires all categories of urban computing, while,
“prosperity” requires data management and delivery of services only. This is because the
prosperity outlook focuses on how one can manage the data to serve citizens best. The
“people” dimension requires data management and analysis to provide certain services to
optimize and enhance citizens’ quality of life. Nonetheless, there are some indicators in
these dimensions that require all categories of urban computing. Figure 2 illustrates only
what the majority of indicators fall under.

SSUCF 3 Dimensions: People, Environment, and Prosperity

The SSUCF consists of various goals, such as connecting a community, having a cleaner
environment, enhancing an individual’s health and well-being, building a greener economy,
and finally elevating the quality of life. These goals are met by having three focus areas of
the framework which are people, environment, and prosperity. Those three dimensions
were derived from the standards used in the process of making this framework [(ETSI-
TS103-463, 2017) [24], (ITU-TY.4901/L.1601, 2016) [19], (ITU-TY.4902/L.1602, 2016) [22],
(ITU-TY.4903/L.1603, 2016) [23], (UN, SDG 11: make cities and human settlements inclusive,
safe, resilient and sustainable, 2016) [25]], and these standards influenced the selection of
these dimensions for the SSUCF.
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Figure 2. Framework dimensions and their relation to urban computing categories.

The first dimension is “people”. This main indicator is everything related to the
individual’s social environment. Its focus is establishing a sense of belonging and social
inclusion in neighborhoods, and most importantly the involvement of technology and
smart ICTs to optimize the social environment. As seen in Table 1, there are a total of
13 indicators in SSUCF, and its area of focus is “people”. Table 1 shows which urban
computing categories are present or not present in each indicator. The next dimension
is “environmental”, which accounts for the overall good quality and efficiency of the
environment in a neighborhood, in terms of air, water, and energy. As seen in Table 2,
15 indicators contribute to environmental protection in a neighborhood with also the urban
computing categories to complement an efficient and smart application of the indicator.
The last dimension is “prosperity”, and this dimension helps build a resilient neighborhood
criterion, by building a greener economic development. Table 3 shows the 14 indica-
tors that account for the prosperity of the neighborhood. In total, the SSUCF comprises
42 indicators to have an outlook on the social, environmental, and economical areas in
the neighborhood.

4.2. Application to Alkhaledia District, Jizan

The SSUCF is analyzed and altered to be tailored to the Alkhaledia district (Figure 3),
which resulted in 27 indicators after filtering. This stage of the framework was fixed upon
the characteristics and availability of the data in the Alkhaledia district [27]. The people,
environment, and prosperity dimensions had specific indicators that are either found or
not found in the Alkhaledia district, additionally, some indicators are a must-have in the
context of urban computing, sustainability, and smartness, however, they were not found in
the Alkhaledia neighborhood. Moreover, since Alkhaledia has some sustainable and smart
objectives, some indicators are met, therefore making the urban computing framework
easier to implement.
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Table 1. SSUCF people dimension.

Smart & Sustainable Urban Computing Framework

Urban Computing Layers

Urban
Sensing

Urban Data
Management

Urban
Data

Analytics

Delivery of
Services

Yes/No

Main
Indicators

People

Encouraging a healthy lifestyle � � � �
Cybersecurity � � � �

Data privacy � � � �
Access to public transportation � � � �

Diversity of housing types � � � �

Green space � � � �
Use of an e-learning system � � � �
Sharing of medical resources

and information among
hospitals, pharmacies, and
other healthcare providers

� � � �

Availability of ICT-based
safety systems � � � �

Availability of online
neighborhood information and

feedback mechanisms
� � � �

Availability of parking
guidance systems � � � �

Electricity consumption � � � �
Information security and

privacy protection � � � �

Table 2. SSUCF environmental dimension.

Smart & Sustainable Urban Computing Framework

Urban Computing Layers

Urban
Sensing

Urban Data
Management

Urban
Data

Analytics

Delivery of
Services

Yes/No

Main
Indicators

Environment

Domestic material
consumption � � � �

Local food production � � � �
Energy

consumption/demand:
Annual final energy

consumption

� � � �

CO2 emissions � � � �
Renewable energy

generated within the
neighborhood

� � � �

Water consumption � � � �
Grey and rainwater use � � � �

Air quality index � � � �
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Table 2. Cont.

Smart & Sustainable Urban Computing Framework

Urban Computing Layers

Urban
Sensing

Urban Data
Management

Urban
Data

Analytics

Delivery of
Services

Yes/No

Recycling rate � � � �
Sewage system

management using ICT � � � �

Street lighting management
using ICT � � � �

Application of ICT-based
noise monitoring � � � �

Availability of smart
water meters � � � �

Energy saving in
households � � � �

Solid waste collection � � � �

Table 3. SSUCF prosperity dimension.

Smart & Sustainable Urban Computing Framework

Urban Computing Layers

Urban
Sensing

Urban Data
Management

Urban
Data

Analytics

Delivery of
Services

Yes/No

Main
Indicators

Prosperity

Innovative hubs � � � �
Open data � � � �

Accessibility of open
data sets � � � �

Affordability of housing � � � �
Application of

computing platforms � � � �

Companies
providing e-services � � � �

Improvement of industry
productivity through ICT � � � �

Investments in ICT
innovation � � � �

Availability of smart
water meters � � � �

Availability of smart
electricity meters � � � �

Road traffic efficiency � � � �
Water supply

ICT monitoring � � � �

Traffic monitoring � � � �
ICT Noise monitoring � � � �
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Figure 3. Rendered layout plan of Alkhaledia (Source: Salman Abdullah Bin Saedan Real Estate
Group [27]).

4.2.1. The People Dimension

The “people” dimension is a set of nine indicators that were selected according to their
importance to the initial framework and the availability of data. As seen in Table 4, 56% of
the indicators of this dimension were not in the Alkhaledia district; this requires the urban
computing contribution to enhance these indicators’ existence in Alkhaledia. Moreover, 44%
of the indicators were found in the Alkhaledia district, so it may need better enhancement
with SSUCF. Furthermore, Figure 4 illustrates some of the indicators on the layout plan
of Alkhaledia; this includes the covered indicators in Alkhaledia, such as “availability of
parking guidance”, which is found in mixed-use areas of the neighborhood that include
stores and other facilities. Figure 4 also shows that indicators, such as “encouraging a
healthy lifestyle” are not found, according to Table 4, in the neighborhood. The indicator
ensures a healthier lifestyle by having a social area for people connected with green areas.

 
Figure 4. People dimension of the SSUCF on the layout plan (Source: Adapted from Salman Abdullah
Bin Saedan Real Estate Group [27]).
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Table 4. Alkhaledia—people dimension of SSUCF.

Smart and Sustainable Urban Computing: Alkhaledia District, Jizan

Indicator Coverage Explanation

Main
Indicators

People

Encouraging a
healthy lifestyle No

Although there is consideration of vegetation which
conveys a healthy lifestyle, there are no other metrics to

ensure a healthy lifestyle

Cybersecurity No There are no technical considerations for cybersecurity

Data privacy No There are no technical considerations for data privacy

Access to public
transportation No

The design has no consideration to connect residents for
public transport and there is no information on the

access to public transportation either

Diversity of
housing types Yes Zone (3): contains three types of apartments of two or

three bedrooms, penthouses, and villas

Green space Yes The design of the district considered green corridors,
green spaces, green plazas, and open green parks

Availability of
parking guidance

systems
Yes Connected to wi-fi networks to inform parking spot

searching via smartphone

Electricity
consumption Yes Sensors are installed throughout the neighborhood for

data collection on electricity consumption

Information
security and

privacy protection
No There is no information on how privacy is protected

4.2.2. Environment Dimension

The “environment” dimension encompasses all measures that are related to protecting
the environment. Table 5 emphasizes the significance of the environmental indicators that
the Alkhaledia district needs, along with indicators for environmentally sensitive matters
that the region faces, such as water resources. The table has a set of nine indicators that are
either “found” or “not found” in the Alkhaledia neighborhood, and it shows that to some
degree, the current construction of Alkhaledia considers environmental concerns: 44% of
the indicators were not found in Alkhaledia, while 56% of environmental indicators were
(Table 5). This shows that Alkhaledia can easily use SSUCF to enhance the environmental
aspect of the district. Moreover, Figure 5 demonstrates the contribution of SSUCF to the
Alkhaledia district, illustrating how the environmental dimension provides enhancement
of environmental protection.

4.2.3. Prosperity Dimension

The prosperity dimension accounts for the economic development to ensure the
prosperity and longevity of the district. This dimension results in the success of building
resilient neighborhoods by incorporating the nine indicators in Table 6. These indicators
can be the starting point for prosperity, which can later advance to more indicators that
ensure prosperity in the district. Furthermore, Table 6 shows the current state of prosperity
level in Alkhaledia by having a “yes” or “no” column to indicate whether the indicators are
found in the district or not. Thus, the results of the nine indicators indicate that 78% are not
covered in Alkhaledia and 22% currently exist in Alkhaledia. Therefore, it highlights the
need for using the SSUCF to develop the district into an enhanced neighborhood. Moreover,
Figure 6 illustrates how the prosperity dimension can be incorporated into the Alkhaledia
neighborhood by having some indicators shown on the layout plan of Alkhaledia.
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Table 5. Alkhaledia—environmental dimension of SSUCF.

Smart and Sustainable Urban Computing: Alkhaledia District, Jizan

Indicator Coverage Explanation

Main
Indicators

Environmental

Domestic material
consumption No No service acts upon domestic

material consumption

Energy
consumption/demand:

annual final energy
consumption

Yes Applying suitable energy
conservation measures

Carbon emissions No No applicable measures for the
measurements of carbon emission

Water consumption Yes Multiple water management strategies to
measure water consumption

Air quality index No There is no appropriate measure of air quality

Recycling rate Yes Minimal measures of recycling waste

Sewage system
management using ICT No Lacks a comprehensive sewage management

system by using smart technology

Street lighting
management using ICT Yes Available smart street lighting using sensors

and ICT technology

Solid waste collection Yes Available smart waste management for
efficient waste collection

Figure 5. Environmental dimension of SSUCF on the residential layout plan (Source: Adapted from
Salman Abdullah Bin Saedan Real Estate Group [27]).
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Table 6. Alkhaledia—prosperity dimension of SSUCF.

Smart and Sustainable Urban Computing: Alkhaledia District, Jizan

Indicator Coverage Explanation

Main
Indicators

Prosperity

Open data No Lacks an open data platform

Affordability of
housing Yes Zone (3): contains affordable types of apartments of two

or three bedrooms, penthouses, and villas

Improvement of
industry

productivity
through ICT

No
Although limited ICT technologies are used throughout

the district, there is no further advancement of ICT
industry productivity

Availability of
smart water meters Yes The district installs meters, transmitters, and sensors for

the success of smart water meters

Availability of
smart electricity

meters
No There are no available meters, transmitters, and sensors

for smart electricity metering

Road traffic
efficiency No Lacks road traffic efficiency

Water supply ICT
monitoring No

Although limited ICT technologies are used throughout
the district there is no further advancement of ICT water

supply monitoring

Traffic monitoring No Lacks the focus on traffic monitoring

ICT noise
monitoring No Lacks an ICT noise monitoring sensory system

 
Figure 6. Prosperity dimension SSUCF on the residential layout plan (Source: Adapted from Salman
Abdullah Bin Saedan Real Estate Group [27]).

5. Discussion

This article is mainly concerned with developing a framework based on the idea of
urban computing, and the process of developing the framework went through multiple
stages of thorough analysis to make the SSUCF. Therefore, the results of each table interpret
different meanings and significance. The data on the four smart and sustainable stan-
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dards, the interpretation of the urban computing concept, and their analysis support the
theory that urban computing has great significance in the enhancement of neighborhood
quality of life, sustainability, and smartness, as highlighted by Keshavarzi et al. [4] and
Alshuwaikhat et al. [6]. A few of the chosen indicators fell under all the urban computing
categories, while others had only certain urban computing categories that can relate to the
indicator. Therefore, this proves that urban computing can be used as a structured format
for the development of sustainability and smartness.

The initial framework for SSUCF contains the three main chosen dimensions of “peo-
ple”, “environment”, and “prosperity”, which were deduced from the filtered smart and
sustainable standards while considering the local context and alignment with the Saudi
2030 vision. The table has a total of 42 indicators that relate to the environmental, social,
and economic aspects that a neighborhood should focus on, to ensure the success of the
framework. Furthermore, this table demonstrates the correlation between urban computing
and the three chosen dimensions, which also illustrates how critical the sequence of sensors,
data management, data analysis, and services are (in that order) for the indicators to be effec-
tive and efficient. Each indicator has its essential urban computing layer, which is analyzed
by various literature reviews and other sustainable standards. Abusaada and Elshater [28]
developed a similar framework of urban design for smart sustainable cities. However, their
framework focused on two dimensions—urban economy and placemaking—which did
not explicitly consider the environmental dimension.

Tables 4–6 show, as stated in Section 3.2.1, how sensors are the first detectors for data
that help us attain the information to procure sustainable and efficient services [29]. This
shows how important attaining data by sensors is in the urban sensing category, where 62%
of the 42 indicators needed the sensory system. Moreover, the data management category
showcases the importance of data being neatly organized by an indexing structure as it
integrates both spatiotemporal and textual information for efficient data analytics. This
finding shows that the category is critical to the achievement of the goal of the framework
by having 90% of the 42 indicators including urban data management.

Urban data analytics is the use of big data analytics to analyze relations of data for
the success of urban computing in neighborhoods [30–34], and 78% of the indicators may
need big data analysis for the efficient use of indicators. Finally, 90% of the indicators are
relevant to the delivery of services category. This shows that as part of having an inclusive
and higher quality of life neighborhood, we must focus on the needs of residents and
how our technology and smart gadgets can be of help for solving problems efficiently.
The SSUCF has multiple limitations, some of which are how resources are limited and
how ready decision-makers are for a smart-driven neighborhood. This is in terms of
awareness of developers and the availability of resources for the technical success of the
neighborhood projects.

Section 4.2 shows the findings of the case study, in the Alkhaledia district, Jizan. The
section presents the tailored indicators for Alkhaledia from the developed framework,
since the Alkhaledia project has sustainable and smart objectives, some indicators are
met, however, they need some alteration to fit into the SSUCF. This was developed by
analyzing indicators by the criteria of “must have”, “should have”, and “nice to have”,
and relying on the project characteristics mentioned in the literature review case study
section, as to whether these indicators are found or not, and if found, it could be enhanced
into the structured format of urban computing categories. If an indicator is not found
and if it is a must-have for a smart sustainable neighborhood, then it will undergo the
thorough process of urban computing categories to form a successful indicator that serves
its residents, economy, and environment. Although this filtering of indicators yields
27 indicators, it is partly a result of the lack of data regarding the Alkhaledia districts
and their policies. Therefore, the limitation of resources and data creates a constrained
development of indicators for enhanced development of the SSUCF.

Another set of challenges regarding the use of data in this framework are the data-
specific issues, which can fall under data acquisition, privacy, and security. Since data and

41



Sustainability 2023, 15, 4057

computing together form the critical component of urban computing, it must be executed
efficiently by considering all of its components. The most crucial factor is data privacy and
security since smart applications not only gather a variety of information from people and
their social networks that are sensitive to privacy [35,36], but also operate facilities and
have an impact on people’s lives. Furthermore, data acquisition is another challenge, as the
collection of data from sensors creates a large volume of information that might be difficult
to analyze with redundant data.

The SSUCF focuses on social, environmental, and economic factors. The “people”
dimension relates to the socially important indicators that ensure a better quality of life.
Table 4 shows the first three indicators of the people dimension in SSUCF. Furthermore,
this dimension accounts for the residents’ related data and what we can do when we
acquire these data to better serve the people which in turn demands a security system that
ensures the protection of the community’s data, hence the cybersecurity indicator shown
in Table 4. As mentioned in the literature review, there are precautions to ensure data
security, and that is important, as a technology-based system is more prone to cyber risks,
therefore, addressing these sensitive topics is critical to ensure better performance of the
smart and sustainable neighborhood. These indicators are enhanced into a comprehensive
indicator by plugging in the urban computing categories. The “environmental” dimension,
which was missing in Abusaada and Elshater’s framework [28] includes a set of indicators
that promotes environmental sustainability. Though energy and water consumption and
recycling indicators are covered in Alkhaledia, carbon emissions are not covered. Carbon
emissions are regarded as one of the important environmental indicators since they are
related to climate change [37–39].

The final dimension of this framework is “prosperity”, which encompasses the eco-
nomical aspect of the neighborhood that secures longevity and prosperity in the district. A
neighborhood built with this framework can ensure the complete comfort of residents to
live a sustainable and smart life. These objectives ensure the availability of services to en-
hance the quality of life in the Alkhaledia district. Table 6 shows some of the indicators that
are found in the “prosperity” dimension, chosen by analyzing the report documents avail-
able from the Alkhaledia district and selecting the appropriate indicators from the selected
standards to support the neighborhood’s prosperity. Consequently, having urban comput-
ing layers enhances the production of this dimension, with the help of a literature review
to understand how technology can elevate the prosperity of the neighborhood. For in-
stance, affordable housing is a critical consideration when developing this framework, and
since the Alkhaledia district has the design objective of constructing an affordable housing
residential area, urban computing can be plugged into this neighborhood and framework.

6. Conclusions

This article aims to establish neighborhoods that support a healthy environment,
a strong community, and growing economic value by having a smart and sustainable
neighborhood framework, facilitated using intelligent concepts and technologies, such
as urban computing. Creating smart sustainable neighborhoods is crucial to addressing
the ever-changing demands of Saudi citizens who live in urban areas. A comprehensive
and integrated approach to a neighborhood’s social, economic, and environmental values
is lacking in Saudi neighborhoods. As a result, it creates a variety of negative effects,
including poor environmental protection, poor quality of life, and insufficient services and
amenities. More importantly, Saudi Vision 2030 has three main areas of focus: “vibrant
society”, “thriving economy”, and “ambitious nation”, which emphasize the need for
neighborhoods that are more environmentally conscious and has smart technologies to
support sustainability and its measures. To build a brighter future for the country and its
people, the 2030 Vision is used as the foundation for the project’s proposed framework and
acts as its primary goal. Furthermore, an application of this framework was created in the
Alkhaledia district, for further advancement of the framework.
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Two key elements are crucial to the creation of this framework: the concept of urban
computing, which is the identification and analysis of the four subcategories of urban
computing: urban sensing, urban data management, urban data analytics, and the delivery
of services; and selecting the appropriate indications from the four sets of standards which
are ITU, ETSI, and SDG 11 for sustainable cities and communities. These two elements
influenced how the SSUCF is developed. Consequently, a tailored framework is developed
to be implemented in the Alkhaledia district to enhance the effectiveness of this framework.
This was accomplished by having filtered indicators that aim to improve the Alkhaledia
district. This framework development shows that urban computing may be used as a basis
for support, together with smart and sustainable standards, to establish a framework for a
neighborhood that is both smart and sustainable. Additionally, this framework can be used
in other Saudi neighborhoods to improve the quality of life, environmental protection, and
economic values when accommodating the relevant data.

Furthermore, urban computing involves more than just smart technologies, it also
considers how to gather the relevant data that will help us find solutions, manage that
data, and link technology with local problems to find solutions. This serves the residents,
helps the economy, and supports the environment. Since many Saudi neighborhoods
do not use smart technologies to assist sustainable growth, this framework supports
tackling this gap. Additionally, this analysis shows that urban computing could serve
as a constructive and organized format for the use of smart technologies to serve the
sustainability of the community, economy, and environment. These results were found by
a matrix table checking how many smart or sustainable indicators can fall under urban
computing categories.

The final finding is the application of the SSUCF in the Alkhaledia district, Jizan.
This framework is tailored to the context of Jizan and its available data; therefore, to
achieve these smart and sustainable goals, a variety of strategies must be used, along
with advanced technology solutions, research, inventions, and deployment found in this
framework. Various indicators were chosen to improve the Alkhaledia neighborhood and
build a more comprehensive and inclusive district. This was achieved by first studying
the current state of Alkhaledia and having indicators enhance the present elements of
Alkhaledia, and constructing it if it does not yet exist.

Moreover, this framework has limitations that are related to data collection, data
privacy, data security, and data analysis. Even though data collection is made easy with
sensors, it could create challenges since it might collect redundant and high-volume data.
Furthermore, data privacy and security are vital concerns, since all relevant data of citizens
are collected to create an enhanced quality of life. Furthermore, other limitations of
this article include the filtration of indicators that resulted from a lack of data regarding
Jizan policies and the neighborhood’s readiness for a technology-based infrastructure and
development. Additionally, Alkhaledia has different sectors to focus on, and this demands
integration between stakeholders and investors by involving all personal data to make
decision-making more cohesive for smart and sustainable neighborhoods.

Future studies might explore enhancing the indicators concerning residents’ quality
of life—that is, more comprehensive indicators should be considered and extended to
address more neighborhood sectors, subject to the availability of resources and data. This
article is important for building a smart and sustainable neighborhood, especially in
the Saudi region where it is most needed. Furthermore, despite this development of
the framework being tailored to the Alkhaledia district, it can be implemented in other
neighborhoods and regions since it has room for further enhancement for a more integrated,
smart, and sustainable neighborhood framework. Nonetheless, with the aid of smart
technology, the SSUCF can foster communities that are inclusive in all social, economic,
and environmental aspects. Future studies can explore how the concepts of Kate Raworth’s
“doughnut economy” or “circular economy” can be integrated into the development of
smart sustainable indicators [40,41]. These indicators can create not only a guideline
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heuristic for different cities to start to think about sustainable initiatives, but might also
address sustainable macro perspectives.
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Abstract: In the context of “smart cities” and stock-based development, street renewal focuses more on
quality and sustainability in China. To improve the efficiency of current smart technology applications,
a comprehensive whole-life cycle system needs to be established in street space. After sorting out the
application of smart technologies in the street design guidelines (SDGs) for typical cities in China,
the compilation and application of smart technologies for sustainability were categorized into five
areas: smart transportation, convenient living, life enrichment, the protection of vulnerable people,
and environmental monitoring. Based on theoretical support and realistic needs, a smart street
management and control platform (SSMCP) was built. The SSMCP is divided into four layers: the
basic information layer for the background, the technology platform layer for the core processing, the
institutional protection layer for the guarantee mechanism, and the scene application layer for spatial
interactions. The results can provide a scientific reference for improving the sustainability of street
space and implementing a “smart cities” project at the street level.

Keywords: smart city; sustainable design; stock-based renewal; street design guidelines; China

1. Introduction

The evolution of the digital age brought about changes in smart technologies, giving
rise to efficient development in many fields worldwide, such as finance, the military,
ecology and environment, social and economic life, and so on [1]. In the field of urban
construction, the promotion of smart cities through smart technologies has broadened its
scope of application. Smart cities apply computing technology in urban planning and
construction management, such as cloud computing, big data, and spatial geographic
information, which make urban infrastructure more interconnected and efficient, while
empowering the government with efficient operation and management mechanisms, as
well as providing better living services for people [2]. As constructing a “smart city” is a
significant strategic opportunity, smart construction, the smart coordination of resources,
and the smart management of data has advanced rapidly in China [3]. In December 2015,
the China Central Urban Work Conference noted that urban renewal should conform to
the “new normal”, adhere to the concepts of “smart growth” and “stock-based renewal”,
and promote the transformation of urban development for connotative growth [4,5]. Smart
technologies should be focused on actively promoting the sustainable construction of urban
public spaces in relation to the aspects of health, safety, and livability [6,7]. Therefore, the
mode of enhancing the competitiveness of cities through smart technologies and sustainable
development has gradually reached a consensus [8]. Applying smart technologies to the
redesigning of urban space has become possible [9].

The use of smart technologies to realize stock-based development is gradually being
explored in China. The city information model (CIM) has been developed to serve as
the basis of smart construction [10,11]. The data-control platform elements present the
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characteristics of a giant system with multiple objects, departments, and levels [12]. Cur-
rently, there are several problems, such as urban data silos, single-data scenarios, a lack
of information technology [13], and unsound operation and management systems [14]. In
terms of street space, the application of smart technologies lacks theoretical support and
overall control of the whole-life cycle, and there is insufficient consideration of the concepts
of overall management and control, planning, and co-governance construction.

The city is a complex mega-system, with many sectors involved in the design of street
space [15]. Street space contains many elements, and street space management involves
many construction departments, as its functions are comprehensive and complex [16].
Research on developing smart street space in China began in 2016. Shanghai issued the first
city-level SDGs, which answered the questions: “what kind of sustainable streets should be
built?” and “what kind of smart technology should be applied?”. Since then, several SDGs
have been successively compiled and have continuously enriched the connotations of street
space according to local circumstances (Figure 1). However, the overall coordination of the
system of traffic, municipal pipelines, landscape, and urban furniture is unclear. As the
SDGs provide more explicit valuable concepts and mature technical support, using smart
technologies to build a comprehensive system has become an effective way to achieve
sustainable development. Promoting street renewal requires a robust and comprehensive
platform for the overall planning, design, and management of street space [17,18].

 
(a) 

 
(b) 

Figure 1. Spatial locations and timeline of SDGs in China ((a): spatial location; (b): timeline). Source:
by author on the basis of data from [19–24].
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In the context of smart cities, the use of smart technologies is becoming more widespread.
Following the achievements of China’s smart city construction and stock-based renewal,
this study demonstrated the validity and necessity of improving sustainability and quality
in street space based on analyzing SDG data. The SDG data obtained in this paper allowed
us to sort out the types, ranges, and methods of application of smart technologies in each
selected case. Meanwhile, in the process of analyzing data, some insightful details were
highlighted as figures. After comprehensive comparison, a summary of the applications of
various smart technologies, which was the theoretical basis as well, was created to present
the scenarios of application and technical equipment of SDGs. Based on those details and
the theoretical basis, a comprehensive platform was explored, which was the Smart Street
Management and Control Platform (SSMCP) (Figure in Section 3.3). This research aimed
to show an integrated real-case framework for a whole-life-cycle system based on street
space, which can be of significance for smart cities research in China in the future.

2. Methods and Data

2.1. Experimental Methods

The literature review method was used in this study to analyze the SDGs of typical
cities in China, and a qualitative comparative analysis method was used to build the
SSMCP framework. The literature review method is a systematic way of locating and
analyzing arguments. It can aid in formulating search strategies for different databases,
conducting systematic studies on a particular issue, and drawing conclusions. The literature
review method comprises four steps: question raising, literature determination, data
extraction, and presentation of conclusions [25]. In this paper, a sustainable perspective
on smart technology was proposed, and the retrieval object was determined to be the
SDGs of typical cities in China. The focal points of the SDGs were summarized via text
sorting. A qualitative comparative analysis method was then used to identify shared
attributes in the scientific information presented in the literature. Based on the essential
differences between different city development visions, the wholes and the parts that need
to be compared in each city were identified, and the sustainable development and smart
technology applications were summarized. This method ensured that the path of the
comparative analysis could distinguish the focuses and commonalities and the underlying
causal logic could be explored [26]. Based on the literature review and comparative analysis,
the framework of the SSMCP was proposed.

2.2. Experimental Data

The present study analyzed the SDGs of five typical cities in China. SDGs are spe-
cialized and systematic technical manuals and methods for guiding construction and
design [27]. Each of the five typical cities is endowed with unique themes and character-
istics (Table 1). As China’s capital city, Beijing assumes the function of a window onto
city life. To optimize the elements of street space, the SDGs put forward the requirements
for sustainable development as their orientation, and they highlight the value of delicate
design. Value transformation emphasizes a people-oriented priority; holistic management
and control; and diversified collaboration, coordination, and overall planning [28]. Shang-
hai is envisioned as actively responding to new urban construction and building a modern
city that is harmonious, livable, vibrant, and distinctive. It also advances the construction
goals of “prosperity and innovation, health and ecology, happiness and humanity”, which
lend a focus to transforming the mode of urban development and achieving endogenous
growth through organic renewal. To further implement harmonious and livable spaces,
the guidelines emphasize strengthening street design, improving service supply, and shap-
ing the city spirit [29]. Shenzhen promotes the general theme that “the core of the city
is people”. There, urban development is expected to adhere to the principle of moving
from “Shenzhen speed” to “Shenzhen quality”. Their guidelines indicate that urban re-
newal and ecological restoration should be carried out on the micro-level of street space
to improve urban quality. The development goal of “safety, vitality, beauty, wisdom, and
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green” is supported by smart facility planning and design [30]. Against the background of
stock-based development, Nanjing is committed to promoting the transformation of urban
development through urban design. The guidelines emphasize convenience and a sense
of the scale of streets as standards for measuring the degree of perfection. Focusing on
the goal of “building a modern international humanistic and green city”, the guidelines
highlight a “green, humanistic, smart and intensive” orientation [31]. Qingdao emphasizes
that the human living environment is the intrinsic driving force of urban development. The
guidelines introduce the four concepts of “people-oriented, spatial coordination, organic
integration, and system coordination”, which create an engine for sustainable street-level
development.

Table 1. Overview of the five typical cities. Source: by author on the basis of data from [19–24].

City Level Location Vision

Beijing Capital city Northern China Harmonious City of Sustainability

Shanghai
Province-level administrative city

Eastern China Prosperity, Health, and Happiness

Shenzhen Southern China From Speed to Quality

Nanjing Provincial city
Eastern China

Modern International Green City of
Humanities

Qingdao Sub-provincial city Humanization Design

3. Discussion and Results

3.1. Selected Case Studies on Smart Technology Application

The sorting of the selected cases was conducted, and all the smart technologies and
application scenarios were recorded. Some especially insightful applications from selected
cases were highlighted with figures.

3.1.1. Beijing

The Guidelines for the Urban Design of Beijing Street Renewal and Governance promote
the development of technology applications from the perspective of efficiency and sus-
tainability (Table 2) [19]. The guidelines propose that technologies are used for smart
transportation, and they advocate that signal light poles should hold some electronic
equipment (Figure 2a) and be integrated to save space. The guidelines present a vision of
multifunctional combinations of urban furniture, allowing that furniture to provide a more
comprehensive range of convenience services, such as newsstands (Figure 2b). In addition,
from the perspective of environmental monitoring, sensors on the streetlamp shades could
monitor the microclimate in real time by collecting various types of data, such as on air
pollutants, light intensity, noise, heat islands, etc. The sensors could also monitor the flow
of people and calculate signaling data to assess street vitality, ultimately giving feedback to
managers via wireless networks. The guidelines also suggest that street-level data could be
shared and first-hand information could be used for terminal analyses.

Table 2. The applications of smart technologies in the Beijing SDGs. Source: by author on the basis of
data from [19].

Application Scenario Object Purpose Description

Smart Transportation

Signal Light Pole Collect traffic data The poles carry sensors for traffic flow detection and
road hazard detection

Bus Stop Provide bus location
information

Build a bus information platform using big data to
provide bus arrival information

Vehicle Lane Improve driving
efficiency

Form a green-wave traffic zone via traffic-light
signals and dynamically add reversible lanes
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Table 2. Cont.

Application Scenario Object Purpose Description

Shared Bicycle Increase utilization Real-time control and regulation of bicycle location
and use through apps

Parking Lot Optimize parking
resources

Build a parking-fee system to realize parking-space
sharing

Comprehensive
Platform

Improve urban
efficiency Use of terminal data analysis for electronic warnings

Convenient Living

Public Art Installations Enhance interactions
Expand communications media, such as images,

sounds, smells, and tactile experiences through art
installations

Urban Furniture Provide self-service
facilities

Promote the installation of interactive information
systems in facilities such as newsstands, bus stops,
and garbage bins to provide retail, Wi-Fi, charging

piles, and other services

Smart Device Information sharing Information interaction between apps, parking
cloud platforms, delivery services, etc.

Environmental
Monitoring Streetlamp Shade Collect environmental

data
Monitor the local climate environment via timed and

photoelectric control equipment

  
(a) (b) 

Figure 2. Urban furniture design recommended in the Beijing SDGs ((a): light pole; (b): newsstand).
Source: by author on the basis of data from [19].

3.1.2. Shanghai

The Shanghai Street Design Guidelines state that new materials and technologies applied
in the street space should achieve sustainable development [20]. The sustainable construc-
tion of streets according to the guidelines can be summarized as relating to five aspects:
transportation, life, vitality and enrichment, safety, and the environment (Table 3). The
guidelines propose that the coordination of transportation facilities is more efficient in
facilitating residents’ mobility. As relates to the aspect of convenient living, the installation
of electronic-screen-realized multisource information dissemination and real-time release
of various city information is recommended. The guidelines also state that the consoli-
dation of municipal facilities into a facility belt should be encouraged (Figure 3). As an
improvement for life enrichment, some communications media were incorporated into
public art installations. The application of audio, video, and heat-sensing technologies
could improve self-protection. The use of interactive media, data terminals in urban furni-
ture, and multiple sensors achieve monitoring and management of the living environment.
The guidelines also propose that data should be collected and feedback provided so as to
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dynamically adjust urban activities via various smart technologies. The establishment of a
comprehensive smart city platform is also proposed to analyze different activities.

Table 3. The applications of smart technologies in the Shanghai SDGs. Source: by author on the basis
of data from [20].

Application Scenario Object Purpose Description

Smart Transportation

Signal Light Improve traffic
efficiency

Create a green-wave traffic belt and establish a
bus-only signal system

Bus Stop Provide bus
information

Make electronic station signs and provide an outlet
for passenger complaints and other services

Shared Bicycle Combined with public
transportation system

Obtain information on available bicycles through the
public transportation system and make reservations

for borrowing and returning bicycles

Parking Lot Optimize parking
resources

Establish a parking guidance and
parking-space-sensing system

Traffic Information
Panel

Improve information
coverage

Set up information terminals that can display all
kinds of traffic information and reduce dependence

on mobile phones

Convenient Living

Electronic Screen Provide handy
information

Use screens to provide information for daily life,
business, and medical care and to display security

and disaster warning information

Newsstand Provide life services Provide self-service retailing, charging piles, Wi-Fi,
express delivery, mobile payment, and other services

Garbage Can Reduce pollution
Use solar energy to compress the volume of garbage,

notify sanitation personnel of the transfer, and
provide recycling information

Municipal Facility Intensify space Encourage “multipurpose for one pole and box” and
control the occupied proportion of facilities

Life Enrichment Public Art Installations Increase street vitality
Expand communications media, such as images,

sounds, smells, and tactile experiences through art
installations

Protection of
Vulnerable People

Audio and Video
Surveillance
Equipment

Maintain security

Establish an analytical platform to automatically
identify special situations and establish an early
warning system for natural disasters via audio,

video, and heat-sensing technologies

Emergency Callbox Focus on the needs of
vulnerable people

Provide signal sound alerts at intersections and set
infrared sensor alert devices at pedestrian crossings

Environmental
Monitoring

Streetlamp Shade Collect environmental
data

Load with sensors for the real-time monitoring of
noise, air quality, and temperature

Green Irrigation
System Save water Dynamic adjustment of irrigation time and volume

through humidity sensing

3.1.3. Shenzhen

The application of smart technologies in Shenzhen’s SDGs is reflected in smart trans-
portation, convenient living, the protection of vulnerable people, and environmental mon-
itoring (Table 4) [21,22]. In terms of smart transportation, the guidelines state that tech-
nologies such as radar and geomagnetic induction could be used in signal light poles to
record the spatial and temporal characteristics of people and vehicles in traffic. In regard
to convenient living, the guidelines propose the concept of a smart life micro-hub, which
could provide customized demand services (Figure 4). Considering vulnerable people, the
feasibility of providing protection could be enhanced through the application of infrared
thermal imaging facilities and sound devices. Regarding environmental monitoring, the
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guidelines recommend comprehensive monitoring via environmental sensors, and data
density in key areas should be strengthened.

 
Figure 3. The integration modes of street space noted in the Shanghai SDGs. Source: by author on
the basis of data from [20].

Table 4. The applications of smart technologies in the Shenzhen SDGs. Source: by author on the basis
of data from [21,22].

Application Scenario Object Purpose Description

Smart Transportation

Signal Light Pole Record human and
vehicle data

Use radar, geomagnetic and thermal sensing,
satellite positioning, IoT, and other technologies to
record information on the flow of people and the

type and number of vehicles

Composite
Transportation System

Establish a barrier-free
travel system

Customize travel needs for elderly, sick, disabled,
and pregnant people, and implement the overall
design in conjunction with barrier-free facilities

Traffic Information
Panel

Provide traffic
information

Build a comprehensive traffic search panel and
provide bus, subway, train, plane, and ferry

information

Convenient Living
Smart Life Micro-Hub Improve work

efficiency

Use smart life micro-hubs to customize the
shift-level connection of life services for office

workers based on travel demands and to coordinate
the connection of office, shopping, and other

activities with transportation information

Urban Furniture Provide life services Newsstand equipped with charging, Wi-Fi,
shopping, and other functions

Protection of
Vulnerable People

Underpass Reduce crime rates Provide a responsive space in urban underpasses
with lights and sounds to improve safety

Safety Devices Improve safety at
street crossings

Use infrared thermal imaging facilities to monitor
the trajectory of pedestrians; add ground signals and

intelligent road studs to ensure pedestrian safety

Sound Devices Protect the visually
impaired

Visually impaired people can identify the signal by
sound, and the volume is automatically adjusted

according to the ambient noise

Environmental
Monitoring Streetlamp Shade Collect environmental

data
Monitoring of air pollutant data, noise, temperature,

humidity, wind speed, and key pollution sources
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Figure 4. Smart life micro-hub system created in the Shenzhen SDGs. Source: by author on the basis
of data from [21,22].

3.1.4. Nanjing

The Nanjing Street Design Guidelines apply smart technologies to the areas of smart
transportation, convenient living, and the protection of vulnerable people (Table 5) [23].
They also present the idea of an information platform that could share data on these
application scenarios (Figure 5). The guidelines propose transportation solutions, such as a
bus corridor, green-wave transportation, a parking guidance system, and transportation
hubs to improve the efficiency of urban transportation. As relates to convenient living,
urban furniture should be designed to achieve sustainable development functions, such as
energy saving, a low carbon output, and self-sensing using loading sensors. Furthermore,
the guidelines present methods to improve safety at street crossings for vulnerable people
by implementing audio and infrared induction prompters.

Table 5. The applications of smart technologies in the Nanjing SDGs. Source: by author on the basis
of data from [23].

Application Scenario Object Purpose Description

Smart Transportation

Bus Corridor
Improve the efficiency

of public
transportation

Allocate bus corridors on main traffic roads and
establish bus-only signal systems

Traffic Surveillance
System Collect traffic data

Set up traffic monitoring facilities near road
intersections to achieve the comprehensive

management of traffic flow

Convenient Living

Streetlamp Save energy Encourage the application of inductive sidewalk
streetlights to provide targeted lighting

Bus Stop Provide weather
information

Bus stops display weather forecasts and provide
travel guidance

Newsstand Provide life services

The newsstand introduces multimedia data
terminals to accept queries and provide street and
surrounding information, and it is equipped with

Wi-Fi, transitioning to media information terminals

Protection of
Vulnerable People Signal Light Improve safety at

street crossings

Add signal-light sound prompts, infrared induction
prompting devices, and rescue facilities for

vulnerable people
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Figure 5. The framework of the information platform presented in the Nanjing SDGs. Source: by
author on the basis of data from [23].

3.1.5. Qingdao

The Qingdao Street Design Guidelines propose a method for extracting urban information
using smart technologies to promote street management’s transformation toward a more
sustainable orientation (Table 6) [24].

Table 6. The applications of smart technologies in the Qingdao SDGs. Source: by author on the basis
of data from [24].

Application Scenario Object Purpose Description

Smart Transportation

Intelligent Cloud
Computing Platform

Improve traffic
efficiency

According to the human and vehicle flow data, the
dispatching of buses and taxis, online car hailing,

rail transit, and static parking can be carried out by
the intelligent cloud computing platform

Signal Light Provide green lanes for
special vehicles

In the event of an emergency, the signal light uses
traffic flow data to automatically allocate time to
customize green lanes for ambulances and fire

engines

Convenient Living

Oblique Photography
Technology

Collect information on
the physical spaces of

streets

Oblique photography technology can be used to
collect street morphology and color data for analysis
of landscape corridors and city skylines to create a

higher quality of life

Portrait Technology Improve business
vitality

POI data can be used to analyze the advantages of
street businesses and business models and to

analyze the characteristics of the crowd for portrait
technology, so as to match to commercial business

and stimulate consumption

Electronic Information
Screen

Provide information
for queries

Electronic information screens can provide all types
of life information

Newsstand Provide life service Newsstands can add self-service retail, charging
piles, and express services

Protection of
Vulnerable People High-density Sensors

Optimize information
dissemination

channels

High-density urban data sensors can be used to
perceive changes in the city’s micro-environment, to

predict future spatial and temporal development
trends, and to establish an early warning

information system to warn the city of accidents,
disasters, and public health emergencies

The guidelines propose that traffic scheduling should be carried out based on the
spatial–temporal characteristics of human and vehicle flows and should be supported by
an intelligent cloud computing platform. As to convenient living, the guidelines point out
that technologies such as oblique photography and portrait technology should be used to
collect basic urban information (Figure 6). The guidelines also promote the design of smart
electronic screens, and they advocate a combined functional structure for urban furniture to
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improve life services. In consideration of vulnerable people, high-density coverage sensors
were proposed so as to optimize information dissemination channels.

 

Figure 6. Business activity measurement portrait system in Qingdao. Source: by author on the basis
of data from [24].

3.2. Summary of Various Smart Technologies in SDGs

In summary, the applications of smart technologies to achieve sustainable develop-
ment in each of the SDGs mainly concentrate on five aspects: travel and transportation
information, the convenient integration of residents’ lives, improvement of the vitality
of public facilities, protection of disadvantaged groups, and real-time monitoring of the
living environment (Table 7). The raw data of selected cities on the application of smart
technologies in the SDGs are shown in Tables S1–S5 in the Supplementary Material.

Table 7. Summary of smart technologies for sustainable development in the SDGs. Source: By author.

Application Scenario Concept Purpose Technical Equipment

Smart Transportation To create stable transportation
and intermodal hubs

Creating a green-wave traffic belt for
traffic-flow dispatching. Sharing

static traffic space and forecasting
traffic data

GPS, electromagnetic
induction devices, electronic
touchscreen technology, big

data, app terminal, IoT

Convenient Living To disseminate urban
information

Integrating urban information and
public resources

Wi-Fi, unmanned self-service
system, smart space

Life Enrichment To create sensory interactions
in street spaces

Allowing people to interact with
public spaces and creating

enrichment value

Social network analysis,
wearable technology, VR

Protection of
Vulnerable People

To provide a channel to call
for help in case of disasters

and crimes

Improving the coverage of the
surveillance system, enhancing the
convenience of calling for help, and

optimizing alarm analysis

Thermal sensing device,
machine dialogue, cloud

platform

Environmental
Monitoring

To monitor the street
environment and collect data

Equipping urban furniture with
low-carbon and energy-saving

equipment and realizing multisource
information collection and

environmental self-assessment

Weather probes, noise sensors,
solar panels, information

terminals, automatic irrigation
sensors

(1) Smart transportation technology focuses on the scheduling of multiple types of ve-
hicles via traffic flow data and feedback to the platform. Based on the collection of
traffic flow data, smart technologies can create an urban green-wave transportation
and transport hub and build a static traffic guidance system.

(2) In terms of convenient living, smart technology recommends the installation of multi-
source, interactive equipment in the urban furniture and advocates for more combined
and functional furniture and facilities compatible with the necessities of everyday life,
and it strives to handle daily business at the office building or home at any time.
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(3) The vital improvement of street space is created via art installations that employ
listening, seeing, smelling, and tactile elements. Their wireless networks could collect
interactive information from more comprehensive sources and use the portrait to
propose targeted strategies.

(4) For the protection of the vulnerable, smart technology can be implemented via thermal-
sensing prompts and road studs at crossing facilities, and convenient urban furniture
can be set up so vulnerable people can call for help, relying on real-time alarm-system
monitoring and a one-button alarm device and by using tracking sensors to provide
more comprehensive alarm information.

(5) The collection of environmental monitoring information is mainly based on detection
and interactive sensors. Smart vehicles have been designed on the principles of low
carbon emissions and convenience. These collect and upload urban environmen-
tal data to the platform for analysis and use touchscreen media to achieve timely
feedback.

3.3. Smart Street Management and Control Platform

The Smart Street Management and Control Platform (SSMCP) (Figure 7) consists
of four layers: the basic information layer, technology platform layer, scene application
layer, and institutional protection layer. The selected cases presented valuable techniques,
development trends, and space demands, which could contribute to SSMCP development.
For example, Figures 2–4 are linked to the basic information layer and the scene application
layer, which propose methods to acquire data, equip sensors, interact with people, and
apply technologies. Figure 5 is linked to the technology platform layer, which presents the
idea that a comprehensive information platform should be built to serve the whole city;
the platform should be consistent, allowing some technologies to be supported and some
functions to be realized. Figure 6 is linked to basic information layer, which shows some
methods to record urban statistics as urban basic information.

 

Figure 7. The SSMCP for chinese cities. Source: by author.

3.3.1. Basic Information Layer

The basic information layer collects data maps from multiple departments. The
project’s planning–construction–management process (whole-life cycle) must gradually
promote linkages among departments, which can improve the efficiency of interdepart-
mental work in practice. A population database and vehicle ownership data are collected
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and updated based on the urban spatial information census data in this layer. Based on
the relevant exceptional safety technical specifications and existing research, this layer
enriches data lists and supports subsequent technical operations. The improvement of data
collection provides strong support for city managers to make decisions. In practice, the
collection of data can rely on various types of sensors equipped in the streets, and new
methods can be applied to achieve it. As presented for previous SDGs, urban data can
be captured from basic surveys, transportation statistics, and records on public services
and the environment. Among these, radar, photography, and portrait technologies can
contribute to measuring various types of basic information.

3.3.2. Technology Platform Layer

The technology platform layer is the core layer of the whole construction. Smart
technologies in the street space are the carriers of information processing and exchange,
as well as sharing and collaboration. The control media consider four scenarios: personal
safety, travel transportation, life convenience, and the urban environment, which are
scenarios for interactive responses and data collection in daily life. The data accessed from
control media, together with the basic information from the upper layer, are sent to the
scene interaction for a series of operations including data insertion, data management, and
data analysis. These three operational processes are supported by big data, IoT, GPS, cloud
computing, wearable technology, and other technical devices. According to the actual
situation of each city, it is important to set different goals in management scheduling to
achieve efficient operation on the streets. Based on the results produced by the above
process, they are linked to the next layer in the scene feedback for presentation. In general,
the information generated by residents’ participation in street activities is calculated in
the corresponding media. With the basic information layer as a reference, the data are
accessed, managed, and analyzed through the smart analytic platform. This layer can
conduct analysis, automatically identify abnormalities, and realize the supervision of data.
It is also the pre-processing stage of the scene application layer.

3.3.3. Institutional Protection Layer

The institutional protection layer guarantees the structure of the SSMCP from the
perspectives of departmental coordination and multisubject participation. This layer
is promoted by compiling corresponding documents, which also clarify the authority–
responsiveness relationship and define the implementation and maintenance subjects
for each layer of the platform. This layer establishes a multi-departmental and whole-
process guarantee mechanism and improves the protection of specification documents,
which in turn realize the operation and management of the whole SSMCP, and, finally, it
achieves the goals of data collection, platform processing, rapid response, and collaborative
feedback. Departmental coordination enables data sharing, technological cooperation, and
the establishment of data framework, converged government, enterprise, and education
institutions to achieve multi-subject participation, and enriches the types of guideline
manuals used in academic research.

3.3.4. Scene Application Layer

Based on scenario feedback from the upper layer, the activities occurring in the street,
the needs and possibilities of the current operation, and the final effects of the feedback are
all expressed in the scene application layer. Consistent with the scenario types accessed
from the control media, this layer presents the results through the same scenarios: safety,
transportation, life, and environment. Security is represented by safety reminders and call-
ing facilities in all kinds of urban furniture. The efficiency of mobility is optimized through
the dispatching of vehicles and the prediction of traffic information. People can improve
their quality of life based on the services they need. Feedback on the environment opti-
mizes the efficiency of sanitation, greening, and other related departments and promotes
sustainable development. This layer allows various smart technologies to be demonstrated,
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and residents are able to experience how the scenarios of safety, transportation, life, and
environment are realized in the streets. Through the residents’ interactive experience, all
kinds of facilities are connected to smart technologies and daily needs. Therefore, this layer
can provide the most realistic picture of the SSMCP after being implemented in the street
space. This layer could also visually demonstrate how the residents access a variety of
smart technologies and how they fulfill their needs more sustainably.

4. Conclusions

Previous studies about smart cities have tended to be theoretical research, with less
exploration of real cases. This paper studied the smart technologies of the street space.
By sorting out the applications of smart technologies in several SDGs for five cities in
China, the applications were categorized into five areas: smart transportation, convenient
living, life enrichment, the protection of vulnerable people, and environmental monitoring.
Then, to optimize the application of smart technologies, the SSMCP was explored. The
SSMCP compounds the three functions of monitoring, controlling, and serving streets to
create smart, efficient, vibrant, and safe streets. A response mechanism was constructed
to enable data interaction, platform processing, and terminal feedback via four media,
which included safety, transportation, life, and environment. Under the institutional
protection of the system, the platform can improve the efficiency of data sharing and
business collaboration among departments and enhance the sustainability and intelligence
of the processes of “urban planning–construction–management” and holistic service. Smart
technologies were used in the SSMCP to achieve street control, environmental management,
and greater livability.

This conceptional and comprehensive framework for street space provides smart cities
projects an actionable case and lays a foundation for future smart city advancement, which
can be seen as a sample of smart city construction in practice, and can provide an original
idea for a real street management platform in the future. The SSMCP could contribute to
stock-based renewal and sustainable development, and the study could provide a reference
for the implementation of smart cities in street space.

Because the selected cities were limited, it was not possible to summarize all the SDGs
in China and all types of smart technologies according to region, and there was no section
to illustrate how the SSMCP works in a certain city. Thus, in future studies, it is necessary
to take more areas into account, to expand the scope of study, and to consider a practical
example to explain the details.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/su15043438/s1, Table S1: The applications of smart technologies
in the Beijing SDGs; Table S2: The applications of smart technologies in the Shanghai SDGs; Table
S3: The applications of smart technologies in the Shenzhen SDGs; Table S4: The applications of
smart technologies in the Nanjing SDGs; Table S5: The applications of smart technologies in the
Qingdao SDGs.
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Abstract: Oman is considering adopting the latest e-governance technology, including Blockchain-
based. While much research was conducted into the benefits and risks of Blockchain-based in
information systems and finance fields, fewer researchers investigated the opportunities and risks
associated with adopting Blockchain-based frameworks for governance and public administration,
especially in highly bureaucratic, centralized rentier states, such as Oman. As the first phase of an
exploratory sequential mixed-methods study, our purpose was to identify key governance problems
in contemporary Oman and analyze each problem against evidence drawn from the relevant parts of
the Blockchain-based and e-governance literature to evaluate the potential utility, risks and limitations
associated with adopting block-chained e-governance solutions in the Sultanate. Our initial results
indicate that there are advantages for states, such as Oman, from being an early mover into block-
chained e-governance systems, including greater cost efficiency, drastically improved accuracy and
reliability of information systems, transparency and accountability of public services, and an upgrade
in the overall level of legitimacy and public trust in the institutions of governance. However, more
research into the risks related to reconciling block-chained systems with the dynamics of labor, tax
reforms and centralized authority in a rentier social contract is required.

Keywords: e-government; governance; blockchain technology; social contract; development; rentier
states; Oman

1. Introduction

Oman is an oil-exporting rentier state undergoing significant economic and political
transformation in the early 2020s. Oman’s governance model, built on a large and frequently
inefficient public sector, proved increasingly problematic in the context of an urgent need to
diversify its economy and mitigate its exposure to volatile global oil prices. This imperative
to reform the rentier model in Oman and in other similarly positioned Gulf states, such as
Bahrain, touches upon the very nature of the rentier social contract, which since the 1970s
resembled the Hobbesian ‘Leviathan’ where the centralized state mediates all aspects of a
stable bargain between the rulers and the ruled. In this vein, the technology of blockchain
envisaged by Satoshi Nakamoto as a platform for a stateless and fully decentralized crypto-
currency, bitcoin, seems antithetical to the rentier state. However, are the rentier ‘Leviathan’
and ‘Nakamoto’ really irreconcilable?

The main purpose of this study is to discover whether there is potential for centralized
rentier states, such as Oman, to benefit from the latest blockchain technologies in terms
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of enhancing, supplementing, or reforming their current governance systems. Towards
this end, our objectives are fourfold: (1) to identify specific areas of Oman’s public admin-
istration and governance that are considered challenging or problematic from a national
perspective; (2) to contextualize each of these issues in relation to Omani conditions and re-
quirements; (3) glean from international studies whether there may be advantages to Oman
from adopting blockchain solutions to the identified governance problems; and (4) gain an
impression of the Oman government’s outlook on blockchain solutions to governance and
public administration issues. First, it is necessary to provide some brief background to the
quite unusual case of Oman.

In the late 1960s, the Sultanatse of Oman, located in the southeast Arabian Peninsula,
lacked any comprehensive governance systems across its territory. In fact, the ruling sultan,
Saïd bin Taimūr al-Saı̄d, often struggled to extend effective governance beyond his palace
walls [1]). Subsequently, oil wealth and stable, comprehensive governance under the
next sultan, Qabūs bin Saïd al-Saı̄d (r.1970–2020), propelled human and infrastructural
development projects forward at breakneck speed [2]. Oman came to represent a model oil-
exporting rentier state with a highly centralized governance structure and a well-coopted
polity [3]. Much like the other Gulf Cooperation Council (GCC) states, the nature of the
social contract in Oman became based on citizens’ expectations of abundant public sector
employment, generous subsidies, cheap expatriate labor and zero income tax. In return, the
task of governance was left to the discretion of the Sultan and his ministerial appointees.
Whilst oil income remained sufficient, this social bargain between state and citizen was
stable and, in fact, provided a somewhat efficient model for rapid decision-making in the
development of a modern and unified state.

In the early 21st century, the Omani social contract started to buckle. In 2011 social
unrest broke out over perceived uneven distribution of oil-wealth and a lack of transparency
and accountability in governance. These social and political pressures were exacerbated by
the collapse of global oil prices from mid-2014, which caused substantial budget deficits
throughout the rest of the decade [4]. Most importantly, the long stable era under Sultan
Qabūs came to an end with his death on 10 January 2020 and a transfer of power took
place with Qabūs’ paternal cousin, Haitham bin Tariq al-Saı̄d, appointed as the new sultan.
Despite a smooth transition of power, the sustainability of the highly centralized rentier
social contract remains in question. The main components of the old rentier bargain—public
sector jobs, subsidies, and zero-taxation—are no longer viable options over the long run [5].

Oman, and similar rentier states, seek to pivot to a new post-oil social contract that can
provide continuity of stable governance and development, the question is what options are
available? This article explores the potential for Oman to shore up its governance systems
by introducing state-of-the-art blockchain technology within new comprehensive, resilient,
and efficient e-governance systems. For countries, such as Oman, that are searching for
innovative solutions to pressing governance problems, a strategy involving blockchain
holds significant potential in terms of efficiency, transparency, security, cost, and trust
(legitimacy); however, there is also a magnitude of risk as it remains a little known and
largely untested technology, especially in the context of an absolute rentier state.

The questions posed in the study are: what are the current governance issues facing
Oman and what possible solutions are available within blockchain-based e-governance
technologies? In addressing these questions, this paper presents an exploratory review of
one critical case in an emerging broader question regarding the convergence of decentraliz-
ing digital technologies and their potential role in good governance, and the governance
issues faced by highly centralized states with extensive (often inefficient) public sectors. As
such, this paper seeks to highlight the types of governance issues such states face and to
lay the groundwork for further targeted, quantitative enquiries into whether blockchain
would, indeed, help address challenges to good governance in highly centralized states
seeking reform.

The following sections will proceed as follows. Section 2 presents a review of the
literature, Section 3 presents the research methodology, and Section 4 outlines the general
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features of blockchain technology and its application to governance. Section 5 presents
the results of our survey of the current governance issues facing the Sultanate of Oman.
Section 6 discusses current perspectives towards blockchain solutions based on an interview
with a top policymaker in Oman. Section 7 discusses possible blockchain solutions and
some risks to the identified governance issues. The conclusion sums up the overall findings
of the study.

2. Review of the Literature

Scholarly literature on the various applications, implications and impacts of blockchain
technology is growing. Blockchain is often defined as a distributed public ledger, which
forms a secure chain of ‘blocks’ to store and manage data and facilitate peer-to-peer
transactions [6–11]. The various benefits of managing information and transactions via
blockchain were widely studied, for instance, in terms of decentralization, anonymity,
auditability, persistency and security [6,8,12,13].

Researchers argued that blockchain can upgrade government authority and gover-
nance by enhancing levels of public trust in governance systems [14–16] increasing effi-
ciency and decreasing the costs [6,17,18]. Conversely, other studies examined the risks of
blockchain as a challenge to state authority and legitimacy [19–23]. This aspect is especially
important to explore in terms of developing countries with shorter histories of institutional
and constitutional entrenchment, such as Oman and other Gulf states.

A highly relevant trend for us in current research is the study of ‘smart cities’, which ex-
plores the potential for blockchain technology to support sustainable, efficient, transparent,
and democratic public administration for evolving 21st-century urban conglomerations,
especially in the rapidly urbanizing and developing global south [24–26]. A significant
aspect of the ‘smart city’ literature relevant to our study was the finding that blockchain
and similar technologies, while tempting for policymakers as ‘temporary solutions’ to
governance challenges, are not necessarily ‘short term’ quick fixes for addressing ‘deep-
seated structural issues’ and cannot replace genuine ‘governance transformation’ where it
is required [25]. In addition, Praharaj, Han, and Hawken [25] make another important point
regarding the persistent gap between creating digital infrastructure in the hope that it will
engage people in civic deliberation and genuine promotion of active political-participant
populations (2018); something that Almond and Verba (1963) described in their seminal
study, The Civic Culture as far back as the early 1960s [27]. In fact, new data show that
greater access to ICT infrastructure does not necessarily correlate to increased levels of
civic culture and that ICT technology is primarily being used for other purposes, such as
entertainment [24].

However, much of the evidence presented in the ‘smart city’ literature focuses on
municipal-level governance and in democracies, including the world’s largest democracy
India [24,25]. Fewer studies explored the feasibility of blockchain technology implementa-
tion at national level by central governments [28]. Fewer still explore blockchain potential
in highly authoritarian or rentier-state settings, such as Russia [29], Dubai [30,31], and the
wider Middle East [32].

To what extent Oman’s governance issues can be solved by new technologies, such as
blockchain, is not shown in the existing literature. Several studies focused on the quality
of e-government services being offered in Oman, including the widespread adoption of
mobile applications for public interactions with government agencies [33], and the overall
challenges of adopting e-government solutions in the Sultanate [34]. To our knowledge,
there were no studies broadly surveying the potential benefits of blockchain for governance
and public administration in Oman, which we found surprising and motivated us to
address this gap.

3. Research Methodology

The method for this study constitutes the first phase of an exploratory sequential
mixed-methods design [35]. This social science method involves two research phases. The
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first phase is an open-ended qualitative exploration to inductively identify key themes
in a topic area. The second phase involves the extraction and analysis of data related to
those themes in relation to a set hypothesis. In this review paper, we present results from
the first exploratory phase of this method where we discovered those areas where further
quantitative enquiry into blockchain solutions to Oman’s public governance problems
is required.

Our primary source of data for this exploratory review was taken from contemporary
international, regional (Gulf) and national news media. (These included Reuters, Al Jazeera,
Arab News, Haaretz, Gulf News, Oman Observer, Muscat Daily, Times of Oman.) However,
given Oman’s low profile in international and regional media outlets, it was necessary
to derive most of our data from local Omani media in order to gain a sufficiently deep
sample of specific governance issues in the Omani context. Moreover, the Omani media is
reactionary; this means that while it is a ‘guided media’ and controlled by strict publication
laws—Omani media tends to be cautious and self-censoring to ensure compliance with
Royal Decree No. 49/84, which promulgated the Publications and Publishing Law (1984)—
local media tends to respond to trends of public opinion to (1) test possible public reactions
to upcoming policy changes (via social media), and (2) respond to those public reactions
once policies are announced/implemented. This understudied media dynamic is partly
due to the lack of open channels for political participation in Oman, something that the
first author of this study observed over several years inside the country. As a result, Omani
media, including privately owned outlets, tends to reflect the agenda and perspective of
the government and reveals the policy issues important to the public, which allowed us to
discover important issues from the public policy and governance points of view.

More specifically, we used local media over external international sources because
the Omani media naturally provided more coverage of local affairs. We, therefore, used
available regional and international news, and targeted the main private newspaper in
Oman, Times of Oman, which publishes news in both English and Arabic, for the bulk of
our data. (We also considered the Muscat Daily and Oman Observer newspapers; the latter
is operated by Oman’s Ministry of Information.) A dataset of 450 news articles, broadly
related to the public sector and governance, was compiled from 2018 to 2020, inclusive.
This dataset was then filtered down to 149 articles that directly addressed current and
potential problems in the execution of public governance in the Sultanate. From this filtered
sample, we quantified several discrete themes relating to issues of public governance that
are deemed problematic or require solutions. The results provided us with 10 categories
ranked from the most frequently reported to the least. Of the filtered sample of 149 articles,
29% focused on the general area of economic, social, and political pressures in general.
The most frequent specific issues related to the following: public sector reform and e-
services (15%); issues of employment (15%); and taxation (12%). Other issues included
public healthcare (8%); education (7%); elections and e-participation (5%) (see also Shaikh,
Ahmad, Khan, and Ali, 2021); corruption, fraud and attestation of documents (5%); and
reforms to public subsidies, such as energy and utilities (4%). In addition, one article
mentioned land information (Table 1).

Table 1. Frequency of references to governance-related issues in news media, 2018–2020.

Rank Governance Issue n Fraction of Full
Sample (n450)

Fraction Filtered
Sample (n149)

1 Economic/political/social pressures 43 0.10 0.29
2 Public sector reform and e-services 22 0.05 0.15

3 Employment: expatriate labor management,
Omanization, automation 22 0.05 0.15

4 Taxation reforms 18 0.04 0.12
5 COVID -19 Pandemic and Healthcare 12 0.03 0.08

6 Educational Changes- online delivery (partly
caused by Covid-19) 10 0.02 0.07
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Table 1. Cont.

Rank Governance Issue n Fraction of Full
Sample (n450)

Fraction Filtered
Sample (n149)

7 Elections and e-participation 8 0.02 0.05
8 Corruption, fraud and attestation of documents 7 0.02 0.05
9 Government subsidy reforms 6 0.01 0.04
10 Land information 1 0.002 0.007

Source: Dataset compiled by the authors, 2018–2020.

These results determined the specific governance issues upon which we would con-
centrate our study. We decided, however, to omit ‘economic/political/social pressures’
(ranked 1) due to its generality. We also left out ‘Educational changes’, (ranked 6) as it was
an area subject to complex and fluid changes in 2020 because of the COVID-19 pandemic
and, therefore, better addressed separately by later studies. We also omitted land infor-
mation due to its limited impact on the media discourse in the period under observation.
(The authors note, however, that land information, despite its lack of attention in media
indicated in this study, is an area of interest for potential future blockchain solutions due
to issues related to the government allocation of land parcels to Omani nationals and a
decline in the availability of arable land [36]. We addressed the remaining seven specific
governance issues in Oman in relation to the international literature connected to each
specific issue in terms of potential blockchain solutions.

Finally, we managed to obtain permission to interview the senior Omani official
broadly responsible for the implementation of e-governance systems, including blockchain
technology in the Sultanate: the Undersecretary for Communications and Information
Technology at the Ministry of Transport, Communications, and Information Technology,
Dr Ali Al-Shidhani. The resulting high-level insights give a snapshot of how Oman is
positioning itself regarding new information systems technology in e-governance. The
resulting data provide a useful departure point for further quantitative and mixed-methods
research into blockchain-based e-governance solutions in Oman, and further targeted
interviews at the relevant ministries and agencies.

It is also important to note that the political and economic system in Oman is defined as
an oil-exporting rentier state, which means that the generalization of our results is perhaps
limited to other similar cases in the Arab Gulf, which have similar historical experiences
and similar trajectories of socio-economic and political development, as well as a need for
reform. This unique regime type and its convergence with new technology are discussed in
the next section.

4. Blockchain Technology and Oman’s Social Contract: ‘Leviathan’ Meets ‘Nakamoto’

The idea of a stable social contract encompassing the entire territory of a nation-state
was first articulated in the works of Thomas Hobbes (1588–1679) [37]. Hobbes’ pessimistic
view of human nature concluded that escaping the ‘brutish state of nature’ required estab-
lishing an all-powerful sovereign—the Leviathan—which provided the bedrock for secure
and stable governance [38]. Oman’s modern social contract, which dates from the mid-1970s
until the present, resembles Hobbes’ Leviathan. Sultan Qabūs reflected the all-powerful,
‘benevolent leviathan’ around which political order and governance were constructed
within a unitary and highly centralized national framework funded by oil revenue.

The rentier system and subsequent centralized governance structure of modern Oman
would seem to be the antithesis of the ideas presented in the 2008 white paper by the
mysterious figure known as ‘Satoshi Nakamoto’. Nakamoto imagined a fully decentralized,
de-territorialized framework for exchange, asset protection, and the upholding of contracts
via blockchain technology and bitcoin [39]. This obvious polarity would logically suggest
that an absolute rentier state, such as Oman, should not be able to coexist with a fully
decentralized technology based within a libertarian, almost anti-statist, philosophy. Hence
Nakamoto would be perplexed by the enthusiastic adoption of blockchain by an authoritar-
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ian state, such as the United Arab Emirates, for instance, who in April 2018 announced the
Emirates Blockchain Strategy 2021, which involved moving fifty per cent of its government
transactions onto blockchain [40].

There is an important convergence between Hobbes and Nakamoto, however. Both
rested their ideas on an assumption that there is an essential lack of trust between individu-
als. For Hobbes, this necessitated surrendering individual autonomy to a ‘social contract’,
that allowed individuals to escape the ‘state of nature’ by joining an all-powerful state
(leviathan), which would serve as the intermediary between distrustful individuals, in
terms of creating secure transactions in an orderly society. Nakamoto agrees with Hobbes
regarding the essential lack of trust between individuals but goes a step further to also
identify the flaws in the state, as it is ultimately made up of, or dominated by, self-interested
individuals or the autonomous interests of the state [39]. Hence, there is a need to create
an infallible technology (blockchain) that can govern peer-to-peer interactions without
the need for a human third party. The lack of trust between nodes in a blockchain, which
must be managed by consensus protocols, is referred to in the blockchain terminology as
‘byzantine behavior,’ [11], which perhaps underlines the ‘realist’ nature of blockchain as
opposed to liberal ideals of cooperation in political terms. Essentially, ‘Leviathan’ and
Nakamoto have different means to the same end, a socially or technologically constructed
framework to create secure transactions in a world of trust scarcity. Hence, we should
be less surprised by the interest of authoritarian states in blockchain, but it remains to
be seen how the convergence (or divergence) of state-based and technology-based trust
will develop.

5. What Is Blockchain and How Can It Be Used for Governance?

Comprehensive, up-to-date, and accessible surveys of the state of the art of blockchain
technology are available [11,26], so it is unnecessary to include these details here. Instead,
we provide a brief overview of the technology and how it can be used for governance.
Blockchain consists of ‘blocks,’ or digital ledgers, that are ordered and contain the records
of all transactions occurring in a blockchain network. These blocks contain a timestamp,
hash, and record of transactions. The blocks are connected through the previous block’s
hash. The cryptographic hash ensures the integrity of data stored in these blocks. However,
the verification of a transaction is performed through a consensus algorithm by parties
known as ‘miners’. New transactions are added to the block after verification. Every node
of the blockchain network has a copy of that block. Moreover, every transaction is signed
by its owner’s private key, which prevents the risk of duplication, or double spending in
the case of cryptocurrency [41,42].

To illustrate via the cryptocurrency Bitcoin; when user A wants to send a transaction
to user B, it is signed by user A’s private key and broadcast to every node in the network
for verification. These nodes (miners) verify the transaction according to the rules of the
consensus algorithm (proof of work). The miners provide authority to check the signatures
on the transaction and account balance of user A. For this process, miners must solve
the complex mathematical puzzle and create a new block. The created block is sent to
each node in the network. These nodes check the validation of the created block and then
add it to the chain of blocks. In the end, user B receives the transaction, as illustrated
in Figure 1 [43,44]. The entire process may be complete in a matter of seconds, without
being diverted through any central or mediating actor, such as a central bank, financial
institution, or other regulatory body. Blockchain technology is already finding application
in trading, supply chains, agriculture, real estate, health management and, increasingly, in
e-government [15,16,42,45].
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Figure 1. Blockchain Working Process.

In general, blockchain technology can be in public, private or consortium forms. The
form implemented is entirely dependent on organizations and business requirements.
Firstly, in a public deployment of blockchain, any participant can participate in the mining
process, and transactions are validated anonymously. In other words, in public blockchains,
the information is transparent to all the nodes in a network. With such transparency, this
type of blockchain is secure because of the consensus algorithms. Bitcoin and Ethereum
are the most famous examples of public blockchains. There are many applied examples of
public blockchain in e-government. For instance, digital identities are used in e-government
platforms for transaction purposes. A digital identity is a single identity assigned by the
government to each citizen. Digital identity is extracted from the citizen’s birth certificate,
and transmitted and stored digitally. In this case, public blockchain is used to control,
authenticate, and verify individuals’ identity [46].

On the other hand, a private blockchain allows only specific users to enter the network.
It has control over the access of keys and transaction requests. A private blockchain
is more vulnerable to attack compared with a public blockchain. It requires payment
for deployment and is more centralized than the public blockchain. Nevertheless, the
private blockchain structure is adopted by many business and government organizations.
The Dubai government, for instance, administers its house rental project through the
Hyperledger private blockchain [30].

The third type of blockchain is a consortium, a hybrid of both public and private
blockchain properties. The consortium blockchain is implemented in an electronic certificate-
sharing system to achieve privacy and auditability over cross-border government ser-
vices [47]. A privacy-preserving, consortium-based e-government infrastructure is closed
and designed to share information among its stakeholders. A specific number of preselected
nodes are allowed to work as users to validate the transactions. In an e-government con-
sortium blockchain, each selected user has the right to create, access, validate, and review
transactions. These types of consortia blockchains were, for example, used to overcome
security and access challenges facing notarial offices in China [48].

There are several key risk factors that should be noted regarding the feasibility and
suitability of blockchain governance. One is the availability of trusted hardware or IT in-
frastructure. Governments need a high degree of IT capacity; for example, ensuring that an
endorsement key (EK) is burnt into every device to achieve a trusted network [11]. Another
is the issue of privacy; blockchain was designed to protect the integrity of transactions;
however, it is less focused on preserving the privacy of users. Hence, privacy issues of
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citizens’ private data in public blockchain databases could emerge [11]. Another risk factor
is the energy requirements of large scale blockchain networks, especially public blockchains.
For example, the processing power required for verifying transactions, known as Proof
of Work (PoW), is very energy intensive. Despite its supposed immutability, blockchain
remains vulnerable to security threats, including a 51% Attack, whereby a majority of
miners gain control of hash power. This risk is mitigated by the huge scale required to
attack a public blockchain [11].

Governments are now presented with various decisions and options, dependent on
their specific requirements, before deploying blockchain for governance functions. These
relate mainly to the relative needs for security, immutability, consensus determination,
privacy, the consensus process, efficiency, or read permission. From the security point
of view, a public blockchain is more immutable than a private or consortium blockchain,
whereas there is a higher vulnerability to tampering in private and consortium blockchains.
However, private and consortium blockchains are more efficient than a public blockchain,
in terms of system performance.

In determining consensus, a public-type blockchain allows all miners to participate in
the consensus process, the consortium type allows a selected number of nodes, and only one
organization is permitted in a private blockchain [6]. Furthermore, the consensus process
is permissionless in a public blockchain, whereas it is permissioned in the consortium
and private types. Read permission is accessible to anyone in a public blockchain, while
in the other two blockchains, it could be public or limited. Additionally, the blockchain
concept of decentralization is fully implemented in the public blockchain, is partial in the
consortium, and centralized in a private blockchain. More general users and governments,
such as Oman, are, therefore, attracted to the features of the public blockchain, whereas the
consortium and private blockchains (Hyperledger and Ethereum) are increasingly found in
the business and private sectors [49].

Blockchain technology is fast gaining a presence in governance in the oil monarchies of
the Arabian Peninsula. In fact, the Gulf Cooperation countries are establishing themselves
to become a global hub for pioneering the technology. As mentioned previously, in the
United Arab Emirates (UAE), entire government departments are being block chained [31].
Saudi Arabia also deployed the technology to upgrade the security of its e-government
systems and public data. In previous years, the Saudi Arabian government worked with
a centralized system and faced many internal and external threats [50]; as a result, there
is a gathering momentum to comprehend the opportunities for similar countries, such
as Oman.

6. Oman’s Challenges in Providing Good Governance

In recent years, decreased oil revenues and rising unemployment forced Omani poli-
cymakers to make difficult decisions to overcome challenging economic and socio-political
issues, which run counter to the rentier social contract. Omani authorities stated that “tough
decisions” need to be made in these areas [51–53]. Key amongst these decisions is how
to accelerate economic diversification and Omanization. In other words, how to quickly
promote non-oil sectors and replace expatriate labor with Omani labor. This meant tackling
the nation’s ‘rentier mentality’ through the “reduction in the public sector workforce, the
expansion of the private sector, and the curtailment of [government] subsidies” [54]. These
policy reforms constitute the main pillars of Oman’s Vision 2040 [55], which focuses on
economic diversification into non-oil industries, reforming the labor market, and changing
the way that the country develops its human capital and skills base [54].

Oman’s problems in converting its impressive gains in governance since the 1970s into
a sustainable system are not entirely the result of recent economic problems. Government
officials admit that the country’s public sector have been struggling with inefficiency,
unproductiveness, and inflated operational costs for at least the last decade [56]. Therefore,
by the time the new sultan, Haitham bin Tariq, ascended the throne in January 2020, there
was an urgent imperative to restructure the public sector, enhance efficiency in public
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institutions, and address the problem of rising unemployment. To his credit, and despite
the unexpected calamity of the COVID-19 pandemic, measures for solving these structural
problems were launched [57–59]. From our perspective, some of the most interesting steps
taken in this direction involved investment in new technologies. The following sections
elaborate the various issues identified above in Table 1.

6.1. e-Government and e-Services

Oman formulated an e-government strategy as early as 2003 [60]. This aimed to
deliver government services in “an integrated and seamless way to foster an innovative
approach” [61]. In other words, Oman’s plan for e-government envisaged the collaboration
of all the government organs into a ‘whole-of-government’ approach to achieve efficiency,
transparency, and effectiveness in government services. One salient tool in this regard is
the ‘e-census’.

The e-census was announced in 2019 as “the first electronic [national] census without
field visits” and which “requires Omanis and expats alike to update their information
themselves” [62]. In this system, all information is stored on national statistical datasets,
under such categories as population, housing, and establishments. Data from different
ministries, government departments, electricity companies and municipalities should, in
theory, be linked together in a single reference point [63]. Detailed information will be
held about all Omanis and expats, based on the addresses of the properties they own or
occupy. This would signify a major advance in the country’s capacity for accurate planning
and provision of services, especially given the previously ad hoc and vague postal address
system. However, it was shown that such hyper-centralized systems, while beneficial in
many ways, create serious security and privacy vulnerabilities to cyber-attacks or system
failures [12].

Another example of the desire for efficient e-governance was raised when the Oman
government launched e-services to regulate the funding of mosques. In January 2021, the
Undersecretary of the Ministry of Endowments and Religious Affairs (MERA) announced
an electronic system for managing various information about mosques, including every-
thing from building permits to ongoing maintenance [64]. According to the government, the
next stage of this system will involve regulating financial resources to cover maintenance
costs and to control charitable endowments [64].

6.2. Corruption, Fraud, and Attestation of Documents

Connected to the issue of tracking public funds is the sensitive topic of corruption. In
January 2021, Times of Oman reported the results of the 2020 Corruption Perception Index
Report, which showed the Sultanate ranked 49th in the world [65,66]. A review of previous
media coverage on this issue showed similar reporting, seeking to show reductions in
corruption and the government’s active role in this regard [67]. The establishment of
institutions responsible for protecting public funds, especially, The State Audit Institute
was linked with positive results in terms of fighting corruption [67].

However, a closer look at news covering fraudulent activities related to public funds
reveals that the number of cases, in fact, increased in recent years. According to the
Department of Public Prosecution, in 2016, the number of people accused of fraud and
corruption was 112, which increased to 200 in 2018 [68]. Moreover, crimes related to
public funds more than doubled from 55 reported cases in 2016 to 138 cases in 2017 [68].
Statements issued by the Public Prosecution Office, warning of long prison sentences for
offenders, indicate a need for a stronger deterrent, and that embezzlement of public funds
remains a serious problem in Oman [69,70].

Turning to another form of fraud, in recent years, government institutions in Oman
faced problems involving fake academic certificates [71]. In 2018, the Ministry of Higher Ed-
ucation confirmed twenty false certification cases. In addition, Omani authorities identified
thirty-nine fake universities worldwide, some of which had issued illegitimate qualifica-
tions to employees of Omani institutions (mostly educational) [72]. Besides the fraudulent
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activity and question marks around quality and integrity that emerge, the procedures for
accreditation of certificates and degrees are time-consuming, slow, and costly for both
institutions and individuals. Moreover, as the above figures show, the current system of
attestation of certificates via the responsible authorities (inside and outside Oman) is clearly
not working. The authors know of some cases where the procedure for accrediting the
qualifications of academic staff at Sultan Qaboos University were so slow and cumbersome
that genuine, qualified international faculty decided against coming to Oman.

6.3. Labor Management, Omanization, and Employment

Over recent decades Omani authorities sought solutions to the high rate of unemploy-
ment among citizens. “Omanization” policies generally aimed to increase the role of the
private sector in the labor market and to shift away from an overdependence on expatriate
labor. Subsequently, the number of expats gradually reduced in both the private and public
sectors [73], and legal arrangements were put in place for replacing foreign workforce with
Omanis [74–76].

While Omanization aims to replace expats with Omanis, it led, in many cases, to
the informal employment of foreigners [77] and created labor shortages in areas lacking
skilled candidates [78]. It was argued that blockchain solutions can reduce complexity in
recruitment processes by identifying qualified candidates and streamlining the recruitment
procedures for citizens and residents [79]. Such blockchain-based systems could be applied
to both the private and public sectors in Oman. In this way, accurate block-chained
information on employers and the labor force can be utilized to know the number of
qualified people needed in each sector, the extent to which this need can be met by Omani
nationals, and the number of foreign workers required to fill any shortfall. This could also
serve to address the problem of unobserved gaps in the labor force being filled by illegal
informal labor.

Another recently adopted government e-service is a register for employment contracts
via an online application provided by the Labour ministry [80]. Although the Ministry
cannot intervene in agreements between employer and employee, all the details about
the contracts are saved in the Ministry’s system to protect the parties’ employment con-
tracts. One risk of this type of centralized digital employment contract register is that the
government also links its own reputation to the upholding of contracts and becomes a de
facto guarantor of employment agreements within an e-government portal (as opposed to
normal channels of employment relations via courts and collective bargaining, for instance).
Therefore, any breach or discrediting of the contract information may cause “the loss of
users’ trust” and may ultimately harm citizens’ trust in the government.

6.4. Subsidy Reforms

Related to a longstanding political bargain in Oman, the government attempted to
roll back its model of providing heavily subsidized energy, fuel, and water to citizens
and residents. To minimize the socio-economic and possible political impact of ceasing
subsidies, the government sought to implement targeted subsidies to low-income families.
Omani authorities stipulated that the targeted subsidy system would result in no overall
economic change for households earning less than 500 Omani Rials per month, whereas
households earning more than 1250 Omani Rials per month would no longer qualify for
subsidies [81,82]. The system will be administered under the National Electricity and
Water Subsidy System [83,84]. However, the rollout of this new system faces immense
challenges of complexity, transparency, and public acceptance in the context of citizens’
prior expectations around government support in a rentier state.

6.5. Tax Reforms

In the latter half of the 2010s, Oman experienced annual budget deficits due to per-
sistently low oil prices, which were compounded by the economic shock of COVID-19.
Subsequently, the Oman government was compelled to introduce major changes to its tax
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policy to improve its balance sheet. These included increasing the corporate tax rate, elimi-
nating tax exemptions, the introduction of a value-added tax (VAT), and in 2019, instigating
a selective ‘sin-tax’ on goods, such as tobacco, alcohol, energy drinks, soft drinks, and pork
products [85,86]. Most crucially, in the 2020–2024 Economic Plan, it was announced that
personal income tax would be introduced from 2022 [87].

The government is hesitant in initiating these tax reforms. It was initially announced
that VAT would be implemented in 2019 [88] but it was delayed twice before finally being
launched in April 2021 [89,90]. The official reasons given for these delays were that the taxes
required new legal regulations, new IT systems for administering taxation, and specialized
training for tax officials [91].

Operating a new consumption-based VAT at the same time as initiating an entire PAYE
personal income tax system promises to test the administrative capacity of the Sultanate.
The complexity involved in the rollout of an entirely new tax system will be challenging
and could lead to vulnerability to serious error or fraud [92]. The adoption of general
taxation in the formerly tax-free (for individuals) Sultanate also carries a degree of political
risk, which will only be exacerbated if serious errors or fraud occur that reduce public trust
in the process of deriving and disbursing public funds.

6.6. Elections and e-Participation

The Oman government consistently states that it is working towards increasing the
level of political participation in the Sultanate. To maintain the legitimacy of the existing
institutional structures, the government is keen for citizens to actively participate, as well
as feel that they are contributing to decision-making processes. This is especially important
in the context of important changes to taxation, economic diversification, and Omanization.
A key existing channel of participation is the elected lower house of Oman’s parliament,
the Majlis Al-Shura (Consultative Council).

Elections for the 86-seat Majlis al-Shura were last held in 2019 and electronic voting
was used for the first time in Oman through the ‘white card’ system, which involved
biometric identification via fingerprints. A remote voting application was also available
for citizens residing overseas [93]. To use the mobile application overseas, voters needed
a mobile SIM card, issued by an Oman-based mobile service company, and a Public Key
Infrastructure (PKI) number [94].

The Oman Ministry of Interior stated that 349,680 individuals out 713,335 registered
voters cast ballots at 110 polling centers. A total of 52.7 per cent of those who voted were
males and 47.3 per cent were women [95]. Only 25,000 voters selected candidates by using
the white card option [96]. Election officials and voters reported problems in reliably
and efficiently achieving biometric verification of voters’ identity through fingerprint
scanning [97]. Moreover, the experiment with mobile-phone voting applications led to
concerns about the extent to which identity was reliably verified, as well as general security
risks and system vulnerabilities. These issues served to reduce the integrity and the trust of
participants in the e-voting innovations.

6.7. COVID-19 and Healthcare

Oman’s struggle with the 2020–2021 global pandemic began on 24 February 2020, when
two Omani citizens returned from Iran and tested positive for COVID-19 [98]. Subsequently,
the government combatted the pandemic through a series of measures and restrictions,
such as banning of movement around the country, closing borders to non-Omanis, banning
public gatherings and Friday prayers [99], suspending public transportation [100], and
closing educational institutions [101]. The economic impacts of the pandemic were severe
and exacerbated the unemployment and recruitment problems outlined above.

The pandemic also highlighted issues with the governance and funding of public
health services in Oman. On 24 March 2020, a public endowment fund was established
to collect donations from individuals and companies to support the health sector [102].
Immediately, negative claims about the fund’s transparency, legitimacy, and ultimate
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beneficiaries were circulated in Omani social media, which the authorities were forced to
publicly denounce as false [103] It is impossible to know at this point whether there was
any substance to the claims regarding the public endowment fund. The key point, however,
is that lack of public trust reduced the efficacy of the collection effort.

7. Oman Government Perspectives on Blockchain Solutions

This section outlines the Oman government’s attitude toward the adoption of blockchain
technologies for e-governance, based on an interview via video conferencing with Dr. Ali
Al Shidhani, on 7 April 2021 [51]. From the preceding review of recent and current e-
governance-related issues in Oman and the academic literature regarding blockchain
solutions, there is evidence of the potential of blockchain technologies. However, the
question remains whether the government is open to the idea of adopting technology that
promises to (1) decentralize governance in a way that is almost diametrically opposed to the
centralized-governance model, established since the mid-1970s, and upon which Oman’s
implicit social contract rests; and (2) whether the nature of blockchain, which vastly reduces
the need for human interventions in governance and administration, will only exacerbate
the country’s recurring problems with unemployment-related social unrest [104].

Clearly, there is significant government interest in the possible benefits of blockchain
in Oman. This is increasingly evident since the first Blockchain Oman Symposium in
Muscat in November 2017, which two of the authors of this study attended [105]. The
government-sponsored Blockchain Club and a company named Blockchain Solutions and
Services were both announced at the same Symposium. The Central Market Authority
(CMA), the entity responsible for the stock market in Oman, is already using blockchain for
voting in its annual general meetings (AGMs). In the private sector, Bank Dhofar [106] is
already using Ripple for financial transactions and the Port of Salalah is a member of the
global logistics blockchain consortium, Tradelens [107].

The government attitude to the emergence of blockchain was clear in the comments
of Dr. Al-Shidhani. It was emphasized that the government is open to the benefits of
blockchain. However, it was indicated that the government intends to proceed judiciously
and more gradually than their neighbors in the UAE, who, as mentioned previously, stated
their objective to move much of their e-governance onto blockchain. The Omani govern-
ment intends to use it selectively and “in specific applications and specific situations” [51].

It was also indicated by Dr Al-Shidhani that a number of Omani government officials
responsible for information and communication technologies (ICT) are well informed and
aware of its potential applications. However, at the broader level of government and the
general public, there is little informed awareness of blockchain, with an estimated level of
awareness of informed awareness of around 25 per cent with much capacity building yet
to be achieved. There is, however, an emerging awareness of the potential of blockchain,
with increasing demands for tertiary education and postgraduate research into blockchain.
Seminars and workshops are increasingly being offered at Sultan Qaboos University and at
private universities [51].

Regarding political participation, there is openness to the idea of adopting blockchain
solutions. When asked whether the Omani government might consider adopting blockchain
for its elections, Al-Shidhani [51] responded:

Yes, I think, it’s an option . . . Technology must be introduced to fill gaps, to solve problems,
to expedite processes and so on. If the current voting system . . . is malfunctioning or
there are weaknesses in the current voting system and those weaknesses can be addressed
by using blockchain, then, yes, blockchain should be the way to go. Just like what [the]
Central Marketing Authority did when they introduced blockchain voting in annual
general meetings of companies.

Regarding the question of the decentralizing nature of blockchain and how this could
represent a complete turnaround from the centralized nature of Omani governance and
state–society relations, the response of the government official is worth quoting in full.

72



Sustainability 2022, 14, 11819

We have a problem of centralization, and we want to decentralize. Decentralization can
be done through proper laws, regulations, delegation of authority and so on. There are
some structural and regulatory frameworks that need to be put in place. If technology, like
blockchain, can be used to help in this direction, it will be used. If other technologies can
also be used to help this, it will also be used. I just try to be careful not to draw a direct line
between what we want to do in the country in terms of decentralization with a technology
known for decentralization. . . . So, maybe usage of blockchain should not be [greatly]
associated with [the] decentralization efforts that the government wants to [achieve].
Maybe the usage of blockchain is associated more with authenticity of information, with
legitimacy of data, with tracking and immutability . . . I think that is where there is more
linkage to Oman than decentralization aspects [51].

Finally, we turned to the question of how blockchain might impact employment issues
in Oman. It was undisputed that the adoption of blockchain as a platform for e-government
would lead to the redundancy of many administrative roles within the public sector
that traditionally employed large numbers of Omani nationals. In theory, however, this
replacement of manual governance services with digital blockchain e-governance aligns
with government priorities. Over the last quarter-of-a-century the Oman government
repeatedly emphasized a desire to reduce the size of the public sector and to boost the
share of the private sector in the labor market and overall economy. This was part of
the country’s Vision 2020 and Vision 2040 strategic plans, promoted, respectively, since
1995 [108]. Moreover, government representatives are confident that the transition to new
technologies, including blockchain, should not be delayed due to fears of a negative impact
on the labor force. Again, it is worth quoting, in full, the response of Dr Al-Shidhani on
this issue of technology and employment.

There is this philosophical debate about technology versus job creation, and how technology
will eliminate jobs and introduction of technology will also introduce jobs but what would
be the net result? Are we going to end up with more jobs than eliminated jobs? Or the
opposite? Other jobs, other periphery jobs, are created because of the introduction of the
technology. And, in my opinion, I don’t think it is going to have a big impact because I
believe that new technologies introduce new types of jobs [51].

8. Discussion

Data collected from news media between 2018 and 2020 revealed seven governance
issues (excluding education, which we omitted) that can be deemed important governance
issues requiring further academic attention in the Oman context. These were: public sector
reform and e-services; issues of employment; taxation; public healthcare; elections and
e-participation; corruption, fraud and attestation of documents; and reforms to public
subsidies. This section discusses how blockchain technology may offer solutions, but also
introduce risks, in each area.

8.1. Blockchain Technology, Public Sector Reform and e-Services?

Oman wants to reform its public sector and increase the efficiency, public uptake,
and trust in e-services. By using blockchain technology, sensitive information and the
private data of Omani citizens and residents could, in theory, be stored securely against
unauthorized access, alteration, or system failure. Looking at the example of public
endowments raised above, studies showed that blockchain-enabled charitable services can
enhance tracking and accounting for donations, creating transparency for both beneficiaries
and contributors [16]. In this way, the trust of contributors in the endowments system can
be sustained, which could, in fact, attract more people to contribute to endowment funds,
reducing pressure on the government to provide for the construction and maintenance
of religious infrastructure for a growing population. A risk factor for block chaining e-
services in government could be privacy issues of personal information within public
blockchains [11].
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8.2. Blockchain and Employment Issues

This is arguably the most critical risk area in terms of blockchain solutions. Potential
blockchain applications include plans to establish a public block-chained employment
contract register in Oman. This would be far less prone to failure and related problems.
Another blockchain-based option would be for employers and employees to enter bilat-
eral blockchain-based ‘smart contracts’ that do not require any government involvement.
Overall, the job market in Oman will increasingly be impacted by technologies; not only
blockchain, but also other automation systems, including Artificial Intelligence (AI) and
robotics [109,110]. The high number of public sector jobs, mostly in administration, that
underpin the redistributive model of Oman’s rentier social contract will rapidly be made
redundant by such technologies and could swell the ranks of the unemployed in the
short to medium term. Hence, there is an urgent need for high-level technical training
and re-skilling of Omani citizens to align Omanization policies with a rapidly changing
work environment.

8.3. Blockchain and Taxation Reform

In the blockchain literature, it is asserted that a blockchain-based tax system can be
effective in virtually eliminating tax fraud and increasing transparency in the allocation
of public funds [111]. Moreover, collecting tax via blockchain-based models can eradicate
double spending, reduce the potential for fraudulent tax refunds, and will “automatize a
great part of the work previously conducted manually” by tax employees ([111], p. 453).
This final point relates to the previous issue regarding employment—the double-edged
sword of blockchain—whereby much-needed efficiencies also come at the expense of public
sector jobs that formed one pillar of the rentier social contract.

8.4. Blockchain and Public Healthcare

As discussed above, regarding corruption, the immutability and transparency of
a public blockchain could have prevented negative public perceptions of public health
funding and could have mobilized much-needed public funds more effectively to help
the government tackle the pandemic. In terms of healthcare and public health provision,
especially during health crises, recent studies focused on responses to the pandemic that
highlight endemic limitations of healthcare systems around the world. As a result, a
consensus is emerging around the utility of adopting new technologies, such as blockchain
and AI in healthcare, to fight the current pandemic and future outbreaks ([112], p. 1). This
argument is based on claims that blockchain will be effective in preventing and responding
to pandemics by “enabling early detection of outbreaks, [whilst] protecting user privacy,
and ensuring reliable medical supply chains during the outbreak tracking [sic]” ([112], p. 1).

8.5. Blockchain, Elections and e-Participation

E-voting systems continue to be questioned in emerging studies. Issues include a
lack of standards, security and reliability risks, vulnerability to attacks, fraud, malicious
software programming, costly technical tools, and secure storage of transactions [13].
Blockchain-based e-voting [113] is currently being discussed as “the next generation of
modern electronic voting systems”, largely due to its immutable features ([13], p. 2). In
theory, by applying public blockchain technology to e-voting systems, confidentiality,
anonymity, and accuracy of results would be ensured. Consequently, trust in electoral pro-
cesses and, therefore, participation rates, might increase, enhancing the overall legitimacy
of elections and political participation [13,29].

8.6. Blockchain and Corruption, Fraud and Attestation of Documents

The literature on blockchain-based solutions shows clearly that the transparent, decen-
tralized, and cost-effective features of blockchain technology can reduce crimes involving
public funds [15]. With transparency and immutability of accounting almost guaranteed
via blockchain-based technology, it could be expected that the number of crimes committed
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in this area could decrease. To overcome issues related to storing and managing credentials,
there is evidence that blockchain-based applications may provide “a sustainable record of
achievements” for users and vastly reduce administrative, reputational, and recruitment
costs for universities and colleges [18]. In this area, optimum efficiency would be achieved
by interfacing or integrating with global blockchains of academic achievement and quali-
fications to instantaneously and securely attest the qualifications of the large number of
international recruits into the Omani education sector. At the time of writing, as far as we
know, such a system is yet to be established.

8.7. Blockchain and Reforms to Public Subsidies

Applying blockchain to potentially complicated and politically risky subsidy reforms
could have benefits. For instance, block-chained and means-tested systems for targeted
subsidies could be more manageable, transaction costs would be minimized and, most
importantly, the potential for corrupt exploitation of the subsidy system would be re-
duced [16]. In short, the application of a public blockchain to subsidy-reform measures
could save money, eliminate errors and fraud, and ultimately enhance the intended effect
of assisting more low-income families in need of social transfers. Similar to other e-services,
privacy issues would need to be addressed in this area.

8.8. General Issues with Blockchain in the Oman Context

Early indications from the Oman government suggest that they intend to use blockchain
to address technical weaknesses in existing systems, such as the verification issues described
around e-voting. It would certainly help in this regard. However, there seems to be little
attention given to the more intangible impacts on the legitimacy and perception of elec-
toral processes if they were to be conducted through immutable and transparent public
blockchain technology. In terms of procedures for running elections, Oman is one of the best
in the Middle East, in terms of global rankings on electoral integrity [114]. Consequently,
there is not an actual problem with the technical conduct of elections. There is, however,
a problem around public perceptions of the elections. (This view is based on numerous
private conversations with Omani citizens by the first author from 2013 to 2019.) There
is not a high level of trust in the process, or the candidates themselves. Blockchain, by
its very nature, cannot be manipulated easily and should in theory increase public trust
and, therefore, increase public participation in elections. Nonetheless, the point raised by
Praharaj et al. [24,25] that digital infrastructure is not necessarily a guarantee of improved
self-participation or, for that matter, a substitute for substantive governance transformation
is salient.

The notion of implementing a decentralizing technology amid a highly centralized
rentier state is interesting in that there remains a government perception that decentraliza-
tion of the overall government structure is a separate issue from the way that blockchain
could decentralize every aspect of governance. For instance, by adopting public or even
consortium blockchains in the various departments and agencies of government, it would
naturally mean less capacity for centralized actors—directors, under-secretaries, ministers
and so forth—to exercise discretionary authority in decision-making and in the presenta-
tion (or not) of information and policies to the public. The cumulative effect of this across
different government sectors would, naturally, be decentralizing.

Moreover, the decentralizing effect would not necessarily stop at the borders of Oman.
For instance, the UAE and the Kingdom of Saudi Arabia are exploring shared cryptocur-
rencies for cross-border payment systems [40], as well as a “Court of the Blockchain” for
cross-border jurisdiction [115]. The fact that blockchain will necessarily assume cross-
border dimensions was acknowledged by the government official, when he mentioned in
relation to attestation of domestic and international qualifications that, the essence behind
blockchain is that entrusted entities can join a network through blockchain. As a result, this
ecosystem of entrusted networks is global. The networks are not within the domain, or they
are not [limited to] the geographical area of one country. Indeed, for a blockchain system
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to be successful, it must be global. Furthermore, it must encompass most, or a majority
of, stakeholders.

In terms of employment issues, the teleological perspective that technology adoption
leads to new forms of labor demand does not necessarily consider: (1) the unique features
of rentier systems, which operate quite differently from other types of diversified market
economies and (2), the fact that Oman faces urgent pressures from unemployment at the
present time.

In 2011, civil unrest occurred across Oman, largely related to the frustrations of
unemployed (or underemployed) youth, who demanded more jobs and higher salaries;
essentially, a larger and more transparent share in the dividends of the oil-based rentier
economy [116]. The government’s response to these pressures was to quickly announce the
creation of up to 50,000 new jobs, mostly in the public sector, increases to the minimum
wage, and jobseeker allowances to appease the protesters [117]. Ten years later, similar
protests occurred in late May 2021, to which the new sultan was forced to respond in
similar fashion with a promise of 32,000 additional jobs (many of which are temporary or
part-time), spread across the public and private sectors [118].

Two key points are salient in this regard. First, the government faces political obstacles
around implementing its Vision 2040 plan [119] to reduce the size of the public sector, due
to persistent public demands for the government to uphold the main pillars of the rentier
social contract jobs, subsidies, and zero taxation. This will consequently make it difficult
to use blockchain solutions to shore up and enhance e-governance in the short term, as
this would inevitably involve the redundancy of many administrative roles in government.
Second, the demand for “side jobs” related to new technologies, such as blockchain, will
require precious time to develop and will require rapid re-skilling and restructuring of
the labor force, as well as raising public and governmental awareness (not to mention
willingness) to move away from traditional, highly centralized public sector models.

9. Conclusions

The results of this exploratory phase of a sequential mixed-methods study suggest
that there are potential advantages to be obtained for Oman from being an early mover
into blockchain e-governance solutions. Data collected from news media between 2018
and 2020 revealed seven governance issues (excluding education, which we omitted) that
can be deemed important governance issues requiring further attention. These were:
public sector reform and e-services; issues of employment; taxation; public healthcare;
elections and e-participation; corruption, fraud and attestation of documents; and reforms
to public subsidies. We examined each of these areas and consulted the international
literature on blockchain pertaining to each. Our results indicate that, in theory, substantive
potential exists for blockchain solutions to enhance the efficiency, cost effectiveness and
legitimacy (public trust) of public administration and governance functions in Oman.
However, in accordance with phase two of a sequential mixed-methods design, targeted
quantitative studies must be conducted into each of these issues to determine a greater
degree of knowledge regarding the cost/benefit calculus. All these public governance areas
need to be quantitatively examined to test potential for greater cost efficiencies, improved
accuracy and reliability of information systems, transparency and accountability of public
services, and an upgrade in the overall level of legitimacy and public trust in the institutions
of governance.

The most critical areas highlighted as foci for future research in the Omani context are
the question of employment, where blockchain could have negative impacts on an already
stressed labor market, and the politically explosive question of taxation reform, both of
which lie at the heart of the rentier bargain of Oman and other GCC states. The belief of the
Oman government officials that new work opportunities from new technologies, such as
blockchain, can offset the reduction in the traditional public sector should be tested using
quantitative predictive data analysis. Moreover, while the government seems aware and
open to the possible benefits of blockchain solutions, it may face political resistance to the
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replacement of a socially constructed system of trust—based on a centralized state and a
rentier system—with a technologically constructed and decentralized mode of creating
trust based on technology. This area requires further research by social scientists. In sum,
while there are many good reasons why Oman should adopt blockchain solutions in the
immediate future, it remains to be seen how the encounter between old social contracts
based on “Leviathan” or new social contracts based on “Nakamoto” will unfold.
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Abstract: Technological innovations, including the Internet of Things (IoT) and machine learning,
have facilitated the emergence of autonomous systems, promoting triple bottom line (TBL) sus-
tainability. However, the prevalent triopoly of Android, iOS, and Windows introduces substantial
obstacles for smart device manufacturers in pursuit of independent innovation. This research en-
deavors to elucidate how open-source operating systems can counteract this triopoly and catalyze
sustainable digital development. Utilizing evolutionary game theory, we scrutinize the interplay
among governments, platforms, and users in championing open-source diffusion. Our analysis
unveils two potent evolutionary strategies—incentivized engagement and disengagement—that
notably expedite open-source diffusion and attenuate software supply chain risks affiliated with the
Android–iOS–Windows triopoly (results). Consequently, this research highlights the critical role of
augmenting stakeholder collaboration and bolstering platform reputation in propelling open-source
diffusion, thereby providing valuable theoretical insights and practical guidance for the sustainable
advancement of smart digital infrastructure.

Keywords: open-source diffusion; sustainable smart digital infrastructure; open-source operating
system; evolutionary game; open innovation

1. Introduction

With the rising complexity of contemporary smart city development and deteriorating
environmental and economic sustainability, the triple bottom line (TBL), i.e., social, envi-
ronmental, and economic sustainability, calls for the engagement of open innovation-style
technologies [1]. Open source is an open innovation model in the digital era [2]. Open-
source diffusion constitutes an information propagation paradigm, anchored on the tenets
of unrestricted access, collective sharing, and amendment of source codes, knowledge, and
information resources. Initially rooted in the field of computer software development, it
encompasses not only the application of open-source software and open-source hardware,
but also the sharing and utilization of open-source resources such as open-source data; it
embodies a community-powered innovation model. The characteristics of open-source
diffusion, such as openness, sharing, transparency, and customisability [3], fit with the idea
of green AI aiming at efficient, sustainable and equitable development of smart cities and
future technologies [4,5], and it can provide a supportive and facilitating mechanism for
autonomous systems and smart digital sustainable implementations [6].
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The development of open-source operating systems, as a crucial vehicle for open-
source diffusion, contributes to the diversification of intelligent technologies and enables
market freedom of choice [7–10]. In competition among open-source operating systems
(Table 1), kernel update and optimization of an operating system is a core task of the
open-source platform [11,12]. Kernel is the core of an open-source operating system,
which controls the operation of computer hardware and provides services for applications.
Open-source software includes the kernel of the open-source operating system, as well as
other application programs, tools, and libraries, which constitute an open-source software
ecosystem [13]. The source code of the operating system kernel is open for sharing [14],
and people can use, modify, and disseminate it freely. Open-source operating systems
have diverse brands and business models [15], and the license adopted also affects its
development, distribution, and use [16].

Table 1. Open Source Operating System Competitive Landscape.

Brand Release Version Kernel License Description Area

Linux

Ubuntu
Debian
CentOS
Red Hat

Linux GPL/MIT

One of the most popular
open-source operating systems,
widely used in servers, workstations
and personal computers, with a
large community of developers

Global

Kylin NeoKylin
KylinOS Linux GPL/MIT

Native Chinese operating system
developed for China, mainly used
by the Chinese government and for
enterprise information construction.

China

UOS UOS Desktop
UOS Server Linux GPL/MIT

China’s self-developed
enterprise-class operating system,
designed to replace foreign
operating systems and improve
information security and
autonomous control.

China

FreeBSD
FreeBSD

OpenBSD
NetBSD

BSD BSD

A Unix-like operating system,
known for reliability, performance
and security; it is widely used in
servers, embedded, desktop systems
and routers.

Global

OpenSolaris Solaris Solaris CDDL

Known for being the world’s most
advanced file system and
networking protocol, widely used in
servers, desktop systems and
virtualized environments, but
discontinued by Oracle for
maintenance.

Global

Android Android Linux Apache

A mobile device operating system
with cell phones and tablets as the
main target; based on Linux kernel
and the open-source project AOSP
development.

Global

Chrome OS Chrome OS Linux Chromium

Google’s operating system based on
Linux kernel and the Chrome
browser; mainly used for cloud
computing and lightweight devices.

Global

ReactOS ReactOS NT GPL

Open source, Windows-compatible
operating system designed to
replace Windows and provide a high
degree of compatibility and stability.

Global
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Table 1. Cont.

Brand Release Version Kernel License Description Area

Sailfish OS Sailfish OS Linux MPL

Open-source mobile operating
system from Finland, supporting
Android applications; it is known for
security, privacy and
personalization.

Finland

Raspberry Pi OS Raspberry Pi OS Linux GPL/LGPL

Debian-based operating system
designed for Raspberry Pi; it is
designed to provide a clean and fun
environment for learning,
exploration and innovation.

U.K.

Fedora Fedora Linux GPL/MIT

Community-driven, free Linux
operating system designed to
experiment with new technologies,
improve the developer experience,
and deliver the latest packages as an
upstream version of Red Hat
Enterprise Linux.

Global

HarmonyOS HarmonyOS Microkernel Apache

A distributed operating system
independently developed by
Huawei, it is designed to achieve
cross-terminal multi-terminal
collaborative operation, supporting
smartphones, smart wear, car
systems, etc.

China

Currently, the Android–iOS–Windows triple oligarchy of operating systems needs
to be broken [17,18], which not only reduces user dependency risks and introduces more
competitors, igniting greater innovation vitality, but also holds significant importance in
mitigating the risk of supply chain disruptions. In parallel, the lack of resources, developers
or maintainers in the open source community, or unhealthy software industry structures
and trade conflicts can lead to supply chain disruption risks for open-source operating
system software. Therefore, intelligent device manufacturers have started actively de-
veloping their own open-source operating systems to counter the threat of proprietary
software monopolies and technology disruptions, also adopting incentive mechanisms
such as software policies [19], open data [20], infrastructure [21,22], talent cultivation [23],
and global collaboration [21,22] to further promote open-source diffusion [24].

To mitigate the risks associated with the supply chain of the Android–iOS–Windows
triple oligarchy, open-source platforms can endeavour to expand their user communities
and attract more developers to participate. Additionally, governments can enhance regula-
tions, incentivize maintenance efforts, and allocate public resources and funding to foster
the diffusion of open-source technologies and contribute to the sustainability, fairness,
and efficiency of smart digital technologies. Therefore, this research is grounded in the
theory of open-source diffusion and utilizes an evolutionary game approach to investigate
the evolving dynamics among three key stakeholders: open-source platforms, users, and
governments, within the realm of open-source diffusion. Finally, this paper proposes tar-
geted recommendations to mitigate risk of supply chain disruptions through open-source
diffusion, thereby fostering sustainable smart digital infrastructure.

This study demonstrates innovation in several aspects. Firstly, it offers a novel theo-
retical interpretation of how open-source diffusion becomes a pivotal factor in supporting
the sustainable development of intelligent digital infrastructure. Furthermore, it presents
fresh perspectives and strategies on how to disrupt the existing triopoly of the Android–
iOS–Windows “Big Three” through open-source diffusion. In contrast to previous studies
concentrated solely on individual stakeholders, this research adopts the evolutionary game
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model to encompass multiple stakeholders, such as the government, the platform, and the
user. By including a diverse range of actors, this study offers a more holistic understanding
of the complexities involved in open-source diffusion. It particularly focuses on the role
of government in driving open-source diffusion and fostering the sustainability of smart
digital infrastructure, providing effective policy recommendations in this regard.

The structure of this article is as follows: Section 1 explains the research background,
raises research questions, introduces the methods, and describes the contributions. Section 2
discusses recent related work that support our study. In Section 3, we introduce the
evolutional game, solve equilibriums, perform simulations and analyse the results. In
Section 4, we discuss the findings, and summarize the study in Section 5.

2. Related Works

2.1. Open Source in Smart Digital Technologies

Smart digital technologies become common solutions to urban crises associated with
the climate, epidemics, natural disasters, and socio-economic factors [25,26] concerning
the triple bottom line (TBL), i.e., social, environmental, and economic sustainability [1].
Artificial intelligence is rapidly becoming a key element of smart cities [27,28], helping to
improve efficiency and automation [29]. Such technology poses significant risks of privacy
violations and disruption through opaque decision-making processes [30]. Emerging
challenges, including massive data, heterogeneities, complex dependencies, distributed
storage and computing, and data [31], are open issues that need to be confronted by smart
digital technologies.

The triopoly shaped by Android–iOS–Windows has brought about a technological
ecological monopoly, limiting competition and innovation [17], thus leading to a lack of di-
versity and flexibility in the development of smart digital technologies and smart cities [18]
as well as restricting consumer choice and innovation [32]. Open-source operating systems,
such as Debian 12 [33], Ubuntu 23 [34], and HarmonyOS 4 [34], and open-source software,
such as PyTorch 2 [35] and SciPy 1 [36], promote technology sharing and cooperation, break
monopolies, establish open technology platforms [37], build collaborative ecosystems,
and cultivate an open innovation culture [38]. Thus, smart digital technologies and the
sustainable development of smart cities complement open source and open innovation [39],
and together they promote the sustainable development of society [40].

Open innovation and open source are intricately connected. As outlined by Ches-
brough [41,42], at the heart of open innovation lies the pursuit of external innovation
resources from both within and outside the organization in order to generate value [43], en-
hance the efficiency and quality of innovation [44], spur technological transformation [45],
and drive business model innovation [46]. Additionally, it promotes international collab-
oration and knowledge sharing [47,48], facilitates the reconfiguration and optimization
of intellectual property and industrial chains [49], and fosters the overall development of
industries and economies [50,51]. By adopting the paradigm of open innovation, open
source is an internet-based collaborative model that pools efforts of crowd intelligence
through the open sharing of knowledge and technical resources [52] to improve efficiency
and quality of innovation [53]; this advocates free, shared, and co-creation [3], and it
effectively addresses technological inequities and privacy violations [54]. Open-source
operating systems promote technological security [55], technological pluralism [56] and
smart digital infrastructure [57]. Open source as public goods expanding business models,
based on its tacit knowledge [58], can be the activation engine for innovative regional
development [59,60] and smart technologies [4,40,61,62]. During the evolution of open
source [63], attention concerning the ecosystem radiates from hardware and software to
their developers, users, communities, platforms and other relevant organizations and
government departments [64], achieving fast, flexible, and secure application development
through collaborations [65].
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2.2. Infrastructure Risk Mitigation

With the advancement of information technology and digital transformation, an in-
creasing number of enterprises now rely on software operating systems, and the risk of
software supply chain disruption has gradually received more attention [66]. The risk of
software supply chain disruption typically includes software vulnerabilities and malicious
code, supplier bankruptcy, cyberattacks, and global crises, resulting in major impacts
on a company’s business operations and data security [67]. Enterprises need to take ef-
fective measures to manage the risks in software supply chain disruption [68], establish
socio-technical frameworks [69], and reduce the impact of disruptions. Open source helps
enterprises mitigate the risks of software supply chain disruption [70,71]. For instance,
enterprises can use open-source software vulnerability scanners to scan for vulnerabilities
in software systems and detect and repair potential issues in a timely manner [72]. Fur-
thermore, enterprises can use open-source software supply chain security auditing tools to
check source codes and assess whether security practices and processes of the suppliers
comply with standards [73]. Long-term cooperation with software suppliers can also re-
duce the occurrence and impact of software supply chain disruption [74]. When seeking
software suppliers, enterprises should focus on their reliability, technical capabilities, and
security measures, establishing long-term cooperative relationships. Moreover, enterprises
should work with software suppliers to explore novel security solutions, establish mutually
trusted cooperative relationships, and jointly address the risk of software supply chain
disruption [75].

Open source has the advantage of coping with the risk of software supply disruptions.
However, open source does not reach a wide enough audience, and its low market share is
major disadvantages [76,77]. Thus, the mechanism of open-source diffusion has become an
urgent issue needing to be addressed.

2.3. Open-Source Diffusion

Joseph Schumpeter was the first scholar to discuss the issues of technological diffusion
and product diffusion [78]. He believed technological diffusion was the process through
which new technologies gradually spread from research centres to peripheral areas. In
this process, the flow of technology from innovators to imitators was viewed as a kind
of knowledge “penetration”, which promoted productivity growth. Rapid diffusion of
technology could greatly accelerate economic growth. Product diffusion was a special
form of technological diffusion, referring to the process of expanding products produced
originally in one country or region to other countries and regions through exportation,
franchising, and other means. Product diffusion could bring wider markets and higher
profits, further promoting economic growth.

The scope of technology diffusion mainly includes the domestic and global markets,
intra- and inter-enterprise markets, and government markets [79]. The models for calcu-
lating technology diffusion include the innovation diffusion model, incentive model, and
contagion model [80]. In practice, technology diffusion connects product diffusion. Product
diffusion refers to the process of introducing and promoting new products in the market,
including market demand, market segmentation, and promotion strategies [81].

Open-source software is diffused at the level of artificial artifacts [82,83]. The essence
of open-source diffusion is the shared spreading of source code and technical documenta-
tion as well as asynchronous participatory innovative iterations [84]. Community-driven
operation facilitates rapid software diffusion [85], and open-source software developers
interact with users on community platforms to acquire user needs and proactively address
relevant user issues, thus providing technical support and upgrade services to increase
user retention and loyalty. Industry applications promote open-source diffusion [86] by
integrating open-source software into vertical application systems; it enables vertical in-
dustries and application areas, increases software market value and demand, and achieves
rapid diffusion and profit. In social network operation [87], open source software can use
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social media and other network platforms for community and brand promotion, actively
expand user networks and increase software awareness.

In summary, open source has characteristics of openness and sharing, and is a
paradigm of open innovation. Its diffusion model has unique methods. Open-source
diffusion is expected to further promote smart digital infrastructure and sustainability as
well as mitigate software supply chain risks.

3. Method

In open source, operating system software is fast becoming the mainstream, mainly
used in industries such as the internet, cloud computing, security, and communications.
Compared to traditional proprietary operating system software, open-source operating
system software has the advantages of low cost, high flexibility, and good security, and
its application has gradually expanded to fields such as industry, healthcare, and finance.
However, the development of new releases based on various kernels is also influenced by
factors such as the technical diffusion environment and policy support. Policies should not
only be beneficial to users but also foster the promotion and use of open-source operating
system software.

Therefore, we use the evolutionary game framework to study decision factors affecting
the promotion of open-source operating system software, to find evolutionary paths, and
to discuss the theoretical and practical significance of the results.

In Figure 1, a brief summary diagram of the entire analytical workflow for Section 3
is presented. This figure details the technical results of each key work node as well as the
corresponding diagrams and formulas for the subsequent subsections. This figure helps the
reader to quickly capture the main flow of the subsequent analysed content, and it allows
the reader to locate the corresponding diagrams and related information quickly.

3.1. Premise

The underlying assumptions are as follows: the government, open-source platform
and user are players (participants) in this study, conforming to limited rationality and
making decisions with the goal of maximizing benefits [88]. The randomness of the strategic
choices in decision making is expressed as probabilities in game theory, corresponding to
the level of willingness of the players in a real situation [89,90].

The PAPI components are as follows: To present the game, we use the Players + Actions
+ Payoffs + Information (PAPI) framework [91], which reflects the dynamic interaction
between players’ decisions based on the information they observe and behaviours of others.
Evolution is a long-term process with players’ decisions adjusted over time, and they
influence each other.

P (Players): players involved in open-source diffusion include government (denoted
as G), open-source platform (denoted as P), and user (denoted as U).

A (Actions): government plays a guiding role by fostering the promotion of domestic
open-source software through policies, regulations, and funding support, improving the
software quality and security and facilitating the development of the domestic IT industry.

Government implements strategies: {Incentive (IC), Not Incentive (NIC)}.
As an open-source software provider, an open-source platform needs to consider

the development of technology and market demand as well as promote diffusion and
popularity of their software to increase the number of users and market share.

Platform has strategies: {Iterate(IR), Not Iterate(NIR)}.
User needs to balance software quality and migration costs in choosing between open

source and proprietary software.
User response strategies: {Feedback(FB), Not Feedback(NFB)}.
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Figure 1. Analytical workflow roadmap [91].

P (Payoffs): The payoffs for players in the evolutionary game are measured in terms
of their total return from the respective strategies. For simplicity, we model interactions by
providing a payoffs matrix under the evolutionary game model. The process of equilibrat-
ing the ESSs based on replicated dynamic equations (RDEs) are then given sequentially in
Section 3.3.

I (Information): In the evolutionary game, the government, open-source platform,
and user need to balance their interests through cooperative negotiation, jointly promote
the development and popularity of open-source software, and achieve a win–win situa-
tion. In short, from the government’s perspective, on the platform side, the government
incentives promote the diffusion behaviour of open-source platforms, prompting open-
source platforms to actively seek potential user groups, actively collect user feedback, and
actively innovate and optimize open-source operating system software. On the user side,
government incentives guide the user to actively accept the diffusion from the open-source
platform, actively submit feedback on software usage, and form a loop with the open
innovation of open-source platforms to create synergy.

A list of symbols denoting the variables in the following subsections is shown in
Table 2.
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Table 2. List of symbols.

Symbol Type Descriptions

α ∈ [0, 1] probabilistic Probability of government-imposed incentives

β ∈ [0, 1] probabilistic Probability of the open-source platform to enforce diffusion

γ ∈ [0, 1] probabilistic Probability of user-implemented feedback

C1 ∈ [0, 1] economic Costs incurred by government incentives for open-source platforms

C2 ∈ [0, 1] economic Costs incurred by government incentives for users

p ∈ [0, 1] proportionate Ratio of government non-incentives to incentive-generated benefits

C0 ∈ [0, 1] economic Costs invested by open-source platforms and users for open-source diffusion in the
absence of government incentives

ΔC ∈ [0, 1] economic Reduction in the costs invested by open-source platforms and users for open-source
diffusion in the presence of government incentives

θ ∈ [0, 1] proportionate Cost-sharing ratio between open-source platforms and users

R1 ∈ [0, 1] economic Benefits generated by government incentives for open-source diffusion

R2 ∈ [0, 1] economic User benefits in the initial state

R3 ∈ [0, 1] economic Benefits of open-source platforms in the initial state

R ∈ [0, 1] economic Additional benefits for open source platform and user based on open-source diffusion

e ∈ [0, 1] proportionate Allocation of additional benefits to open source platforms and users based on
open-source diffusion

L1 ∈ [0, 1] economic Benefits to users from feedback without government incentives

L2 ∈ [0, 1] economic Benefits gained from proactive innovation iterations of open-source platforms without
government incentives

τ1 ∈ [0, 1] economic Transfer payments for losses to open-source platforms without feedback from users
under government incentives

τ2 ∈ [0, 1] economic Transfer payments for losses to users from open-source platforms without innovation
iterations under government incentives

Note: The domain of definition of the above probabilistic and proportionate parameters is between 0 and 1, in
line with probability theory. The remaining economic implication-type parameters can be normalized and thus
converted to the [0, 1] interval.

3.2. Model
3.2.1. Dynamic Games and Payoff Matrices

Dynamic game diagrams are used to describe the decisions of players in the evolution-
ary game and clearly show forward-looking strategies and outcomes in different decision
sequences. According to the discussion in the previous section, the dynamic process of the
game between open-source platforms, users and the government is shown by following
the G-P-U (Government–Platform–User) dynamic game diagram (Figure 2).

According to the above dynamic game process, the three players implement strategies
successively, and the following payoff matrices (Tables 3 and 4) are obtained using the
symbolic information of Table 2.

The above evolutionary game payoff matrices (Tables 3 and 4) reflect the benefits or
costs corresponding to the decisions. Analysing this allows us to deduce the stable strategies
in the evolutionary game. The Evolutionary Stable Strategy (ESS) refers to when all players’
strategies are optimized and no alternative better strategies exist. Therefore, calculating the
ESS is crucial for understanding in the G-P-U evolutionary game and predicting changes.
In the following subsection, we deduce the ESS from the payoffs matrix.
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Figure 2. G-P-U dynamic game process.

Table 3. Payoff matrix for the G-P-U OSOSS proliferation evolutionary game (a).

P
{Iterate}

U
{Feedback} {Not Feedback}

G

{Incent}

R1 − C1 − C2;

R2 + αR − θ(C0 − ΔC);

R3 + (1 − α)R − (1 − θ)(C0 − ΔC) + C2;

R1 − C1 − C2;

R2 + L1 − τ1;

R3 − (1 − θ)(C0 − ΔC) + τ1 + C2;

{Not Incent}

pR1;

R2 + eR − θC0;

R3 + (1 − e)R − (1 − θ)C0;

pR1;

R2 − τ1 + L1;

R3 − (1 − θ)C0 + τ1;

Note for Abbreviations: G: government; P: OSOSS platform; U: user.
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Table 4. Payoff matrix for the G-P-U OSOSS proliferation evolutionary game (b).

P
{Not Iterate}

U
{Feedback} {Not Feedback}

G

{Incent}

R1 − C1;

R2 − θ(C0 − ΔC) + τ2;

R3 − τ2 + L2;

R1 − C1;

R2;

R3;

{Not Incent}

pR1;

R2 − sC0 + τ2;

R3 − τ2 + L2;

pR1;

R2;

R3;

Note for Abbreviations: G: government; P: OSOSS platform; U: user.

3.2.2. Evolutionary Stable Strategies

The expected return of the government {Incent} strategy is obtained in the following
equation:

ϕ(α) = β[γ(R1 − C1 − C2) + (1 − γ)(R1 − C1)]+(1 − β)[γ(R1 − C1 − C2) + (1 − γ)(R1 − C1)] (1)

The expected return of the government {Not Incent} strategy is obtained in the follow-
ing equation:

U12 = β[γpR1 + (1 − γ)pR1]+(1 − β)[γpR1 + (1 − γ)pR1] (2)

The expected return to the government is obtained from Equations (1) and (2).

U1 = αU11 + (1 − α)U12 (3)

The government’s Dynamic Replication Equation is a derivative of time t.

H1 = dα
dt = α(1 − α)(U11 − U12)

= α(1 − α){βγ[(1 − p)R1 − C1 − C2] + β(1 − γ)[(1 − p)R1 − C1] + (1 − β)γ[(1 − p)R1 − C1 − C2]
+(1 − β)(1 − γ)[(1 − p)R1 − C1]}

= α(1 − α)[(1 − p)R1 − C1 − βC2]

(4)

The expected return of the open-source platform {Iterate} strategy is obtained in the
following equation:

U21 = αγ[R3 + (1 − e)R − (1 − θ)(C0 − ΔC) + C2] + α(1 − γ)[R3 − (1 − θ)(C0 − ΔC) + τ1 + C2]
+(1 − α)γ[R3 + (1 − e)R − (1 − s)C0] + (1 − α)(1 − γ)[R3 − (1 − θ)C0 + τ1]

(5)

The expected return of the platform {Not Iterate} strategy is obtained in the following
equation:

U22 = αγ(R3 − τ2 − L2) + α(1 − γ)R3 + (1 − α)γ(R3 − τ2 + L2) + (1 − α)(1 − γ)R3 (6)

The expected return to the platform is obtained from Equations (5) and (6).

U2 = βU21 + (1 − β)U22 (7)
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The platform’s Dynamic Replication Equation is as follows:

φ(β) =
dβ
dt = β(1 − β)(U21 − U22)

= β(1 − β){α[(1 − θ)ΔC + C2] + γ[(1 − e)R + τ2 − L2 − τ1] + τ1 − (1 − θ)C0} (8)

The expected return of the user {Feedback} strategy is obtained in the following
equation:

U31 = α{β[R2 + eR − θ(C0 − ΔC)] + (1 − β)[R2 − θ(C0 − ΔC) + τ2]}
+(1 − α){β(R2 + eR − θC0) + (1 − β)(R2 − θC0 + τ2)} (9)

The expected return of the user {Not Feedback} strategy is obtained in the following
equation:

U32 = α[β(R2 + L1 − τ1) + (1 − β)R2] + (1 − α)[β(R2 − τ1 + L1) + (1 − β)R2] (10)

The expected returns of the user under two strategies are as follows:

U3 = γU31 + (1 − γ)U32 (11)

As a result, the user’s Replication Dynamic Equation is obtained by the following
calculation:

ψ(γ) =
dγ

dt
= r(1 − γ)(U31 − U32) = γ(1 − γ)[αθΔC − θC0 + β(eR + τ1 − L1 − τ2) + τ2)] (12)

The replicated dynamic system and its stabilization strategies are obtained through
the joint equations of (4), (8) and (12) below.

⎧⎪⎪⎨
⎪⎪⎩

ϕ(α) = dα
dt

φ(β) =
dβ
dt

ψ(γ) = dγ
dt

=⇒
⎧⎨
⎩

α = 0, α = 1
β = 0, β = 1
γ = 0, γ = 1

(13)

A Jacobian matrix (Equation (14)) is obtained by taking the partial derivatives of
Equations (4), (8) and (12).

J =

∣∣∣∣∣∣∣∣∣

∂ϕ(α)
∂α

∂ϕ(α)
∂β

∂ϕ(α)
∂γ

∂φ(β)
∂α

∂φ(β)
∂β

∂φ(β)
∂γ

∂ψ(γ)
∂α

∂ψ(γ)
∂β

∂ψ(γ)
∂γ

∣∣∣∣∣∣∣∣∣
(14)

Let Equation (13) equal zero to obtain an equilibrium, and substitute it into Equation (14)
to obtain the eigenvalues (Table 5). Identification of the ESS can be determined using the
Friedman method, which requires determinants greater than zero det > 0 and a trace less
than zero tr < 0 [92]; or using the Lyapunov method, which requires all eigenvalues of
the Jacobian matrix to be less than zero [93]. Based on the eigenvalues in Table 6, we can
directly apply the Lyapunov method for ESS identification.

Table 5. Eigenvalues of equilibrium points.

Equilibriums λ1 λ2 λ3

E1(0, 0, 0) (1 − p)R1 − C1 τ1 − (1 − θ)C0 −θC0 + τ2
E2(0, 1, 0) (1 − p)R1 − C1 (1 − e)R + τ2 − L2 − (1 − θ)C0 θC0 − τ2
E3(0, 0, 1) (1 − p)R1 − C1 − C2 −τ1 + (1 − θ)C0 −θC0 + eR + τ1 − L1
E4(0, 1, 1) (1 − p)R1 − C1 − C2 −(1 − e)R − τ2 + L2 + (1 − θ)C0 θC0 − eR − τ1 + L1
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Table 5. Cont.

Equilibriums λ1 λ2 λ3

E5(1, 0, 0) −(1 − p)R1 + C1 (1 − θ)ΔC + C2 + τ1 − (1 − θ)C0 θ(ΔC − C0) + τ2
E6(1, 1, 0) −(1 − p)R1 + C1 (1 − θ)ΔC + C2 + (1 − e)R + τ2 − L2 − (1 − θ)C0 θ(C0 − ΔC)− τ2
E7(1, 0, 1) C1 + C2 − (1 − p)R1 −(1 − θ)ΔC − C2 − τ1 + (1 − θ)C0 θ(ΔC − C0) + eR + τ1 − L1
E8(1, 1, 1) C1 + C2 − (1 − p)R1 −(1 − θ)ΔC − C2 − (1 − e)R − τ2 + L2 + (1 − θ)C0 θ(C0 − ΔC)− eR − τ1 + L1

Table 6. Determination of ESS.

Equilibriums

Scenario1:⎧⎨
⎩

C2 + τ1 − (1 − θ)(C0 − ΔC) < 0
and,

τ2 − θ(C0 − ΔC) < 0

Scenario2:⎧⎨
⎩

τ1 − (1 − θ)C0 > 0,
or,

τ2 − sC0 > 0

Scenario3 condition 1:⎧⎨
⎩

C2 + τ1 − (1 − θ)(C0 − ΔC) > 0,
and,

τ1 − (1 − θ)C < 0
or, condition 2:⎧⎨

⎩
τ2 − s(C0 − ΔC) > 0,

and,
τ2 − θC0 < 0

λ1 λ2 λ3 Result λ1 λ2 λ3 Result λ1 λ2 λ3 Result
E1(0, 0, 0) pos neg pos/neg Ns pos pos pos Sd pos neg neg Ns
E2(0, 1, 0) pos pos neg Ns pos pos/neg neg Ns pos pos pos Sd
E3(0, 0, 1) pos pos pos Sd pos neg pos Ns pos/neg neg pos Ns
E4(0, 1, 1) neg neg neg ESS neg pos pos Ns neg pos/neg pos Ns
E5(1, 0, 0) pos neg neg Ns pos/neg neg neg Ns pos neg neg Ns
E6(1, 1, 0) neg pos pos Ns neg pos neg Ns neg pos neg Ns
E7(1, 0, 1) neg pos pos Ns neg pos pos Ns neg neg pos Ns
E8(1, 1, 1) neg neg neg ESS neg neg neg ESS neg neg neg ESS

Note for abbreviations: pos—positive; neg—negative; Ns—non-stable point; Sd—saddle point; ESS—Evolutionary
Stable Strategy.

The underlying assumptions are as follows: assuming the government incentives have
positive effects, when the government chooses to provide incentives and both open-source
platforms and users actively accept the incentives, the income of all parties involved is
Pareto-improved compared to other decision combinations, which is consistent with limited
rationality [94]. This leads to following base constraints:

base constraints :

⎧⎨
⎩

(1 − p)R1 − C1 − C2
(1 − e)R + τ2 − L2 − (1 − θ)C0

eR + τ1 − L1 − θC0

> 0 (15)

Through Equation (15), the evolutionary game has following ESS: E4(0, 1, 1) and
E8(1, 1, 1) are two ESSs. E4(0, 1, 1) represents the combination of evolutionary stabilization
strategies of the G-P-U as {Not Incent × Iteration × Feedback}; E8(1, 1, 1) represents the
combination of evolutionary stabilization strategies of the G-P-U parties as {Incent ×
Iteration × Feedback}. These two ESSs exist under the scenarios below.

Scenario1 :
{

C2 + τ1 − (1 − θ)(C0 − ΔC)
τ2 − θ(C0 − ΔC)

< 0 (16)

E8(1, 1, 1) is still an ESS when the following scenarios are satisfied:
⎧⎨
⎩

Scenario2 : τ1 − (1 − θ)C0 > 0, or, τ2 − sC0 > 0

Scenario3 :
{

condition1 : C2 + τ1 − (1 − θ)(C0 − ΔC) > 0, and, τ1 − (1 − θ)C < 0
condition2 : τ2 − s(C0 − ΔC) > 0, and, τ2 − θC0 < 0

(17)

All ESSs are identified by the Lyapunov method in Table 6.
The Theoretical Phase diagram (Figure 3) indicates the evolutionarily stable strategy

combination E8(1, 1, 1) implies the formation of an open innovation system by open-source
platforms and users after government incentives; ESS combination E4(0, 1, 1) implies the
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spontaneous formation of an open innovation system by open-source platforms and users
in the absence of government incentives, as well as the formation of an open innovation
system with the help of government incentives that is sustained even after withdrawal of
such incentives.

Figure 3. Theoretical Phase diagram.

3.3. Results Analysis

In this subsection, the numerical simulations are implemented. As stated above in
Tables 2 and 6, the domain of definition of the above probabilistic, proportionate and
economic parameters are within the [0, 1] interval, in line with probability theory or
normalized and scaled, and the ESSs are determined based on the Lyapunov method [93].

Therefore, the use of Algorithm 1 below to perform random searches for parameter
values can ensure the consistency of the simulation experiments and studies under the
above constraints and scenarios.

Algorithm 1 Random Search for Parameter Values

1. Initialize: {parameter_i} ← random numeric sample ∈ [0, 1]
2. Define: {base constraints} in accord. with Equation (15)
3. Define: {scenario constraints} in accord. with Equations (16) and (17)
4. WHILE {base constraints} is False or {scenario constraints} is False:
5. Repeat search on random numeric sample generated
6. Until {base constraints} is True and {scenario constraints} is True
6. End WHILE
7. Output {parameter_i}
8. End Algorithm 1

A set of random samples (floating-point precision results obtained by the algorithmic
program rounded to four decimal places) for parameters satisfying both base constraints
and Scenario1 are as follows:

R1 ≈ 0.9838, C1 ≈ 0.6952, C2 ≈ 0.0629, ΔC ≈ 0.2322,
p ≈ 0.0268, C0 ≈ 0.7403, θ ≈ 0.6315, R ≈ 0.9948,
e ≈ 0.5832, L1 ≈ 0.0311, L2 ≈ 0.1708, τ1 ≈ 0.0123, τ2 ≈ 0.2074
Similarly, a set of random samples for parameters satisfying both base constraints and

Scenario2 are as follows:
R1 ≈ 0.9559, C1 ≈ 0.4695, C2 ≈ 0.3267, ΔC ≈ 0.2025,
p ≈ 0.0489, C0 ≈ 0.9130, θ ≈ 0.36320, R ≈ 0.4717,

94



Sustainability 2023, 15, 14412

e ≈ 0.4797, L1 ≈ 0.5599, L2 ≈ 0.1398, τ1 ≈ 0.7416, τ2 ≈ 0.8507
Likewise, two sets of random samples for parameters satisfying both base constraints

and condition1 in Scenario3 are as follows:
R1 ≈ 0.3529, C1 ≈ 0.0085, C2 ≈ 0.0754, ΔC ≈ 0.1823,
p ≈ 0.6572, C0 ≈ 0.2280, θ ≈ 0.3560, R ≈ 0.8437,
e ≈ 0.4070, L1 ≈ 0.0130, L2 ≈ 0.4291, τ1 ≈ 0.0439, τ2 ≈ 0.8934
Additionally, condition2 in Scenario3 are as follows:
R1 ≈ 0.4486, C1 ≈ 0.1851, C2 ≈ 0.1083, ΔC ≈ 0.6559,
p ≈ 0.2011, C0 ≈ 0.3702, θ ≈ 0.7539, R ≈ 0.4617,
e ≈ 0.4650, L1 ≈ 0.0876, L2 ≈ 0.0275, τ1 ≈ 0.8159, τ2 ≈ 0.0343
Four three-dimensional evolutionary tracking diagrams (Figure 4a–d) were simulated

based on the above sets of parameters. In order to analyse the evolutionary formation of
the ESS more clearly, we observe the effect of the change in the initial value of the innings
on the evolutionary equilibrium in the two-dimensional evolutionary perspective.

 
(a) Simulation under Scenario1 

 
(b) Simulation under Scenario2 

 
(c) Simulation under condition1 Scenario3 

 
(d) Simulation under condition2 Scenario3 

Figure 4. Simulations for the three-dimensional evolutionary tracking diagrams. Note: Axis labels
G, P, and U in sub-diagrams (a–d) above represent government, open-source platform, and user,
respectively. Color lines are set up for easy visual identification of tracks.

With the underlying assumptions, we note that the probability of players choosing
strategies each corresponds to their respective levels of willingness [92,93]. Hence, the
impact of their initial willingness value of the selection of government incentive probability
on the evolution is further quantitatively simulated by controlling for the probability of
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open-source platform-enforced diffusion and user-implemented feedback, represented by
low to medium and high willingness levels. (Figure 5a–c).

(a) Low initial willingness of open-source platforms ( ) and users ( ) 

(b) medium initial willingness of open-source platforms ( ) and users ( ) 

(c) high initial willingness of open-source platforms ( ) and users ( ) 

Figure 5. Sensitivity impact of the initial willingness selection on evolution.

Figure 5a shows that changes in the initial willingness level of government incentives
are difficult to motivate platforms and users to evolve towards open-source diffusion when
they are at low willingness levels, corresponding to the unstable ESS5(1, 0, 0). Figure 5b
shows that at medium willingness levels of both platforms and users, non-zero levels of ini-
tial incentives have the opportunity to motivate both platforms and users to evolve towards
open-source diffusion, corresponding to the stable ESS8(1, 1, 1). Figure 5c further shows
that at high levels of willingness, both platforms and users are still able to spontaneously
evolve towards open-source diffusion even if the government’s initial willingness to incen-
tivize is zero (probability of the government incentive strategy α0 = 0), corresponding to
the stable ESS4(0, 1, 1).
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3.4. Model Tradeoffs and Drawbacks

Open-source diffusion has high complexity [95], involving the ecological niche and in-
tentions of entities in the open-source ecosystem, the technological maturity of software and
hardware as objects, as well as the collaborative network formed by collective intelligence.
Thus, the model has its tradeoffs and drawbacks.

The model is unable to consider every detailed variable from cultural, institutional,
corporate, or user group behaviour due to technological diffusion and institutional factors.
Further research in different geographical and institutional contexts is needed to enhance
our understanding of open-source diffusion and its impact on enterprise strategy, R&D
performance, top-level design, and institutional advantages.

Moreover, while the evolutionary game model provides valuable insights, it makes
various assumptions that may filter out real-world randomness and perturbation. Partici-
pant decisions are assumed to be rationally limited [88]; however, in reality, they can be
influenced by more complex factors like individual preferences and social influence.

In addition, the model conducts a sensitivity analysis to ensure the robustness and
reliability of the results under controlled variables. However, the provided ESSs and diffu-
sion path cannot cover all possible variations. In practical applications, it is recommended
to combine the results with other methods and models to provide comprehensive and accu-
rate decision support considering other factors such as economics, competition patterns,
regulations, and policies.

4. Discussion

4.1. Incentive Step-In and Step-Out: From ESS8 to ESS4

In early stages of the diffusion of open-source operating system software, government
intervention is a necessary means to propel its development. As an open-source software
ecosystem has not yet been established, manufacturers and users have limited awareness
and understanding of open-source software. Government intervention could help open-
source software gain a market share and improve its development speed. The government
could adopt various ways to encourage the development of open-source software such
as providing policy support, rewards or subsidies to enterprises adopting open-source
software. At this time, incentives can play a leading role. As the open-source software
ecosystem gradually improves and the technology of open platform accumulates, user
retention will gradually increase, which promotes stable development. During this process,
open-source platforms can begin to use its sustained operating income for innovation
iteration and community maintenance, thereby further enhancing software value and user
experience. Government incentives for the software market gradually become weaker and
withdrew from its leading position. As the ecosystem further matures, incentives gradually
lose strategic value. Open-source software becomes relatively mature and stable industry,
reducing government intervention and interference. The government begins to gradually
withdraw from its leading position, and open-source software moves towards a more free-
market track. At this point, open-source software has sufficient competitiveness and market
share to autonomously participate in market competition and industrial development.

4.2. Accelerating Strategy Implementation through Incentive Platforms

The government often tends to incentivize open-source platforms more than users,
in that open-source platforms, as the main subject of technological innovation, gather
various economic activities and entities in the market, thus making it easier for govern-
ments to exert incentives and regulatory measures. Therefore, governments can more easily
achieve their strategic goals for innovation and industrial development. For example, (1) in
strategic layout goals of scientific and technological innovation and digital transformation,
development of open-source platform enterprises is a key part for governments. By using
open-source platforms as a point of entry, governments encourage all kinds of enterprises
to use open-source platforms, promote digital transformation and enhance enterprise
efficiency and innovation capabilities. (2) In promoting innovation goals, government
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incentives for open-source platforms help encourage companies to facilitate innovation and
R&D on these platforms, improving product quality and performance, owning independent
technology, intellectual property rights, and core competitiveness. (3) To drive industrial
development goals, government incentives for open-source platform development can
promote the development of the entire open-source ecosystem as well as related indus-
tries, markets, and ecology, thus promoting the coordinated development of industry and
improving market competitiveness. Thus, from a strategic and future development per-
spective, governments are more willing to incentivize open-source platform development
enterprises than users. This strategy of governments can also help improve the overall
development level of the industry and domestic digital construction process.

4.3. Increase Willingness to Participate by Incentivizing Users

The willingness of users to participate is a gradual process as follows:
Know and Recognize → Participate and Try → Learn and Master → Contribute and

Feedback → Develop and Innovate.
During the Know and Recognize stage, government incentives and promotions expand

the market influence of open-source platforms and operating system software, increasing
our understanding and recognition of their advantages and characteristics. Government
incentives and promotions are mainly carried out through official websites, promotional
materials, and promotional activities, which widely publicize information on the charac-
teristics, usage methods, and advantages of open-source platforms and operating system
software to the public. These promotional and advertising activities aim to increase users’
awareness and understanding of open-source platforms and operating system software,
and they make more people aware of their potential value and advantages. At the same
time, government support and promotion also established a reputation for open-source
platforms and operating system software among users and the market, making them com-
petitive with other commercial software and even gaining more market share in some
areas. Government incentives and promotions are an important means of promoting open-
source platforms and operating system software, which can provide people with the initial
knowledge and understanding of open-source platforms and lay a foundation for their
subsequent use and involvement.

In the Participate and Try stage, after having a certain level of understanding of open-
source platforms, some users will start to use and participate in the open-source project,
contributing code, providing feedback and suggestions, and other ways to understand
the open-source platform, thus improving their familiarity and trust in the open-source
platform.

During the Learn and Master stage, after a period of participation and trial, some
users may develop a strong interest in the open-source platform and decide to delve deeper
into the relevant technologies and knowledge, thus investing more time and effort.

During the Contribute and Feedback stage, as some users become familiar with and
master the relevant knowledge and technologies, they may begin to contribute code, submit
bug reports and suggestions, and assist in improving and refining the open-source platform.

During the Develop and Innovate stage, some users may adopt an open-source plat-
form as their primary technology and development platform, and actively participate
in other open-source projects, gradually integrating into the developer and open source
community.

As can be seen, with government encouragement and support, the willingness of
these users to participate in open-source platforms is gradually increasing, and more
people are willing to join in and contribute to their development and improvement. In
the process of continuous innovation, iteration, and improvement of the ecosystem and
reputation of open-source platform, it continues to attract more users to try it out and
gradually develop user retention. The government also helps open-source platforms
understand users’ needs and pain points, continuously improving and optimizing products
and services by encouraging users to use open-source operating system software and
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provide feedback. This mutual promotion and collaboration strengthen user participation
and value perception, continuously driving the development and growth of open-source
platforms and operating system software.

4.4. Mitigating Supply Chain Risks

The diffusion of open-source operating system software is a means of reducing risk
of software supply disruption. Open source implies that the source code is made public
and can be freely copied, distributed, and modified. Compared with proprietary software,
open-source software is more transparent and open, allowing maintenance to be shifted to
the community and developers, thereby reducing the dependence on software vendors.
Therefore, with open-source operating system software as a foundation, the power of
community and developers can be fully utilized to expand the scope and depth of updates
and maintenance, thus reducing the risk of software supply disruption caused by supplier
failure, bankruptcy, etc. Open-source operating system software can promote software
interoperability and compatibility. With an open source code, developers can modify and
customize software to better adapt to different hardware and software environments. This
flexible feature can promote software interoperability and compatibility, avoid control of
software ecosystems by a single vendor, and reduce the risk of software supply disruption.
Therefore, diffusion of open-source operating system software is a prerequisite for reducing
the risk of supply disruption, and active participation and cooperation of the government,
open-source platforms, and users can promote the development and popularization of
open-source software.

4.5. Implications

We propose the following recommendations to enhance the diffusion of open-source
operating system software and address the risk of supply chain disruption.

(1) Multi-channel procurement. When procuring software, enterprise users should con-
sider multiple channels to reduce their reliance on a single supplier and ensure the
ability to switch to other suppliers at any time. For example, when purchasing
operating system software, using products from multiple vendors should be consid-
ered, such as using open-source operating systems for some servers and commercial
operating systems for others.

(2) Active participation in open source communities. Enterprises should actively par-
ticipate in open-source platforms, trust and support software development from
open-source platforms, and participate in product research and testing. By participat-
ing in open source communities, enterprises can have a better understanding of the
software development and maintenance process, and make better decisions in the
event of supply chain disruptions.

(3) Independent development. Enterprises should explore independent development and
use open-source operating system software source code for secondary development
and customization. This can avoid the reliance on suppliers, enable control over
the software development and maintenance process, and reduce the risk of supply
chain disruptions.

(4) Enhance and adopt virtualization and containerization technologies. Decoupling
and isolating applications and operating system software using virtual machines and
containerization technologies can make it easier to migrate and manage applications
and operating system software, thereby reducing the risk of supply chain disruption.

(5) Actively adopt backup and recovery strategies. Enterprises should regularly backup
and archive data and software to enable timely recovery in the event of a supply chain
disruption. Enterprises should develop a comprehensive emergency plan, including
backup strategies, backup recovery testing, and disaster recovery procedures, among
others.
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In summary, in order to reduce the risk of supply chain disruption, enterprises can
transition to the diffusion of open-source operating system software by adopting multiple
procurement channels, actively participating in open source communities, conducting
independent research and development, utilizing virtualization and containerization tech-
nologies, and implementing backup and recovery strategies, among other approaches.
Essentially, the recommendations to mitigate the risk of supply chain disruption involve
active transformation of enterprise users into developer roles in open-source platforms.
This strategy benefits enterprises by reducing the risk of supply chain disruption and
promoting their own development. As supporters and contributors of open source, en-
terprises can participate in development and testing in open source communities to help
improve and expand open-source software to meet their own needs. This approach helps
to increase enterprise understanding and mastery of open-source software, reduce reliance
on specific suppliers, establish their own technological advantages and competitiveness,
and promote the development of the entire open source ecosystem. Additionally, active
participation in open source communities can bring additional benefits to enterprises, such
as being recognized as industry leaders, accelerating development speed, improve problem
solving, and building a better corporate reputation, among others. Therefore, transforming
from enterprise users to contributors in open source communities is not only a defensive
measure to reduce the risk of supply chain disruption, but also an important avenue for
technological innovation, competitive advantage, and corporate reputation.

5. Conclusions

Android–iOS–Windows has a first-mover advantage and mature market, with threats
of commercial monopoly and technological supply cut-off. However, it also poses threats
of commercial monopolies and technology disruptions. Adopting open-source paradigms
for independent innovation and technological independence is a potential solution to
these threats. Open-source diffusion is closely related to the innovation iteration of open-
source platforms and the increasing size of the user base. Specifically, based on an open
collaborative model, open source continuously attracts more users, contributors, and
developers to improve and perfect it with collective intelligence. Its excellent performance
and code quality often attract more users to join, further enhancing the reputation and
influence of open-source software. As the application scenarios of open source become
more extensive and deeper, its user base will continue to grow, attracting more developers
and contributors to join the open source community, jointly promoting the innovation and
iteration of open-source software and forming a virtuous cycle. Therefore, expansion of
open source and growth of its user base are important drivers for innovation iteration in
smart digital infrastructure and key factors in maintaining continuous development in the
industrial ecosystem.

This study analyses open-source diffusion among the government, open-source plat-
forms, and users as stakeholders using an evolutionary game framework. The study found
two evolutionarily stable strategy combinations as follows: {Not Incent × Iteration ×
Feedback} and {Incent × Iteration × Feedback}. This shows that open-source platforms and
users generate open-source diffusion and form an open innovation system with govern-
ment incentives; or they spontaneously create an open innovation system with open-source
diffusion in the absence of government incentives as well as generate open-source diffusion
initially with the help of government incentives and still maintain an open innovation
system after the incentives have ceased.

Further analysis indicates that the government is more inclined to incentivize open-
source platforms because they can gather open-source innovation entities and various
economic activities, making them more conducive to incentives and regulation. Govern-
ment incentives can help achieve strategic and targeted development goals for open source.
Government involvement in incentives can prompt open-source platforms and users to
form an open innovation system, establish and improve the open-source operating system
software ecosystem, and accelerate open-source diffusion. As open-source diffusion scales
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up, the software industry’s ability for independent innovation based on open source in-
creases, enhancing its competitiveness against proprietary software, gradually reducing
the government’s dominant role. Under the incentives, user retention increases, actively
participating in open source feedback, joining open source innovation collaborations, and
promoting open-source diffusion.

In conclusion, open-source diffusion is an important way to mitigate software supply
chain disruption and technology supply disruption. Active participation and cooperation
among the government, open-source platforms, and users can promote the development
and popularization of open-source software. We suggest further strengthening of open-
source diffusion to cope with supply disruption risks, such as multi-channel software
procurement, encouraging participation in open source innovation, incentivizing open-
source platform companies to conduct independent research and development, enhancing
and applying virtualization and containerization technologies, and implementing flexible
and robust disaster recovery backup strategies.

This study contributes by considering the stakeholders involved in open-source diffu-
sion and using an evolutionary game model for analysis. Results provide theoretical value
and a practical reference for the development of the open-source software engineering
industry. Additionally, our study is strategically significant for sustainable technological
development, especially in the context of digital transformation and data-driven economies.

The main limitation of this study is the lack of research on the software ecology
of different open-source operating systems, including various kernels and distributions.
Therefore, in future research, case studies on the innovation and diffusion of typical
distributions of open-source operating systems, such as Linux kernel, Debian, Android,
Chrome OS, etc., must be conducted using a cross-disciplinary approach towards software
engineering and management science.
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Abstract: The adoption of autonomous demand-responsive transit (ADRT) to support regular public
transport has the potential to enhance sustainable mobility. There is a dearth of research on the socio-
demographic characteristics associated with perceived opportunities and challenges regarding ADRT
adoption in Australia. In this research, we fill this knowledge gap by determining socio-demographic
predictors of perceptions and attitudes towards ADRT, specifically autonomous shuttle buses (ASBs),
among adult residents of South East Queensland. This study incorporates a review of prior global
studies, a stated preference survey distributed across the case study region, and descriptive and
logistic regression analysis. We found that the main perceived opportunity of ASBs is reduced
congestion/emissions, while the primary anticipated challenge relates to unreliable technology. Fully
employed respondents are likely to be more familiar with autonomous vehicles. Females and those
from lower-income households are less likely to have ridden in an autonomous vehicle. Males, those
who are younger, have high employment, hail from higher-income households, and with no driver’s
licence are all more favourable towards ASBs. Males, those with high employment, and without
driver’s licence are likely to be more concerned about traffic accidents when using ASBs. Less-
educated respondents and those living in peri-urban areas are likely to be more concerned about fares.
Insights are drawn from the current study to inform policymakers to consider key challenges (e.g.,
trust issues) and target groups (particularly females) in planning public communication strategies to
enhance receptiveness to ADRT.

Keywords: autonomous vehicle; autonomous demand-responsive transit; autonomous shuttle bus;
user perceptions and attitudes; user adoption; technology acceptance

1. Introduction

Autonomous vehicles (AVs) have the potential to become a commonplace transport
platform globally. However, the excessive or disorganised use of private AVs might increase
traffic congestion and greenhouse gas emissions via several factors [1]. First, increased
vehicle ownership and usage can result in the presence of more cars on the road, leading to
overall higher vehicle miles travelled (VMT) and increased congestion. This increased traffic
can lead to idling and stop-and-go driving, both of which contribute to higher emissions [2].
Second, autonomous vehicles may encourage longer trips and more single-occupancy
journeys, as people may be more willing to tolerate longer commutes if they can work or
relax while the vehicle drives itself. Additionally, the convenience and comfort offered by
autonomous vehicles might reduce the appeal of public transportation, leading to a shift
from shared mobility options to private vehicles [3]. Finally, while autonomous vehicles
have the potential to improve fuel efficiency through better traffic flow and optimized
driving patterns, the manufacturing and operational energy requirements, as well as the
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battery production and charging infrastructure, contribute to the life cycle emissions of
these vehicles [4–6].

The multilevel aspect of electric vehicles (EVs) regarding sustainability and their life
cycle encompass various stages from production to end-of-life management. While EVs
contribute to reduced greenhouse gas emissions during operation, concerns arise from their
assembly and disposal processes. At the production level, the extraction of raw materials
such as lithium, cobalt, and rare-earth metals for battery production has environmental
and social implications. Additionally, the energy-intensive manufacturing process and
associated emissions involved during vehicle assembly need to be considered. Further-
more, the end-of-life management of EV batteries poses challenges due to their recycling,
reusability, and potential environmental impacts if not properly handled. These multi-
level aspects highlight the need for holistic approaches, including the sustainable sourcing
of materials, efficient manufacturing processes, and effective recycling and disposal sys-
tems, to maximize the sustainability benefits of EVs while minimizing their environmental
footprint [7,8].

The excessive or disorganised use of private AVs additionally has the potential to
stimulate urban sprawl [9–12] by eliminating the stress of driving and enabling people to
reside farther from their workplace, resulting in longer commuting distances and energy
expenditure [13]. Thus, without careful planning and regulation, the unchecked prolif-
eration and haphazard use of private autonomous vehicles can exacerbate greenhouse
gas emissions. To minimise the detrimental effects, the widespread adoption of rideshar-
ing using AVs should be publicly promoted to reduce traffic congestion by optimizing
routes and minimizing empty trips towards creating a safer, more efficient, and sustainable
transportation systems for the future [14,15].

Autonomous demand-responsive transit (ADRT) is a recently introduced public transit
mode and is predominantly available using autonomous shuttle buses (ASBs) [14–20]. The
implementation of ADRT has been stated as an applicable response to the climate change
challenge [5]. ADRT has the potential to enhance mobility services and, as a result, enhance
transit efficiency and reduce dependency on private vehicles [21,22]. As a feeder mode of
regular public transit, ADRT could provide first-/last-mile services, supporting a transition
to more sustainable mobility [11]. The use of ASBs with transport capacities of up to
15 persons enables reasonably cost-effective, flexible on-demand 24/7 operation [23]. The
use of ADRT in a more dynamic, mixed-traffic environment is evolving quickly [24–26].

Attitude may be explained as “a mental state of readiness, positively or negatively
associated with a particular object. It is acquired through experience and is a precursor of
behaviour related to the object” ([27], p. 251). Individuals’ attitudes towards ADRT are
crucial as they influence “the demand for the technology, governing policies and future
investments in infrastructure” ([28], p. 38). Nevertheless, if ADRT is to be deployed widely
and embraced as an everyday travel mode, positive public attitudes are necessary.

In the past, many researchers have investigated public perceptions towards oppor-
tunities and challenges for AVs [20,29–35], but few have focused on the Australian con-
text [36–43]. There is a lack of research about how Australians’ socio-demographics affect
their attitudes towards AVs, particularly ADRT. This study fills this research gap by fully
classifying socio-demographic predictors of the publics’ attitudes towards ADRT in the
specific context of the South East Queensland (SEQ) region of Australia. The research
method is founded on an online stated preference survey distributed across more than
250 postcodes across the region, complemented by a wide-ranging review of prior global
studies, and descriptive and ordinal/binary logistic regression analysis using SPSS v.27.
This study tries to address the following research question.

- How are individuals’ perceptions and attitudes towards ADRT influenced by gender,
age, education, employment, income, household size, residential location, and having
a driver’s license?

As a result, we shed more light on the social dynamics behind how potential adopters
perceive different aspects of this innovative transit mode. The insights drawn from the
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current study may help alleviate concerns and encourage the future adoption of ASBs in
this and other regions. Following this introduction, Section 2 provides an overview of
relevant global studies. Section 3 explains the research method involving the questionnaire
design, case study area, and the data collection process. Section 4 presents the descriptive
statistics of the socio-demographic and attitudinal characteristics. Section 5 then describes
the analysis method along with the detailed results. Section 6 discusses the findings and
implications for the transition to ADRT. Section 7 provides concluding remarks, study
limitations and suggestions for further research.

2. Literature Background

In this section, the study provides a concise review of the current literature on the as-
sociation between attitudes towards ADRT, in particular ASBs, and the socio-demographic
characteristics comprising gender, age, education, employment, income, household size,
and residential location, adapting the reviews that were recently published in the AV
context [14,27,44].

The literature on the subject of gender and attitude towards ADRT is mixed. According
to Dong et al. [45] and Winter et al. [46], males have been demonstrated to be more open
to using ASBs than females are, especially highly automated ASBs [47]. Other research
reported that males are generally more willing to use autonomous transport services [48],
preferring ASBs over traditional vehicles [49–52], and trust ASBs more than females do [53].
Similarly, males are found to be more confident to share a ride with strangers on ASBs than
females are, but in terms of traffic safety or dealing with an emergency, there has been no
major difference [19]. Females are less prone to believe that autonomous transit services
are useful, and have more concerns about them [48]. Furthermore, females may prefer to
use ASBs themselves rather than allow their partners or children to [46,54]. Nevertheless,
Madigan et al. [55] and Nordhoff et al. [17,56] found no significant difference between
males’ and females’ intention to use ASBs, and neither did Pakusch & Bossauer [57] in
the autonomous transit context. No impact of gender was seen even when ASB service
offerings were provided between transit hubs and parking lots or between the home and
workplace [47].

Research findings on how age affects attitude and adoption are inconsistent. Some studies
discovered no correlation between a person’s age and willingness to use ASBs [55,58–60] or
other autonomous transit services [57], or even with the likelihood of preferring ASBs over
other transport modes [50,51]. Similarly, Salonen [19] reported an insignificant effect of age
on concerns about safety on-board, in traffic or an emergency, as did Dekker [53] regarding
trust in ASBs. Even when ASBs offered mobility services between transit hubs and parking
lots, or between the home and workplace, age was shown to not influence the willingness
to use transit [27]. ASBs seemed to be more popular among young individuals [47].
According to Acheampong & Cugurullo [48], there is a negative relationship between age
and favourable attitudes towards technology, the perceived benefits of or intent to use
autonomous transit services. Those of ages between 18–35 were more likely to use ASBs
than those over 45 years old [45]. Portouli et al. [61] found that frequent customers of
ASBs were younger than non-users, contrary to Nordhoff et al. [17] who reported a higher
acceptance of ASBs among older participants than among younger ones, though the former
considered ASBs less efficient than their present transport mode.

Level of education was discovered to affect the intention to use ASBs [47], perceived
usefulness, perceived ease of use, and willingness to use autonomous transit services [48].
ASBs were preferred by those with a higher education level over their traditional counter-
parts in some regions where ASBs were implemented in city centres [49,50,62]. In contrast,
neither concerns about safety on-board, in traffic, nor an emergency seemed to be influenced
by education levels [19], nor did trust in ASBs [53]. The impact of education level between
frequent users of ASBs and those who had never used such modes was insignificant [61].

Employment was found not to affect preference for ASBs over their traditional coun-
terparts [50], or concerns regarding safety on-board, in traffic or in an emergency [19].
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Nevertheless, Portouli et al. [61] reported that students use ASBs more frequently than
employees, unemployed persons, or retirees do. This might be attributed to the impact
of ageing.

Household income was found not to affect preference for ASBs over their traditional
counterparts [50], or willingness of using ASBs [60]. Similarly, Salonen [19] reported
an insignificant effect of income on concerns about safety on-board, in traffic or in an
emergency, as did Dekker [53] regarding trust in ASBs. Dong et al. [45] argued that a
person’s greater income increases their intention to use ASBs, but only in the case of not
considering the effect of AV knowledge.

Regarding residential location, some research stated that residents of densely popu-
lated regions have greater intentions to use ASBs at higher levels [47]. Rural and urban
populations in Germany had equal intentions to use ASBs [60]. In contrast, US respondents
were found to be more inclined to use ASBs than those in any of the other countries that
were surveyed by Winter et al. [46]. Residents of areas with ASB services were shown to
have more trust and intention to use ASBs than were residents of areas without ASB ser-
vices in operation [53]. In a survey conducted on a German campus by Nordhoff et al. [17],
campus workers regarded ASBs as being less efficient than their existing transit mode
compared to non-campus workers. Contrary to parents in the US, parents in India were
more open to the idea of their children riding in ASBs. However, residents and tourists in
La Rochelle (France) and Lausanne (Switzerland) were equally open to the idea of using
ASBs [58].

As noted, research findings differ concerning the influence of gender, age, education,
employment, income and residential location on attitudes towards ADRT, and in particular
ASBs. Such discrepancies might be due to variations in research “methodology (qualitative
interview or an online survey; involving a shuttle trial or not), nature and size of study
samples, usage contexts (campus, city centre or rural environment) or vehicle considered
(shuttle, buses)” ([27], p. 268). Even though there are extensive detailed studies in this
field, they have mostly focused on the US and European populations. The applicability of
those findings to the Australian context, thus, is questionable. Empirical research is lacking
for measuring public perceptions and attitudes towards ADRT in Australia, especially in
the ASB context. Only a small number of individual characteristics have been explored,
which restricts both the depth and breadth of our knowledge of the association between
Australians’ socio-demographics and their perceptions and attitudes towards ADRT. Cross-
national differences may obscure individual differences in attitudes towards and adoption
of ASBs according to Kyriakidis et al. (2015). Further, prior findings indicate that the
public’s perception towards AVs more generally varies between nations, namely between
Australians [29] and others, highlighting the need for further study in the regional context.

The current research builds upon prior studies, not only by measuring perceptions
and attitudes towards ADRT among adult residents of SEQ but also by carrying out an
in-depth exploration of how those perceptions and attitudes are associated with particular
socio-demographic characteristics.

3. Research Method

A stated preference survey was designed and implemented to investigate challenges
and opportunities in the adoption of ADRT services by adult residents of the case study
region. SEQ is a metropolitan region centred on Brisbane that has a land area of 35,248 km2

and a population of 3,817,573 million (2021). The per capita gross state product of Queens-
land is AUD 71,037 (USD 53,280) [63]. It has 12 adjoining local government areas (LGAs),
where a LGA is a municipality administered by the third and lowest tier of government.

The survey respondent recruitment methodology involved only individuals living
within the urban and peri-urban areas of SEQ (see Figure 1, highlighted in red and purple,
respectively) including a total of 250 postcodes. Rural areas were excluded from the study
because the implementation of this survey was not cost-efficient due to low density.
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Figure 1. The map of the study area [64].

The questionnaire items were adapted and developed following a systematic literature
review [14] to verify the content’s validity. Preliminary testing was conducted by surveying
a group of higher-degree research students and the staff of the university because these
people usually have broader knowledge regarding the application of surveys for reliable
results. Preliminary and main survey participation was entirely voluntary. The final
questionnaire was revised following the feedback provided by an expert supervisory panel
review representing views of key informants in the field, specifically civil engineering and
built environment academics specialising in transport systems and autonomous vehicles.
The questionnaire consisted of three sections: (1) questions about the respondent’s socio-
demographic characteristics, (2) questions relating to the respondent’s existing travel
habits—such factors being worth mentioning in understanding the attitudes towards ASBs,
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and (3) attitudinal indicators contained to assess perceptions that might affect the adoption
of ASBs. The related indicators were measured by applying a 5-point Likert scale owing
to its widespread usage in the literature and its ease of use in analysis. For a clearer
interpretation of the typical usage of ASBs to deliver ADRT, an introductory paragraph was
included stating that “Autonomous shuttle buses are fully automated electrically powered
vehicles which are being trialled in Australia including SEQ as a new travel mode. They
can serve potentially similar markets to conventional shuttles and have similar passenger-
carrying capacities. However, they are not driven by a person, instead, they are controlled
by smart technology that safely optimises travel times, vehicle kilometres travelled, and
energy consumption. They are expected to be in public use with a surveillance system on
board in place of a human driver.” Two photos of ASB were also depicted at the beginning
of the questionnaire (Figure 2).

 

Figure 2. Introductory photos of ASBs presented to the survey participants regarding ADRT.

The University Human Research Ethics Committee (UHREC RN: 2000000747) ap-
proved the final questionnaire, which was made available online for self-completion. To
accommodate the limitations and risks posed by the COVID-19 pandemic, the researchers
enlisted the services of Qualtrics, a professional web-based survey platform provider, to
employ a convenient random sampling method in reaching the target respondents and
gathering data for the study. Each potential respondent received an email containing the
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survey link to ensure broad public access during May 2021. The e-mail explicitly displayed
a brief description of the academic purpose of the project and voluntary participation.
The screening question ensured that only participants who were over 18 years old and
residing in SEQ were asked to respond to the survey. Overall, 357 respondents finished
the survey. Ultimately, after screening and cleaning the data, 300 responses with no miss-
ing values, invalid observations or outliers were deemed to be valid for further analysis.
Based upon Krejcie and Morgan [65], a minimum sample size for a population above
1,000,000 (confidence = 95% and Margin of Error = 6%) is 300.

4. Descriptive Statistics

It is necessary to explore how the SEQ population is represented in our sample to fully
understand both the background that yields the subsequent findings and the associated
implications for the uptake of ADRT among Australians more broadly. The descriptive
analysis was carried out using SPSS v.27 [66].

4.1. Socio-Demographic Characteristics

The analysis results identified a total of seven socio-demographic predictor variables
associated with personal characteristics including gender, age, education, employment,
household income, residential location, and household size. Figure 3 illustrates the distri-
bution of each personal characteristic. The multicollinearity assessment results indicated
that predictor variable inflation factors (VIFs) were all acceptable at a level of <2.50 [67].

 

Figure 3. Demographic characteristics of SEQ respondents.

Out of the 300 survey participants, the age group between 18 and 35 years old con-
stituted the largest proportion at 36%. Respondents aged 36 to 50 years old accounted
for 17.7% of the participants, while those aged 51 to 65 and over 66 years old represented
19.3% and 27%, respectively. The number of female respondents was nearly twice that of
males (65% compared to 35%). Regarding education, 27.4% of participants held tertiary
degrees and almost the same portion of them completed high school (36.3%) or a vocational
certificate (36.3%). The retired, homemaker or not employed group accounted for 46% of
respondents while part-time or casual employees accounted for 24% and full-time or self-
employed (30%) individuals accounted for the remainder. The median and mode annual
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income bracket was AUD 52,000– AUD 77,999. The survey also showed that two-thirds of
respondents (67%) were living in peri-urban areas, and most of them were from 2-person
households (39.7%).

The distributions of existing travel characteristic response variables including (a) travel
mode/frequency, (b) travel purpose/frequency, (c) driver’s license, (d) daily travel time,
and (e) travel mode satisfaction are outlined in Figure 4. It can be seen that the most
frequently used modes are walk, car, while the least frequently used modes are mobility
scooter, motorcycle/moped, e-bike/e-scooter. The most popular transit modes are bus,
train/tram, taxi, then ferry and conventional shuttle bus. Commercial vehicle and bicycle
usages are similar. The majority of the survey participants hold a valid driver’s license.
Almost the same portion of them had less than 30 min or 30 min–1 h of travel time. Only a
small portion of them was neutral towards or dissatisfied with their current travel mode,
while the rest were satisfied or very satisfied with it.

 

        

Figure 4. Summary of responses for travel characteristic variables.
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The summary of responses regarding exposure to AVs comprising AV knowledge and
experience variables is shown in Figure 5. The AV knowledge variable was ordered in
the following categorical range on the survey: not familiar, somewhat familiar, and very
familiar. Only 8 responses were recorded in the last category, so it was determined that
the re-coding of categories was appropriate. As can be seen, a percentage of the survey
respondents were aware of AVs but very few of them had already used them.

 
Figure 5. Summarized AV knowledge and experience response variables.

4.2. Attitudinal Characteristics

Public attitude towards ASBs is a key factor that will shape the demand and market
for them [61]. Since perception and attitudes “represent an individual’s latent beliefs and
values and unlike observable variables cannot be directly measured. These latent constructs,
however, influence an individual’s decision-making process” ([68,69], p. 242). Psychometric
indicators could be used to identify latent constructs [69]. Response variables in our study,
which require respondents to rate certain statements on a scale, are psychometric indicators.
In the literature response, variables are self-developed or modified effective statements. For
each factor, the frequencies in each category were inspected and all were maintained for
ordinal logistic regression. Reliability was checked by determining Cronbach’s alpha (α) to
assess the items’ internal consistency. Each scale’s Cronbach’s α value should be greater
than 0.7 [70]. The overall Cronbach’s alpha was determined to equal 0.924 for perceived
opportunities and 0.786 for perceived challenges, indicating strong consistency amongst all
the response variables listed. The value of Cronbach’s alpha for each item if deleted implies
that the omission of none of the items could have substantively increased the reliability of
this part of the survey [71]; however, ‘Higher fare’ is less consistent than the others.

Public perception and attitudes towards ASBs were tested regarding the perceived
opportunities and challenges of using ASBs compared to those of using conventional
shuttles. The survey participants were presented with a list of opportunities to be expected
by using ASBs. Their opinions on the agreement with the listed opportunities on the 5-point
Likert scale ranging from ‘strongly disagree’ to ‘strongly agree’ are shown in Figure 6. The
majority of the survey respondents gave responses ranging from neutral to agree, with each
of the eight perceived opportunities listed. Of the opportunities that were agreed upon,
the most appealing ones were ‘Less congestion/emissions’ (41%), and this was followed
by ‘Easy to learn how to interact/travel’ (39%), and ‘Reduced fleet need’ (38%). The least
appealing ones were ‘Safer’ (18%) and ‘More attractive’ (23%).

The survey participants were presented with a list of challenges relating to the use
of ASBs. Their opinions regarding the concerns about the listed challenges on the 5-point
Likert scale ranging from ‘very concerned’ to ‘not concerned’ at all are shown in Figure 7.
The majority of the survey respondents were concerned to very concerned with all listed
challenges. Of the challenges, the most concerning was ‘Unreliable technology’ (51.3% were
concerned and 24.7% were very concerned), followed by ‘Malfunction’ (43% were very
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concerned and 40% were concerned), ‘Traffic accidents’ (38% were very concerned and 39%
were concerned), and ‘Higher fare’ (44% were concerned and 18.7% were very concerned).

 

Response Variable / Caregory Strongly 
Disagree Disagree Neutral Agree Strongly Agree Cronbach's α if 

item deleted
More efficient 10.3 16 38 28 7.7 0.909

Reduced fleet need 7 13.3 35.7 38 6 0.916

Less  congestion/emiss ions 6.7 13.3 30.3 41 8.7 0.918

Fewer driver errors 8 15.3 39 28 9.7 0.913

Easy to Learn How to Travel 6 9.3 35 39 10.7 0.919

Safer 15 26 35.7 18 5.3 0.91

More Attractive 12.3 20 39 23.7 5 0.914

More Pos i tive Atti tude 11 15.7 34.7 32 6.7 0.911

Figure 6. Perceived opportunities of autonomous shuttle buses (ASBs) compared to conventional
shuttles (%).

 

Response Variable/ Caregory Very 
Concerned Concerned Neutral Not 

Concerned
Not Concerned 

at All
Cronbach's α if 
item deleted

Higher fare 18.7 44 24.3 11 2 0.867

Unrel iable technology 24.7 51.3 14 9 1 0.673

Traffic accidents 38 39 11 11 1 0.649

Malfunction 43 40.7 9.7 5.7 1 0.694

Figure 7. Perceived concerns of autonomous shuttle buses (ASBs) (%).

The survey participants’ intention to use ASBs if they become available is shown in
Figure 8. More than two-thirds (38%) of the respondents stated that they would be happy
to ride in ASBs that operate for special purposes, and about one-fifth (19%) did not consider
using ASBs at all. Of the rest of the potential users of ASBs, 25% preferred to ride in ASBs
that operate on all roads/streets, 10% preferred to ride on private streets, and 8% preferred
to ride on local streets.

 

Figure 8. Autonomous shuttle bus (ASB) adoption choice.

5. Findings and Implications for Transition to ADRT

Following the descriptive analysis of the survey, an ordinal logistic regression was
employed using SPSS v.27 to develop a model to understand associations of the socio-
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demographic predictor variables for each response variable within each tabulated grouping
of existing travel characteristics and attitudinal variables. The link function that was used
was Logit. For this exploratory study of each response variable, a backward elimination
method was used to obtain the parsimonious model using only the predictor variables that
pass the threshold significance of 0.05 [72].

The next section presents the results of this modelling. For ordinal logistic regression
and binary logistic regression, the omnibus test, like the likelihood-ratio chi-square test, is
used to test whether or not the current model outperforms the null model as evidenced by
p ≤ 0.05. For the ordinal logistic regression, the parallel lines test is used to test the null
hypothesis that the slope coefficients in the model are the same across response categories,
and therefore that the one-equation model is valid, as evidenced by p > 0.05, suggesting the
model fits well [73–75].

In our evaluation, we characterise relatively the predictor variables’ odds ratios for
decreasing odds: extremely strong > 0.2, 0.2 ≥ very strong > 0.4, 0.4 ≥ strong > 0.6,
0.6 ≥ moderate > 0.8, and 0.8 ≥ mild > 1.0. We use the inverses of these values for in-
creasing odds [76–78]. Here, we present findings from our ordinal/binary logistic regres-
sion analysis.

5.1. Associations between AV Exposure and Socio-Demographic Predictor Variables

The results of the goodness of fit tests and statistics of the binary logistic regression
models for these response variables are listed in Table 1.

Table 1. Significant binary logistic models of AV exposure to socio-demographic predictor variables.

Response Variable Model Omnibus Sig. Predictor Variable Std. Error Wald Sig. OR
OR 95% Wald C.I.

Lower Upper

AV Knowledge 0.038 Employment 0.140 0.038 1.335 1.015 1.755

AV Experience 0.002
Gender (male) 0.408 0.018 2.635 1.184 5.860
Household Inc. 0.142 0.015 1.411 1.069 1.861

Omnibus significance indicates that the AV knowledge model has a better fit than the
intercept-only model. According to the odds ratio, evidence suggests that an increasing
employment status across the scale from the retired, homemaker or not employed level to
the full-time or self-employed level is strongly associated with an increase in the likelihood
of having knowledge about AV.

The AV experience model has a superior fit to the intercept-only model. Evidence
suggests the following effects in the likelihood of having experienced AVs of any kind.
Being male is very strongly associated with an increase. Increasing household income
across the scale from the Nil to the AUD 15,599 level to the AUD 104,000 or more level is
extremely strongly associated with an increase.

5.2. Associations between Attitudinal Characteristics and Socio-Demographic Predictor Variables

The results of the goodness of fit tests and statistics of the ordinal logistic regression
model for each remaining response variable are listed in Table 2. All the response variable
models have a superior fit to the threshold-only models, while the proportional odds
assumption appears to have held.

Regarding perceived opportunities and challenges, evidence suggests the following,
discussed according to the response variable.

Overall, the information highlights the advantages of ASBs over conventional shuttles,
including their efficiency, reduced traffic congestion and emissions, the presence of fewer
driver errors, ease of learning, safety, attractiveness, and positive attitudes towards ASBs.
For each of the following response variables, no model was found to be significant via
regression using the socio-demographic predictor variables from Figure 6 of ‘Reduced fleet
Need’, ‘Unreliable technology’, and ‘Malfunction’.
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Table 2. Significant OLM of attitudinal characteristics to socio-demographic predictor variables.

Response Variable Model Omnibus Sig. Parallel Lines Sig. Predictor Variable Std. Error Wald Sig. OR
OR 95% Wald C.I.

Lower Upper

Perceived opportunities of ASBs

More efficient 0.000 0.541
Age 0.087 0.001 0.742 0.626 0.881

Household Inc. 0.066 0.032 1.153 1.011 1.315
Household Inc. 0.068 0.001 1.263 1.106 1.442

Less congestion
and emissions 0.001 0.493 Age 0.088 0.001 0.757 0.637 0.899

Fewer driver errors 0.003 0.153 Age 0.087 0.004 0.780 0.658 0.924

Easy to learn how to
interact/travel

0.000 0.783 Age 0.088 0.003 0.770 0.647 0.915
Household Inc. 0.068 0.001 1.263 1.106 1.442

Safer 0.007 0.052 Age 0.086 0.008 0.796 0.674 0.939

More attractive 0.000 0.131

Age 0.098 0.000 0.709 0.584 0.861
Employment 0.138 0.036 1.337 1.014 1.762

Drivers Lic (yes) 0.331 0.009 0.423 0.221 0.809
Age 0.098 0.000 0.690 0.570 0.834

Household Inc. 0.068 0.024 1.165 1.020 1.331

More positive attitude

0.000 0.124 Gender (male) 0.247 0.040 1.660 1.018 2.708
Drivers Lic (yes) 0.331 0.009 0.423 0.221 0.809

Age 0.098 0.000 0.690 0.570 0.834
Household Inc. 0.068 0.024 1.165 1.020 1.331

Perceived challenges of ASBs

Higher fare 0.008 0.529 Res Location
(peri-urban) 0.228 0.044 1.584 1.012 2.479

Education 0.136 0.031 0.746 0.571 0.973

Traffic accidents 0.003 0.472 Gender (male) 0.227 0.028 1.647 1.055 2.570
Drivers Lic (yes) 0.327 0.037 0.506 0.267 0.959

OLM: ordinal logistic models; ASBs: autonomous shuttle buses; OR: odds ratio; C.I.: confidence interval.

Individuals with lower employment levels tend to have less familiarity with au-
tonomous vehicles (AVs). Therefore, it would be beneficial to explore ways to enhance their
knowledge about AVs, especially if such an improvement can positively influence their
willingness to adopt AVs when and where they are available. Additionally, females and
individuals from lower-income households are less likely to have experienced riding in
any type of AV. For these socio-demographic groups, it may be worthwhile to investigate
methods of increasing exposure to autonomous shuttle buses (ASBs), such as through
demonstrations, as increased exposure could potentially enhance their acceptance and the
adoption of ASBs when and where they are deployed.

Male respondents exhibit a more favourable attitude towards ASBs, as do those who do
not possess a driver’s license. Furthermore, younger respondents also demonstrate a more
positive attitude towards ASBs. They perceive ASBs as more appealing, efficient, safe, and
less congesting, with fewer emissions and driver errors compared to conventional shuttles.
Younger respondents also believe that learning how to travel in an ASB is relatively easy.
On the other hand, respondents with higher employment levels perceive ASBs as more
attractive than conventional shuttles. Similarly, individuals from higher-income households
hold a more positive attitude towards ASBs, perceiving them as more efficient and easier
to learn how to use. These socio-demographic groups should be targeted to encourage
the adoption of ASBs when and where they become available. For the socio-demographic
groups that exhibit the opposite characteristics, it may be worthwhile to explore approaches
to improve agreement regarding the benefits and opportunities associated with ASBs, as
such improvements could enhance their willingness to adopt the use of these.

Respondents residing in peri-urban areas tend to be more concerned about fares when
using ASBs compared to conventional shuttles. This concern is also observed among
respondents with lower education levels. For both socio-demographic groups, it would be
valuable to investigate whether or not fare structures based on spatial zones, time periods,
and concession categories contribute to their concerns. Addressing these concerns related
to fare structures, specifically in the context of ASB deployment, could help alleviate the
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worries and increase acceptance among these groups. Additionally, male respondents,
those without a driver’s license, and individuals with higher employment levels are more
concerned about traffic accidents when using ASBs compared to conventional shuttles.
It is important to further explore how the automation of the driving task contributes to
these perceived challenges and identify steps that can be taken to address these concerns
specifically in the context of ASB deployment for these socio-demographic groups.

Addressing trust difficulties and worries about faulty technology can be carried out in
several ways [79]:

• Education and Awareness: Policymakers should implement education campaigns
that explain how ADRT works, its benefits, and the safety measures put in place.
Transparency about technology can help alleviate fears.

• Regulation and Standards: Policymakers should establish stringent standards and
regulations for ADRT systems. This would not only ensure safety but also promote
public confidence in the technology.

• Demonstrations and Trials: Public demonstrations or pilot programs can also help to
increase public trust in ADRT. By seeing the technology in action and understanding
its benefits first-hand, people might be more likely to trust and adopt it.

• Addressing Equity Concerns: A significant subset of the population that might be
sceptical about ADRT could be those who worry about access and equity, particularly
if they live in underserved areas or have limited mobility. Policymakers need to
assure these communities that ADRT will be accessible and affordable to all, not just a
privileged few.

• Stakeholder Involvement: Involving different stakeholders in the policymaking
process can also build trust. This could include public forums or consultations where
citizens can express their views and contribute to decision-making about ADRT.

• Data Privacy and Security Measures: Given the digital nature of ADRT, data privacy
and cybersecurity are crucial. Policymakers should define clear guidelines to protect
user data and ensure that robust cybersecurity measures are in place.

The ultimate goal for policymakers should be to foster a favourable public opinion
towards ADRT while ensuring safety, accessibility, and trust in the technology. They
should continuously gauge public sentiment and address concerns proactively to promote
widespread acceptance and adoption.

6. Conclusions

The implementation of autonomous demand-responsive transit (ADRT) as a feeder
to regular public transit holds the potential to enhance the effectiveness of public trans-
portation. While autonomous trains and trams are already widely integrated into public
transit systems worldwide [57,80], the acceptability of pioneering ADRT services, such as
autonomous shuttle buses (ASBs), raises questions and concerns. To address these issues,
our study focused on understanding the social dynamics behind how different groups
perceive ADRT mobility, specifically ASBs, in the SEQ region, Australia. By exploring the
perceptions and attitudes of individuals based on factors such as gender, age, education,
employment, income, household size, residential location, and the possession of a driver’s
license, we gained insights into the opportunities and challenges associated with these
innovative transportation services in urban areas.

The findings from the present study provide valuable insights for alleviating concerns
and increasing the adoption of automated driving and ride-sharing technologies (ADRT) in
the Southeast Queensland (SEQ) region. These insights can serve as a useful guide for plan-
ners, suppliers, and policymakers, helping them cater to the demands and preferences of
current and potential users, considering the variations in socio-demographic characteristics.

Our findings revealed the following key points: (i) the primary perceived opportunity
of ASBs was the potential to reduce congestion and emissions, while the main anticipated
challenge was related to concerns about the reliability of the technology; (ii) fully employed
respondents showed greater familiarity with autonomous vehicles (AVs), while females
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and individuals from lower-income households had less experience riding in any form
of AV; (iii) male respondents, younger individuals, those with higher employment and
incomes, and individuals without a driver’s license held a more favourable opinion of
ASBs. Additionally, male respondents, those with higher employment and incomes, and
those without a driver’s license expressed greater concern about traffic accidents when
using ASBs. Less-educated respondents and individuals living in peri-urban areas were
more concerned about fares.

We employed a methodological approach utilizing binary and ordinal logistic regres-
sion modelling to understand the significance of socio-demographic variables in predicting
changes in travel characteristics. This approach, supported by odds ratios, allowed us to
analyse how variations in socio-demographic factors affected the likelihood of changes in
travel characteristics. By identifying significant predictor variables and their odds ratios
for each travel characteristic, our methodology provided valuable insights to inform poli-
cies and practices in order to address key issues (e.g., safety concerns) and target specific
groups (particularly females) when planning public communication strategies to enhance
receptiveness to ADRT.

To promote the adoption and future uptake of ADRT, policymakers should focus on
fostering favourable attitudes (e.g., highlighting perceived opportunities) and addressing
existing unfavourable attitudes (e.g., addressing perceived challenges). Our findings
emphasize the importance of avoiding pilot operations that lead to negative experiences
and fail to meet mobility demands. Providing reliable, effective, and convenient ADRT
services is crucial for alleviating prospective users’ concerns. Measures such as information
screens and easy, obstacle-free access to vehicles can compensate for the absence of a driver,
as suggested by Pigeon et al. [27]. In terms of deployment locations for ADRT, normal
urban traffic conditions are currently perceived as less acceptable. Instead, deployment
in secure contexts, such as dedicated routes, campuses, or areas with no existing public
transport links such as peri-urban regions, is generally seen as desirable.

7. Limitations and Future Research

While conducting this research, certain simplifications were made, which may have
resulted in limitations to the present study. Most survey respondents had no experience
riding in an ASB, and thus some of our conclusions are based on prospective users’ percep-
tions (stated preference) rather than actual users’ opinions (revealed preference), which
may limit their generalizability. Future research could include individuals who have used
these services once they become available, as demonstrated by Dennis et al. [81] in their
study on autonomous shuttles. Longitudinal studies exploring adoption attitudes over
different time intervals could also provide valuable insights by recognizing patterns over
time and identifying significant outcomes [28].

It is worth noting that our study, like most previous quantitative surveys, primed
respondents by listing specific potential opportunities and challenges associated with ASBs
before assessing their opinions. This approach may lead individuals to perceive these issues
as potential problems, even if they have minimal influence on their decision to use ASBs. An
alternative approach to enhance ASB adoption could prioritize communication on aspects
of deployment that users consider more important, to alleviate existing concerns, rather
than addressing perceived problems of low importance. To facilitate this, data collection
procedures should allow respondents to proactively raise issues, rather than directing their
attention to aspects of ASB deployment they may not have considered otherwise [38,39].

While the target respondents of our study were the public, it is important to ac-
knowledge that the benefits of ADRT might be particularly significant for the transport-
disadvantaged population. Further studies can focus on specific socio-demographic groups
in more detail, such as elderly individuals and people with disabilities, to better understand
their demands and challenges [27,44].

In future research, the methodology employed in this study can be replicated for
the SEQ region. By comparing results between panel data, reasons for similarities and
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differences in travel characteristics over time can be investigated, particularly in response
to geographical and socio-demographic shifts, as well as changes in policy and practice
related to personal transport. This methodology is directly transferable to different regions,
allowing for comparisons to identify similarities and differences in travel characteristics
between different areas.

Further research will employ structural equation modelling with this dataset to gain
deeper insights. Cross-referencing the results of this study will help determine the impli-
cations for each methodology and enable a comprehensive interpretation of findings. An
extensive hypothesis testing approach is likely to benefit the analysis [82–84].
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Abstract: Numerous factors have shown Internet-based technology to be a key enabler in achieving
the sustainable development goals (SDG), as well as narrowing the divide between the global north
and south. For instance, smart farming, remote/online learning, and smart grids can be used to,
respectively, address SDGs 1 and 2 (ending poverty and hunger), 3 (quality education), and 7 and 9
(energy and infrastructure development). Though such Internet-based solutions are commonplace in
the global north, they are missing or sparsely available in global south countries. This is due to several
factors including underdevelopment, which dissuades service providers from investing heavily in
infrastructure for providing capable Internet solutions such as 5G networks in these regions. This
paper presents a study conducted to evaluate the feasibility of deploying 5G networks in the rural
dwellings of South Africa at affordable rates, which would then serve as a pre-cursor for deploying
solutions to improve lives and achieve the SDGs. The study evaluates the economic viability of a
hybrid network model which combines terrestrial and aerial networks to provide 5G coverage in
rural areas. The feasibility study reveals that such a network can be engineered at low monthly
subscription fees to the end users and yield good returns to the service providers in rural areas;
however, for large but sparsely populated suburban locations, the traditional terrestrial network with
base stations is more suitable.

Keywords: 5G; economic feasibility; internal rate of return (IRR); sustainable development;
unmanned aerial drones (UAV)

1. Introduction

According to the United Nation’s World Economic Situation and Prospect (WESP),
globally, countries fall into one of three categories based on their economy: developed
economy, economy in transition, and developing economies [1]. Most of the countries in
Europe, North America, and Australia are classified as developed or in transition, while
those in Africa, Asia, and South America are considered developing or “global south”
nations. While the global north nations lead in terms of technological advancements and
high standards of living, global south nations are in contrast characterized by a human
development index lower than 0.8, gross national income per capita of USD 4100 or less,
dilapidated infrastructures, and limited access to basic human needs. Narrowing the
gap between the global north and south countries is one of the purposes of the sustain-
able development goals (SDG), specifically goals one to nine: ending poverty (1) and
hunger (2), access to good health (3), quality education (4), equity (5), potable water (6),
energy (7), economic growth (8), and infrastructure development (9) [2].

Recent evidence has shown that technology plays a pivotal role in achieving many
of the SDGs, and its adequate deployment can help in narrowing the gap between the
global north and south nations. For instance, by applying smart agricultural practices,
crop yield can be improved to address world hunger [3], while wireless body sensors
and the Internet of Things (IoT) can be used to monitor patients remotely [4,5]. Similarly,

Sustainability 2022, 14, 12153. https://doi.org/10.3390/su141912153 https://www.mdpi.com/journal/sustainability124



Sustainability 2022, 14, 12153

cloud collaboration can be used to improve infrastructure and economic growth [6], online
and remote learning to provide quality education [7], and sensor networks to monitor
water quality for drinking and irrigation [8]. A common factor among these technological
solutions is a good communication network, which enables the interconnection of millions
of access networks scattered across the world, as well as providing billions of global users
with access to these networks via the Internet. Hence, both the Internet and next-generation
mobile networks can be considered primary enablers of sustainable development.

The rapid proliferation of mobile devices and the corresponding growth in the volume
of multimedia data traffic have necessitated the push to re-architect the current generation
of cellular mobile communication and move into the fifth generation of cellular technology.
The fifth generation (5G) is characterized by three unique features, viz., ubiquitous connec-
tivity, extremely low latency, and ultra-high-speed data transfer [9]. The fifth generation
has been introduced with the promise of unlimited bandwidth, lower latencies, and virtu-
alization capabilities, enabling network operators to meet the expected capacity demand
from a multitude of emerging bandwidth-hungry and real-time applications. On the other
hand, in an emerging ICT sector aiming at tremendous increases in bandwidth, reduction
in latency, and drastic emissions reduction to mitigate the impact of climate change, 5G
will enable many industry sectors to align with different SDGs, including:

• SDG 3, related to “good health and well-being”, by using smart wearables to increase
the efficiency and effectiveness of medical treatments.

• SDG 4, related to “equitable quality education”, by enabling quality education via
online channels without the need for large-scale land and construction.

• SDG 8, related to “decent work and economic growth”, by providing faster data access
leading to improved human performance, increased skills, and inclusive growth.

• SDG 9, related to “industry, innovation and infrastructure”, by relying on its un-
derlying technologies to increase precision in manufacturing, can save materials
and energy.

• SDG 11, related to “sustainable cities and communities”, by using the integration of
5G and IoT to optimize transport, traffic, and city transformation by citizens.

• SDG 13, related to “climate action”, by building around 5G to digitize a range of
services and industries and therefore reducing greenhouse gas emissions and global
warming, while simultaneously saving energy.

Though Internet penetration has improved significantly in the past few decades, many
global south countries still lag their northern counterparts. Several factors are responsible
for this lag, including inadequate electricity supply (goal 7), poor supporting infrastructure
(goal 9), stunted economy (goal 8), and limited purchasing power of the population (goal 1).
These factors discourage telecommunication service providers (TSPs) from building expensive
network infrastructure in locations where the potential to recuperate returns on huge capital
expenditure (CAPEX) and operational expenditure (OPEX) is limited.

Therefore, it is important to reduce the factors affecting the total cost of ownership
(TCO) for mobile network operators and mobile service providers, especially as there
might be a mismatch between the requirements of the market and capabilities provided
by network equipment. Telecommunication base stations (BS) are extremely expensive,
running into thousands of USD. Beyond the cost element, it also takes several months for
the necessary licence(s) to be approved. Table 1 summarises the primary cost estimation of
acquiring a spectrum licence in South Africa (ZA). The actual cost of the spectrum blocks is
not included because these are often auctioned to the highest bidder.

As an alternative to this expensive outlay, several solutions have been proposed to
provide 5G network coverage to developing nations. These include beaming down Internet
from the sky using balloons, as was the case with Google’s Project Loon [10], or using hybrid
networks, which utilize a combination of air-based unmanned aerial vehicles (UAVs) or
drones with terrestrial-based communication radios to provide Internet. One such hybrid
network was proposed in [11,12]. This work focuses on the hybrid network illustrated in
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Figure 1 and discusses the economic viability of such a network in a developing country
such as South Africa (ZA).

Table 1. Spectrum cost matrix.

Feature Prices

Individual Application ZAR 500,000 (USD 32,000)
Class Application ZAR 12,187 (USD 790)

Renewal ZAR 6094 (USD 380)
Amendment ZAR 60,940 (USD 3800)

Uni Price per MHz ZAR 2344 (USD 160)
Price per Block Auctioned

Auction Investment ZAR 25 Bn (USD 1.5 Bn)
Satellite Hub Station ZAR 58,596 (USD 3700)

Figure 1. Hybrid 5G network. A = RRH-Balloon; B = RRH-UAV; 2 = UAV coverage area; C = terrestrial
base station; D = cell tower; 1, 3, and 4 = backbone network; 5, 6, and 7 = wireless network [12].

In the hybrid network presented in Figure 1, three types of networks are considered
to provide 5G coverage to rural areas. The first is by using UAVs, which relay Internet
from terrestrial base stations over a coverage area. The second is through the use of cell
towers, as is the case with mobile cellular networks; we refer to this as large cell (LC)-based.
The third is by using wireless networks or Wi-Fi access points mounted in and around
buildings; we refer to this as Hotspot.

The major contribution of this work is thus to determine if such a hybrid network is
viable for providing 5G network access to rural dwelling areas of ZA. Thirteen locations
were selected, viz., five district municipalities, four township areas, three rural residential
areas, and one low-income town, with the expectation of:

• Determining the number of cell nodes required to effectively provide coverage in these
locations as carried out in [13].

• Comparing the terrestrial networks (LC and Hotspot) to the aerial (UAV) network in
terms of expenses and profitability for the TSP across all 13 locations.

• Revealing the optimal billing model (per gigabit or per minute) for users across
the locations.

The remainder of this paper is as follows: Section 2 presents an overview of the
economic model, including the description of the use cases. In Section 3, the economic
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feasibility analyses for both the capital and operation expenditures are presented, while the
revenue analyses are conducted in Section 4. Section 5 then discusses the subscription fee
required to sustain the model. Section 6 concludes the paper and gives some insights into
future works.

2. Economic Model Foundation

Modern telecommunication systems have recently witnessed the convergence of cloud
networking, fast connectivity, and high processing power taking place over the existing
Internet model [14]. However, despite the gap between market requirements and network
capabilities, there is still a significant absence of literature that caters to the rolling out
of heterogeneous telecommunication technologies [14]. Frequently, researchers either
concentrate solely on modelling the spatial viability aspect, as evidenced in the fixed
broadband literature by [15], and/or on cost-effective radio network deployment such as
in the work of [16]. It has been predicted that with the emerging heterogeneous 5G wireless
network infrastructure, the administration of services and networks will be performed in
an assembled way [17]. Hence, this works studies the total cost of ownership (CAPEX,
OPEX, return on investment (ROI), internal rate of return (IRR), and the economic value
added (EAV)) for deploying 5G basic wireless connections into rural and low-income areas
of South Africa (ZA).

2.1. Assumptions and Scope

For this work, the following assumptions are made: (i). In computing the CAPEX,
the costs of obtaining both the spectrum operating licence(s) and the Remote Operator’s
Certificate (ROC) for operating UAVs are not considered. This is due to the cumbersome
process(es) involved, which cannot be directly modelled. (ii). For the aerial network,
all UAVs are assumed to have autopilot functions, allowing them to hover over an area
to supply coverage. Furthermore, they are equipped with energy-saving protocols for
prolonged flight-times.

All cellular nodes have poor and limited connections to the public gateway base
station. The economic framework considered in this study includes the cost of equipment
and deployment scenarios that will enable the computation of CAPEX, OPEX, and the
best monthly subscription fee. These financial and economic analyses are performed on
13 locations in ZA, which are split into five district municipalities, four townships, three
rural residential areas, and one low-income town. For this work, we define a community
as a cluster of individuals in the form of families living together, for a long time in a
neighbourhood, while having mutual goals, interest, ways of life, and cultural norms. A
rural community is thus an area under development and characterized as follows:

• Sparsely populated with clustered settlement.
• Residents are mostly involved in various forms of peasant agriculture with relatively

low income. Recent statistics show that the average income of people living in rural
areas is significantly lower than those in urban areas. For instance, in 2017, the average
monthly income of a rural household in ZA was ZAR 2732 or USD 170 [18], while
urban dwellers earned about ZAR 21,966 (USD 1442) [19].

• Rural communities experience slower development compared to urban areas be-
cause of the higher rate of illiteracy, smaller economy, and slower adaptation of
modern technologies.

• Poor roads, mountainous landscapes, and few vehicles and transportation networks,
all of which pose challenges to the installation and maintenance of cellular towers.

• Intermittent electricity supply from the grid makes it difficult to guarantee service
quality in these areas, especially if the network equipment is powered by the grid.

2.2. Deployment Scenarios and Sites

As stated earlier, the economic analysis carried out in this study is performed to
estimate the costs and possible revenue to be generated from deploying a hybrid 5G
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network architecture in certain areas of ZA, as well as the ideal monthly subscription fee
for users in each location.

2.2.1. Demography

Table A1 gives a high-level description of the areas of interest in this work as extracted
from the South African government’s statistics website (Stats SA). It reveals that, on average,
less than 10% of the young adult population has higher education and about 50% of them
are unemployed. The table also reveals mining and agriculture as the prominent industries
in these regions.

It is important to note that the values in Table A1 are simply used as a general guide
and may not accurately reflect real-world conditions. For instance, in rural residential areas
(such as Hlankomo and Gono’on’o), though the official statistics show that locations have
an adequate electricity supply, physical visitation of the locations by the researcher reveals
the complete opposite. There are no grid lines or electrical cables in these locations, and
most homes have been without electricity for decades. A similar situation plays out in the
Lulekani and Duduza township areas, with the exception being that most homes are visibly
illegally connected to the electricity grid.

Municipalities

As stated earlier, five district municipalities are considered, namely Chris Hani in
the Eastern Cape, Mopani, Vhembe, and Waterberg in Limpopo province, and Frances
Baard in the Northern province. Figure 2 depicts the locations of these municipalities, as
extracted from Google Maps. Chris Hani District Municipality is a Category C municipality
situated in the north-eastern part of the Eastern Cape. It is the second-largest district,
linking to all regions in the province. The municipality makes up six local municipalities,
namely: Inxuba Yethemba, Intsika Yethu, Engcobo, Sakhisizwe, Enoch Mgijima, and
Emalahleni. The Mopani District Municipality is found within the north-eastern quadrant
of the Limpopo province. The district consists of five local municipalities: Ba-Phalaborwa,
Greater Letaba, Greater Tzaneen, Maruleng, and Greater Giyani. Moreover, the Vhembe
District Municipality is found in the northern part of the Limpopo province. It shares
borders with Zimbabwe and Botswana in the north-west and Mozambique in the south-east
through the Kruger National Park. It is made up of four local municipalities: Thulamela,
Musina, Makhado, and Collins Chabane. The Waterberg District Municipality is a located
in the western part of the Limpopo province. The municipality is the biggest district in
the province, sharing its five-border control points with Botswana. It is comprised of five
local municipalities: Bela-Bela, Modimolle-Mookgophong, Mogalakwena, Thabazimbi,
and Lephalale. Another Category C municipality, Frances Baard District Municipality
is a located in the far eastern part of the Northern Cape province. The municipality is
the smallest district in the Northern Cape, accommodating the largest proportion of the
province’s population. It comprises the four local municipalities of Dikgatlong, Phokwane,
Magareng, and Sol Plaatje.

Townships and Low-Income Areas

The four townships considered in this work are Soweto and Duduza (in Gauteng
province), Khayelitsha (in Western Cape province), and Lulekani (in Limpopo province),
while the low-income area was Zeerust (in North West province).

Soweto and Khayelitsha are low-income highly populated areas. Soweto has ap-
proximately 1,271,628 inhabitants and an average population density (user density) of
6400 people per square kilometre (users/km2) [20]. Khayelitsha has a population of
391,749 inhabitants and an average of 10,000 people per square kilometre (users/km2).
The digital population statistics in ZA projects that about 80 of all Internet access will be
through mobile phones in 2023 [21]; hence, for this study, we assume a modest 80% of the
population in Soweto and Khayelitsha as active users of the Internet due to their proximity
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to Johannesburg and Cape Town, which are the two major economic hubs of ZA. Similarly,
we propose an average downlink throughput of about 100 Mbps per user in these towns.

Figure 2. Map of District Municipality Areas: (a) Chris Hani; (b) Mopani; (c) Vhembe; (d) Waterberg;
(e) Frances Baard.

Lulekani and Duduza are the two other township areas considered. Most areas within
these towns do not have electricity, with only a few places illegally connected to the
electricity grid. For these areas, the deployed network will have to rely mainly on solar
power and batteries. We assume a download throughput of at least 50 Mbps for these
areas, and about 60–80% of the population would have access to the Internet and use
wireless communications. Zeerust is a small commercial town in North West province
with approximately 9093 inhabitants. The main economy is based on cattle, wheat, maize,
tobacco, and citrus fruit farming, as well as fluorite and chromite mining. It has an average
user density of 160 users/km2.

Rural Residential Areas

Hlankomo and Mandileni are rural residential areas in the Eastern Cape. Both have
about 200 households and a population of approximately 1200 people each. Only 2% of
these households have access to potable water within their dwellings. Gon’on’o is a village
in Limpopo with similar characteristics to the two other areas. These three villages are
not connected to the national electricity grids; hence, deployed 5G cells will have to be
powered by solar panels and batteries.

2.2.2. Climate

Though there are numerous climatic conditions across ZA, and these climates can
generally be grouped into three major categories, namely, arid, equatorial, and tropical [22].
Figure 3 shows a climate map, with the 13 locations of interest indicated. From the map,
Frances Baard (F), Gon’on’o (G), Khayelitsha (K), Lulekani (L), Mopani (O), Vhembe (V),
Waterberg (W), and Zeerust (Z) are in the arid regions, while Chris Hani (C), Duduza (D),
Hlankomo (H), Mandileni (M), and Soweto (S) are in the tropical regions. Both the arid
and tropical regions receive about 70% sunshine throughout the year, as shown in Figure 4.
This makes them ideal locations for implementing the proposed hybrid 5G network.
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Figure 3. Climatic regions of ZA.

Figure 4. Average percentage of sunshine in specific regions of ZA [23].

2.2.3. Parameters Set over the Different Scenarios

Table A2 describes a detailed set of parameters for the different deployment scenarios.
The lack of power grids in rural areas contributes to fewer people having devices that can
access wireless networks. Hlankomo and Mandileni have a 30% active user ratio due to
lack of electricity, while in sharp contrast, Duduza in Gauteng (an area also without legal
connection to the electricity grid) has a higher active user ratio of 80%.

3. Economic Feasibility Objectives

The commercial feasibility analysis consists of determining the financial investments
required for the implementation of the proposed network architecture in rural areas and
if a sufficient return on investment can be obtained in the shortest period. Starting a new
business can be extremely costly; hence, it is crucial to have a business plan that analyses the
CAPEX needed to obtain necessities and implement the services to be offered. Likewise, to
determine the IRR (internal rate of returns), the daily operational cost must be known. This
section estimates both CAPEX and OPEX for deploying the proposed hybrid 5G network
across 13 different locations in South Africa, as well as the computation of the minimum
monthly subscription fees that will yield an ideal IRR for each deployment scenario.

Table 2 discusses the essential tangible and intangible requirements that form the
basis of this analysis. The analysis excludes marketing and brand awareness expenses.
Three network types (UAV, LC, and Hotspot) are considered for providing 5G as described
in the introductory section. The goal of this analysis is mainly to provide information
on the benefits that the initial expenditure will bring and prove to service providers that
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investing in a rural area can be beneficial. The computations of the CAPEX, OPEX, IRR, and
subscription fees for all scenarios were performed using Microsoft Excel and the Python
programming language.

Table 2. Fifth generation network node features [24].

Feature Symbol Description UAV-Based LC-Based Hotspot-Based

Lifetime L Average time before disposal. 5 years 10 years 5 years

Cell Radius R Maximum cell range. 0.5 km 10 km 0.5 km

Peak Capacity γ

Maximum capacity available to
users. We assume a maximum

downlink throughput
TMAX = 100 Mbps.

4.2 Gbps 12.6 Gbps 67.2 Gbps

Max. Power PMAX

Maximum power consumed
when the maximum available

capacity to users is
being utilized.

1.4 kW 3.5 kW 5.6 kW

Min. Power PMIN

Minimum power consumed
when the node does not serve

any user (20% of the maximum
node power).

0.28 kW 0.88 kW 0.28 kW

Battery Cost CB

Cost of a lead-acid battery with
12 V and 200 Ah generating

2.4 kWh.
R2.2 k/battery

Solar Panel Cost CSP

Cost for a standard module
type, size 1 kWp, system losses
14%, tilt 20, azimuth 180, DC to

AC size ratio 1.1, inverter
efficiency 96%, ground

coverage ratio 0.4.

R11.55 k/battery

Computing HW Cost CCHW

Cost of high-level computing
hardware (HW) and

networking of the virtual
functionalities.

R144.4 k R433 k R 144.4 k

Radio HW Cost CRHW

Cost of the Remote Radio Head
(RRH) and interconnection

between them.
R144.4 k R938.2 k R 39.5 k

UAV Cost CUAV
Cost for rotary-wing

quadcopter with 5kg payload. R62.1 k - -

Site Acquisition Cost CSA
The total site acquisition cost mainly depends on the cell type, the cost to connect the site to the

electricity network (if available), and the cost to build an access road up to the cell location.

Spectrum Licence Cost CSL Cost for spectrum licensing.

Node Maintenance Cost CM

The yearly cost of inspection,
solar panel cleaning, and

software updates.
R5.1 k/year R7.65 k/year R 2.55 k/year

3.1. Capital Expenditure

The capital expenditure (CAPEX) is the foundational business cost that creates fu-
ture benefits. This includes the cost of tangible assets concerning remote cell computing
hardware, site acquisition, and UAVs. Additionally, analysis of the number of 5G nodes
required for various deployment scenarios is considered. The possible number of base
stations (BS) can be easily obtained using Equation (1), defined as:

NBS =
(1 + m) ∗ TMAX

c
(1)
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where TMAX is the total peak throughput capacity per node, C is the average capacity
supplied by microcell, and m is the ratio of connected margin to c. The number of 5G
RRH-UAVs (Nc) required is obtained using Equation (2), defined as:

NC = max(NCarea , NCusers) (2)

where NCarea is based on the size of the area A of interest, defined by

NCarea =
2 · A

3
√

3 · R2
c

(3)

and NCusers is based on the number of active users Nu.

NCusers =
Nu · α · T

γ
(4)

Rc is the radius of the hexagonal cell coverage area, A is the size of the prescribed area,
NU is the total number of users, α is the ratio of active users in the network, T is the average
throughput per subscribed user, and γ is the peak capacity of the RRH network cell.

3.1.1. Nodes Comparison

Here, the number of nodes required for each scenario described in Table A2 for each
network type is presented. The value is determined using three approaches, which are
“Based on Max” (Equation (2)), “Based on Area” (Equation (3)), and “Based on Active
Users” (Equation (4)). The number of cellular networks forms the basis of the entire CAPEX
analysis. It also influences the OPEX because the cost of operation grows in proportion to
the number of nodes required.

In Figure 5a,b, comparisons of the various deployment scenarios are shown. The
figures show the possible number of 5G nodes required for all three network types, varied
number of active users, area sizes (in square meters), and highest values. It can be seen
from Figure 5a that covering each of the municipalities (Mopani, Vhembe, Waterberg, Chris
Hani, and France Baard) requires a significantly higher number of nodes compared to the
rural areas, as shown in Figure 5b.

For the five municipalities, the area-based approach yields a higher value. Note that the
“Based on Max” approach simply selects the higher value between the area-based approach
and users-based approach and hence and would have the same value as the higher of the
two. Though Soweto and Khayelitsha townships are smaller than the municipalities in area
size, they have denser populations. This causes the user-based approach to be higher than
the area-based approach, as depicted in the figure. Moreover, the two townships have a
higher number of literates with access to cellular phones, the Internet, and multimedia,
which also influences the higher value for the user-based approach.

3.1.2. Expense Analysis for Remote Access Network (RAN)

This sub-section discusses the CAPEX of three network types (UAV, LC, and Hotspot)
over the same scenarios in Table A2. The total number of cell nodes obtained in the previous
subsection is used in this CAPEX analysis. Equation (5) gives the total CAPEX needed to
deploy a RAN using any of the network types.

CAPEX = NC(CBNB + CSPPSP + CCHW + CRHW + CUAV + CSA) (5)

Here, CB is the cost of a single battery, NB is the number of batteries per site, CSP is the
cost for one (kWp) of the solar panels, PSP is the power of the solar panels per site, CCHW is
the cost of computing hardware, CRHW is the radio hardware cost, CUAV is the UAV cost,
and CSA is the site acquisition cost [24].

132



Sustainability 2022, 14, 12153

Figure 5. (a) Deployment for municipalities and township areas; (b) deployment for rural residential areas.

Based on the Number of End Users

Figure 6a–c depict the total CAPEX computed based on the number of users for the
13 locations. Each graph shows the cost of each parameter needed to deploy a network in
South African rands. Interestingly, in each scenario, the UAV-based and Hotspot-based
solutions consistently require more CAPEX than the LC-based solution. Across the board,
the most substantial contributors to the costs are site acquisition and computing/radio
hardware (HW) expenses, while the UAVs, solar panels, and batteries have a lower impact
on the CAPEX. Of the municipalities, Vhembe has the highest number of users and hence
the higher CAPEX; similarly, due to their dense populations, Soweto and Khayelitsha
townships required much more CAPEX than the other township areas.

Based on Area Size

The CAPEX breakdown bar graphs in Figure 7 show the expenses of each scenario
based on location size. Costs are directly proportional to the size of the targeted areas;
hence, the five districts have significantly higher expenses compared to the other locations.
The figures also show that due to the coverage area, the UAV-based and Hotspot-based
solutions need greater CAPEX than the LC-based solution. This is because both models
need more cell nodes to cover the entire area compared to LC, which only requires a few
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(possibly only one) nodes. Across the locations, site acquisition accounts for more than half
of the entire CAPEX.

Figure 6. CAPEX breakdown based on the number of active users for each network type: (a) LC-based;
(b) Hotspot-based; (c) UAV-based.

Figure 7. CAPEX breakdown based on area size for each network type: (a) LC-based; (b) Hotspot-
based; (c) UAV-based.

Based on the Highest Number of Cells

Figure 8 presents the expenditures of each scenario by showing the analysis for
RAN. Like the first two cases, the UAV-based and Hotspot-based solutions need greater
CAPEX compared to the LC-based. However, in this analysis, the size of the scenario has
a greater impact on the CAPEX, with the expenditure being significantly higher for the
district municipalities.

For the rural residential areas, a single LC-based solution can supply basic network
services over most of the considered areas. Looking closer at these zones, Gon’on’o requires
five UAVs, two LCs, or a single Hotspot-based cellular node to provide full coverage to
the village, while Mandileni and Hlankomo require either three UAVs, one LC, or one
Hotspot-based cell. Though Gon’on’o is a small residential area, it needs more nodes than
the other rural residential areas because there are more people who live there.
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Figure 8. CAPEX breakdown based on highest number of cells: (a) LC-based; (b) Hotspot-based;
(c) UAV-based.

For the townships, in the LC-based solution (Figure 8a), Soweto township has the
highest CAPEX over all other scenarios because of its vast population density. Conversely,
Mopani, Vhembe, Waterberg, Chris Hani, and Frances Baard municipalities have the
highest CAPEX in the Hotspot-based (Figure 8b) and UAV-based (Figure 8c) solutions due
to their immense area size. Despite the dense population of the townships, the UAV-based
or Hotspot-based solution costs less. Computing and radio HW cost slightly more in the
LC-based solution because the targeted scenarios have a vast area that requires many cells
to have full coverage. Contrarily, they cost less in UAV-based and Hotspot-based solutions
due to the coverage range of a single cellular unit. A considerably large area requires more
cells, which in return contributes extensively to site acquisition expenses.

3.2. Operational Expenditure

Operational expenditure (OPEX) refers to costs incurred while operating the 5G
network. It includes but is not limited to maintenance and administrative expenses. Other
expenses, such as insurance, depreciation, and interest, are not considered in our OPEX
calculation. For brevity, only the OPEX required to run the highest number of cells is shown,
as this depicts the maximum expenditure. Equation (6) is used to compute the OPEX for an
entire year:

OPEXi = NC

[
365·

(
∑
h
∗ Ph ∗ CE

)
+ CM

]
(6)

where Nc is the number of deployed network cell nodes, which in this case refers to
Equation (2), Ph is the power required from the electricity grid by the site at hour h, CE is
the cost for one kilowatt-hour (kWh) of energy, and CM is the maintenance cost.

The line graph in Figure 9 depicts the expenses required to supply 5G network cover-
age for a year over the 13 selected locations using the three network types. In all scenarios,
the LC-based network cost less than the others to operate. However, when using the LC
network, Soweto township still required an OPEX of about ZAR 90 million (USD 5.7 m)
annually, compared to the other locations with ZAR 30 million (USD 1.9 m) at most.

For the five municipalities, the Hotspot- and UAV-based systems cost significantly
more to run than the LC-based model. Waterberg and Chris Hani have the largest area
expanse and hence the priciest scenarios to run both network types. On the contrary, though
Soweto has the smallest area compared to the district municipalities, it is expensive to run
the UAV-based network there because of its huge population density. The low-income
town and rural residential areas have the lowest OPEX of all network types due to their
small area sizes and low population. These areas thus require fewer cells for coverage. The
maximum OPEX for Lulekani, Zeerust, Duduza, Hlankomo, Mandileni, and Gon’on’o is
ZAR 0.5 m (USD 0.32 m), irrespective of the cells deployed.
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Figure 9. Operating expenditure over selected scenario.

4. Revenues over Time

This section analyses the return on investment (ROI) for deploying the proposed
hybrid 5G network in some of the currently disadvantaged ZA areas. The standard
statistical profitability ratio helps to determine the loss or profit obtained in each network
type for the total CAPEX. Figure 10 depicts censors and generalized regional service charges
for users over targeted scenarios. This revenue calculation assumes that the number of
users remains relatively constant and that users pay their subscription fees monthly.

Figure 10. Population and service charge over scenarios.

The revenue (REV) is the income generated from network coverage service operations
including discounts and network sharing, while cash flow (CF) is the net amount of money
that moves into and out of a business. Furthermore, the IRR discount rate estimates
the overall profitability of potential investments during CAPEX budgeting. It makes
the net present value (NPV) of all CF from a network deployment project to be equal to
zero. Moreover, IRR computations depend on the same formula as the NPV, with some
slight adjustments.
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4.1. Revenue Analysis

The yearly revenue (REVi) forecasts profits to be made throughout the expected
lifetime of the cell over the chosen areas, where i is the number of years, assuming each
user pays a monthly subscription fee F to use the network. Equation (7) can thus be used
to calculate income based on this constant monthly subscription.

REVi = NU ·12·F (7)

Figure 11 shows a line graph for the annual income of all network types. From a
glance, all five district municipalities generate more revenue compared to rural residential
areas and townships, while the France Baard region is the lowest producer, generating
approximately ZAR 2b (USD 126 m) of income. Vhembe district municipality and Soweto
township both have a vast population and as expected also have considerably higher
revenue per year. Though Vhembe has the highest revenue, it is only marginally higher
than Soweto, due to its lower average population density when compared to Soweto (see
Table A2). Finally, for the rural residential areas, only about half a billion ZAR (USD 33 m)
is attainable at most as revenue.

Figure 11. Revenue over selected scenario.

4.2. Cash Flows Analysis

With the revenue and expenditure obtained in the previous sections, the cash flow
analysis can then be done. The expression in Equation (8) is for obtaining the operators’
annual net cash flows (CFi), where i is a specific year during the network operation, and l
is the lifetime of the solution in years.

−OPEX f or year i = 0
CFi = REVi − OPEXi f or year 0 < i < l

(8)

At the inception (first year, where i = 0), we simply subtract the OPEX for that year.
CFi represents the profit or loss value of the network operator during a specific period.

Given the requisite knowledge of CFi, it is important to first determine if the revenues
can compensate the CAPEX and OPEX, by computing the net present value (NPV). Specifi-
cally, by definition, NPV is the summation of cash flows CFi over the entire lifetime, each
normalised by (1 + η), where η is the discount rate, i.e., the return (in percentage), that
could be earned with an ideal financial investment (such as bank funding, loans, etc.) [11].
Equation (9) adopted from [25] is used to calculate the NPV:

NPV = ∑L
i=1

CFi

(1 + η)i − CF0 (9)

where CF0 is the total first investment expense, and i is the period (in years).
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The analysis starts with a current balance and produces a closing balance sheet after
accounting for all cash inflows and outflows during the period. Using the monthly sub-
scription fee (shown in Figure 10), the computed OPEX (using Equation (6)) and annual
revenue (computed using Equation (7)), for the same scenario parameters on Table A2, the
NPV can be calculated using Equation (9). The clustered column bar graph in Figure 12
depicts the NPV for the three network types.

Figure 12. Net present value over selected scenario.

Interestingly, in each scenario, the LC-based solution with the proposed monthly
subscription fee in Figure 10 yields a more profitable return than both the UAV- and
Hotspot-based solutions. Hence, by using only UAV- and Hotspot-based solutions to
supply 5G services to any district municipalities, the operator will not be able to recover
the initial CAPEX. For instance, Waterberg region requires more than ZAR 55 B (USD 3.7 B)
for both UAV- and Hotspot-based solutions to run until their lifetime expires, but it only
generates about ZAR 3B (USD 200 m) (see Figure 11). In the case of Vhembe, due to its
larger population compared to the other municipalities, it requires more SCs to fully supply
coverage to the entire area and hence more expenditure. To this end, only the LC-based
solution is more profitable in the district municipalities. On the contrary, the low-income
and rural residential areas are profitable for all network type, with Soweto and Khayelitsha
townships yielding the highest cash flows.

4.3. Internal Rate of Returns

The internal rate of return (IRR) is a measure of an investment’s rate of return. The
term “internal refers” to the fact that the calculation excludes external factors, such as the
risk-free rate, inflation, the cost of capital, or various financial risks. To calculate the IRR, we
set Equation (9) to zero and solved for the discount rate η (IRR) using the other values given.

The graphs in Figure 13 depict IRR for the three model solutions being considered
over the 13 ZA locations. The LC-based solutions (Figure 13a) would require users to pay
close to a ZAR 1,860 (USD 127) monthly subscription fee to obtain at least 10% IRR across
all locations. When UAVs are used, Figure 13c reveals that with about ZAR 200 (USD 13),
an IRR of 10% can be obtained across all locations. Finally, the Hotspot-based solution
(Figure 13b) would require users to pay almost ZAR 1838 (USD 116) for a 10% IRR. In
essence, by using UAVs, with a monthly subscription fee of just ZAR 30 (USD 2), a 50% IRR
can be obtained in the rural areas or ZAR 200 (USD 13) for profitability across all locations.

F =
NPV + NPO + C0

NPPNU

(10)
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Here, NPO is the net present operational expenditure obtained using Equation (11),
and NPP is the net present payment per user, calculated using Equation (12).

NPO = ∑L
i=1

OPEXi

(1 + η)i (11)

NPP = ∑L
i=1

NU ·12

(1 + η)i (12)

Equation (12) yields the best monthly subscription fee, which is then used to obtain
the IRR graph in Figure 14. A rate (η) of 30% was used to yield the subscription fee over
the selected scenarios. The graph reveals that township areas such as Soweto, Khayelitsha,
and Duduza have more potential for lucrative growth than any of the municipalities, while
rural residential areas require less than ZAR 50 to yield a 100% IRR.

Figure 13. Cont.
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Figure 13. Internal rate of returns over the considered scenarios: (a) LC-based; (b) Hotspot-based;
(c) UAV-based.

Figure 14. Internal rate of return based on monthly subscription fee over selected scenario.

5. End-User Subscription Fee

In an article published by Fin24, it was claimed that the South African telecommunica-
tion services providers MTN and Vodacom charged up to 2639% more for out-of-bundle
data. It was also reported that while on contract, a Vodacom 20 GB data bundle costs
ZAR 329 (USD 20.75) or ZAR 0.02 per megabyte, while for out-of-bundles the rate per
megabyte was ZAR 0.44 (USD 0.03) [26]. This is an estimate of about 2630% higher for
out-bundle than in-bundle. Similarly, MTN’s 25 GB prepaid bundle costs ZAR 1250 (USD
79) or ZAR 0.05 per megabyte, while the out-of-bundle package cost ZAR 0.99 (USD 0.06)
per megabyte. This represents a 1928% difference between in and out-of-bundle charges.
Data bundle prices for major operators in ZA are compared in Table 3, with monthly data
usage estimated from the Verizon Wireless website.
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Table 3. Data bundle price comparison across ZA telecommunication service providers.

Usage Size (GB/Month) Price (ZAR)

Vodacom 1 Telkom 2 MTN 3 Cell-C 4

e-Mail (Text only) 7500 (e-Mail) 0.07 R29

Web Access 7500 (pages) 10.99 R748 R598 R648 R748

Stream Music 60 (h) 3.52 R399 R275.25 R398

Stream HD Video 15 (h) 30 R1 598 R1 398 R1 249 R899

Stream SD Video 30 (h) 19.04 R999 R899 R799

Upload and Download Photos 3000 (photos) 14.65 R999 R798 R899 R799

4G VoIP 60 (h) 2.64 R299 R199 R378 R299

4G VoIP with Video 60 (h) 15.23 R999 R837 R899 R799

1 http://www.vodacom.co.za/vodacom/shopping/data/prepaid-data, (accessed on 18 September 2022);
2 https://secure.telkom.co.za/today/shop/personal/plan/100-gb-data-bundles/, (accessed on 19 September 2022);
3 https://www.mtn.co.za/Pages/MTNDataBundle.aspx (accessed on 18 September 2022); 4 https://www.cellc.co.
za/cellc/bundles-contract-detail/DataBundles#/sku6850032, (accessed on 18 September 2022).

5.1. Monthly Subscription Fee

This section compares the average monthly subscription fees for uncapped data users
(as at the time of writing) versus prepaid users. Figure 15 depicts uncapped subscription
fees for five TSPs in ZA versus the proposed average monthly fee (ZAR 282 or USD 18)
from the analysis of our hybrid 5G network.

Figure 15. Monthly subscription fee comparison.

5.2. Capped Subscription Fee

A gigabit (Gb) is a unit measurement of digital storage that is based on binary multiples
of bits, while a megabyte is based on binary multiples of bytes with MB being a standard
symbol. There are 128 megabytes in a gigabit; hence, a transfer rate of 1 Gb/s is equal to
125 MB/s. Table 4 shows the estimated daily transfer capacity of different cells based on
the sinusoidal function of power consumption given in Table 2. Equations (13) and (14)
are used to obtain the prepaid subscription fees “per GB” and “per minute”, respectively.
These fees are inclusive of mandatory tax(es).

PGB =
Nc·F

ω·α·β + Tax (13)

Pt =
Nc·F
t·α·β + Tax (14)

The line graphs in Figure 16 depict the prepaid price for the three network types
considered over the selected scenarios. The price modelling framework is based on Figure 14
and Equations (13) and (14), where t is time in minutes. Furthermore, the expression considers
the probability of active users on the network and how long each user will be active. Both
costs “per minute” and “per GB” graphs have different charge curves as shown in Figures 16
and 17. Overall, rates per GB are more expensive than per minute rates.
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Table 4. Estimated daily data transfer.

Symbol UAV-Based LC-Based Hotspot

Peak Capacity γMAX 15.12 Tb/h 45.36 Tb/h 241.92 Tb/h

Min. Capacity γMIN 3.024 Tb/h 9.072 Tb/h 48.384 Tb/h

Mid. Capacity  6.048 Tb/h 18.144 Tb/h 96.768 Tb/h

Traffic per Day ω 27.216 TB 81.648 TB 435.456 TB

Figure 16. Capped User Subscription Fee—Per Minute.

Figure 17. Capped user subscription fee (per GB).

The graphs reveal that the rural residential areas of Hlankomo and Mandileni would
pay the most for all network types and significantly more for the LC- and UAV-based
solutions. On the contrary, the users in the township areas pay the least across all network
types, while the municipalities are charged about an average of the rural and township
prices. Despite these values, it is important to note that our average proposed price for all
three network types (UAV-, LC-, and Hotspot-based network) is ZAR 0.50 (USD 0.031) for
1 GB of data bundles. Even at a peak rate of ZAR 0.80 (USD 0.05), our proposed hybrid
network is still extremely cheaper compared to other TSP rates, such as Telkom, which
charges ZAR 60.00 (USD 3.8) or Cell C with a rate of ZAR 75.66 (USD 4.8) for 1 GB of
data bundles.
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6. Conclusions

The objective of this paper was to determine whether it is economically feasible
to deploy a hybrid 5G network in rural areas, which uses cellular nodes (mounted on
an unmanned aerial vehicle) to beam network coverage from the sky to users, while
piggybacking on terrestrial cellular nodes. This network was to be deployed to serve as an
enabler in achieving the sustainable development goals, including providing good health
care, reducing poverty, and improving infrastructural development in less developed
areas of the world. Thirteen locations were selected in South Africa, including five district
municipalities, four township areas, three rural residential areas, and one low-income
area. Three scenarios were considered per location, using three network types: UAV-
based, Hotspot-based, and LC-based. In performing the analysis, the capital expenditure
(CAPEX), operation expenditure (OPEX), internal rate of return (IRR), return on investment
(ROI), and power requirements were considered. All of which were used to obtain the
recommended monthly user subscription fees for Internet access per GB and per minute.

From the analysis, it can be concluded that it is more expensive to deploy the proposed
hybrid 5G coverage in large but sparsely populated areas. For such areas, the traditional
LC-based system is more profitable. On the contrary, implementing the hybrid architecture
in rural residential areas costs less and yields higher revenue than low-income areas. The
analysis also reveals that with the proposed model, the best monthly subscription fee
will cost far less than the current data bundle prices being offered by telecommunications
providers in South Africa.

It is important to note that this work did not consider several factors such as cost
of acquiring the spectrum licence, cost of site constructions, electricity grid tariffs, staff
salaries, depreciation, etc. These factors are vital and can impact the overall performance
of the proposed network. Incorporating these factors might be one avenue of extending
this work in future. In the same vein, various models for the optimal placement of UAVs to
maximize network coverage could also be considered for future works.
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Abstract: Cities in Saudi Arabia need to expand rapidly due to the rapidly growing urban population.
To develop smart sustainable cities (SSC), human, social, and environmental capital investments must
be expanded beyond just focusing on technology. There have been several cities that have adopted
smart city labels as recognition of the advantages of smart cities. Many countries acknowledge
the value of citizens’ involvement in public urban planning and decision making, but it is difficult
to evaluate their impact and compare it to other factors. This study aims to develop a citizens’
participation framework, identify any additional stakeholder’s management measures (SMM) (in
addition to the ones previously developed by the authors), and explain the relationship with citizens’
participation level (CPL) for driving SSC. Three rounds of the Delphi method were conducted to
structure and validate the framework by the decision maker in the field of urban planning and reach
a consensus of understanding the drivers of SSC. The study group was limited to 25 participants
because this study focuses on the perspective of decision makers toward CP. Mean score (MS) ranking
and Kendall Coefficient were used to confirm the importance of these additional stakeholders’
management measures. The results suggest three main component structures of the conceptual
framework, which are SMM, CPL, and Citizens’ Participation Recruitment (CPR), which are all
necessary for smart sustainable city outcomes (SSCO) for achieving the Future Sustainable Cities Plan
(FSCP) within the context of Vision 2030 and government policy in Saudi Arabia. Using the proposed
framework will enable all the stakeholders to gain a deeper understanding of SSC and their complex
natures from a conceptual and practical standpoint. The contribution to knowledge of this study is by
developing a conceptual framework that can support the implementation of SSC, and by providing
an understanding the CPR standards and the involvement of citizens in urban development, which
eliminates any debate regarding SSC.

Keywords: smart sustainable cities; citizens’ participation framework; citizens’ participation recruitment;
citizens’ participation level; stakeholder’s management measures; Saudi Arabia

1. Introduction

Smart sustainable cities (SSC) have been acknowledged globally in response to rapid
urbanisation and enormous consumption which require attention and collaboration from
diverse professions [1]. The United Nations [2] estimated that 90 per cent of the increased
population would live in cities by 2050. Globally, urban areas consume about 70 per
cent of the world’s natural resources, which significantly contribute to greenhouse gas
emissions [3]. Saudi Arabia has also witnessed an expanding in urban development,
wherein the cities expand rapidly. As a result, several consequences of urban issues have
occurred, such as traffic congestion, insufficient transportation facilities, resource depletion
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at an accelerated pace, and a certain issue that is not being addressed culturally [4]. Due to
the lack of comprehensive planning frameworks, rapid population growth coupled with
weak institutional structures has led to sprawling and lopsided development [5].

Gassmann, Böhm, and Palmié [6] and Ramaprasad, Sanchez Ortiz, and Syn [7] argue
that advanced technology such as Artificial Intelligent (AI) and Internet of Things (IOT)
play an important role in promoting SSC. Moreover, opportunities such as innovation,
entrepreneurship, and job creation can be attracted by SSC, which leads to economic
growth and flourish, as well as equitable and inclusive urban environment. However,
Alamoudi, Abidoye, and Lam [8], Bibri [9], and Embarak [10] debate that cities that are
driven by technology are most likely to exacerbate social inequalities, whereas cities that
consider human involvement and participation in the SSC development are more likely to
do so equitably, justly, and particpatorily. Human needs and interests are prioritised and
promoted not only to privileged groups, but also marginalised communities. Ultimately,
cities have been challenged to balance between utilising Information and Commination
Technology (ICT) and ensuring that citizens’ participation (CP) is applied.

In response to these rapid urbanisation challenges, many sustainability measurement
models and frameworks have developed, including but not limited to the Leadership in
Energy and Environmental Design (LEED), the Building Research Establishment Envi-
ronmental Assessment Method (BREEAM), and the Comprehensive Assessment System
for Built Environment Efficiency (CASBEE) [11]. Over the past few decades, several gov-
ernments have adopted a variety of urban sustainability systems. Even though most of
these systems were designed for buildings, the advantages of ICT have not been taken into
consideration [9]. The complexity and sophistication of urban areas are incredible, and it re-
quires a holistic framework such as the SSC concept to manage its complexity [12,13]. Smart
cities have been viewed by various scholars as a new paradigm created to accommodate
rapid urbanisation and economic development [10,12,14], while other spectators believe
the smart cities concept is not new [1,15]. The phrase, smart cities concept, was introduced
in 2007/2008 when ICT was introduced to businesses, institutions, and the public; on the
other hand, the concept of smart growth originated in the late 1900s during the growth
movement [1,12]. Based on academic expertise, smart cities can be viewed as a complex
ecosystem that is supported by technological infrastructure and means of transforming the
engagement, participation, and learning of citizens [16]. Although scholars acknowledge
that SSC is primarily a techno-centric concept because it leverages ICT, they claim that
social, cultural, economic, and environmental aspects are crucial [17–20].

SSC are those that have extensively integrated ICT with their urban systems [21].
In the past, urban governments have struggled to achieve sustainability goals through
ICT [22]. ICT technology and community participation are absent from policies and strate-
gies for sustainable urban development. By using a smart sustainability framework, urban
development initiatives can be driven by technology and CP with positive environmental,
economic and social outcomes [23]. Sustainable urban planning is considered one of the key
outcomes of smart cities, which are open to embracing new technologies. Smart city initia-
tives, however, do not provide evidence of how sustainability outcomes are achieved [24].
It is possible to collect and analyse datasets for urban intelligence functions using ICT
approaches. A framework can be used to formulate decision-making strategies to achieve
SSC [3].

Urban planning and challenges can be addressed with ICT [16]. However, transitioning
to SSC requires an understanding of urban governance [25]. In urban governance, there
are two types: (1) traditional government that is characterised by centralisation, little or
no public involvement, and private partnerships, namely, “traditional government”, and
(2) one that emphasises decentralisation, public participation, partnerships, and consensus
building, referred to as “modern governance” [26]. Urban planning and governance are also
interconnected and involve a variety of stakeholders [27]. Almughairy [28] suggests that
planning, governance, and implementation must be coordinated for regional development
to be successful. It is imperative that urban planning and its governance are linked in order
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for urban sustainability to be achieved [27]. According to Almughairy [28], by utilizing a
region’s uniqueness in planning and implementation, any community and its residents
can be assured of a prosperous future. Other scholars such as Al-Hathloul [29] argue that
Saudi Arabia’s management system has a national and local focus and is centralised at the
national level.

Understanding the six characteristics of smart cities is essential; these include: smart
people, smart economy, smart mobility, smart living, smart governance, and smart envi-
ronments [14]. Various technologies are used by SSC in order to achieve a sustainable
lifestyle and steady, healthy quality of life (QoL). Sustainable development is primarily
achieved by creating, deploying, and promoting ICT. As a result, it is referred to as a “new
TechnoUrban phenomenon” [3]. It has been widely discussed that CP plays a significant
role, but there has not been evaluation of its effects to compare its contribution to other
influences [30–32]. Several studies have found that countries that empower CP perform
significantly better in urban projects than countries that do not [33–35]. For example, in
2016 the Future Saudi Cities Program (FSCP) was established by the Minister of Munic-
ipal and Rural Affairs (MoMRA) in collaboration with UN-Habitat to capture the urban
challenges in Saudi Arabia [36]. FSCP aims to promote spatial balance, reduce urban
sprawl, and develop a decentralised planning framework in Saudi Arabia for a sustainable
city. QoL, environmental protection, and economic competitiveness are all part of FSCP’s
business objectives. Boosting the productivity, equitability, social and ecological well-being
of Saudi cities is the objective of FSCP. Smart Sustainable Cities Outcomes (SSCO) are
seen in three-primary areas as business objectives: ‘QoL’, ‘economic competitiveness’, and
‘environmental protection’ [37]. QoL as a measure of social sustainability aims to have
productive and prosperous cities through high-quality urban design that is equitable and
socially inclusive, and which has an adequate and efficient infrastructure. Environmental
protection considers reducing sprawl, enhancing spatial balance development, and pro-
moting the environment. Economic competitiveness is distinguished by producing better
financing, a greater degree of well-being, and better employment opportunities [38]. These
outcomes rely heavily on ICT. An example is using sensors to collect air and water quality
data, waste management data, and other environmental information. In addition, cities
can boost their economic competitiveness by leveraging ICT to attract investment, pro-
mote entrepreneurship, create jobs, and grow their economies. Moreover, social inclusion,
community engagement, cultural diversity, and public safety can all be enhanced through
ICT in cities, as well as crime and violence reduction through ICT. UN-Habitat’s objectives
for SSCO leave CP untouched, creating gaps between ICT and CP as facilitators of urban
sustainability and citizens engaging in the development of cities as stakeholders. To achieve
the implementation goal, it is necessary to study and address these gaps. Therefore, there
is a need to develop a comprehensive framework that can work together to bridge the gap
between ICT and CP to achieve SSC.

Recently, the 12 Vision Realization Program of strategic importance for the government
of Saudi Arabia was established and named VISION2030. Its objective is to improve the
lifestyle of individuals by creating an ecosystem that boosts participation in cultural, enter-
tainment, and sports activities, develop events for communities that enhance liveability,
and enhance the ranking of Saudi cities [38]. According to UN-Habitat [37], the Saudi
Government’s aim is to make Saudi’s cities considered one of the top 100 cities globally by
2030. Some Saudi cities may be able to improve their social, economic, and environmental
conditions through this program [17].
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There is a need to mitigate the undesirable consequences of rapid urbanisation by
adapting the SSC framework. This study aims to develop a citizens’ participation frame-
work, identify any additional stakeholders’ management measures as revealed by the
stakeholders involved in the FSCP program, and explain the relationship with CPL for
driving SSCO for FSCP and VISION2030. In particular, we raise the research question:
How can the citizens’ participation be enhanced to achieve the business objectives of FSCP,
i.e., SSCO? Three rounds of the Delphi method were conducted to fulfill the study’s aim.
The paper contributes significantly to the literature on SSC by developing a framework that
supports CP in the form of two-way communication with all urban development stake-
holders. In other words, local governments and other stakeholders can better understand
how smart cities operate through a practical framework.

The novelty of the proposed framework lies on the component of the framework. It
contributes to understanding the issue conceptually and practically. The novelty of the
framework introduces a new approach to archive and understand the involvement of
CP in the development of SSC. In addition, its components, including SMM, CPL, SSCO,
and Citizens’ Participation Recruitment CPR, differentiate it from previous frameworks.
Another advantage is the ability to identify the most appropriate SSC implementation
measures for different cities, as well as the expectations of stakeholders, to assist the
decision makers. Meaning, it aims to support the communication between the government
and decision makers and identify what is expected from the citizen and vice versa to
achieve SSCO. This novel framework contributes to advancing the field of urban planning
and provide significant understanding for policymakers, practitioners, and researchers.

The structure of this study is as follows. Firstly, we present the current research
problem. Subsequently, a literature review of various frameworks that support the SSC
concept is presented. The research methodology is illustrated in the Section 3, and research
questions are discussed in detail; in the Section 4, the results, discussions, and validation
of the framework are presented. As a conclusion to the paper, the Section 5 discusses the
study findings, implications, and limitations, and future studies will be proposed.

2. Literature Review

2.1. Review of Sustainability Frameworks

Previous studies show that many governments around the world have been imple-
menting different approaches towards smart cities and sustainable urbanisation [3,24,39].
Globally, over 30 rating systems have been used to measure and monitor sustainability in
environmental, economic, and social aspects [40]. Measurements (see Table 1), such as the
Urban Management Program of UN-Habitat [41], Melbourne City Council’s City plan [42],
the government of Singapore’s Green Plan [43], have been used to guide and monitor urban
sustainability. Smartainability aims to include most of the urban sustainability indicators
and allows the estimation of how smart cities promote sustainability [13]. The first intro-
duced rating system was BREEAM, which was developed in 1990 [44]. Out of these rating
systems, three are the most accredited and famous systems: LEED, the Estidama pearl
rating system, and the Global Sustainability Assessment System (GSAS) [45]. However,
GSAS is recognised to function in countries in the Middle East and North Africa (MENA)
region, including the Gulf and Saudi Arabia [40]. Because of the range of explanations of
SC and urban sustainability, many frameworks and ranking systems have been developed
(see Table 1 for the sustainability frameworks) [22]. There are few studies that compared
the impact of these frameworks and their related indicators [22]. However, there is very
little or nothing in the literature about weighting these frameworks and their indicators in
order to adopt the suitable one, nor about the integration of ICT with sustainable cities.
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Table 1. Best Practices Frameworks for Urban Sustainability.

Name of the
Framework

Description

Number of

Limitation

C
a

te
g

o
ry

*

In
d

ic
a

to
rs

*

ISO 37120 *

Sustainable development and resilience
are assessed holistically through an
integrated and holistic approach to
quality of life QoL and service delivery in
cities [22]

17 100 Some of the indicators were eliminated
due to space limitations [46]

RFSC *

The European Cities Toolkit is a free tool
aimed at promoting and improving the
integrated urban development actions of
cities and urban territories [22]

4 24 It supports only local European Union
authorities to restricted access

BREEAM

The purpose of an assessment method is
to improve, measure, and certify the
sustainability of large-scale development
plans in terms of social, environmental,
and economic factors [22]

9 62 Difficulties in controlling the quality
assurance and high cost to obtain it [47]

LEED-ND for
Neighbourhood
Development

Using standards to distinguish whether
the neighbourhood is environmentally
improved; green certification is applied to
the neighbourhood context [22]

5 53
The cost of earning such credits is high,
while few points are earned for meeting
their criteria [48]

CASBEE for Urban
Development
(CASBEE-UD)

Assessing the effects of a conglomeration
of buildings on the environment at the
urban scale [22]

6 76

Incorporates some of the issues in the
main categories into the management
side, instead of the main category of
sustainable urbanisation itself [49]

STATUS *

Developing locally relevant tools to help
establishing targets for urban
sustainability through a joint initiative by
researchers and practitioners [22]

8 46 It supports only local European Union
authorities to restricted access

SustainLane

Ranking system of 50 of the country’s
largest cities to recognise the depths,
challenges, and potential of each major
city’s management policies [22]

16 46

A description of how weights were
assigned to individual initiatives or why
certain initiatives were included in the
city rankings is not provided [50]

UN-Habitat CPI

An extensive set of indicators that
measure progress toward the Habitat
Agenda and the Millennium Development
Goals includes 20 key indicators, 8
checklists, and 16 extensive indicators [22]

5 42
The definition of prosperity does not
address all kinds of urban typologies such
as slums [51]

UN-Habitat SDG *

Analyses how countries are performing
on SDGs on an average. High SDG
rankings are strongly related to high
natural resource demands per person [52]

17 169

Resource security is not well represented
among the goals and targets, so a more
complete and carefully constructed SDG
will not have a significant impact on
results [52]

* Category: the impact of indicators, * Indicators: A measure that captures information about a complex phe-
nomenon, * ISO 37120: An indicator of the QoL and sustainable development of cities, * RFSC: An acronym for
the Reference Framework for Sustainable Cities in Europe, * STATUS: Sustainability Tools and Targets for the
Urban Thematic, * SDG: for Sustainable Development Goals, which was developed by UN-Habitat.

2.2. Review of Smart Cities Frameworks

Table 1 summarises the urban sustainability frameworks. Many researchers see urban
sustainability from three pillars/dimensions, which are economic, environmental, and
social [53,54], while Khogali [55] added a fourth pillar, which is the cultural pillar. Every
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pillar/dimension comprises measures based on a set of indicators and sub-indicators. On
one hand, Table 2 shows the frameworks and indicators that are used to measure SSC in
many countries. For example, the United States of America uses LEED, France uses RFSC,
Japan uses CASBEE, and England uses BREEAM. On the other hand, Table 2 shows a wide
range of frameworks designed for measuring smart cities, where each framework uses a
number of categories and indicators.

According to Alamoudi, Abidoye, and Lam [14], SSC falls under six major domains.
Each domain is measured using a set of indicators and sub-indicators. These domains are
Smart Economics, Smart Environment, Smart Governance, Smart People, Smart Living,
and Smart Mobility. Alamoudi, Abidoye, and Lam [56] assessed SSCO using three sets
of measures. First: primary areas of urban sustainability proposed by FSCP. Second:
urban indicators utilised by FSCP. Lastly: the most common indicators and sub-indicators
revealed by literature review for measuring urban sustainability.

Alamoudi, Abidoye, and Lam [56] suggested the following indicators and sub-indicators
for SSC, which are Smart Economics: innovative spirit, entrepreneurship, economic image,
trademark, flexibility of labour market, and E-business; Smart Environment: attractivity of
natural conditions, pollution, environmental protection, sustainable innovation, and safe
transport systems; Smart Governance: participation in decision making, public and social
services, transparent governance, and E-government; Smart People, level of qualification,
inclination to lifelong learning, social and ethnic plurality, flexibility creativity, cosmopoli-
tanism/open mindedness, and participation in public life; Smart Living: cultural facilities,
health conditions, individual safety, housing quality, education facilities, touristic attrac-
tivity, and social cohesion; Smart Mobility: local accessibility, international accessibility
availability of ICT-infrastructure, sustainable, and innovative and safe transport systems.

Table 2. Selection of Best Practice Frameworks for Smart Cities.

Name of the
Framework

Description

Number of

Limitation

C
a

te
g

o
ry

*

In
d

ic
a

to
rs

*

European Smart Cities
Ranking

Ranking of European cities developed by
the University of Technology Vienna [22] 6 64 It requires open data in order to function

the best [57]

The Smart Cities Wheel

By examining all key components that
make a smart city, Boyd Cohen developed
an integrated framework to support
them [22]

6 26
Especially in developing nations, limit the
concept to smaller and emerging cities
[57]

Smart city
benchmarking in China

Developed as part of a Chinese project
and used for evaluating 28 Chinese cities’
smartness [22]

5 43
The model was built based on a
comparison with other cities’ strategies,
planes [58]

Triple-helix network
model for smart cities
performance

For measuring the performance of smart
cities, a model links the interrelationship
between their components [22]

5 45 Its main focuses are on digital services
only [59]

Smart City PROFILES Five SC indicators, with a focus on energy
efficiency and climate change [22] 5 21 It focuses on climate change and

energy [60]

City Protocol

Creating city-centric approaches that
benefit citizens is the goal of an
international collaborative innovation that
starts in Amsterdam [22]

9 190
This program ended in 2018 although all
the insightful information is still
accessible [61]

CITYkeys
Providing a holistic measurement
framework (under the EU H2020
program) [22]

20 73
The data set and indicators are calculated
based on the availability and reliability of
the needed data [62]

* Category: the impact of indicators, * Indicators: A measure that captures information about a complex phe-
nomenon.
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There is a need to better understand how smartness and sustainability are related and
interconnected [63]. As shown in Tables 1 and 2, a significant number of contradictions
in theory and practice are rooted in the technological world, yet the definition of the SC
concept is not unified [22,24,64–66]. As a result, its definition, character, and dimensions
are shaped by the scholar’s background and how it is applied [24,67]. Although the SSC
concept has only recently been introduced to academic discourse as a means to promote
sustainable urban development, it still remains an area of nascent empirical research [21].

As proposed by Alamoudi, Abidoye, and Lam [68], a strong smart sustainable city sys-
tem relies on four factors: knowledge, awareness, citizen participation, and opinion about
government policy. On the other hand, the relationship between stakeholders’ management
measure (SSM) and CPL has been tested and validated by Alamoudi, Abidoye, and Lam [8].
As suggested, Regulation, Collaboration, Legitimates, and Control are the most important
stakeholder management variables that drive CPL. In additional, the impact of CPL on
the SSCO has also been tested and validated by Alamoudi, Abidoye and Lam [56], which
demonstrates the following CPL variables: Accountability and Responsibly Transparency,
Participation, and Inclusion. This paper defines an additional SSM as revealed by the
stakeholders involved in the FSCP program, which will be examined and determined by
utilizing the Delphi method.

Figure 1 shows the relationship between CPL, SSM, CPR, and SSCO. This research
hypothesises that E-government/ICT, engaging/empowerment, and socio-cultures factors
are significant measures in the stakeholder management process and can influence CPL
and SSCO.

Figure 1. A framework for holistic Smart Sustainable Cities and the areas of study focus. Adapted
from: Alamoudi, Abidoye, and Lam [56].
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3. Methodology

To assess SSCO from adopting citizens’ participation measures and stakeholder com-
munication enhancement measures, and, hence, validate the stakeholder management
framework for achieving smart sustainable cities outcomes, a Delphi method was adopted.
It contributes to understanding the SSC by structuring and validating results from experts
on built environments [69,70]. Three rounds of questionnaires were sent to experts for
brainstorming, narrowing down, and ranking the most important components of the frame-
work [71]. The first round aimed to express experts’ opinions to confirm the framework
and identify any additional measures and relationships for the citizens’ participation frame-
work for driving SSCO for FSCP, which will support better communication between the
stakeholders involved in smart cities development. In the second round, the questionnaire
was sent out with feedback from the first round for validation of the responses of the
structure of the framework by comparing it with the consolidation of others’ opinion.
In the third round, the responses from the second round were presented to the partic-
ipants to gain a consensus experts’ opinion. Moreover, the participants were asked an
open-ended question to confirm and identify the influencing measures and to explain the
relationships between them. The first survey was structured into five sections: (1) general
questions about the participants, (2) foundation of the Citizens’ Participation framework
(Recruitment), (3) foundation of the framework—E-government/ICT Factors, (4) foun-
dation of the framework—Engaging/Empowerment Factors, and (5) foundation of the
framework—Social-Cultural factors. The items were scored on a five-point Likert scale:
“Least Important (1)”, “Fairly Important”, “Important”, “Very Important”, and “Extremely
Important (5)”, respectively [72]. The data were collected from a mix of participants groups,
including government representatives who work at FSCP and/or (MoMRA), professionals,
and academics. The participants were reached through the webpage of their companies or
via their LinkedIn profiles, which contained their position, experience, and involvements.
The research team made initial contact with potential participants by directly sending a
recruitment invitation email. If no response was received, a friendly reminder was sent
out to the participants. If no response was received after this reminder, this indicates no
interest to participate, and the potential participant was then removed from the survey.

3.1. Data Collection for Delphi Method

To obtain a comprehensive view of stakeholders, an online questionnaire was dis-
tributed [73]. By mixing local practitioners and academics in Saudi Arabia, any misunder-
standing, lack of knowledge, and lack of observational evidence are eliminated [74]. This
study, therefore, collected opinions from stakeholders in the FSCP sector, from professionals
(urban planners, architectural designers, real estate developers), as well as representatives
from governments (FSCP officers from MOMRA). In addition to policymakers and UN-
Habitat, academics also participated. To determine the importance of each performance
predictor and outcome, a five-point Likert scale was used [75].

Table 3 shows that majority—24 (96.0%)—of the respondents are male, while only 1
(4.0%) is female. This revealed that males participated more than females in this study.
According to the World Bank [76], it is no surprise that female response rates are low
in Saudi Arabia as most urban professions are dominated by men. The Saudi Arabian
government and the World Bank reported that the current total female workforce in Saudi
Arbaia is 20.4%, and in the Built Environment field the percentage drops to 12%. This study
captures 17.4% of women, which validates the work [76]. Nevertheless, the homogenous
group and the study group size are limitations of this study, and it forms a separate area
for further research. Moreover, 9 (36.0%) of the respondents are in the age group of 40–49, 8
(32.0%) are in the age group of 30–39, and the age group of 50 and above has a total number
of 8 (32.0%) participants. As regards geographical area, more than half—14 (56.0%)—of
the respondents are from the Riyadh region, 9 (36.0%) are from the Eastern region, while
only 2 (8.0%) are from the Makkah region. The geographical area was limited to these three
major cities due to the fact that all the decision makers are located in one of these cities.

155



Sustainability 2023, 15, 6648

Furthermore, as regards field of profession, 11 (44.0%) respondents specialise in urban
planning, 7 (28.0%) specialise in Information Technology (IT), while only 4 (16.0%) are
professionals in Management. More than half, i.e., 21 (84.0%), of the respondents practice
in the public and private sector, while only 8 (16.0%) practice in the private sector and in
academia. Four of the participants hold PhDs, which indicates that they are well educated
and can contribute to the achievement of the goal of this current study. Capturing the
perspective of experts who have good experience is essential. About 10 (40.0%) of the
respondent indicated that they possess 16–20 years of experience in their field of practice,
while 7 (28.0%) possess 10–15 years of experience, and 8 (32.0%) hold 21 years and more of
experience. In addition, 6 (24.0%) of the respondents are CEOs, 5 (20.0%) are managers,
and 4 (16.0%) are academics.

Table 3. Descriptive statistics of respondent demographics.

Characteristics Frequency (N-25) Percentage

Gender Male 24 96.0
Female 1 4.0
Others 0 0

Age 30–39 8 32.0
40–49 9 36.0
50 and above 8 32.0

Region Riyadh Region 14 56.0
Makkah Region 2 8.0
Eastern Region 9 36.0

Field of profession Architecture 3 12.0
Urban Planning 11 44.0
Management 4 16.0
IT 7 28.0

Sector of practice Public Sector 17 68.0
Private Sector 4 16.0
Academia 4 16.0

Years of experience 10–15 7 28.0
16–20 10 40.0
21-more 8 32.0

Position in your firm Partner/Founder 1 4.0
Principal 4 16.0
CEO 6 24.0
Manager 5 20.0
Supervisor 2 8.0
Professor 2 8.0
Associate Professor 1 4.0
Assistant Professor 4 16.0

3.2. Data Analysis Techniques

The relationship between the categorical variables can be determined in several ways.
Mean Score (MS) helps to determine the significance of a variable to the others in terms
of the most important to the least important. In addition, data were analysed using
Regression Analysis. The standardised coefficient represents the strength and direction of
the relationship between a predictor variable and the response variable, with a positive
coefficient indicating a positive relationship and a negative coefficient indicating a negative
relationship [8]. The Statistical Package for the Social Sciences version 26.0 software (SPSS)
(Chicago, IL, USA) was utilised, which is widely used in the fields of social science, business,
and education.

The significance of the independent and dependent variables was evaluated using
the MS technique [77]. Analysis of the collected data was conducted to determine if there
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were any additional stakeholder management measures (SMMs) that were associated with
them. MS is widely used to evaluate the significance of variables in built environment
studies [78–80]. The MS rankings of the variables were calculated using Equation (1) [79].
The data collected were analysed using SPSS software for cross-tabulations, relationships,
and groupings.

M =
∑ s
n

(1)

where M represents the mean score, s is the participants’ score based on a Likert scale, and
n is the total number of participants.

3.3. Data Reliability

In statistics, Cronbach’s alpha represents an estimate of the data’s reliability or consis-
tency. A Cronbach’s alpha value of 0 indicates that there is no consistency among the items
in the test, while a value of 1 indicates perfect consistency [81]. In order for a scale to be
considered reliable, it must have a Cronbach’s alpha coefficient greater than 0.5 [82]. To
calculate Cronbach’s alpha, the following Equation (2) was adopted.

alpha =
k

(k − 1)
∗
(

1 − sum(vi)
sum(ve)

)
(2)

where k is number of items in the test, vi is the variance of each item in the test, and ve is
the variance of the test as a whole.

In terms of the CP and indicators of SSCO, all of the variables show higher reliability.
Table 4 shows that the average response values are higher than 5. On average, the re-
spondents were neutral about the following variables: Citizens’ Participation Recruitment,
E-government/ICT Factors, and Engaging/Empowerment Factors, while the respondents
on average fairly achieved Social-Cultural factors.

Table 4. Reliability of data.

Factors Number of Items Cronbach’s Alpha

Citizens’ Participation Recruitment 4 0.733
E-government/ICT Factors 14 0.724
Engaging/Empowerment Factors 11 0.843
Social-Cultural factors 17 0.664

Additionally, considering the background of participants (public, private, and aca-
demic), Kendall’s Coefficient of Concordance was utilised to determine the degree of
consensus between the groups [83]. For the responses that were collected from the first
round, all identical responses were removed and consolidated, then factors were grouped
into categories to make it easier for panellists to compare when returned for the next
round [70]. In terms of responses’ validation, during the next round the experts were asked
to verify that their responses have been interpreted correctly and to verify and refine the
category. The second round narrowed down the factors based on different perspectives
and backgrounds. The responses were validated, similar to the previous round. Moreover,
the participants were requested to select the most important factors. The final round was
the ranking round, where the participants were asked to rank the most important factors
until the result reached a consensus. In addition, recommendations of the proposed frame-
work for better communication were examined and validated. Kendall’s Coefficient of
Concordance ranges between 0 and 1, with values closer to 1 being the strongest indication
of agreement and values closer to 0 being the weakest. [72]. Equation (3) was developed by
Siegel, Castellan, and Me Graw-Hill [84] to calculate the Kendall’s Coefficient.

W = 12
∑n

i=1 (Ri − R)2
P2(n3 − n)− pT

(3)
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where n = number of factors, Ri = ranks assigned to the i the factor, R = mean value of the
Ri values, P = number of respondents, and T = correction factor for the tied ranks.

4. Results and Discussion

A qualitative and quantitative study was conducted to examine the framework’s
development and qualification, involving a number of participants who reported on their
understanding of SSCs and different factors affecting its development. The study aims to
develop a framework in Saudi Arabia through three rounds of the Delphi method. Data
were categorised under different themes according to emerging contexts.

4.1. First Round of Delphi Method

Table 5 shows the frequency distribution of variables. The majority—24 (96.0%)—of
the respondents, reported that the provision of SC vision is extremely significant, and
it has an MS score of 3.8. It is believed that a smart city will decrease costs, improve
QoL, and improve the efficiency of services. Some of the key aspects of an SC might
include sustainable infrastructure and buildings, advanced transportation systems, energy
efficiency, advanced communication systems, robust public safety systems, access to high-
quality healthcare, and strong education systems [85]. Moreover, a little more than half—17
(68.0%)—of the respondents reported that random recruitment is extremely important,
with a score of MS 3.7, while only 4 (16.0%) reported it as least important. As suggested
by Carson and Martin [86], it is an effective way to reduce bias that may result from the
participants, and it is a promising technique to promote participation in decision making.
As regards decision makers’ interaction level, 17 (68.0%) of the respondents reported that
decision makers’ interaction level is extremely important in smart cities development,
and that has an MS score of 2.7, while only 1 (4.0%) reported this as important. Effective
community depends heavily on the availability of data, yet maintaining the confidentiality
of information depends on the authorised access level of the participant [87]. In addition,
majority—23 (92.0%)—reported ‘governments to promote monitoring and accountability to
its citizens’ as extremely important. Lindquist and Huse [88] argue that balance principles
of citizen accountability have been debatable and operationalised. However, ICT and digital
tools should be leveraged to achieve the balance of accountability of citizen participation.
With respect to one-way stakeholders’ interaction level, only 8 (32.0%) reported that one-
way stakeholders’ interaction level is an important factor, while 5 (20.0%) reported that this
factor as extremely important, and it has an MS score of 2.2. According to Piqueiras, Canel,
and Luoma-aho [89], the ability to communicate is essential to engage citizens in urban
development. In addition, shift from one-way communication to two-way communication
is essential to respond to the rapid urbanisation. Majority—24 (96.0%)—of the respondents
reported that the provision of a smart cities vision is extremely important, and it has an MS
of 2.19.

Table 5. MS Ranking of Performance Predictors.

Level of Adoption
Mean Score SD **

LI * FI * I * VI * EI *

Smart cities provide vision 1
(4.00)

00
(0.00)

00
(0.00)

00
(0.00)

24
(96.0) 3.8664 0.82927

Random recruitment 4
(16.0)

1
(4.0)

3
(12.0)

0
(0.00)

17
(68.0) 3.7627 0.90557

The existing decision makers’ interaction level 00
(0.00)

00
(0.00))

1
(4.00)

7
(28.0)

17
(68.0) 2.7415 1.07433
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Table 5. Cont.

Level of Adoption
Mean Score SD **

LI * FI * I * VI * EI *

Citizen-centric E-services 00
(0.00)

3
(12.00)

3
(12.00)

3
(12.00)

17
(68.0) 2.5193 1.06707

Governments to promote monitoring and
accountability to its citizens

00
(0.00)

00
(0.00)

1
(4.00)

1
(4.00)

23
(92.00) 2.4873 1.02098

Development delivery 00
(0.00)

00
(0.00)

1
(4.00)

1
(4.00)

23
(92.00) 2.4492 0.9728

One-way stakeholders’ interaction level 00
(0.00)

5
(20.00)

8
(32.00)

7
(28.00)

5
(20.00) 2.2032 0.8943

Two-way stakeholders’ interaction level 1
(4.00)

00
(0.00)

00
(0.00)

00
(0.00)

24
(96.0) 2.1921 0.8821

* Least Important, Fairly Important, Important, Very Important, Extremely Important, ** Standard Deviation.

4.2. Second Round of Delphi Method

Table 6 shows the result from both the round one and round two Delphi study and
the consensus reached regarding the associated factors by the experts. These 14 factors
were proposed by the expert participants in the Delphi survey. Citizens’ trust refers to the
level of confidence and belief that members of a community have in their government and
its institutions [90]. It is an important factor in the functioning of a healthy democracy,
as it helps to ensure that citizens feel that their voices are being heard and that their
needs are being addressed by those in positions of power. Citizens’ knowledge refers to
the understanding and awareness that members of a community have about their rights
and responsibilities as citizens, as well as about the issues and challenges facing their
community [91]. From the perspective of a citizen living in an SSC, they may experience a
number of benefits such as: Increased efficiency, Improved public safety, Better QoL, and
Greater access to information [92]. Cultural factors can influence the way that citizens
in a city experience and perceive their environment, including their attitudes towards
technology and the use of it in their city [93]. Some examples of cultural factors that
may affect technology adoption include values and beliefs, social norms and expectations,
and level of technological literacy. Citizens’ visibility refers to the level of attention or
exposure that an individual receives from the government. It is important for individuals
to carefully consider the level of visibility [94]. It is important to recognise that everyone’s
experience is unique, and an individual’s marital status does not necessarily define their
ability to participate in their community or in public life. In general, all citizens have the
right to participate fully in their communities and to have their voices heard, regardless
of their marital status [95]. Gender can be a significant factor in an individual’s ability
to participate in their community [96]. To promote gender equality and inclusivity, it
is important for communities and public institutions to recognise and challenge these
barriers to participation and to create opportunities for the full and equal participation
of all members of the community, regardless of their gender [97]. To summarise, Table 6
shows the result of the Delphi survey for both Round One and Round Two for CPR. The
rankings of these factors have similar MS and ranking in both Delphi rounds. However,
the citizens’ gender has been de-escalated to be less important than citizens’ age while the
remaining CPR remain in the same sequence.
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Table 6. Result of Delphi survey Round One and Round Two for citizens recruitment.

Associated Factors
Round 1 Round 2

Ranking Mean Index Ranking Mean Index

Factors—Citizens’ Trust 1 4.92 1 5
Factors—Citizens’ Knowledge 2 4.91 2 4.96
Factors—Citizens’ Perspectives 3 4.9 3 4.925
Factors—Citizens’ Cultural factors 4 4.79 4 4.89
Factors—Citizens’ Relevance 5 4.77 5 4.87
Factors—Citizens’ Visibility/Publicity 6 4.76 6 4.86
Factors—Citizens’ Marital Status 7 4.46 7 4.56
Factors—Citizens’ Employment Status 8 4.14 8 4.26
Factors—Citizens’ Spatial Behaviour 9 3.98 9 4.08
Factors—Citizens’ Ethnicity 10 3.82 10 3.92
Factors—Citizens’ Religion 11 3.79 11 3.72
Factors—Citizens’ Income 12 3.11 12 3.05
Factors—Citizens’ Gender 13 2.93 14 2.23
Factors—Citizens’ Age 14 2.85 13 2.46

N 25 25
Kendall Coefficient 0.783 0.574
p-value 0.000 0.000

4.3. Third Round of Delphi Method

Common Theme 1: The Engagement, Management, and Adoption of ICT by Stakeholders
in Smart City Planning

The result of this round reveals the consensus that the engagement of stakeholders is
an imperative process in having the desired smart city of choice. Their involvement in the
planning of smart cities will make a whole lot of difference as they will be from different
professional backgrounds and levels. A participant opined that stakeholders should be
fully engaged as they are important individuals in building an enabling and very active
society. Similarly, one of the participants said that “We can engage stakeholders by three aspects:
The first aspect is the organizational aspect”; “The second aspect is physical organization. The third
aspect is a good ICT infrastructure to achieve the goals of smart cities”. This further validates
the position of participants that stakeholders should be empowered by giving them some
autonomy to operate within their jurisdiction as far as the building of SSC is concerned. “I
think stakeholders are very important to be engaged in any development and I would like to see them
very active in society”. Urban development must be filled with stakeholders from different
backgrounds and different levels.

Furthermore, the knowledge and understanding of stakeholders about smart cities
hold a significant responsibility in the organisation of time and other related resources for
smart city building. A participant said that “management is essential to measure the participants
availability and measure their contribution and measure their inputs and measure their knowledge”.
As much as the management of external stakeholders is important, the adoption of ICT
leverage cannot also be overemphasised in the building of smart city. The majority of
the participants were of the opinion that the ICT system should ensure the process of the
type of information to share, when to share it, and how to share the information with
the citizens. This will allow an effective and automatic process in communicating the
ideas from policymakers down to the citizens. Moreover, communication technology
should consider different variables in measuring the goals of stakeholders with respect to
the available resources. A participant said that “an effective and efficient way to collaborate,
coordinate and communicate via ICT is to define the level of power and to know your participants”.
Another respondent suggested that “my thoughts in designing a system would be to take into
consideration the who, what, where, and when to use the information”. The system must include
variables that help achieve the goals such as governance of the data, creating the brain of
the cities and assigning the task to the right people.
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Common Theme 2: The Role of Citizens’ Participation in the SSC as a Driver of Sustain-
able Cities

The SSC is dependent on the cooperation of citizens in almost every section of the
development process. The survey results for round three show that the majority of the
participants are in agreement that the citizens should participate fully in the urban develop-
ment that will lead to sustainable cities. It is noteworthy that a participant suggested that
the citizens should be empowered for decision making; however, their level of autonomy
should be regulated by the relevant stakeholders. A participant said that “The engagement
of citizens participation should not be limited to just get their voices but also to be part of the devel-
opment”. The findings further reveal that citizens and policymakers must have a cordial
relationship that will lead to bridging different forms of gaps that could lead to hold-up
in development of some city areas. A participant also shared their thought about the
participation of citizens in development of SSC, as they feel that citizens’ participation must
be properly prioritised in decision making in adopting SSC, in agreement to the respondent
who claimed that “I totally support the engagement of citizens participation, however, to an extent
to have only a maximum of the partnership of power with the government”. Further, “the higher
stakeholder’s participation the better for urban development which leads to better outcomes”.

Additionally, the participants highlighted some of the important roles of citizens in
the development process of SSC. A participant revealed that citizens should have access
to government data as well as a countable voice in the government bodies. However,
data must be governed and encrypted for security and protection purposes [98]. Similarly,
another participant opines that “the role of citizen participation must be very high in the
neighbourhood level while being very low at the national level”.

4.4. Toward Smart Sustainable Cities Framework

SSC is regarded to be all-inclusive and is carried out to improve social sustainability,
economic sustainability, and environmental sustainability. The three rounds of the Delphi
survey focus on obtaining the opinions of experts on SSC with pre-defined questions used
to identify and validate their responses. Round three of the survey reveals that citizens
and stakeholders play an interrelated and dependent role in the development of SSC. The
different categories of stakeholders will need the cooperation of citizens to accomplish
the bigger picture of SSC. The majority of participants were of the opinion that citizens
should be allowed to make certain decisions since they are mostly affected by the overall
decisions of the government stakeholders. Hence, their voices should be acknowledged and
considered in every decision process in order to ensure an all-inclusive decision making
for the development of SC. The educational and demographic background of stakeholders
should be considered before assigning them to project management. This will ensure that
they are optimally performing since they have similar backgrounds in city building and
project management. Moreover, data security and management should be given priority to
maintain the safe identity of all citizens without violation of any sort in driving the smart
sustainable cities.

A framework for developing SSC should be based on a comprehensive and partic-
ipatory planning process that involves all stakeholders, including citizens, government,
businesses, and community organisations. This study develops citizen participation for
smart sustainable cities framework (CPSSCF) (see Figure 2). It is a combination of research
domains and experts’ experience used to verify the accuracy and quality of data, models,
and systems. The structure of the CPSSCF consists of SSM, CPL, and CPR to effectively
identify, engage, and communicate with stakeholders in order to manage their expectations
and ensure that their interests are taken into account in decision making. Knowledge
of SC and FSCP was examined. A consideration was made of the awareness from the
perspective of both the government and the citizens. There is a desire on the part of the CP
in this development. As a final point, some opinions were discussed regarding some urban
agendas. Furthermore, an essential part of the framework is SMM. SMM consists of four
critical factors, which are Regulation, Collaboration, Legitimates, and Control which are
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factors that support the increase of CPL [8]. Regulation refers to the act of controlling or
directing something according to a set of rules or laws. Collaboration refers to the act of
working together with others to achieve a common goal. Legitimates refer to something
that is lawful, proper, or in accordance with the rules. Control refers to the ability to direct
or manage something.

Figure 2. Citizen Participation for Smart Sustainable Cities Framework (CPSSCF).
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On the other hand, CPL can help to ensure that the needs and perspectives of all
members of the community are taken into account and that the resulting plan reflects the
values and priorities of the community and drives SCCO. Four factors were considered
in this framework [56]. Accountability and responsibility refer to the obligation of an
individual or organisation to answer for their actions and decisions and to take ownership
of their consequences. Transparency is the quality of being open and honest, providing
access to information, and being easily understood. Participation refers to being actively
engaged in a process, such as decision making or community engagement. Inclusion is
the act of making sure that all individuals have an equal opportunity to participate and be
heard, regardless of their background or identity. Together, these concepts promote good
governance, democratic decision making, and social justice by ensuring that all voices are
heard and all actions are accountable.

Lastly, CPR, an additional implementation measure identified by this study, is another
important factor that sets the criteria to involve the most relevant participants. This
recruitment can be achieved by involving two characteristics. First, the attributes of the
participant are as follows: citizens’ trust, knowledge, perspective, cultural factors, relevance,
visibility publicity, marital factors, employment status, spatial behaviour, ethnicity, religion,
income, gender, and age. Additionally, the quality of participants is crucial, such as in
administration, random recruitment delivery, accountability, role of government, role of
citizen in realisation of projects, and two-way interaction with government.

The expected outcomes are presented in Figure 2, which are Environmental Sustain-
ability, Economic Sustainability, and Social Sustainability. It involves a holistic approach
that addresses the interrelationship of these three areas. It also includes actions such as: de-
veloping policies and programs, implementing regulations and incentives, investing in the
conservation and restoration of natural resources, fostering economic growth, advocating
for social justice and protecting human rights, and encouraging community involvement
and participation. It is a multi-stakeholder approach that involves government, business,
and civil society working together to implement SSC solutions.

5. Conclusions

As determined through this study, SSC-related standards are being developed by
various international scholars, organisations, and government entities within their specific
domains, but little attention is given to citizens’ participation. A framework for citizens’
participation was developed with the objective of determining whether any additional
stakeholder management measures are necessary, as well as explaining the relationship
between SMM, CPL, and CPR. Three rounds of the Delphi method were conducted. The
importance of these additional stakeholder management measures was confirmed by MS
ranking and Kendall Coefficient. The results suggest three main component structures of
the framework, which are SMM, CPL, and CPR. Essentially, CPR specifies the standards for
recruiting suitable citizen participants, SMM motivates citizens to participate and raise CPL
in the SCC development process, and all of these result in SSCO to achieve FSCP within
the context of Vision2030 government policy.

The proposed framework is an essential contribution to understanding the issue
conceptually and practically. This study is built upon theoretical foundations which can
provide a solid foundation for understanding and addressing an issue of SSCO. Theoretical
underpinnings can help explain why the Delphi method is being used. It can also provide a
basis for evaluating the effectiveness of the framework. Developing a conceptual framework
that can support the implementation of SSC will contribute to the body of knowledge by
acknowledging the contribution of CP and understanding CPR standards.

The implication to knowledge is that the framework provides a structure for organizing
and understanding existing knowledge, as well as for highlighting gaps in the current body
of knowledge. This study proposes a framework where SMM is correlated to CPL, and CPL
is also correlated to SSCO within the context of Saudi Arabia. Moreover, CPR is an essential
foundation where it identifies the characteristics of participants. It can also be used as a
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tool to guide and inform future research, helping to expand and deepen knowledge in
the SSC field to cover other related aspects, as presented in Figure 1. Additionally, the
developed framework can serve as a common language or reference point for researchers
and practitioners in involving and facilitating communication and collaboration for CP
in SSC.

Another implication is in providing a conceptual and practical framework for under-
standing the urban challenges. Policy implications include facilitating the decision makers’
implementation of SSC in other cities and understanding stakeholder expectations. In
other words, SSCO supports communication between the authorities and decision makers
and identifies what citizens are expected to do. Moreover, this study recommends that
authorities raise the level of CP by involving stakeholders’ participation in smart cities by
providing them with the opportunity to participate in the development of SSC regulations
and engaging them in the process, as well as providing them with a basis for improving
strategic management, which involves their participation at every stage. Subsequently, this
research develops inclusive communication through the CPSSCF framework. Consequently,
SSC will be developed and implemented.

For future research, the proposed framework should be explored for its scalability so
that it can be aligned with VISION 2030 and government objectives and strategies as well as
broader regulations to provide sight between government policies, citizens’ requirements,
and infrastructure asset performance in the future. To improve the overall generalisation,
additional research should be conducted when the FSCP is fully implemented in 17 pilot
cities. It is, therefore, important to be cautious when generalising the findings of this study.
Moreover, the survey’s respondents were limited to Saudi Arabians and a small study
group, indicating that a more diverse sample is needed. The study was conducted with the
aim of including female respondents, despite the majority of urban professionals in Saudi
Arabia being male. Moreover, a solid connection between urban development and ordinary
citizens could have been improved. Therefore, once women have a greater presence in
the industry, future studies will explore their views on citizen participation. Furthermore,
future research could include qualitative approaches such as focus groups and interviews
for a more in-depth understanding. It is important to consider these limitations when
examining how the CPSSCF framework could be adopted in developing countries in order
for SSC to achieve success.
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Abstract: Digital technologies are used in various local government activities. Adopting suitable digi-
tal technology strategies could enhance service efficiency, effectiveness, and accountability. The chal-
lenges of technology adoption among local governments, however, are also evident. One of the
major challenges is capacity, including the lack of knowledge or awareness of how to balance the
local government’s resources and the strategies that need to be implemented. This challenge also
forms a research gap. The study aims to consolidate the understanding of local government dig-
ital technology adoption strategies via the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA). It analyses the adoption opportunities, challenges, and strategies through
the lens of people, processes, and technology frameworks. The results show that: (a) Strategies
concerning the people aspects include building a platform for public participation, employees’ skills,
and decision-makers' positive mindset development. (b) Strategies concerning the process aspects
include recognizing the players’ roles, having a clear aim and procedure, proper regulation, and
receiving user input. (c) Strategies considering the technology aspects include understanding the
effect of the technology, technological preparedness, and convenience adoption. The findings inform
local government policymakers in digital technology adoption and transformation endeavors.

Keywords: technology adoption; local government; digital transformation; technology policy; urban
technology; urban policy; public policy; smart city; City 4.0

1. Introduction

Local governments play an important role as front-line service providers to citizens,
providing clear benefits for cities to become smarter and more sustainable [1–3]. Citizen de-
pendency on the local government is high, and therefore, quick responses from the local
government are anticipated among citizens. To meet citizen demand, local governments
are experimenting with adopting appropriate digital technology to deliver services more
efficiently, effectively, and accountably [4]. These experiments are not just about adopting
new technology; they are about embracing new practices, procedures, and strategies that
can improve the capacity of the local government to provide services that cater to the
citizens’ needs [5]. Those service provisions are more comprehensive but not limited to
paying bills and local taxes, checking transit schedules, issuing and renewing licenses,
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supporting business start-ups, posting complaints, offering subscription opportunities
to receive real-time updates and alerts, providing online ticket booking and parking slot
allocation, supporting emergency services, and so on.

The popularity of smart cities or City 4.0 urbanization brought digital transformation
to the forefront of urban discourse [6–9]. Even though local governments have adopted
various digital technologies, many smaller or less-resourced local governments lack the
capacity to research and comprehend how new technologies might improve their opera-
tions or the lives of citizens [10]. This lack of understanding makes the adoption process
challenging since investment failure is likely. Therefore, when local governments introduce
digital technologies, they need a proper strategy to maintain their information technology
(IT) capacity, comparative advantage, current organizational operations, managerial capa-
bilities, and other factors influencing the decision of the government authority to adopt or
reject the new technology [11].

Accordingly, it is important to understand the opportunities and challenges associated
with adopting technologies so that effective strategies may be developed; because it is
critical to not only be aware of the challenges posed by digital technologies but also to
develop plans of action that minimize those challenges and seize the opportunities for local
governments [12,13].

The combination of local government and digital technologies has been the subject
of numerous studies; the literature spans from investigating the benefits and challenges
associated with the adoption of a specific technology among local governments, such as
information and communication technology (ICT) [14–16], artificial intelligence (AI) [17],
cloud computing [18], Web 2.0 [19], the influencing factors that drove technology adoption
in local governments [4,11,20], the adoption of the digital technology for the sustainability
of the local government [21,22], and the employees, city managers, and chief technical
officers’ perception on adopting digital technology for local government functions [23–25].

Even though several reviews have been carried out, none of these comprehensively
looked at digital technology adoption in local government. Accordingly, this paper aims
to consolidate the understanding of the landscape of local government digital technology
adoption through the following main elements: (a) types of technology utilized for local
government services; (b) digital technology adoption opportunities; (c) digital technology
adoption challenges; and (d) strategies derived from adopting the digital technology.

This study adopted the People–Process–Technology (PPT) framework. It is defined
as “the methodology in which the balance of people, process, and technology drives
action: People perform a specific type of work for an organization using technology to
streamline and improve these processes” [26]. Corporate management specialist Harold
Leavitt developed the PPT framework in the early 1960s and published his model for
bringing about organizational change [27]. Nowadays, this model has been utilized by
software companies to maintain the balance of their resources. It has been used in several
research fields, such as knowledge management [28], the construction sector [29], and
healthcare [30], due to its ability to improve resource utilization and operational efficiency.
Therefore, the study adapts this framework to the local government context. The framework
consists of the following three pillars:

• People: People are referred to as the stakeholders who are internally and externally
involved in the local government function, such as city managers, employees, politi-
cians, citizens, etc. Having the right people who clearly understand their roles and
responsibilities is important. They must comprehend what they must do, why they
must do it, and how the changes will impact them. Any new processes or technologies
cannot be implemented without the people’s full support;

• Process: The process refers to a series of procedures or actions carried out to achieve a
specific outcome or how people and technology achieve a desired goal. The process is
concerned with how work is done in local governments;

• Technology: Technology is the tool for carrying out the government’s procedures.
It concerns how technology supports the work done by local governments. New tech-
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nologies impact the local government the most. The local government, however, must
ensure that the technology works.

These three pillars of people, process, and technology work in concert. People and
processes must adjust if digital technology changes. For instance, many local governments
use advanced technologies and expensive equipment. Nonetheless, the efficiency of tech-
nology depends on how it is used and managed. People’s activities will be inefficient if
organizations do not implement them well. They will also waste a significant portion of
the benefits that technology offers. Citizens will not be able to benefit from the technology
if they do not know how to use it appropriately. If the new technology does not match
the existing procedures, the results will be the same or may even worsen. On the other
hand, if the organization becomes overly fixated on the process, it will produce a plan that
looks nice on paper but lacks the personnel or the technological resources needed to make
it work. A good balance between these three pillars is the key to the success of the local
government [31].

Accordingly, this paper looks at local government digital technology adoption oppor-
tunities, challenges, and strategies through a PPT framework to understand the balance
between these three pillars of local governments. Following this introduction, Section 2
introduces the materials and methods. Section 3 presents the results. Section 4 presents
and discusses the key findings. Section 5 concludes the paper.

2. Materials and Methods

A systematic literature review has been carried out using the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA) protocol, and the following research
questions were identified for the present study: How do local governments use strategies
to adopt digital technologies? The literature search task was conducted in February 2023.
To answer this research question, the literature was reviewed in four steps: (a) identification;
(b) screening; (c) eligibility; and (d) inclusion.

2.1. Identification

The first phase of identification involves the research aim, question, keywords, and
inclusion and exclusion criteria. The research aims to consolidate the understanding
of local government digital adoption strategies. The university’s library search engine
and Google Scholar were used to search for the literature online, including Science Di-
rect, Scopus, Web of Science, and Open Access journals. The investigation was carried
out until 10 February 2023 by using the following Boolean operation ((“digital technol-
ogy*” OR “digital transformation”) AND (“local government” OR “local governance” OR
“municipal” OR “municipality” OR “regional council” OR “city council”) AND (“strategy*”
OR “recommendation”))). The beginning date of the search was kept open. The search
resulted in a total of 443 references.

2.2. Screening

In the second screening phase, this study set out specific inclusion and exclusion
criteria, as shown in Table 1, to reduce the number and help screen articles effectively.
The peer-reviewed English articles that suit the research aim and have the full text available
online are included in the screening process. The articles that do not belong to the inclusion-
ary criteria are eliminated. Accordingly, the records were reduced to 265. Then, the abstract
was read, and the articles irrelevant to the aim were removed. Subsequently, the suitable
articles were sent to phase three, which is the eligibility phase. A total of 107 articles were
included in this stage.

171



Sustainability 2023, 15, 9645

Table 1. The literature selection criteria.

Inclusionary Criteria Exclusionary Criteria

Peer-reviewed journal articles Books, chapters, conference proceedings, editorials, reports
English language Journal articles in a language other than English

Relevant to the research aim/question Not peer-reviewed
Full-text articles Not relevant to the research aim/question
Available online

Published date: published before 10 February 2023
Case study area: unspecified

Research method: unspecified

2.3. Eligibility and Inclusion

During the eligibility phase, the articles were fully read, their research aim was
considered, and they were further narrowed down to 95, and the final round of full-text
reading shortened the number of relevant papers to 60. Lastly, these 60 journal articles were
categorized and analyzed (Figure 1). All 60 papers were related to a particular technology,
34 were about digital technology adoption opportunities, 34 were about digital technology
adoption challenges, and 33 provided technology adoption strategies. The list of these
papers is included in Appendix A.

 

Figure 1. Summary of the PRISMA review.

Technologies offer different opportunities and challenges based on the adoption con-
text. Strategies are considered a tool that helps capitalize on opportunities and prepare
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for the organization’s challenges [32]. Considering the above and the aim of the study,
the literature is categorized into four areas, i.e., technology types and application areas,
adoption opportunities, challenges, and strategies and is further divided into the PPT
framework dimensions.

3. Results

3.1. General Observation

Initially, the research papers were classified as per published year, with [33] the
contribution of the oldest article included on this subject. Until 2019, the subject area had
fluctuating growth in publications, but after that date, there was a drastic growth (Figure 2).
The year 2020 records the largest number of journal articles published on the topic (13).
This indicates that government-forced lockdowns during the COVID-19 pandemic, which
started in 2019, led to an increase in the interest in this area. Social segregation and
digital technologies have been utilized to bridge the gaps between local government and
citizens [34]. Eventually, it became a research-focused area.

 

Figure 2. Publication distribution by year.

More than half of the papers (n = 43) used qualitative research methods, 18 pre-
sented the findings through quantitative methods, and only 3% followed a mixed method.
Most journal articles (n = 40) were empirically tested, and 20 papers theoretically tested
the subject. In total, 68% of the articles were based on surveys. Among them, 15 papers
surveyed experts (managers, ICT coordinators, professors, heads of the departments, etc.),
six articles were based on a staff (employees) survey, four papers were with Chief Ad-
ministrative Officers (CAO), a couple of papers investigated Chief Information Officers
(CIO), responsible officers, and all these papers reflected the policymakers and stakeholders’
perspectives (Table 2).

Table 2. Characteristics of the reviewed articles.

Criteria Category No %

Research Method

Qualitative 43 68%

Quantitative 18 29%

Mixed 2 3%

Empirical 40 63%

Theoretical 20 32%

Mixed (empirical and theoretical) 3 5%
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Table 2. Cont.

Criteria Category No %

Case Study Area

Europe 23 33%

Asia 19 27%

North America 13 19%

Oceania 7 10%

Africa 6 9%

South America 2 3%

Technology Type

ICT 28 47%

Cloud Computing 11 18%

AI 8 13%

Web 2.0 5 8%

Customer Relation Management
(CRM) 3 5%

Big data 2 3%

IntTech 1 2%

Internet-of-Things (IoT) 1 2%

Master Data Management (MDM) 1 2%

The literature on this subject is featured in technology, government, and sustainability-
orientated journals. Government Information Quarterly is a major outlet with 10 publi-
cations. In total, three articles were published in the International Journal of Information
Management, and several were published by the International Journal of Cloud Appli-
cation and Computing, the International Journal of Electronic Government Research, the
International Review of Administrative Science, the Social Science Computing Review,
and Sustainability. A total of 70 countries published articles in this field (meaning authors
that have published articles in this field in diverse contexts, including 70 countries), and
63 articles conducted a single or comparative case study. European countries are the most
frequently mentioned (33%), and South American countries are the least (3%).

As per Table 2, row 4, the results indicate that most articles mentioned ICT usage
in local government (n = 28), cloud computing (n = 11), AI (n = 8), Web 2.0, CRM, and
Big Data, IntTech, IOT, and MDM are some other technologies mentioned in the articles
which are adopted for local government services. Some of these technologies have an
interconnection. For example, MDM is a business and IT-related technology; but this paper
looked at MDM separately to specify the technology type, which is applicable to other
technologies mentioned in Table 2.

3.2. Local Government Digital Technologies

Technology adoption has a long history in the public sector, dating back to mainframe
operations in the 70s and microcomputers in the 90s [15]. Local governments have also
long used technologies to administer public services [35,36] as they are the frontline public
service provider [1]. The extent of technology adoption capabilities, however, varies signifi-
cantly between local governments [36]. It is becoming increasingly crucial to comprehend
how various digital technologies influence local government operations and why certain
governments adopt specific technologies over others [35].

Local governments use several digital technologies such as ICT, the Internet-of-Things
(IoT), big data, AI, cloud computing, customer relation management (CRM), master data
management (MDM), Web 2.0, Intech, etc., to provide their service [37]. It is evident from
the literature that ICT is the dominant technology most local governments adopt. Past stud-
ies have shown that people who view technology favorably are more willing to use these
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technologies [38] due to the advantages associated with it, i.e., an accelerator for economic
growth, generating new ideas, improving decision-making, boosting demand, cutting costs,
fostering employment and regional development, and eliminating unsustainability [39].

A critical component of management in any organization is the efficient use of re-
sources. A study [40] stated, “over the past decades, this notion has gradually expanded in
the mainstream ICT sector with the emergence of resource-sharing concepts that include
cloud computing”. Cloud computing is “a mechanism or model for enabling easy, con-
venient, on-demand network access to a shared pool of devices such as server, network,
storage services, application, service and other advanced computing devices which are
configurable” [41]. Cloud-based delivery models are quickly grabbing the attention of IT
government leaders due to limited budgets, a lack of adequate skills, and as part of the
e-Government agenda [42].

For government organizations, cloud computing results in a significant cost reduction,
a decrease in the infrastructure needs for ICT, an increase in organizational performance,
and better customer service delivery [18]. Still, [43] finds that many local government
organizations do not adopt cloud computing because (a) it is still in the initial stage and
(b) it contains a high level of risk. Transparency and complexity have been widely discussed
as the risk of cloud computing directly affecting citizens’ trust [40]. Although cloud
computing is identified as one of the best investments in technology, implementing these
technologies in local governments is being done with caution because its long-term effects
are unknown [44].

In recent times, many municipalities have begun using social media as an additional
channel for online communication [45], which is known as Web 2.0, i.e., Facebook, Twitter,
Instagram, LinkedIn, and other applications, in general, represent the most recent devel-
opment in government Internet use [46]. These technologies empower citizens, accelerate
transparency, and expand democracy through two-way communication methods [46]. Ac-
cording to [47], with two-way communication flows, citizens will no longer be positioned
as just ‘end users’ but as partners and cocreators of information and services.

AI is a disruptive technology that profoundly affects communities and how local
government services are organized and provided [48]. AI is defined as a group of intercon-
nected technologies and systems that can make suggestions and judgments without or with
little explicit human direction by performing perceptual, cognitive, and conversational func-
tions typical of the human mind [48,49]. Different authors have acknowledged AI systems
as a unique set of technological innovations that will make public services more efficient
and effective. However, it changes public administration and management significantly
and will shape the future of public organizations [50] by potentially improving the quality
of public services, fostering citizen trust [17], enhancing efficiencies, tackling complexity,
managing repetitive tasks, and automating routine decisions [51]. There are risks here
as well if AI is built on misinformation or incomplete or biased information [52–54], but
experimentation with these technologies is already underway at the local level.

Local governments have built digital technology infrastructure over the past few
decades and created new applications for effective digital service delivery [55]. Although
many local government services have made significant advancements, the full potential of
digital technology adaptation has not yet been achieved. Hence, the subsections that follow
elaborate on the digital technology adoption opportunities, challenges, and strategies to
reach the full potential of local governments by maintaining a balance between the people,
process, and technology.

3.3. Local Government Digital Technologies Adoption Opportunities

This subsection discusses the opportunities associated with adopting digital technologies
in a local government function, i.e., the advantages that could be gained through adopting
digital technologies through the subsections of (a) people, (b) process, and (c) technology.
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3.3.1. People

The discussion in this subsection proceeds along three points, in accordance with the
opportunities received by the actors: (a) increased citizen convenience and engagement,
(b) perceived usefulness, and (c) increased accountability on the part of the decision-makers.
These are elaborated below, and the summarized information is presented in Table 3.

• Increased Citizen Convenience and Engagement

Citizens expect the local government to provide convenient services [4]. Local govern-
ment services have typically been provided in person, at various places, and usually using
paper forms. However, nowadays, many local governments use smartphone applications,
kiosks, chatbots, and user-friendly web platforms to simplify the service process and reduce
customer waiting times. A study [24] underlined that due to these advancements, people
do not need to visit the council in person to access the services.

Along with the growth of digital technologies, people have a greater interest in getting
involved with their local government. This indicates that the conventional public service
organization structure (one-way interaction meaning information provided to the public
by the authority rather than two-way communication) is less acceptable in a digital age.
Several studies [56,57] underlined that citizens should be a part of the planning process for
developing new digital government initiatives. The public and the government interact
positively when they have excellent relations, which results in more open and conducive
governance [20].

Accordingly, several local governments have introduced Web 2.0 [58] to allow citizen
participation in (a) gathering and disseminating feedback, and local knowledge, (b) collab-
oration and discussion via forums, comments, opinion maps, and surveys, (c) simulation
software for 3D design and budget allocation, (d) idea gathering through voting and rating,
and (e) tools for analyzing comments, votes, and user behavior across the platform [19].
Given the benefits of digital technologies and the fact that they enable collaborative partici-
pation, citizens are more likely to support their adoption [4].

• Perceived Usefulness

Perceived usefulness can be defined as the expected benefits that the employee can gain
through the adopted digital technologies. This includes higher accuracy and faster processing,
which in turn lead to reduced workload, pressure, and employee burden [24,59]. Milton
Keynes Council (UK) adopted AI technology to strengthen services and boost effectiveness
throughout its planning domain. Its initiative uses open source technology, including citizen
self-service and customer-facing chatbots, to respond to real-time public inquiries. The number
of calls has fallen since the project’s introduction in 2018, while the number of chatbots has
increased. This frees up considerable time for the planning officer [59]. Employees could use
this time to build their capacity to improve their competence and become experts in digital
technologies [24] or sharpen their skills and knowledge to provide a more satisfactory service.
Article [24] argues that digital technologies enhance public employees’ capabilities and allow
them to concentrate on high-level and non-routine duties.

• Increased Accountability of Decision-Makers

Decision-makers are the most powerful in local governments, giving instructions,
suggestions, and direction toward boundary development [20]. Accountability refers to
an institution’s dedication to its work, recognition of its unique organizational position,
and transparency provided to the users or customers [57]. Digital technologies increase
decision-makers' accountability specifically in three aspects: (a) knowledge enhancement,
(b) innovativeness, and (c) capability and authority [60].

To meet citizen demands, guide employees, handle the pressure associated with the
implementation of digital technologies, and support the local government, managers need
to enhance their knowledge by understanding the advantages of digital technologies and al-
locate adequate funds and other resources for the implementation of the technology [61–63].
Innovativeness enhances the decision-makers’ openness to implementing new technology,
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bringing fresh perspectives to the company, and cultivating innovative procedures that
benefit the business and boost organizational performance [20]. A wide range of innovative
and capable managers lower the dangers through a flexible ICT infrastructure design and
the use of ICT skill-based resources [11], diversify the tasks assigned to employees, and re-
duce staffing restrictions. All these give more freedom to government officers to experiment
with new technologies and enhance the effectiveness of the decision-makers [15].

Table 3. Local government digital technologies adoption opportunities—people.

Context Attribute Study

Increase citizen convenience and engagement Citizen demand, expectation, involvement, participation,
public pressure/expectation, socioeconomic attainment. [1,4,11,20,24,39,56,57,60–62]

Perceived usefulness

Attitude, behavioral intention, ease of use, effort
expectancy, knowledge management, motivated

employees, performance expectancy, perceived availability,
previous use, perceived usefulness, professionalization,

staff request, social influence, and self-efficacy.

[15,56,57,62]

Increase the decision-makers’ accountability

Efficiency changes and leadership, decision-making,
managerial accountability, managerial innovations,
managerial capability and authority, professional
management, and support of top management.

[4,11,20,40,57,60–63]

3.3.2. Process

This subsection explains the opportunities digital technologies provide in the process
under two aspects: (a) cost-effective finance management, and (b) enhanced service delivery.
These are elaborated below, and the summarized information is presented in Table 4.

• Cost-Effective Finance Management

Previous research emphasized that cost-effective finance management is the primary
opportunity that comes from adopting digital technologies as it is the local government’s
economic sustainability and primary function [40,56,61]. Local governments are trying
to devise cost-efficient ways to restructure their IT infrastructure to cut expenses [42].
Electronic document delivery to the stakeholders and the adoption of energy-efficient
technology are basic finance management methods adopted by most local governments [22].
Meanwhile, as an advanced method, local governments adopt cloud computing as it
shares a common platform and networks, decreasing hardware expenditure, maintenance
expenses, and energy consumption [42]. Additionally, [25] identified several benefits of
utilizing AI in local governments. Among them is cost cutting. For example, the Blackpool
City Council (UK) launched Project Amber in 2020. The council deployed AI-powered space
satellite imagery and analysis to identify road deterioration and potholes. After that, the
data were delivered back to the repair teams. Local government repaired over 5000 potholes
while saving £1 million compared to conventional maintenance techniques.

• Enhance the Quality-of-Service Delivery

Quality is a crucial facilitator for enhancing various organizational capacities and
determining the success of digital technologies [22,39]. The international standards of
quality, as identified by [64], are composed of five characteristics, such as (a) effectiveness,
(b) efficiency, (c) satisfaction—usefulness, trust, pleasure, and comfort, (d) freedom from
risk—economic risk mitigation, health and safety risk mitigation, and environmental risk
mitigation, and (e) context coverage—context completeness, flexibility [64].

Local governments benefit from using digital technology to understand their con-
stituents better, acquire deep insights into what matters to them, and increase the accessibil-
ity of service delivery [4]. Local governments have access to social media platforms such as
Facebook, where they openly ask the public for feedback to create a more customer-centric
experience. Similarly, by automating repetitive tasks such as bookings and confirmation
emails, digital technology has the potential to save governments and municipalities a
significant amount of time and money. Effective deployment of features such as service
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automation will improve the client experience, expedite processes, and free up staff to
concentrate on other crucial responsibilities [57].

Table 4. Local government digital technologies adoption opportunities—process.

Context Attribute Study

Cost-effective finance management
Budget and time, cost serving, expectation of reduced costs,
funding, goal to improve service despite the increased cost,
reduction in electricity and natural resource consumption.

[22,40,42,44,56,57,60]

Enhance the quality-of-service delivery

Anticipated benefits, appropriate system design, business
operation, clear implementation plan, data governance,

effort expectancy, goal clarity, improvement in government
activity, organizational resource, organizational efficiency,

performance measures, phased implementation,
professional project management, strategic focus,

transparency, and uncertainty.

[1,4,11,39,40,42,57,60–63]

3.3.3. Technology

This subsection discusses the opportunity associated with the adoption of technology
as a tool from the perspective of (a) improved user-friendliness, and (b) reduced complexity.
These are elaborated below, and the summarized information is presented in Table 5.

• Improve Usability

The adopted technology should have high-level usability or, in other words, should be
user-friendly. The user interface should make the system simple to use, as services will be
provided frequently [65]. Friendliness can be assessed through the language, users’ culture,
and accessibility for users with any disability [65,66], i.e., if the implemented digital tech-
nologies are simple to use and understand, the public will be much more likely to use them.
This undoubtedly contributes to the simplification of numerous tasks that were previously
carried out manually during face-to-face contact. This will save time and money when local
governments streamline the procedures. User-friendliness lowers the digital gap, bringing
the government and its citizens closer [65]. For example, Newham City Council (Australia)
represents a population speaking more than 200 languages, and the council faces a com-
munication problem between government employees and the local population. Then, the
council introduced Futa—the multilingual chatbot which translates questions and answers,
escalates complex chats to live chat operators, and supports many languages. Within
six months, 10,491 inquiries were resolved automatically, 84 h less were spent on calls, and
savings of £40,000 were achieved [67].

• Reduce Complexity

Complexity is the “degree of difficulty for a firm to implement the innovation” [20]
(p.3). Complexity has been shown to play a significant role in the decision to adopt any
new technology. The researchers looked at the complexity negatively [12,20]. Hence, it
involves the determination of the organization and the employees to learn the adopted
new technology. A study [61] (p.1) emphasized that “the easier an organization perceives a
new technology to learn and use, the less complex the former perceive the latter to learn
and use, and vice versa”. Further, digital technologies can tackle the complexity associated
with the traditional system, such as document maintenance, physical attendance for service
consumption, repetitive tasks, and loss of data.
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Table 5. Local government digital technologies adoption opportunities—technology.

Context Attribute Study

Improve user friendliness

Facilitating condition, integration able,
interactivity, perceived ease of use, perceived

benefits, relative advantage, scalable,
user friendly, usability.

[1,59,65,66]

Reduce complexity Complexity, technology interoperability,
tracking complexity. [20,40,48,59–61,66]

3.4. Local Government Digital Technologies Adoption Challenges

The continuous growth of digital technology creates direct and indirect challenges for
local governments. Not only looking at an organization’s opportunities but also under-
standing the challenges will assist in making optimal use of the resources. This subsection
investigates the challenges associated with local governments’ digital technology adoption
under the subsections, i.e., the PPT framework.

3.4.1. People

This subsection looks at the challenges associated with digital technologies that have
been faced by the actors of the local government under three aspects: (a) lack of technical
staff and knowledge, (b) lack of decision-makers’ support, and (c) acceleration of the
inequalities in the society. These are elaborated below, and the summarized information is
presented in Table 6.

• Lack of Technical Staff and Knowledge

Lack of technical staff and knowledge could impact the adoption of local government
technology on employees (including decision-makers) and public aspects. Human re-
sources with good technical knowledge can produce the best results for the local govern-
ment function [20]. Meanwhile, the receivers with excellent technological understanding
will be supportive of experimenting with new technology by the local government be-
cause the successful adoption of technology is based on citizen demand for the introduced
technology. A study [68] indicated that most government employees are proficient in
fundamental abilities such as word processing and web navigation. However, some gov-
ernment employees lack several specialized talents, such as programming, application
development analysis, and software applications, and digital-based public services demand
them. This digital knowledge deficit increases the complexity of the local government
function [40].

Meanwhile, there is a general understanding that, compared to younger people, older
people are less likely to use digital technology. Adopting new technologies such as AI could
be difficult not only for local council staff but it could also be confusing for the general
population, especially elderly people. Many authors highlighted that age and knowledge
could hinder the adoption of advanced technologies [51].

• Lack of Decision-Makers’ Support

Most of the literature indicated that decision-makers with positive attitudes towards
adopting digital technology for local government service provision are more likely to pro-
vide/approve funding [4,20,40]. Hence, successful digital technology adoption depends on
the fund secured by decision-makers and the support from decision-makers to achieve the
goals. A study [69] identified three main challenges related to the lack of decision-makers'
support, such as (a) no clear direction from the management, (b) lack of knowledge of technol-
ogy adoption, and (c) the absence of a digital strategy. In the meantime, before they invest in
new experimental technology, they demand larger rates of return [11]. Managers’ attitudes
are a challenge to adopting digital technology for local government functions.

• Accelerate the Inequalities of the Society

In general, local governments serve diverse local communities with different socio-
cultural, educational, and economic backgrounds. Each community has its level of digital
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technology adoption capacity. Higher-level educated stakeholders tend to be more per-
ceptive of technology advancements in terms of affordability and knowledge to utilize.
Nevertheless, lower-level income and education communities may be unable to afford
and access digital technologies due to income and digital literacy constraints [70–73].
This means the community context matters for digital government adoption, whether
people in the community will use it. This will be harder when local governments adopt
advanced technologies such as AI [74,75].

Table 6. Local government digital technologies adoption challenges—people.

Context Attribute Study

Lack of technical staff and knowledge

Web staff, lack of technology staff, lack of technical expertise, lack
of technical expertise on staff, skill challenges, interpretation

challenges, human resources, lack of understanding of the cloud,
unqualified or inappropriate staff, and lack of organizational

resources or staff.

[15,17,19,33,56,57,72,73]

Lack of decision-makers' support

Poor planning and execution of local e-government adoption,
application process involved in obtaining a 311 designation,

attitude towards risk, organizational and managerial challenges,
bureaucratic mentality of the policymakers, IT leadership, the

influence of policymakers, lack of support from managers, and
bureaucratic friction.

[11,15,17,46,57,72–75]

Accelerate the inequalities in society
Social and societal challenges, social elite concentration, political
ideology of a community, political participation of citizens, civic

environmental groups, and sociocultural disruption.
[17,71,73,75]

3.4.2. Process

This subsection discusses the challenges associated with the adoption of local government
technology from the process perspective under the four aspects: (a) lack of planning, (b) lack of
internal and external collaboration, and (c) lack of ethical framework and regulation. These are
elaborated below, and the summarized information is presented in Table 7.

• Lack of Planning

The local government is expected to be ready, in terms of quality of planning, hu-
man resources, sufficient funds, proper policy and regulation, procedure, etc., to adopt
a technology [20]. The reason behind the lack of formalization is due to (a) the lack of a
benchmarking system, i.e., no standard model to compare and understand the requirement,
(b) the lack of a self-assessment guide to understanding the available and non-available
resource [69], and (c) inadequate time in the planning stage leading to an overly complex
adoption process [57]. Moreover, decision-makers’ ignorance of technology, poor commu-
nication among the local government institutes, and attitude towards risk contribute to
their failure to recognize the uncertainty that might arise. Increased uncertainty makes
planning and decision-making even more challenging [11].

• Lack of Internal and External Collaboration

The efficiency of the local government service distribution depends not only on
internal collaboration but also on establishing effective connectivity among various orga-
nizations [11,68]. In practice, there is significantly less collaboration within and outside
of the organization, which means it is necessary to adopt new means by which a local
government is to function.

The power relation within the organization creates a gap between the decision-makers
and the employees. A study [76] put forward the main characteristics of this power relation
as follows: (a) Until a decision-maker authorizes, employees cannot use digital technologies.
(b) In general, employees who desire to make their own decisions in the local government
would be immediately discouraged. (c) For a final decision, even minor issues must be
brought to the attention of a decision-maker. For example, even though the junior employee
wishes to adopt new technology, the decision still depends on the senior’s approval.
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At the same time, considering the risk factor, council managers do not want to share
data and information with other institutions, which constantly limits the organization’s
collaboration [68], resulting in a lack of intra-organization cooperation where similar tasks
are repetitively run, causing budget duplications. In contrast, this budget can be effectively
invested in facilitating technology adoption matters.

• Lack of Ethical Frameworks and Regulations

Structures, protocols, and policy mechanisms are required to ensure inclusive and
equitable benefits in the new digital era. The local government’s technology adoption
would be hindered without effective procedures and documented data quality policies [61].
Other elements, such as privacy, security, and organizational trust, are intertwined with
policies. It is difficult to gain users’ trust, and it will be challenging to adopt technology for
government services if it cannot ensure privacy protection and reduce the collection and
storage of personal information. A study [74] mentioned that numerous policy problems
exist, including government surveillance, privacy, security, and communications capacity.
At the same time, adopted technology will be transformed together with the public demand
and growth of the technology. Failure of flexible policy and regulation to adopt digital
transformation also imposes challenges on the local government.

Table 7. Local government digital technologies adoption challenges—process.

Context Attribute Study

Lack of planning

Degree of formalization, uncertainty, government-based
facilitation condition, difficulties in operational change

management, administrative culture, project
management and planning, poor communication,

overly complex projects, insufficient benchmarking,
and process-related challenges.

[11,12,19,20,42,48,50,57]

Lack of internal and external collaboration

Centralized and decentralized decision-making, lack of
collaboration among departments, decision-making

shared between politicians and senior executives,
organizational centralization, egoistic and lack of
collaborative efforts, intra-organizational culture,

and nature of the decision.

[11,19,56,68,76]

Lack of ethical framework and regulation

Government law and policy, government regulation, lack
of ethical frameworks, uncertainties around legal issues,

security and privacy policies, ethical and legitimacy
challenges, information assurance and governance,

policies are considered too slow.

[12,17,19,40,42,48,50,61,68,71,74]

3.4.3. Technology

This subsection discusses the challenges associated with the adoption of local gov-
ernment technology from the perspectives of (a) lack of technical infrastructure readiness,
(b) lack of security and privacy, and (c) data-related challenges. These are elaborated below,
and the summarized information is presented in Table 8.

• Lack of Technical Infrastructure Readiness

Infrastructure readiness is a barrier identified from the perspective of technological
challenges. It includes precise and detailed infrastructure requirements, the availability of
qualified human resources to handle the infrastructure, and infrastructure budget support,
for example, internet facilities, computer servers, data centers, and disaster recovery
centers [77–79]. While the internet/online facilities and the disaster recovery center are the
most critical infrastructure, the online facility is determined by accessibility, availability, and
speed, whereas the disaster recovery center is a precautionary measure against potential
threats that could eventually compromise system continuity [74]. The failure of one of these
factors will be a challenge for the local government to adopt digital technologies.
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• Lack of Security and Privacy

Data security involves preventing unauthorized entry, while privacy refers to who
is permitted access to the data. These are critical issues for the local government [74].
Before choosing data-driven innovation, the organization must consider data security
and privacy [61]. People are concerned about protecting the privacy of their confidential
information because doing so is a basic human right [18]. For example, people do not know
where their information is stored in Web 2.0—an open platform where citizens’ privacy
is at risk while providing sensitive information and cloud computing. Hence, adopting
digital technologies would be challenging for the local government without proper security
and safety protocols.

• Data-Related Challenges

The data-related challenges include data integration, data availability and acquisition,
data quality, absence of structure and homogeneity, data bias, and resulting inaccura-
cies [80]. Advanced applications such as AI and predictive analytics depend on large
quantities of data. A study [25] stated that eliminating bias in training data for machine
learning is the biggest challenge. AI systems always have errors unless this barrier is elimi-
nated. The risk is, therefore, significant for a public entity. Another study [81] identified
four main data quality-related issues: (a) Complex data make the data integration part
difficult. (b) A large data set consumes a lot of time. (c) Advanced technology is required
to process big data. (d) There is not any benchmarking setting to understand the quality of
data. Without a reliable and accurate data set, implementing digital technology could be
challenging for the local government.

Table 8. Local government digital technologies adoption challenges—technology.

Context Attribute Study

Compatibility Lack of data integration, interoperable integration, and lack
of compatibility. [20,74,79]

Lack of technical infrastructure readiness

ICT infrastructure, lack of technology, lack of technical
upgrade, unaffordability of technological investment, need

to upgrade technology, underutilization of technology,
technological infrastructure, IT facilities and infrastructure,

effective network, data storage location, backup of data,
and internet connectivity.

[15,19,20,33,48,50,56,57,71,74,79]

Lack of security and privacy
Security and privacy concerns, data security, privacy,

automation risks, trust, access authorization,
and data leakage.

[12,18–20,33,42,50,56,61,68,70,74]

Data-related challenges
Data bias and resulting inaccuracies, data management,

availability of data and information, data challenges, and
system failure.

[17,18,51,71,74]

3.5. Local Government Digital Technologies Adoption Strategies and Recommendation

Strategies are defined as effective use of the available resources. They can also be
viewed as a “pattern of decisions in an organization which formulates objectives, purposes,
produces, policies and plans to achieve the goals” [82]. In the local government context,
digital technology adoption strategies are investigated in this subsection concerning people,
process, and technology aspects.

3.5.1. People

This subsection looks at how stakeholders strategically work to resolve the barri-
ers and use the resources to adopt digital technology for local government services by:
(a) Investing in interdisciplinary skill development among employees. (b) Utilizing power
with responsibility. (c) Increasing open participation. These are elaborated below, and the
summary is presented in Table 9.
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• Invest in Interdisciplinary Skill Development for Employees

Regarding employee-related strategies, most of the literature emphasizes the impor-
tance of skill training and workshops with the aim of helping employees adopt digital
technologies [1,15,73]. The installation, management, planning, and implementation of ICT
infrastructure require technical expertise [1]. A study [40] argued that by helping staff with
training and information when adopting digital technologies, local governments could ben-
efit greatly, and the adoption rate would likely increase. Meanwhile, the adoption process
would accelerate by recruiting staff familiar with the technologies [77]. The staff with good
knowledge is likely to: (a) Lead the team. (b) Explain the benefits to the stakeholders and
organize professional development programs. (c) Educate and network with the existing
staff [40]. Simultaneously, employees should be aware that, as technology quickly advances,
citizen expectations for the delivery of government services also rise. Hence, attending
agencies or organizations for orientation, workshops, training, and exposure is essential.
Another study [15] evidenced the discrepancy between the courses offered by academic
programs and practitioners’ requirements at work. Therefore, future research must investi-
gate the pedagogical methods that schools and colleges use to emphasize digital technology
competencies related to local governance in undergraduate and graduate curricula.

• Utilizing Power in a Responsible Manner

Decision-makers can use rewards or penalties to motivate government officials to
adopt digital technologies. Accordingly, utilizing the power of correct direction would
be the most effective strategy for adopting digital technologies. For example, organizing
regular meetings with employees to understand the difficulties in using digital technologies
and creating a step-by-step implementation schedule so that citizens and employees find it
easier to adapt to the new process [73]. The decision-makers should ensure data privacy
and security by formulating a proper procedure or policy document [20,45] and properly
allocating organizational resources, such as staff time and budgetary costs [57].

• Increasing Open Participation

Citizens and communities must be involved in the local government’s decision-
making process. Local governments are practicing Web 2.0 to ensure equitable partic-
ipation [19,20,58], specifically in policymaking. While the local government expects that
having a Facebook page or Twitter account is enough to garner citizen feedback, they
should create social media platforms that solicit and support active public engagement [38].
Most of the public is not motivated to voice their opinion due to privacy concerns and a
lack of trust in the government system. However, the local government should be open to
citizens’ participation by introducing accessible and affordable digital technologies [83].

Table 9. Local government digital technologies adoption strategy—people.

Context Attribute Study

Invest in interdisciplinary skill development
for employees

Regular orientation and workshop training, professional
staffing, creating incentives by rewarding individuals,

identifying a “champion”, training and open
communication with staff, personal mastery of employees,

engaging employees in adopting ICT, appropriate staff
training, training civil servant’s knowledge and skills,
project leaders need to engage municipal government

employees across multiple departments, hiring an
adequate number of motivated and qualified staff.

[1,4,15,22,40,57,73,77]
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Table 9. Cont.

Context Attribute Study

Utilizing the power in a responsible manner

Improve information culture and align the technology with
strategic objectives. Articulate a timeline and hold regular
meetings. Managers could build on an existing culture of

awareness of and sensitivity to information, awareness
about potential opportunities and risks associated with
technologies, recognized standing and interdisciplinary

skills, methodological competence, and digital background,
managed by qualified people, and focus on content

management. Managers must also be held accountable for
implementing their projects and exercising their authority

to enhance performance.

[20–22,50,57,73,83]

Increasing open participation

Enabling the user to create and tailor content requires the
commitment of more resources. Open participation,

collaboration, and ubiquitous engagement should be a part
of the planning process.

[38,57]

3.5.2. Process

This subsection looks at what processes relate to strategies that could assist in adopting
digital technologies in three aspects: (a) introducing policies and regulations, (b) proper
planning and goal setting, and (c) fostering cross-sectoral collaboration. These are elabo-
rated below, and the summarized information is presented in Table 10.

• Introducing Policies and Regulation

The creation of formal policies and regulation by the local government is required to
support the adoption procedure. While the government plans to use digital technologies, it
must consider options outside of technology. It is essential to have written regulations that
support change, provide instructions for execution, and give legal authority for the policy
and regulation implementation [1,20,73]. In the meantime, policies should elaborate on
how data are handled, gathered, preserved, analyzed, deliberated, and disclosed. The level
of trust and security help minimize the associated risk and encourage the user to adopt the
technology without reluctance [12,21].

• Proper Planning and Goal Setting

The second factor which aligns with policies and regulation is planning and goal set-
ting. Goal setting is a process that identifies what the local government needs to accomplish
and helps create a plan to achieve target results. Policies, regulations, planning, and goal
setting should be aligned to maximize the outcome [20]. The planning includes (a) tech-
nology capacity in terms of technical and human capacity [15], (b) existing infrastructure
compatibility assessment [4], (c) a budget proposal to address concerns about cost, and
(d) discussion with internal and external parties to get advice on security issues, etc., [40].
At the same time, at the planning stage, identifying the challenge of local government to
adopt digital technologies is equally important to reduce failures while setting goals.

• Fostering Cross-Sectoral Collaboration

Increasing inter- and intra-institutional collaboration would accelerate the adoption of
digital technology [84]. It has several advantages, starting from: (a) Collaboration between
citizens and employees would enhance the employees’ understanding of their needs, that is,
to what extent they understand the digital technologies, as per the requirement of adopting
the technology and improving the employees’ skills so that effective services may be
provided to citizens [85,86]. (b) Collaboration between different local governments—each
local government has unique methods and designs for adopting digital technologies,
which increases the expenditure of state government. This limitation could be overcome by
adopting a set of universal development standards [87]. (c) Collaboration with stakeholders
and politicians—adopting and/or implementing digital technologies in local governments
requires support from stakeholders and elected leaders. Local governments must establish
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channels for disseminating information about the advantages of digital innovation to
gain support from politicians and stakeholders [34]. (d) Collaboration with academic
institutions—local governments should collaborate with academic institutions to offer new
executive education programs that can fill the knowledge gaps found in this study [88].

Table 10. Local government digital technologies adoption strategy—process.

Context Attribute Study

Introducing policies and regulation

There should be proper legislative and executive actions;
with a rigid culture, the government needs to prepare
formal regulations. Give legal status, clarify laws and

regulations, and reform processes by simplifying
regulations and procedures. Data protection policies

should be regulated. Local governments need to establish
desirable legal and policy guidelines. For security issues,

proper risk assessment, information assurance, and
governance, the legal system mandatorily requires
e-disclosure through the municipalities’ website.

Legislation should regulate the use of social media by
governments, and strengthen policies by compiling risk

management guidelines.

[1,4,15,22,33]

Proper planning and goal setting

Equipping government agencies with relevant
infrastructure, procuring external advice on security issues,

developing a budget proposal to address concerns
regarding costs, assessing compatibility, and building IT

capacity.

[1,4,15,22,33]

Foster cross-sectoral collaborative strategies

More collaboration and interaction between local, regional,
and national governments, adopting a common framework
of standards for the development of e-gov websites, and

creating avenues to provide information about the benefits
of digital innovation. Strengthening the interactivity of
websites. Community-based organizations should play

active roles. Local governments should work with
academic institutions. Process efficiency, effective

coordination of the e-government by a coordination team,
and sharing the results of the digital maturity evaluation
between municipalities are very useful as they allow for

comparisons with others.

[34,65,68,73,85,86,88]

3.5.3. Technology

This subsection looks at how technology relates to strategies that could assist in
adopting digital technologies in two aspects: (a) building the technical infrastructure and
(b) creating an enabling environment. These are elaborated below, and the summarized
information is presented in Table 11.

• Building the Technical Infrastructure

The technical infrastructure is identified as a primary driver of the adoption of digital
technologies by local government [4,89]. The adoption of digital technologies is made more
accessible if the technical readiness level is higher. It allows government organizations to
collaborate, communicate, and exchange work, making daily activities easier and utilizing
technology to reduce staff time and effort. The technical infrastructure includes proper
network, hardware, software, security, and privacy standards [57]. A study [89] detailed
this strategy by notifying the important elements to be included, such as: (a) upgrading the
equipment and ensuring consistency across all local government departments, including
personal computers, servers, and desktop software, (b) creating shared information sys-
tems for the primary duties of local governments; (c) implementing appropriate security
measures and technology. These include dependable firewalls, data encryption methods,
and public key infrastructure (a collection of rules, policies, and processes required to
create, manage, distribute, utilize, store, and revoke digital certificates), and (d) Evaluate
the utilization of local government data centers with disaster recovery processes and tools.
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• Creating an Enabling Environment

All stakeholders in the process of digital technology adoption should be able to provide
and receive services equally. Accessibility includes cost-effective, language-friendly, and
user-friendly (people can understand the procedure without training) devices that all
users can afford. This could be achieved when the technology used to introduce new
concepts must be created at a literacy and comprehension level open to all. Increased public
Wi-Fi availability, technical literacy programs, computer lab resources, and dependable
infrastructure boost trust in local government and increase the use of tools for managing
citizen relationships [70]. A study [90,91] advocated that local governments should create
mobile engagement tools within an organization to help cover a broader range of people’s
perceptions. The accessibility strategy increases the actors’ trust and facilitates the adoption
of digital technologies.

Table 11. Local government digital technologies adoption strategy—technology.

Context Attribute Study

Building the technical infrastructure

Providing solid technical support for digital,
push strategy and data transparency,

e-government initiatives need adequate
infrastructure to meet the citizens’ high

expectations regarding privacy and security.
Set technology standards

and minimum requirements.

[4,39,57,84,91]

Creating an enabling environment

The system must provide a good user
experience. Governments must ensure open
access to public cloud services, and internet
access should be available to mobile devices.
Local governments should develop mobile

orientation participation tools. The
introduction of technology must be designed
at a comprehensive level, and technology tools

and training should be accessible to the
neighborhood. Expand the public Wi-Fi,

technical literacy training, and computer lab
resources. Reliable infrastructure will not only

increase citizen trust in government but
should also increase engagement with citizen

relationship management tools.

[12,20,68,70,88]

4. Findings and Discussion

Local government experiments with new digital technologies and methods for their
service provision play a vital role in the effective and efficient service provision of the local
government. These adoption processes are complicated by uncertainties. The involved gov-
ernment officials must adapt to the process and technology, the process must be continuously
updated, and the technology must be properly integrated into the local government system.
The local government must understand the balance between people, processes, and technology
to gain its full potential. The key findings are discussed below and summarized in Table 12.

Table 12. Summary of the findings.

Domain Opportunity Challenge Strategy

People

� Increase citizen convenience and
engagement–citizen demand and
engagement in the process.

� Perceived usefulness–employee
support, skill development.

� Increase the decision-makers’
accountability–innovativeness,
capability, and authority.

� Lack of technical staff and
knowledge–level of understanding.

� Lack of decision-makers’ support–no
clear direction, lack of knowledge.

� Accelerate the inequalities of
society–social, economic,
and educational.

� Invest in interdisciplinary skill
development among employees–skill
development workshop.

� Utilizing the power in a responsible
manner–decision-makers authority.

� Increasing open
participation–accepting
people’s opinions.
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Table 12. Cont.

Domain Opportunity Challenge Strategy

Process

� Cost-effective financial
management–cost-effective solution.

� Enhance the quality-of-service
delivery–effectiveness, efficiency,
satisfaction, freedom from risk, and
context coverage.

� Lack of planning–no benchmarking, no
planning.

� Lack of internal and external
collaboration–collaboration
with others.

� Lack of ethical framework and
regulation–No standard procedure, no
flexibility.

� Introducing policies and
regulation–formulization.

� Proper planning and goal-setting
strategies–resource allocation, time
frame, etc.

� Foster cross-sectoral
collaboration–employee–citizen, other
local government, academic institution.

Technologies

� Improve user friendliness–language,
culture, and disability concerns.

� Reduce complexity–employees adopt
new technology, the complexity of the
traditional method.

� Lack of technical infrastructure
readiness–internet, computer server,
etc.

� Lack of security and privacy–hacking
and no understanding of the data
storage.

� Data-related challenges–integration,
quality of data.

� Building the technical
infrastructure–software, hardware,
standards.

� Creating an enabling
environment–devices, affordability,
language.

4.1. Understanding the Actors

Internal actors, such as employees, decision-makers, and external key actors, such
as citizen politicians, stakeholders, and so on, are connected to the local government
system. Technology in local government cannot work without building the capacity of the
actors first [4,57]. The difference between a successful and a poor local government is the
presence of the right actors having the right attitude towards adopting digital technology.
A stusy [22] stated that “improvement of information culture is fostered by constant
improvement in digital and sociocultural competencies of employees and managers of the
public administration as well as their personal mastery and creative attitudes”.

Actors’ social, cultural, economic, and educational backgrounds vary greatly. As a
result, the decision-making style, working style, and adoption style will vary [75]. For exam-
ple, citizens from low-income backgrounds cannot afford to pay for the hardware. Citizens
with less digital literacy increase the workload for employees, employees with less digital
literacy slow down service delivery, and citizens with higher educational backgrounds
put more pressure on decision-makers. Decision-makers and employees with less digital
literacy and strategy might lead to system malfunction.

• Nothing in an organization is more crucial than excellent communication, particularly
when implementing solutions for technology and processes. So, citizens should speak
up first by outlining their needs in detail [84]. In other words, citizens should be
enthusiastic communicators and not hold back when sharing their thoughts with the
local government. Accessible and organized communication leads to the flow of ideas,
which inspires the local government to understand the requirement of the people and
accordingly introduce digital technology. Meanwhile, the local government needs to
open platforms where citizens can share their thoughts and ideas without affecting
their privacy—it also needs to actively solicit input from residents through outreach, as
just because a platform is there does not mean it will be used. A study [92] underlined
that social media sites such as Facebook and Twitter engage the audience actively;
it also goes beyond simply having an account there;

• Secondly, the local government needs employees with the appropriate talents and skills
to handle digital technologies. It includes experience and attitude with skills, as these
are equally crucial to ensuring a successful implementation of digital technology [1].
Additionally, the local government should offer skill-training workshops to hiring
staff and current employees who are already familiar with the technology to keep up
with the updates [73];

• Thirdly, these activities will be practically feasible if the decision-makers cultivate a
constructive attitude towards the employees and citizens by accepting their needs and
requirements [57].
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4.2. Formulating the Process

Having the right processes in place aligned with the right employees helps to know
what must be done to ensure that citizens receive the required services. Citizens require
local governments to provide high-quality services. Describing how services are provided is
more important than the types of services being offered [93]. Thus, when local governments
design the process, the four matters described below should be considered for the effective
implementation of digital technologies [31].

• The actors should understand how they fit in the process, what their role is in it, and
what they need to achieve throughout the process. For example, decision-makers
must be held responsible for carrying out the plan and use the authority and skill to
allocate local government resources, such as employees’ time and budgetary costs,
responsibly [57];

• The local government should have a reasonable goal and a procedure to achieve the
goal. Thus, improving these procedures will impact process efficiency the most [20];

• To improve the success of digital innovation, local governments must develop ac-
ceptable legal and regulatory standards rather than just adopting regulation out of
isomorphic pressure [34];

• Getting feedback from the actors and constant improvement are important for the
process to have the best effect [15].

4.3. Technology as a Tool

The actors should understand that technology does not address all the problems. It is
a tool the actors use to implement the process and which aids in automating some of the
steps. A study [19] argued that “identifying the main causes for limited or ineffective citizen
engagement with local government activities requires us to look beyond the technology
itself”. Therefore, before implementing digital technology, local governments should have
a proper understanding of:

• The effect of the equipping technology on the actors’ productivity and ability to
simplify employees’ and citizens’ lives, the challenges they might encounter, and the
means to resolve them [1];

• The local government should adequately understand the level of digital readiness
across service delivery, planning and development, and internal systems before imple-
menting digital technology. Because the implementation of digital technology is more
accessible, the technical readiness level is greater [4];

• Technology has far more reach than we could have imagined and knows no bounds.
Therefore, rather than adopting complex technologies, technology should be easy to
use, affordable, and comprehended. People should not feel overwhelmed by it [70].

Local governments’ starting point may be chosen according to the resources, capacity,
availability, and other factors. For instance, the local government can determine the citizens’
needs and capabilities before creating the procedure and implementing the appropriate
technology. In addition, decision-makers may decide to spend money on technology while
also retraining their employees or developing processes for skill development. However,
to minimize risk and maximize impact, the interaction between the three elements must be
balanced correctly.

Despite challenges, the future of technology adoption in local government holds great
promise. Edge computing, virtual reality, the sixth generation (6G) networks, multimodal-
ity machine learning models, and blockchain, among other emerging technologies, are
actively transforming the landscape of local governance and citizen services. Edge com-
puting [94,95] offers a range of benefits, including reduced latency, greater data privacy
and security, increased accessibility, and increased resilience and durability. It not only
reduces costs but also allows for the efficient deployment of IoT and the facilitation of effec-
tive disaster response and emergency management. Virtual reality (VR) [96,97] is gaining
traction as a driver of citizen participation, accessibility, training, urban planning, remote
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collaboration, public safety, cultural heritage protection, and data analysis. Its impact will
extend to encouraging inclusiveness and creative governance solutions.

The 6G network [94] integration will result in improved connection, higher capacity,
easy access to cloud services, and seamless integration with VR and augmented reality (AR)
technologies. These developments will enable data-driven decision-making, strengthen cy-
bersecurity safeguards, and help IoT scale. As a result, they will improve service delivery,
stimulate urban planning projects, and spark innovation. Multimodality machine learning
models [98] will play a pivotal role in augmenting natural language understanding, citizen
engagement, data analysis, accessibility, information processing, language translation, risk
detection, and decision-making. Their adoption would enable comprehensive data analysis, fa-
cilitate effective communication, streamline processes, and empower inclusivity and informed
governance. Blockchain technology [99,100] stands as a bulwark for data security, streamlined
processes, smart contracts, citizen identity management, supply chain traceability, citizen
engagement, data sharing, and improved financial transaction efficiency. Its incorporation
will foster openness and trust and improve the government's efficiency [101,102].

4.4. Limitations and Further Research

There are some limitations to this study: (a) The number of local councils which
developed their digital strategy reports, e.g., Northern Beaches Council Digital Transfor-
mation Strategy, Digital Strategy of the London Borough of Sutton and the Royal Bor-
ough of Kingston Upon Thames (2018–2021), Digital Transformation Strategy of Bayside
(2018–2021), Digital Strategy of Croydon–UK (2019–2024), Digital Strategy of Logan City
Council (2019–2022), Digital Strategy–Brent (2022–2026), Digital Unley, City of Palmerston
Digital Strategy 2021, eMandurah (2012), and Whitehorse City Council Information Technol-
ogy Strategy (2020–2025). Nonetheless, this study only reviewed journal articles. (b) Each
digital technology has its opportunities, challenges, and strategies, but this study focused
on the general idea of digital technology. Future studies will address these constraints, and
we will continue our endeavors to contribute to these exciting developments.

Meanwhile, this research identifies the directions for future research on digital technol-
ogy adoption in the public sector, more specifically for the local government administration:
(a) Application of the PPT framework for the local government sector is a relatively new
research approach, whereas it has been a proven framework for improving the operational
efficiency in the private sector. Further research based on this framework in the public
sector may be extended to the means to the adoption of technology on raising public sector
operational efficiency. (b) Understanding the interconnectivity of these attributes through
quantitative methods would assist the local government policymakers in developing the
strategy more precisely and reducing resource overlap.

5. Conclusions

This research reviews the technology adoption opportunities, challenges, and strate-
gies through the lens of the PPT framework. This framework provides an understanding of
how the balance between the people, process, and technology aspects should be maintained
to successfully implement digital technologies.

The findings indicate several opportunities and challenges in adopting digital technol-
ogy for local government activities. The opportunities are increasing citizen convenience
and engagement, perceived usefulness, increased accountability among decision-makers,
cost-effective financial management, enhanced service delivery, improved user-friendliness,
and reduced complexity. The challenges include the lack of technical staff and knowledge,
the lack of decision-makers’ support, accelerated societal inequalities, lack of planning,
internal and external collaboration, ethical framework, technical infrastructure readiness,
security, and challenges related to privacy and data.

At the same time, the opportunities and the strategies must be well aligned to resolve
the challenges. Accordingly, the people-related strategies invest in interdisciplinary skill
development among employees, utilizing the power responsibly and increasing open
participation. The process-related strategies introduce policies and regulations, proper
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planning, and goal setting and foster cross-sectoral collaboration. Finally, the technology-
related strategies build the technical infrastructure and create an enabling environment.
These findings are useful for the policymakers to keep up the balance with the available
resources and achieve the full potential of the adopted technology.

Author Contributions: A.D., Data collection, processing, investigation, analysis, and writing—original
draft; T.Y., supervision, conceptualization, writing—review and editing; R.Y.M.L., J.M.C., P.H.C., K.M.
and R.M., supervision, writing—review and editing. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Australian Research Council Discovery Grant Scheme,
grant number DP220101255.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data sources are listed in Appendix A.

Acknowledgments: The authors thank anonymous referees for their invaluable comments on an
earlier version of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

Table A1. Local government technology adoption opportunities.

Study Journal Title Year Framework
Element

Description

[63] Journal of Information Technology
and Politics

The digital world of local
government: a comparative analysis

of the United States and Germany 2009

People

� Professional management;
� Demographic characteristics;
� Presence of chief

administrator;
� Full-time employees working

for city hall;
� Socioeconomic attainment

among residents in terms of
education and wealth;

Process � Organizational resources;

[66] Online Information Review
E-government evolution in EU local

governments: a comparative
perspective

2009

Process � Transparency;

Technology
� Interactivity;
� Usability;
� Web site maturity;

[57] Government Information Quarterly
The adoption of centralized

customer service systems: a survey
of local governments

2009

People

� Public pressure/ expectations
for customer service;

� Elected official’s pressure;
� Staff request;

Process
� Goal to improve services

despite increased cost;
� Expectation of reduced costs;
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Table A1. Cont.

Study Journal Title Year Framework
Element

Description

[58] International Journal of Organization
Theory and Behaviour

Digital governance success factors and
barriers to success in Prague 2011

People

� User-friendliness;
� Motivated employees;
� Recruitment and retaining

employees;
� Managerial support;
� Managerial accountability;
� Citizen involvement;
� Political support;
� Reputable and

known technology;

Process

� Budget and time;
� Performance measures;
� Appropriate system design;
� Clear implementation plan;
� Professional

project management;
� Phased implementation;
� Goal clarity;

Technology
� Effective communication;
� Adequate infrastructure;

[64] Government Information Quarterly

Customer relationship management
(CRM) technology and organizational
change: evidence for the bureaucratic

and e-Government paradigms
2011

People
� Efficiency changes

and leadership;
� Management change;

Process � Organizational change;

[59] International Journal of Electronic
Government Research

Electronic transformation of local
government: An exploratory study 2011

People
� Perceived usefulness;
� Perceived motivation;

Process
� Compliance with local

government
organization’s policy;

Technology

� Perceived ease of use;
� Perceived compatibility;
� Complexity;
� Relative advantage;
� Trustworthiness;

[42] International Journal of Cloud
Applications and Computing Cloud computing in local government 2012 Process

� Cost serving;
� Economic of scale;
� Strategic focus;

[80] The Journal of Contemporary Issues in
Business and Government

An investigation of the main factors to
be considered in cloud computing

adoption in Australian regional local
councils

2015 Technology � Cost;

[11] Information and Management

Investigating factors influencing local
government decision-makers while
adopting integration technologies

(IntTech)

2015

People

� Personality;
� Perceptions;
� Attitudes to risk;
� Ethics and values;
� Knowledge of

integration technologies;
� Managerial capability

and authority;
� Culture and climate;
� Politics;
� Management style;

Process

� Nature of decision;
� Uncertainty;
� Centralized and decentralized

decision-making;
� Organizational compatibility;

[45] Government Information Quarterly
Factors influencing social media use in

local governments: The case of Italy
and Spain

2016 People
� Size of the population;
� Income level;
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Table A1. Cont.

Study Journal Title Year Framework
Element

Description

[1] Transforming Government: People,
Process, and Policy

Are government employees adopting
local e-government transformation?

The need for having the right attitude,
facilitating conditions and performance

expectations

2017

People
� Performance expectancy;
� Social influence;
� Attitude;

Process � Effort expectancy;

Technology � Facilitating condition;

[15] State and Local Government Review Conceptualizing e-government from
local government perspectives 2018 People

� Political competition and citizen
adoption;

� Technical skill;
� Professionalization;
� Sheer size of the workforce;

[67] IOP Conference Series: Materials
Science and Engineering

A study of application and framework
smart city in Bandung: a survey 2019 Technology

� Reliable;
� Interoperable;
� Scalable;
� User-friendly;
� Integrable;

[62] International Journal of Information
Management

Determinants of master data
management adoption by local
government organizations: An

empirical study
2019

People
� Top management support;
� Citizen demand;

Process
� Data governance;
� Technological competence;

Technology
� Complexity;
� Quality of master data;

[12] Computer Law and Security Review
The role of government regulations in
the adoption of cloud computing: A

case study of local government
2020

Process
� Quality of service;
� Flexibility;

Technology � Cost;

[43] Government Information Quarterly
Assessing information security risks in

the cloud: a case study of Australian
local government authorities

2020 Technology

� Data transmission;
� Data storage;
� Data privacy;
� Risk management;
� Security control;
� Awareness;
� Backup;
� Encryption;
� Trustworthiness;
� Service level agreement;

[16] Sustainability Digital transformation and knowledge
management in the public sector 2020

People
� Quality of organization’s

knowledge management;

Process
� Complementing each other for

significant improvement in the
public sector;

[61] Lecture Notes in Business Information
Processing

Digital transformation in the public
sector: identifying critical success

factors
2020

People
� Change management;
� Leadership engagement;
� Citizen participation;

Process

� Organizational culture;
� Skill development program;
� Funding;
� Political stability;
� Regulatory framework;

Technology

� Data security;
� IT architecture;
� Interoperability;
� Data-driven agility;
� Telecommunication

service quality;
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[23] Journal of Accounting and
Investment

Determining factors of cloud
computing adoption: a study of

Indonesian local government
employees

2020 People

� Performance expectancy;
� Effort expectancy;
� Perceived availability;
� Behavioral intention;

[69] Journal Komunikasi: Malaysian
Journal of Communication

Digital transformation of the
government: a case study in

Indonesia
2021 Technology

� Data transmission;
� Data storage;
� Data privacy;
� Risk management;
� Security control;
� Awareness;
� Backup;
� Encryption;
� Trustworthiness;
� Service level agreement;

[20] Sustainability

Citizens’ or government’s will?
Exploration of why Indonesia’s local
governments adopt technologies for

open government

2021

People

� Organizational culture;
� Support of top management;
� Managerial innovativeness;
� Strategic goal;
� Citizen/Community de-

mand;
� Political influence;

Process
� Policy and regulation;
� Legislation;
� Bandwagon effect;

Technology

� Perceived benefits;
� Compatibility;
� Complexity;
� ICT infrastructure;

[43] Information Technology and People
Cloud computing technology

adoption: an evaluation of key
factors in local governments

2021

People
� Top management support;
� Organization size;

Process
� Cost;
� Anticipated benefits;

Technology
� Compatibility;
� Complexity;
� Security concern;

[24] Journal of Public Affairs and
Development

Adoption of artificial intelligence
(AI) in local governments: an

exploratory study on the attitudes
and perceptions of officials in a
municipal government in the

Philippines

2021 People

� Previous use of AI;
� Perceived usefulness;
� Perceived ease of use;
� Social influence;
� Facilitating conditions;
� Self-efficacy;
� Attitude towards using AI;
� Behavioral intention to

use AI;

[22] Information Systems Management

The contribution of ICT adoption by
local governments to

sustainability—empirical evidence
from Poland

2021

People
� Improvement in social and

political life;

Process

� Reduction in electricity and
natural
resources consumption;

� Improvement in
governments activity;

� Improvement in management
and decision-making;

[40] Information Systems Frontiers
Assessment of complexity in cloud

computing adoption: a case study of
local governments in Australia

2022

People � Knowledge management;

Process � Business operations;

Technology
� Data processing capability;
� Technology interoperability;
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[89] Government Information Quarterly Determinants of digital innovation
in the public sector 2022

People � Age;

Technology � Electoral competition;

[34] Information Technology and People

Assessing the drivers of the regional
digital divide and their impact on
eGovernment services: evidence
from a South American country

2022 People
� Education;
� Income;
� ICT usage;

[4] Sustainability

Exploring driving factors of digital
transformation among local

governments: foundations for smart
city construction in China

2022

People
� Citizen’s expectation;
� Superior pressure;

Process
� Organizational efficiency;
� Public service delivery;

Technology � Technology readiness;

[48] AI and Society

Artificial intelligence in local
governments: perceptions of city

managers on prospects, constraints,
and choices

2023 Technology

� Creating efficiencies;
� Tackling complexity;
� Managing repetitive tasks;
� Processes and decisions;
� Automating routine decision;
� Minimizing errors and

improving productivity.

Table A2. Local government technology adoption challenges.

Study Journal Title Year Framework
Element

Description

[33] Public Administration Review
The evolution of e-government

among municipalities: Rhetoric or
reality?

2002

People
� Lack of technology staff;
� Lack of technical expertise;

Process � Lack of financial resources;

Technology
� Lack of technical upgrade;
� Security issues;
� Privacy issues;

[56] International Journal of Electronic
Government Research

Citizen-initiated contacts with
Ontario local e-government:

administrators’ responses to contacts
2005

People

� Lack of
technology/web staff;

� Lack of
technology/web expertise;

� Staff resistance to change;
� Lack of support from

elected officials;
� Lack of information about

e-government applications;

Process

� Lack of financial resources;
� Issues relating to convenience

fees for online transactions;
� Lack of collaboration

among departments;

Technology
� Issues regarding security;
� Issues regarding privacy;
� Need to upgrade technology;
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[57] Government Information Quarterly
The adoption of centralized customer

service systems: a survey of local
governments

2009

People

� Application process involved in
obtaining a 311 designation;

� Lack of support from
elected officials;

� Unfamiliar with the technology;
� Lack of technical expertise

among staff;

Process � Too expensive;

[85] Journal of E-Governance
Impact of citizen relationship

management (CRM) on government:
evidence from U.S. local governments

2010

Process

� Lack of funding;
� Difficulty for departments to

give up control of their
customer management;

Technology

� Contact channels such as Web,
over-the-counter, and email lack
alignment, which cause conflict
and confusion;

� Security and privacy concerns
with customer data;

� Underutilization of
this technology;

[73] Policy & Internet
Digital divides in urban e-government
in South Korea: exploring differences in

municipalities’ use of the Internet for
environmental governance

2010

People

� IT leadership;
� Human resource;
� Social elite concentration;
� Political ideology of a

community;
� Political participation of citizen;
� Civic environmental group;

Process � Financial resource;

[83] International Journal of Organization
Theory and Behavior

Digital governance success factors and
barriers to success in Prague 2011

People

� Lack of training or education;
� Unqualified or

inappropriate staff;
� Lack of organizational resources

or staff;
� Lack of support from managers;
� Poor support from

elected officials;

Process

� Lack of planning;
� Poor communication and overly

complex projects;
� Mission creep;

[79] International Journal of Cloud
Applications and Computing

A framework for analysing the impact
of cloud computing on local

government in the UK
2011

People � Choices of vendors;

Process

� Business process change;
� Information assurance

and governance;
� Product and approach;

[42] International Journal of Cloud
Applications and Computing Cloud computing in local government 2012

Process

� Service level agreement;
� Business process change;
� Project management

and planning;

Technology
� Security and reliability of data;
� Privacy and access;

[11] Information and Management

Investigating factors influencing local
government decision-makers while
adopting integration technologies

(IntTech)

2015

People
� Culture and climate;
� Perception;
� Attitude towards risk;

Process

� Organizational compatibility;
� Nature of decision;
� Uncertainty;
� Centralized and

decentralized decision-making;
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[80] The Journal of Contemporary Issues
in Business and Government

An investigation of the main factors
to be considered in cloud computing
adoption in Australian regional local

councils

2015

People
� Provider dependability;
� Employees’ knowledge;

Technology

� Internet connectivity;
� Data storage location (policy

issues related to
data storage);

� Integration;
� Data back-up;
� Transportability;

[75] Journal of Information Security and
Applications

An investigation of the challenges
and issues influencing the adoption
of cloud computing in Australian
regional municipal governments

2016

People

� Availability of
different providers;

� Influence of policymakers;
� Lack of understanding of

the cloud;

Process � Cost;

Technology

� Security and Privacy;
� Trust;
� Data management;
� Infrastructure;
� Effective network;
� Security and loss control over

data;
� Data storage location;
� Backup of data;
� Integration;

[77] American Review of Public
Administration

Determinants of information and
communication technology adoption

in municipalities
2016

People

� Governmental stakeholder
influence and
non-governmental
stakeholder influence;

� Work routines;
� Personal constraints;

Process � Organizational centralization;

[1] Transforming Government: People,
Process, and Policy

Are government employees
adopting local e-government

transformation? The need for having
the right attitude, facilitating
conditions and performance

expectations

2017 People
� Age and length of

work experience;

[46] Social Science Computer Review

Governance models for the delivery
of public services through the web
2.0 technologies: a political view in

large Spanish municipalities

2017 People
� Bureaucratic mentality of

the policymakers;

[15] State and Local Government Review
Conceptualizing e-government from

local government perspectives 2018

People

� Web staff;
� Lack of information about

e-government application;
� Lack of support from

elected officials;
� Poor planning and execution

of local
e-government adoption;

� Security and privacy;

Process � Lack of financial resource;

Technology � Lack of technology;
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[19] International Journal of Information
Management

Beyond technology: identifying local
government challenges for using

digital platforms for citizen
engagement

2018

People

� Digital illiteracy and
digital divide;

� Availability of
human resources;

Process
� Institutional framework;
� Process related challenges;
� Intra-organizational culture;

Technology
� Internet accessibility;
� Technological advancement;
� Data management;

[18] Future Computing and Informatics
Journal

A proposed hybrid model for
adopting cloud computing in

e-government
2018 Technology

� Lack of data control;
� Security and privacy control;
� System failure;
� Access authorization;
� Data leakage;

[62] International Journal of Information
Management

Determinants of master data
management adoption by local
government organizations: an

empirical study

2019 Process � Government policy;

Technology
� Relative advantage;
� Data security;

[12] Computer Law and Security Review
The role of government regulations
in the adoption of cloud computing:

a case study of local government
2020

People
� Competition;
� Public awareness;
� Management;

Process

� Government-based
facilitation condition;

� Firm-based
facilitating condition;

Technology
� Security;
� Privacy;

[76] Journal of Information Technology
Teaching Cases

Digital transformation: learning
from Italy’s public administration 2020 People

� Sociocultural disruption;
� Political upheaval;
� Digital literacy;
� Bureaucratic friction;

[17] Government Information Quarterly

Implications of the use of artificial
intelligence in public governance: a
systematic literature review and a

research agenda

2021 People

� Organizational and
managerial challenges;

� Skill challenges;
� Interpretation challenges;
� Social and societal challenges;

Process

� Ethical and legitimacy
challenges;

� Political, legal, and
policy challenges;

� Economic challenges;

Technology � Data challenges;

[20] Sustainability

Citizens’ or government’s will?
Exploration of why Indonesia’s local
governments adopt technologies for

open government

2021

People � Personal competence;

Process � Degree of formalization;

Technology

� Compatibility;
� ICT Infrastructure;
� Security and

Privacy concerns;
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[43] Information Technology and People
Cloud computing technology

adoption: an evaluation of key
factors in local governments

2021

People � Employees knowledge;

Process
� Government regulation;
� Information intensity;

[69] Journal Komunikasi: Malaysian
Journal of Communication

Digital transformation of the
government: a case study in

Indonesia
2021

People

� The competency of
employees who are
well-versed in ICT
is minimal;

Process

� Policies are considered
too slow;

� Not having a working culture
of electronics;

� Egoistic and lack of
collaborative efforts

Technology � Lack of data integration;

[24] Journal of Public Affairs and
Development

Adoption of artificial intelligence
(AI) in local governments: an

exploratory study on the attitudes
and perceptions of officials in a
municipal government in the

Philippines

2021 People � Anxiety;

[74] Journal of Indonesian Legal Studies Confronting e-government adoption
in Indonesian local government 2021

People

� Human resource–Human
resources must be structured
and managed with
E-government goals in mind.
A well-trained and motivated
workforce is critical to
E-government success;

Process

� Law and Policy–The
application of Information
Technology and
Communication (ICT) to the
government may encounter
legal or policy barriers
Legislatures must ensure that
laws are updated to
recognize electronic
documents and transactions.
Policymakers implementing
E-government must consider
the impact of law and
public policy;

[72] IOP Conference Series: Earth and
Environmental Science

Smart city development innovation
strategy and challenges for the
government of Jember Regency

2021

People

� Artificial intelligence of
human resources;

� Social adaptation of the
community and development
of application systems;

Process � Security and privacy policies;

Technology

� Availability of data and
information;

� IT facilities
and infrastructure;
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[50] Government Information Quarterly

Technological frames, CIOs, and
artificial intelligence in public

administration: a socio-cognitive
exploratory study in Spanish local

governments

2022

People

� Inequality;
� Citizen literacy;
� Suppliers control;
� Social unawareness;

Process

� Budget;
� Governance framework;
� Regulation;
� Administrative culture;

Technology

� Digital divide;
� Technological infrastructure;
� Data privacy;
� Data security;
� Human labor elimination;

[78] Technological Forecasting and Social
Change

Smart territories and IoT adoption
by local authorities: a question of
trust, efficiency, and relationship

with the citizen-user-taxpayer.

2022

People
� Organizational and human

experience in
new technologies;

Process
� Decision-making shared

between politicians and
senior executives;

Technology
� Lack of needed

infrastructure;

[34] Information Technology and People

Assessing the drivers of the regional
digital divide and their impact on
eGovernment services: evidence
from a South American country

2022 People
� Age;
� Rurality;

[71] JSTOR Trust, tech, and tension: digital
citizen engagement and urban 2022 Technology

� Communication;
� Time;
� Trust;

[24] AI and Society
Artificial intelligence in local

governments: perceptions of city
managers on prospects, constraints,

and choices

2023

People

� Lack of trust and resistance
from users–particularly
senior citizens;

� Limited local council
personnel knowledge
and experience;

Process

� Lack of ethical frameworks
and regulations;

� Limited in-house know-how
and difficulties in validating
autonomous decisions;

� Limited funds for adoption
and deployment;

� Difficulties in operational
change management;

� Uncertainties around
legal issues;

Technology

� Data bias and resulting
inaccuracies;

� Unaffordability of
technological investment;

� Automation risks;
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[33] Public Administration Review
The evolution of e-government
among municipalities: rhetoric

or reality?
2002 Process

� To enhance the effectiveness of their
e-government practices, many municipal
governments will need to move towards a
higher level of e-government development,
which will require more technical, personal,
and financial commitments;

� Municipal governments also need to
establish systematic and comprehensive
e-government plans in which they assess
available resources and address related legal
issues such as privacy and security;

[66] Online Information Review
E-government evolution in EU

local governments: a
comparative perspective

2009 Process

� To increase the contribution of websites to
promoting transparency, accountability, and
openness and to alter the bureaucratic
relationship between government and
citizens, governments and policymakers will
have to strengthen the interactivity of their
websites soon;

[73] Policy & Internet

Digital divides in urban
e-government in South Korea:

exploring differences in
municipalities’ use
of the internet for

environmental governance

2010 Process

� Collaborative partnerships should be
fostered between the different levels of
government to resolve the digital divide;

� Budget constraints and limited technical
expertise found in local governments. To
address this problem, the central
government should develop programs that
provide financial subsidies and technological
assistance, enabling municipalities to adopt
state–of art technologies for local governance
innovations;

� Community-based organizations should
play active roles in helping cultivate social
networks promoting civic interest in
accessing public information online;

[58]
International Journal of
Organization Theory &

Behaviour

Digital governance success
factors and barriers to success

in Prague
2011

People

� At the individual level–training and
ensuring that employees have adequate
access to continued professional
development was identified as the most
critical factor;

� Before new programs are implemented,
project leaders need to engage municipal
government employees across multiple
departments;

� Hiring adequate number of motivated and
qualified staff;

� Managers must also be held accountable for
implementing their projects and engage in
professional project management that
properly allocate organizational resources
like staff time and budgetary costs;

� Citizens should not only be engaged in
digital governance, but they should also be a
part of the planning process for developing
new digital government initiatives;

Process
� New technology projects must not be overly

complex, and adequate planning must be
conducted to ensure proper implementation;

Technology
� E-government initiatives need adequate

infrastructure to fulfill the high expectations
for privacy and security by citizens;

[79] International Journal of Cloud
Applications and Computing

A framework for analyzing the
impact of cloud computing on

local government in the UK
2011 Process

� For security issues proper risk assessment,
information assurance and governance,
service level agreements, and policies are
areas that will require further investigation;
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[86] International Journal of
Information Management

E-government and citizen’s
engagement with local affairs

through e-websites: the case of
Spanish municipalities

2012

People

� Managers could build on an existing culture
of awareness of and sensitivity to
information and technologies to positively
contribute to e-government success and use;

Process

� More collaboration and interaction can be
developed within and across governments,
and this can also positively contribute to
relationships between local, regional, and
national governments;

� Since e-government results from the
interaction between government employees
and citizens, it is important to know how
government employees perceive
e-government and to what extent they are
aware of all aspects related to the
e-government projects to their viability and
potential impacts;

[80]
The Journal of Contemporary

Issues in Business and
Government

An investigation of the main
factors to be considered in

cloud computing adoption in
Australian regional local

councils

2015 People

� Cloud service providers may need to
improve their interaction with regional
councils that are involved in cloud
computing, to create a healthy environment
for cloud computing adoption and to remove
any doubts surrounding this technology;

[45] Government Information
Quarterly

Factors influencing social
media use in local governments:

the case of Italy and Spain
2016

People

� Qualified people should manage social
media applications to prevent the misuse of
these tools, so there is a need to identify new
organizational roles in the municipality, such
as social media manager;

� Politicians should focus on content
management on Facebook pages and on
information provision that properly
addresses different users’ needs;

Process

� Legal system mandatorily requires
e-disclosure through municipalities’
websites, and legislation should regulate the
of social media governments;

[93] Government Information
Quarterly

Are small cities online?
Content, ranking, and variation

of U.S. municipal websites
2017 People

� While user orientation means more than just
having a Facebook page or Twitter account,
those tools may be used to fully engage the
public. Enabling users to create and tailor
content requires a higher commitment of
resources and effort from the city and
possibly input from a contractor;

[1] Transforming Government:
People, Process, and Policy

Are government employees
adopting local e-government
transformation? The need for

having the right attitude,
facilitating conditions and
performance expectations

2017

People

� Employees should understand technology is
rapidly improving. At the same time, citizen
expectations of government service delivery
are also rising, and therefore regular
orientation, workshops, training, and
exposure to agencies or organizations are
highly required;

Process

� The e-government transformation should be
adoptable by considering financial, technical,
political, and structural support;

� There should be proper legislative and
executive actions to ensure that the
transformation efforts have legal bases;
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[90] Quality Management
Digital technologies and the

modernization of public
administration

2018 Process

� Providing improved public services using
e-government;

� Promoting adoption of e-government services;
� Optimizing the use of ICT in governmental

operations;

[15] State and Local Government
Review

Conceptualizing e-government
from local government

perspectives
2018

People
� Professional staffing-IT skills among local

government employees;

Process

� Empirical testing of e-government models;
� Best practices; continuous focus on the factors

and determinants of success and, more
importantly, identify challenges to e-government
implementation and strategies to reduce
IT failures;

� IT capacity–IT capacity refers to both technical
capacity and human capacity in an organization;

[21] Ecological Economics
Digital transformation and
localizing the sustainable

development goals (SDGs)
2020

People

� Public and administrative policymakers in
developing countries should direct/encourage
investment in the “The digital Network
Architecture” (DNA) infrastructure;

Process

� Developing countries need to review their
institutional competence in dealing with
information data; collection, preservation,
analysis, deliberation, disclosure, and standards
of confidentiality as well as privacy protection
along the lines of recent initiatives and
legislation to reduce the risk of infringement of
individual privacy;

[84] Government Information
Quarterly

Know-how to lead digital
transformation: the case of local

governments
2020

People

� Local governments and IT service providers
should establish a public–private partnership
with the purpose of (I) transferring
contact-related knowledge to IT service
providers from local governments about their
organizational processes and (ii) co-creating
some of the requisite know-how to enact an
integrated enterprise system to support a high
level of cooperation among stakeholders with
process management;

� Recommendation 2. Local government managers
should outsource to IT service providers for their
competencies in enacting integrated enterprise
systems, and then focus on developing the core
competence to manage a selection of the most
regarding innovations and the best plans for
implementing these innovations in support of
improved public service delivery;

� Recommendation 3. Key stakeholders in public
service delivery, such as policymakers in
higher-tier governments, local governments
chief administrative officers and the citizens and
businesses served, should demand that
managers of multiple local governments actively
work in joint problem-solving teams to identify
opportunities to exploit private sector know-how
to manage digital transformation;

� Recommendation 4. Policymakers in higher-tier
governments should exercise their authority to
promote performance evaluation and incentive
pay schemes for local governments that are
explicitly linked to exploring and exploiting
private sector know-how to manage
digital transformation;

Process

� Recommendation 5. Local governments should
work with academic institutions to develop an
integrated knowledge base specific to the local
government contact, supplemented with
additional in-depth case studies examining
municipal governance that leverages private
sector know-how to manage
digital transformation;

� Recommendation 6. Local governments should
work with academic institutions to design
executive education programs specifically to
close the knowledge gaps identified in this
research;
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[12] Computer Law and Security
Review

The role of government
regulations in the adoption of
cloud computing: a case study

of local government

2020

People

� Cloud service providers must make a
significant effort to assure users that their
data are safe. Market forces may drive
service providers to differentiate themselves
regarding higher levels of security, and the
government should play a role by
proactively implementing cybercrime laws
and data-breach legislation;

Process

� Government regulations must clarify the
applications used in the delivery of cloud
services–The government can encourage the
availability and adoption of cloud
computing through tax adjustments to
service providers, subsidies to low-income
people, and management of the wireless
spectrum. Fostering data portability and the
expansion of broadband capacity through
market-led and technology-neutral
regulations can help to ensure a wider
diffusion of services;

� Data protection policies regulated by the
government could play a critical role in the
adoption of cloud computing by Australian
regional governments;

Technology

� Governments must ensure open access to
public cloud services. Access to the
fundamental infrastructure of cloud com-
putting should not be driven by biased
pricing and should not offer an unfair benefit
to other users;

[39] Procedia Computer Science

Exploring levels of ICT
adoption and sustainability: the
case of local governments from

Poland

2020

People

� Government units should focus on
increasing the personal mastery of
employees, employees’ creativity, digital
literacy, and the sociocultural competencies
of employees;

� Engage employees in adopting ICT and
enhancing digital competencies by
employing incentive systems;

Process

� The adoption of the latest management
concepts and the alignment between
information society strategy and ICT
adoption by government units are needed;

[22] Information Systems
Management

The contribution of ICT
adoption by local governments

to sustainability—empirical
evidence from Poland

2021

People � Improvement of information culture;

Process � Improvement of ICT management;

Technology � Improvement of ICT quality;

[92] International Journal of
Teaching and Case Studies

E-government and digital
transformation in Libyan local

authorities
2021

People

� Set technology standards and minimum
requirements; communication infrastructure
be developed across the country; establish
common information system; standards and
technologies for website development;
security measures and technologies need to
be introduced; data centers with disaster
recovery procedure and technology,
partnership with local and national
technology and service companies;

Process

� Provide appropriate training, exposure to
successful e-government strategies and
projects, attitude and adaptability, and a
coordinated roadmap for transition;

� Process efficiency. Task and process
documentation, process improvement;
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[69] Journal Komunikasi: Malaysian
Journal of Communication

Digital transformation of the
government: a case study in

Indonesia
2021

Process

� Strengthen policies by compiling risk
management guidelines, service management
guidelines, and ICT audit
management guidelines;

� Effective collaboration of the e-government by a
coordination team that involves related
institutions;

� To make effective use of the architecture and
map of the e-government plan;

� Accelerate the integration of e-government
services to stop government agencies from
building their applications and encourage
shared applications. It is to prevent silos in
central and regional government agencies;

� Develop the apparatus’ ICT competence,
inculcating digital work culture in government
organizations and developing partnerships both
in government organizations and the other
institutions that have adequate ICT capacity;

Technology

� Preparing digital infrastructure technology,
specifically by building a shared e-government
infrastructure, utilizing broadband networks for
accessibility, utilizing cloud-based applications,
and developing technology-based services 4.0
(cloud computing, artificial intelligence, big data,
and the internet of things);

[43] Information Technology and
People

Cloud computing technology
adoption: an evaluation of key

factors in local governments
2021

People
� Identify a “champion” for the adoption and

eventual handover of the project;

Process

� Assess the compatibility of current IT
infrastructure with cloud technology;

� Develop a budget proposal to address concerns
about costs;

� Procure external advice on security issues;

[74] Journal of Indonesian Legal
Studies

Confronting e-government
adoption in Indonesian local

government
2021

People

� Articulate a timeline for implementation in a
step-by-step approach so the reforms will not
seem overwhelming to the bureaucracy;

� Hold regular meetings between e-government
policy leaders and the involved workforce so
employees are active participants;

� Create incentives by rewarding individuals and
agencies that apply the reforms rapidly;

Process

� Consult with stakeholders to assess how existing
laws may impede the desired results;

� Give legal status to the online publication of
government information;

� Clarify laws and regulations to allow electronic
filings with government agencies;

� Reform processes by simplifying regulations
and procedures;

[87] Smart Cities and Regional
Development Journal

Smart government in local
adoption-Authorities in strategic

change through AI
2021

People

� This also includes fast and binding
communication, the use of digital technologies,
and casual culture of ideas without hierarchical
barriers in decision-making practice. To
experience this, company ambassadors with
recognized standing and interdisciplinary skills,
methodological competence, and digital
background are required in work processes that
are critical to success;

Process

� It is agreed that barriers such as separate data
silos within the authorities or access to public
administration data for cooperation partners and
service providers have a significant influence
factor for the further development and
development of the maturity of automated
systems. In this respect, coming up with a
phrased strategy with goals and principles of
action is the first and necessary step for many
authorities to deal with the concept of data usage
and the associated ecosystem;
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Table A3. Cont.

Study Journal Title Year Framework Element Description

[20] Sustainability

Citizens’ or government’s will?
Exploration of why Indonesia’s

local governments adopt
technologies for open

government

2021

People

� Top management support in terms of
aligning the technology with the strategic
objective is one of the steps that third-party
vendors can consider, increasing the
probability of adoption;

Process

� As an institution with a rigid culture, the
government needs to prepare formal
regulations to support the adoption process;

� The government also needs to align the
adoption initiative with the regional strategic
goals;

Technology
� The system must provide a good user

experience so that the government officers
who use the system can operate it efficiently;

[83] International Review of
Administrative Sciences

Strategic alignment of open
government initiatives in

Andalusia
2022

People
� Pull strategy–open participation;
� Networking or Mingling strategy–Open

collaboration and ubiquitous engagement;

Technology � Push strategy–data transparency;

[40] Information Systems Frontiers

Assessment of complexity in
cloud computing adoption: a

case study of local governments
in Australia

2022 People
� Training and open communication with staff

are necessary to boost organizational
knowledge;

[50] Government Information
Quarterly

Technological frames, CIOs,
and artificial intelligence in

public administration: a
socio-cognitive exploratory

study in Spanish local
governments

2022 People

� Awareness of potential opportunities, and
risks, of AI technologies in public
organizations, need to be widely (and wisely)
fostered in governmental settings, including
political appointees, general managers, and
street-level bureaucrats in the recipe;

[91] NISPAcee Journal of Public
Administration and Policy

Digital transformation of
Slovenian urban municipalities:

a quantitative report on the
impact of municipality

population size on digital
maturity

2022 Process

� Municipalities must ensure that the
e-government concept is not only aimed at
providing a large number of services to
increase efficiency and effectiveness, opting
for a top-down approach according to the
need of the municipal administration but
that decisions are made on the needs of the
citizens, a bottom-up approach;

� Sharing the results of the digital maturity
evaluation between municipalities is very
useful as it allows for comparison with
others, especially those who are more
advanced in terms of digital transformation,
and allows those seeking advice to become
more aware of best practices, leading to
fewer mistakes and better digital
transformation outcomes;
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Table A3. Cont.

Study Journal Title Year Framework Element Description

[89] Government Information
Quarterly

Determinants of digital
innovation in the public sector 2022 Process

� Support of such stakeholders and elected
officials is essential to adopting and/or
implementing digital innovation in local
governments. To obtain such support from
stakeholders and legislators, local
governments must create avenues to provide
information about the benefits of digital
innovation;

� Local governments need to establish
desirable legal and policy guidelines which
are crucial for enhancing the effectiveness of
digital innovation rather than just jumping
on the bandwagon of adopting legitimate
innovation due to isomorphic pressure;

[78] Technological Forecasting and
Social Change

Smart territories and IoT
adoption by local authorities: a
question of trust, efficiency, and

relationship with the
citizen-user-taxpayer

2022

People

� Appropriate staff training and recruiting
personnel, who have already implemented
technological innovation, can help develop
the capacity for innovation implementation;

Process

� The state’s public communication policies
towards local authorities and citizens can
reduce the fears and reluctance of managers
to adopt technological innovations. The state
must encourage in its communication policy
a kind of mimicry favorable to innovation
between public agents, managers,
and citizens;

[34] Information Technology and
People

Assessing the drivers of the
regional digital divide and their

impact on e-government
services: evidence from a South

American country

2022

Process

� Each local government e-websites followed
different designs, which accelerated the cost
of e-gov–this limitation could be mitigated
by adopting a common framework of
standards for the development of e-gov
websites and the online services provided to
citizens;

� Local government should include as a
priority in their strategic planning the
implementation of online services that
require user authentication and,
consequently, design data privacy and
protection policies;

Technology

� Internet access should be available for
mobile devices to be adopted by a broader
range of citizens;

� Local governments should develop mobile
orientation participation tools;

[71] JSTOR Trust, tech, and tension: digital
citizen engagement & urban 2022

People

� Expanding public Wi-Fi access, technical
literacy training, computer lab resources,
and reliable infrastructure will increase
citizen trust in government and engagement
with citizen relationship management tools;

Technology

� The introduction technology must be
designed at a reading and comprehension
level that is accessible to all;

� Technology tools and training should be
accessible to neighborhoods that have
previously experienced disinvestment;

[4] Sustainability

Exploring driving factors of
digital transformation among

local governments: foundations
for smart city construction in

China

2022

People � Training civil servants’ knowledge and skills;

Process
� Equipping government agencies with

relevant infrastructure;

Technology
� Providing solid technical support for

digital transformation.
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Abstract: The aim of this paper is to examine the interdependence between adult education and the
competitiveness and innovative potential of the economy in the conditions of sustainable develop-
ment. To examine the mentioned, we used a sample of data that includes European countries. The
Global Competitiveness Index and its components were taken for research as a numerical display
of the country’s competitiveness. For indicators of lifelong learning, the share of persons aged
18–64 years involved in education was taken. The paper applies correlation and regression Pearson
analysis of comparative data sections. The non-parametric Kruskal–Wallis test and the Wilcoxon–
Mann–Whitney test were applied to verify the data, and Vosviewer software was used for bibliometric
and graphical analysis. The research findings indicate a strong correlation between lifelong education
and the competitiveness and innovative potential of the economy.

Keywords: lifelong learning; sustainable development; competitiveness; innovations

1. Introduction

General trends in the development of the global economy show that innovations and
knowledge become the main factors that determine the competitiveness of the country.
Therefore, in modern socio-economic conditions, the development of the country can
only be ensured by creating an innovative economy based on scientific knowledge and
achievements, and this, in turn, can be created only by a person who is engaged in lifelong
education.

The question of interdependence between lifelong education and the competitiveness
of the country is becoming more and more discussed and requires an increasingly thorough
study to present measures that can be taken in the future to improve the country’s economic
indicators, that ensure the country’s competitiveness. Therefore, the research asked the
question: «Can adult education affect the country’s competitiveness and its innovative
potential»? To answer this question, we hypothesized that lifelong education has a positive
effect on the country’s competitiveness and is related to innovation potential.

2. Materials and Methods

The article uses two main methods—bibliometric analysis and Pearson correlation-
regression methods.

Bibliometric analysis is a powerful tool to quantify scientific production, quality, and
impact. This technique also provides readers with full information related to intellectual,
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conceptual, and social structures of a certain area together with its evolution over time [1].
In general, bibliometrics can be described as a systematic review approach that allows the
(scientific) literature to be analyzed statistically [2]. Analytics from the Scopus database
and Vosviewer software were used for bibliometric analysis, which allows us to graphically
see connections between keywords and their density. In the study, articles were taken
for analysis by the keywords “competitiveness” and “learning”, the database revealed
4957 (on the date of the study) documents that were taken for graphical analysis.

The Pearson correlation–regression method was chosen for the main study. The appli-
cation of correlation–regression methods makes it possible to understand the deep essence
of the processes of interrelationships. Correlations are found between two terms in this
article—between The Global Competitiveness Index and the share of adults participating
in education. In these relationships between cause and effect, there is no complete corre-
spondence, but only a certain relationship in the form of a coefficient is observed. That is,
when the dependent variable decreases or increases, the effective indicator will increase or
decrease.

The Global Competitiveness Index and its components for 2012–2021 year were taken
for research as numerical display of the country’s competitiveness. For indicators of adult
education, the share (%) of persons aged 18–64 years involved in education was taken
from Eurostat database. For the study, 12 parameters of the Competitiveness Index for
36 European countries and indicators of the share of participation in adult education for
10 years were taken.

3. Literature Review

Many researchers agree that education and skills will be a key factor in increasing
competitiveness, and one of the most important preconditions for achieving this goal
is quality lifelong education. The economic component in education is described in the
research of Tanjung, E.F. [3], Akpoviroro, K.S. [4]. About the impact of education on the
country’s competitiveness writes Chentukov Y. [5], Fojtíková L. [6], Mendez, S. [7]. Tanjung,
E.F. points, that public wellness, government effectiveness, literacy rate, and population
growth significantly impact the quality of education and country’s competitiveness [3].
Fojtíková L notes, that in order to attain highly skilled human capital, economic entities
should improve their competitiveness and increase investments in education, science,
and technology [6]. Chentukov Y. claims, that the internationalization of curricula is
considered to be a recognized tool for improving the quality of education and as the next
step—increasing competitiveness [5].

Among others, Shmygol, N. et al. [8], Kuzior et al. [9,10], Vidic, F. [11], and Kharazishvili, Y.
et al. [12] indicate innovation and education interdependence. Vidic, F. notes that knowledge
assets—technological and human capital—have been recognized as key resources for sus-
tainable competitive advantage in a dynamic turbulent environment. Existing knowledge
is not enough to be competitive in the future market. Firms must collect, disseminate, and
create innovative knowledge capital [11]. Analyzing the Scopus database using the key-
words “competitiveness” and “learning”, the number of scientific works for such keywords
reached 4957 articles, while for the keywords “competitiveness” and “lifelong education”
the system showed only 17 scientific works, which increases the relevance of this research.
We see a rapid increase in the number of scientific works from 2016 and from 2019, that is,
from the year when the world was gripped by a pandemic, which led to the emergence of
new methods of education [13], new types of work [14] and as a consequence to innovation
and additional education. This year, the number of scientific studies was twice as much as
compared to 2012 (Figure 1).
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Figure 1. The trend of the number of scientific works by the keywords «competitiveness» and
«learning». Source: Scopus database.

Using the Vosviewer software, the found scientific works from the Scopus database
were analyzed for the density of connections between words such as “competitiveness”,
“innovation”, and “education”. We see that these concepts are closely related. Additionally,
the infographic shows that innovation is quite close to competitiveness and education, and
the sectors are large and close to each other. This means that many world scientists in their
research paid attention to the relationship between competitiveness and education and
more, to other concepts reflected in small circles (Figure 2).

Figure 2. Networks map between the keywords of articles published on competitiveness. Source:
Built by the author using Vosviewer software.
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It is also clear from the infographic that competitiveness is connected not only with
economic concepts, as was commonly believed, but also with education. Moreover, the
large cluster on the right is occupied by the cluster of machine learning, that is, with the
help of innovative tools and technologies. We believe that this will be the next level of
education development and, as a result, its quality will affect the economic indicators of
countries.

4. Results

The objective need for the competitive development of the country, the formation of
an innovative economy put forward a new system of requirements for a person as a link in
the economy. Gradually, the need is realized even for an established specialist to update
knowledge and change the scope of professional activity several times throughout his life,
constantly adapting to changing socio-economic conditions, to the situation on the labor
market, and to changes in the knowledge-based economy [15].

It is important to note that back in the middle of the last century, knowledge doubled
every 50 years, and this allowed a person who received an education to be satisfied with the
professional education he received once throughout his working life [16]. At the beginning
of the 21st century, experts argued for the need to update knowledge every six years. Today,
experts say that the amount of knowledge is doubling every three years and will double
every 11 days in the coming years [17,18].

In the specialized literature, there is even a special unit for measuring the obsolescence
of a specialist’s knowledge—the so-called “competence half-life” [16], which reflects the
length of time after graduation from a professional educational institution, when, as a result
of the obsolescence of the acquired knowledge, as new information becomes available,
the competence of a specialist decreases by 50%. Accordingly, the competitiveness of the
country is determined by how quickly a person can again meet the needs of the economy
at a particular stage [19].

Today, population aging is observed in almost all countries. According to UN esti-
mates, in the next 15 years, the number of elderly people (60 years and older) will increase
by 56% on a global scale: from 901 million people in 2015 to more than 1.4 billion by
2030 [20]. If these predictions come true, by 2030, for the first time in history, the number of
elderly people will exceed the number of children under the age of 9, and by 2050, teenagers
and young people aged 10–24 [21].

At the same time, adults will be forced to work longer than previous generations.
Finding ways to improve their skills and professional reorientation due to technological
changes and globalization will become a vital necessity for them and for ensuring the
country’s competitiveness [22]. Adults will also look for new learning opportunities to
continue their professional and personal development, and the country must look for ways
to educate adults so that they can respond competently to the changing economy and
ensure their competitiveness [23].

The most competitive economies in Europe are also the most innovative and those
where the share of adults in education is high compared to other countries (Figure 3).
Switzerland, Sweden, Denmark, Finland, the Netherlands, and Germany are leaders in
innovation in the world, as well as examples of successfully functioning adult education
systems.

What they all have in common is that they all have strong knowledge-based
economies [24]. They are characterized by a strong research and development sector
with good international connections and a broad and constantly renewed talent base. GDP
per capita illustrates the level of economic development of the country, and the share of
participation in adult education, in turn, has the same fluctuations as GDP, which gives
reason to assert that the level of economic development of the country is related to adult
education and vice versa (Figure 3).
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Figure 3. GDP per capita and the share of the population (18–64 y.o.) involved in lifelong learning in
European countries in 2022. Source: Built by the authors.

The awareness of the importance of the implementation of lifelong education is
prompted by numerous external factors [25], mostly documents and initiatives of the UN,
UNESCO, initiatives of the International Labor Organization, the Council of Europe, and the
European Commission, as well as resolutions, conventions, recommendations approved by
many global and regional forums on lifelong education issues as a key element of lifelong
learning [26]. The 2030 Agenda for Sustainable Development, adopted by all United
Nations Member States in 2015, provides a shared blueprint for peace and prosperity
for people and the planet, now and into the future. At its heart are the 17 Sustainable
Development Goals, which are an urgent call for action by all countries—developed and
developing—in a global partnership [27]. According to this strategy, it is necessary to
achieve three forms of growth: sustainable growth, which implies promoting a resource-
efficient, green, and competitive economy; smart growth, which means the development
of a society based on knowledge and innovation; and inclusive growth, which implies a
high-employment economy [28].

International institutions create indices based on which they measure and rank coun-
tries according to various aspects, including competitiveness. The methodology of mea-
suring the competitiveness of the economy of the World Economic Forum is based on
the Global Competitiveness Index [29]. The competitiveness of economies is monitored
through the 12 pillars of competitiveness. The index is calculated for all economies in the
same way, and the final value of the index is a simple average of the 12 components. Such
indicators are:

1. Institutions;
2. Appropriate infrastructure;
3. Stable macroeconomic framework;
4. Good health and primary education;
5. Higher education and training;
6. Efficient goods markets;
7. Efficient labor markets;
8. Developed financial markets;
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9. Ability to harness existing technology;
10. Market size—both domestic and international;
11. Production of new and different goods using the most sophisticated production

processes;
12. Innovation [15,30].

As the Industrial Revolution 4.0 continues, all competitiveness factors are considered
to equally affect the competitive position of an economy regardless of income level, so each
pillar can be considered as a potential priority.

However, the analysis of the foundations of competitiveness in the WEF reports clearly
shows that in many countries the main reasons for slow development and growth are the
inability to use the new opportunities provided by the fourth industrial revolution in
the form of modern information and innovative technologies, and the “old” problems of
social development in the form of «poor» institutions, infrastructure, and skills available to
workers [31].

5. Results

As already mentioned, information and innovative technologies and skills are the
fundamental drivers of competitiveness. In addition, the quality of the institutional envi-
ronment largely determines the level of innovation and the development of physical and
human capital, which are the main sources of income inequality (GDP) in countries.

It is important to say that the prevailing view in science is that the education system,
as a key factor in the competitiveness of the modern economy, plays an essential role in
socio-economic development.

It should be noted that the fifth measure of the Global Competitiveness Index, called
Higher Education and Training, has eight sub-pillars or dimensions of economic competi-
tiveness:

5.01 Secondary education enrollment rate;
5.02 Tertiary education enrollment rate;
5.03 Quality of the education system;
5.04 Quality of math and science education;
5.05 Quality of management schools;
5.06 Internet access in school;
5.07 Local availability of specialized training services;
5.08 Extent of staff training [21,22].

Analyzing all eight, we did not see a mention of lifelong education, but it is the driver
of a person as the main component of human capital and economic benefit for the country.
This became the basis for the hypothesis: does participation in adult education affect the
competitiveness of the country? The Global Competitiveness Index and its components for
2012–2021 year were taken for research as numerical display of the country’s competitive-
ness. For indicators of adult education, the share of persons aged 18–64 years involved in
education was taken from Eurostat database. For the study, 12 parameters of the Compet-
itiveness Index for 36 European countries and indicators of the share of participation in
adult education over 10 years were taken. The tools of Pearson’s correlation–regression
analysis became a mathematical method for proving or refuting a hypothesis.

In the process of calculations using the method of general regression, as well as
regression clustered by years or countries, it was found that the general regression gives
the most reliable data, namely, the coefficient = 0.0018. In our case, it means a positive
change in the index by 0.0018 points when the share of participation increases by 1%.

Analyzing the countries further, they were divided according to the principle of
“developed” and “developing”, respectively, further group “1” and group “0”. In addition,
for the reliability of the distribution, the distribution of countries by GDP per capita was
made, and the countries were divided into groups of GDP per capita more and less than
40,000 dollars. This distribution confirmed the distribution by parameters of development
and the groups turned out to be the same (Table 1).
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Table 1. Distribution of countries by GDP per capita.

Developing Developed

Ukraine Spain Austria
North Macedonia Estonia Belgium

Serbia Cyprus Sweden
Montenegro Lithuania Netherlands

Bulgaria Slovenia Denmark
Turkey Czech Republic Switzerland
Greece Italy Norway

Slovakia Malta Ireland
Croatia UK Luxembourg
Latvia France

Romania Germany
Portugal Finland
Hungary Iceland
Poland

Conducting research using the general regression model revealed no significant data
for both groups. However, the next stage of the research was clustering by years. As a
result of the calculation, an interesting result was revealed: developing countries have a
positive relationship between the index and the education of adults, i.e., coefficient = 0.0078.
The coefficient in developing countries is higher than in developed countries. This is due to
the fact that when the education system is already developed, the demand for it is not high,
because at this stage the economy of the country is functioning efficiently. At the same
time, in developing countries, the education sector is also developing, which means that it
has a closer influence on economic indicators, and within the framework of our study, on
indicators of the country’s competitiveness (Table 2).

Table 2. The general results of all data sets between the share of the population (18–64 y.o.) involved
in lifelong learning and competitiveness index.

Name of Parameter
General
Regression

Clustering by the
Years. Developed
Countries

Clustering by the
Years. Developing
Countries

AE_Coef 0.0018 0.0043 0.0078

R2 0.92 0.71 0.91

Number of studies 359 139 220

P > |t| 0.28 0.068 0.008

T 1.08 3.08 4.82

Given that the index for the study was taken on a scale of 1–7, the coefficient is quite
high and influential on the overall picture of the relationship between adult education
and the global competitiveness index. The non-parametric Kruskal–Wallis test and The
Wilcoxon–Mann–Whitney test were chosen to verify the results. Both tests rejected the
hypotheses that: developed and developing countries are the same, and that the population
in both groups of countries is homogeneous, that is, the differences between the samples
are statistically significant.

Considering that the study was actually divided into two groups, for more visible
results, our next step was the analysis of two groups of countries using a graphical method
(Figure 4). We were interested in the limits of the Global Competitiveness Index and the
limits of the share of adult education for the two groups of countries, because we proved
that the groups are different, and the data for the two groups also do not overlap.
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Figure 4. Dynamics of the Global Competitiveness Index in two groups of countries, developing (0) and
developed (1). Source: Built by the authors.

Therefore, on this graph of the dynamics of the Global Competitiveness Index, we
can see the situation for two groups of countries “0” and “1”, where “0” is developing,
and “1” is developed countries. The difference between the indicators immediately draws
attention, where in the developed group the maximum is 6.4, and in the developing group,
the maximum is 5 on a scale from 1 to 7. Observing the fluctuations over the years, we can
see relatively not strong fluctuations in the “1” group and a constantly growing trajectory
in group “0”. In 2016, the “0” group experienced a downward “jump” for the minimum
value of the index, but the same fluctuation is not observed for the value of adult education.
Therefore, we can claim that adult education was not the factor behind such a minimal
value of the index.

Graphically, we can see that the two groups of countries differ significantly in the
indicators of participation in adult education (Figure 5). If in group “0”, which is responsible
for developing countries, the maximum indicator is 20, and the minimum is 3, then in the
group of developed countries the maximum indicator is almost 40, which is twice as much
as in the group of developing countries. Additionally, the graph shows that 90% of the
sample is within the color box. The horizontal bar in the box itself represents the sample
mean for each individual year.
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Figure 5. Dynamics of the share of the population (18–64 y.o.) involved in lifelong learning in two
groups of countries, developing (0) and developed (1), %. Source: Built by the authors.

Analyzing by year, we see a different, interesting situation of fluctuations in 2016–2017
for two groups of countries. In the “0” group, 2017 became the peak year, and after that,
the share of adults’ participation decreased. For the “1” group, 2017 became the minimum
year after 2016. That is, it was in 2016 that such events occurred that led to an increase in
the education of adults in the “0” group and a decline in the “1” group. We see this as a
basis for further research since the factors of such fluctuations can be not only economic,
but also political, social, and financial.

6. Discussion

Another point of research is the innovation potential of the country and its connection
with lifelong education. Choosing the Global Competitiveness Index for analysis and
researching it, we found among the 12 indicators a sub-index of education and a sub-
index of innovation. This, in turn, gives reason to assert that for the study of the global
competitiveness index, and therefore of the country, indicators of both education and
innovation are taken, and therefore they are related to each other. Developed countries
have high indicators of education, as well as innovation. (Figure 6) The bibliometric analysis
also showed a close connection between education, innovation, and competitiveness.

We see that developed countries have the highest indicators of innovation, namely
those where a negative relationship between adult education and the competitiveness index
was found.
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Figure 6. Indicator of the level of innovation in European countries for 2022. Source: Built by the
authors.

It is too early to say what exactly influenced such a result, but we can say that innova-
tion is one of the factors that directly shows: the more developed the country, the higher
its innovation indicators. The graph shows countries such as Austria, Denmark, Germany,
and Switzerland have the highest marks. Moreover, this trend was not only in 2021, as
shown in the graph, but also throughout the 10 years studied.

The relationship between lifelong learning and innovative technology is an important
factor in the development of countries in the modern era. The use of the latest technologies
and their improvement is a factor in the development of countries in accordance with
modern global standards of digitalization, as well as increasing their competitiveness in
the international space [30]. Analysis of the impact of lifelong learning on the Global
Competitiveness Index showed that increasing the number of adults engaged in education
can contribute to increasing the competitiveness of the economy and, thus, achieving
sustainable development.

In this sense, the corrective activity of the competent authorities should be aimed
at developing the skills of an adult by organizing new internship programs, forming
university business incubators, and ensuring an increase in financial incentives for the
entry of as many companies and universities into the dual education system as possible,
stimulating stronger ties between science and the economy by introducing tax and other
benefits, motivating educated people to return to their homeland, etc. [19,31,32]. It is
very important that the competent authorities in the analyzed states take into account the
specifics of their own economy and the specifics of their own education systems when
developing the above recommendations [33].

7. Conclusions

Lifelong education and learning is one of the most important tasks facing the countries
under the Sustainable Development Goals 2030, since possession of innovative knowledge
and qualification, the ability to study throughout life is one of the modern variables in the
world [34].

Our research confirms the key role of lifelong education and shows that the global
index of the country’s competitiveness depends positively on the level of lifelong education.

220



Sustainability 2023, 15, 9968

A total of 65% of human capital has been accumulated in the world, while the accumulated
material resources account for only 16% of social wealth. Human capital is 70–80% of
national wealth in developed countries and about 30% in developing countries [35].

Therefore, lifelong learning is an important factor in increasing competitiveness, as
well as the innovative development and potential of the country. Thus, the development
and investment in lifelong education should be perceived rather than expenses, but as an
investment in the future. In addition, it can be seen that the research will be useful for the
process of lifelong education advocacy in the international arena.
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Abstract: To investigate the spatial evolution process of economic development in the urban ag-
glomeration and its influencing factors, the network construction method, modified gravity model,
geographic detector and Geographically Weighted Regression (GWR) model are used to analyze the
intensity of urban association; then, the evolution of economic, spatial pattern and its influencing
factors are further discussed, and the Chengdu-Chongqing urban agglomeration of China from 2005
to 2020 is studied as an example. The results show that: (1) the economically developed zones of
the Chengdu-Chongqing urban agglomeration mainly concentrated in the core cities of Chengdu
and the central city of Chongqing, and the region shows an uneven spatial pattern of economic
development distribution. (2) The share of economic linkages with the central city of Chengdu and
Chongqing as the twin cities is significant, the intensity of Chengdu and its neighboring cities is
gradually decreasing, while the central city of Chongqing has increased, but it still has an insufficient
influence on the peripheral areas. (3) The intensities and directions of the factors influencing eco-
nomic development in the Chengdu-Chongqing urban agglomeration are different. The total output
value of the secondary industry, total social fixed asset investment, the number of beds in health
institutions, and road freight turnover are significant factors with consistently strong explanatory
ability for economic development. The promotion effect of these four significant factors on economic
development is mainly concentrated in the eastern and western regions of Chengdu-Chongqing
urban agglomeration, while the inhibiting effect is mainly on the cities in the south and north. Based
on this study, relevant recommendations are made to promote the coordinated development of the
Chengdu-Chongqing urban agglomeration.

Keywords: economic spatial pattern; gravity model; geographic detector; geographically weighted
regression; Chengdu-Chongqing urban agglomeration

1. Introduction

As an advanced phenomenon of regional economic and spatial forms in the process
of industrialization, urban agglomeration is a landmark product of a certain stage of
urban development, and urban agglomeration planning has become an important strate-
gic development deployment in China. In 2016, China issued the Chengdu-Chongqing
Urban Agglomeration Development Plan, which states that the Chengdu-Chongqing
urban agglomeration is an important platform for the development of the western region,
strategic support for the Yangtze River Economic Belt, and an important demonstration
area for China to promote a new type of urbanization. Due to the huge differences in
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education and health levels, trade and commerce service capacity, transport infrastructure
construction and investment environment among the cities, there are enormous dissim-
ilarities in the economic development levels of the cities in the urban agglomeration.
Therefore, it is of great significance to scientifically grasp the economic development level
of each city in the Chengdu-Chongqing urban agglomeration and analyze its influencing
factors to promote the coordinated development of the urban agglomeration and optimize
its spatial layout.

As for the spatial pattern of regional economies, the existing research is mainly carried
out in the following two directions. The first direction is the structuralist narration based on
the calculation of spatial differences and the description of the current situation of spatial
layout. Some literature uses indicators such as urban resident population, per capita GDP,
total retail sales of social consumer goods, the added value of the primary industry, added
value of secondary industry and added value of the tertiary industry. ESDA [1–3], Gini
coefficient [4–7], coefficient of variation [8], entropy method [9], Theil index [8], gravity
model [10,11], social network analysis [12] and other methods are used to carry out the
research. For example, Dong et al. [2] used the ESDA method to analyze the spatial pattern
of county economies in the Chang-Zhu-Tan urban agglomeration of China, answering
whether the county economies in the Chang-Zhu-Tan urban agglomeration developed
according to the integration policy. Chen et al. [8] analyzed the spatial and temporal charac-
teristics of the urban–rural income gap and its driving forces in the Yangtze River Economic
Belt from 2000–2017 using the coefficient of variation and the Theil index and found that the
spatial divergence pattern of the urban–rural income gap is influenced by both natural and
socio-economic factors; of these, socio-economic factors predominate. The second direction
is the relational narrative based on cities’ connection and network construction. At present,
there are three different perspectives: economic connection, transportation network, and
information flow. For example, Ye et al. [13] used the urban flow intensity to modify
the traditional gravity model to construct the economic connection matrix to analyze the
evolution characteristics of the economic connection network structure of Guanzhong
Plain urban agglomeration and its impact on economic growth. Guo et al. [14] used the
complex network analysis method to further analyze the characteristics of urban connection
networks in Northeast China from the changes of the “high-speed railway+” network in
different periods, through the comparison between “high-speed railway+” networks and
high-speed railway networks. Qiao et al. [15] analyzed the characteristics and influencing
factors of an urban spatial connection and network structure of urban agglomeration in
the Yangtze River Delta from the perspective of information flow. At the scale of urban
agglomeration, the research on inter-city network structure based on economic spatial
pattern and economic connection mainly focuses on Beijing-Tianjin-Hebei [16–18] and the
Yangtze River Delta regions [16,19–21]. Some scholars have discussed the factors affecting
economic development from different perspectives, such as Zhao et al. [22] from the per-
spective of the energy-economy, focused on the estimation of energy economic efficiency of
the Yangtze River Urban Agglomeration (YRUA) and decomposed the energy-economic
efficiency into pure technical efficiency and scale efficiency to better explore the restrictive
factors for the improvement of energy-economic efficiency. Wei et al. [23] studied the evolu-
tion of marine industrial structures and analyzed their impact on the maritime economy’s
Green Total Factor Productivity (GTFP). Chen et al. [24] explored the drivers of the tourism
economic network structure formation on the Qinghai-Tibet Plateau from 2015–2019, using
the gravity model and social network analysis, and they have found that A-class attractions
and star-rated hotels significantly contributed to spatial associations. From the spatial
dimension, they used several indicators to comprehensively evaluate the development of
regional tourism employment through horizontal and vertical comparison; their results
show that the regional tourism economic growth is driven by investment.

The above-mentioned studies on the spatial pattern of the regional economy have
all achieved fruitful results, but there is still some room for expansion. Firstly, there are
more studies on the Beijing-Tianjin-Hebei and Yangtze River Delta regions, but there is a
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lack of studies on the Chengdu-Chongqing urban agglomeration. Secondly, most studies
have mainly explored the evolution of economic spatial patterns on a spatial scale, with
relatively few studies combining temporal and spatial scales, and there is a lack of analysis
of the direction and effects of the drivers affecting the level of economic development.
Based on this, this paper uses the modified gravity model to take the 36 cities/counties of
the Chengdu-Chongqing urban agglomeration as the research object, and selects four time
periods, which are 2005, 2010, 2015, and 2020. Combined with the time and spatial scale, this
paper explores the evolution characteristics of the economic spatial pattern of the Chengdu-
Chongqing urban agglomeration. It uses the method of geographic detector combined with
the GWR model to analyze the impact direction and effect of its driving factors on economic
development, to provide some suggestions for the collaborative economic development of
Chengdu-Chongqing urban agglomeration.

2. Data and Methods

2.1. Overview of the Study Area

This paper takes the Chengdu-Chongqing urban agglomeration as the research object.
It adopts the scope stipulated in the Chengdu-Chongqing Urban Agglomeration Develop-
ment Plan jointly issued by the National Development and Reform Commission and the
Ministry of Housing and Construction in 2016, with 15 prefecture-level cities in Sichuan
and 21 districts and counties in Chongqing as the research objects (Figure 1). As the names
of administrative units in Chongqing differ slightly between 2005 and 2020, the latest
administrative unit names from the 2021 Chongqing Statistical Yearbook are used in this
paper. The central urban area of Chongqing includes Yuzhong District, Dadukou District,
Jiangbei District, Shapingba District, Jiulongpo District, Nan’an District, Beibei District,
Yubei District, and Banan District, which are combined into one zone. Chengdu-Chongqing
urban agglomeration is located in southwest China, with a total area of about 185,000 km2,
with a resident population of 100.7 million in 2020, accounting for 6.9% of the country. The
regional GDP is 6.8 trillion, accounting for 6.7% of the country. It is one of the regions
with the best economic foundations and the strongest economic strength intensity in the
west. It has the regional advantage of connecting the east and the west and connecting the
north and the south. At the same time, it has an excellent endowment of natural resources,
strong comprehensive carrying capacity, strong foundation of manufacturing business,
finance, and other industries, high degree of openness, rich human resources, and a good
innovation and entrepreneurship environment. It is a typical region with national economic
importance and strong network connection characteristics.

Figure 1. Research area and GDP per capita distribution.
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2.2. Selection of Indicators and Data Sources

This paper selects four time periods from 2005 to 2020 to analyze the evolution of
the economic spatial pattern of the Chengdu-Chongqing urban agglomeration, explore
the action intensity of factors affecting economic development and analyze the spatial
heterogeneity of significant factors. The urban comprehensive central system is divided
into four subsystems: production and employment, business services, education and health,
and transportation. Due to the availability and accuracy of the data, the production and
employment center selects urban non-private sector employees (10,000), rural employees
(10,000), the total output value of primary industry (100 million yuan) and the total output
value of secondary industry (100 million yuan) for calculation. The business services
center selects total social fixed asset investment (100 million yuan), total retail sales of
social consumer goods (100 million yuan) and the total output value of tertiary industry
(100 million yuan) are selected for calculation. The number of ordinary primary and
secondary schools, number of pupils in general primary and secondary schools, the number
of health institutions and the number of beds in health institutions are selected by the
education and health center for calculation. Total road mileage (km), road passenger
turnover (10,000 km) and road freight turnover (million ton kilometers) are selected for
traffic center calculation. Through these 14 evaluation indexes, the urban centrality of the
Chengdu-Chongqing urban agglomeration is comprehensively evaluated.

The centrality of the four subsystems is obtained by calculating these 14 comprehen-
sive evaluation indicators, and the urban comprehensive centrality score is obtained by
summing them up. Then the urban economic correlation intensity is further calculated
based on the urban comprehensive centrality score and the geographical distance between
cities. The indicators in four years are from Sichuan statistical yearbook, Chongqing sta-
tistical yearbook, and Chongqing traffic Yearbook; the missing values of some index data
shall be replaced by similar years.

2.3. Research Methodology

The comprehensive centrality of the city and the improved gravity model is used to
calculate the strength of urban economic correlation. At the same time, combined with the
geographic detector and GWR model, this paper explores the significant driving factors
affecting the economic development level of the Chengdu-Chongqing urban agglomeration.

2.3.1. Network Construction Methods

Step 1, to establish the initial matrix. The research object is the 36 cities/districts and
counties in the Chengdu-Chongqing urban agglomeration; each research object uniformly se-
lects 14 indicators, the initial matrix can be set as x =

{
xij

}
36 × 14 (1 ≤ i ≤ 36, 1 ≤ j ≤ 14),

xij represents the j-th indicator of the i-th city.
Step 2, to normalize the data. The standard matrix can be set as y =

{
yij

}
36 × 14, with

an ideal value set as x′ij and yij calculated as:

xij =
x − xmin

xmax − xmin
, (1)

yij =
x′ ij

∑ x′ ij
. (2)

Step 3, to calculate the entropy value ej, the variability index gi and the weight wj for
each indicator, calculated by the formula:

ej = −k ∑ yijlnyij, (3)

k =
1

lnm
, (4)

gj = 1 − ej, (5)
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wj =
gj

∑ gj
. (6)

Step 4, to calculate the index cij of the j-th indicator for the i-th city based on the
weight wj of each indicator and the standardization matrix y = {yij}36 × 14. The formula is
as follows:

cij = wj × x′ ij. (7)

Step 5, to add each index to get the central comprehensive index ci of each city, which
can be expressed as:

ci = ∑ cij. (8)

2.3.2. Gravitational Model

The study of applying the gravity model to the scope of urban economic influence is
called the urban gravity model. The inter-city distance dij and the combined city centrality
score was chosen to calculate the city correlation intensity R, which is calculated as:

R = p × ca
i × cb

j
dr

ij
(9)

where R denotes the economic correlation between two cities, ci and cj represent the
combined centrality scores of city i and city j respectively; as only one city size indicator of
city centrality has been chosen, it can be assumed that a = b = 1. This model is mainly used
to measure the gravitational force between two cities, here p is constant 1; r is the distance
decay coefficient, regarding other related studies, r is taken as 2; dij represents the distance
between city i and city j, where dij can be measured according to the “point distance” tool
in ArcGIS.

2.3.3. Geo-Detectors

The geographic detector is a spatial statistical method to reveal the spatial differen-
tiation of geographical elements and the driving forces. To explore the factors affecting
the economic development of the Chengdu-Chongqing urban agglomeration, the fac-
tor_detector is used for analysis to clarify the statistically significant independent variables
and their explanatory strength of the dependent variables, measured by q-values, calculated
by the formula [25]:

q = 1 − ∑L
h=1 Nhσ2

h
Nσ2 (10)

where h = 1, 2, 3, . . . , L is the stratification of variable Y or factor X, that is, classification or
partition; Nh, N is the number of cells in stratum h and the whole region respectively; σ2

h ,
σ2 are the variances of variable Y in stratum h and the whole area respectively.

2.3.4. Geographically Weighted Regression (GWR)

GWR is a spatial regression model based on the idea of local smoothing, which can not
only effectively estimate the data with spatial autocorrelation, but also reflect the spatial
heterogeneity of parameters in different regions. The model formula is:

y(u) = β0(u) + ∑
p
k=1 βk(u)× xk(u) + ε(u) (11)

where β0(u) is the intercept term; βk(u) is the regression coefficient of the k-th covariate;
xk(u) is the value of the k-th covariate at position u; p is the number of regression terms;
ε(u) is the random error term at position u.

3. Analysis of the Spatial Pattern of the Chengdu-Chongqing Urban Agglomeration

In the ArcGIS10.7 software, using the Natural breakpoint method, each centrality is
divided into six levels, namely Low-value area, Sub-low-value area, Lower-value area,
Higher-value area, Sub-high-value area, High-value area. Through map visualization, it
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can clearly show the dominant areas and the differences between regions. As shown in
Figure 2a–t.

Figure 2. The centrality of the Chengdu-Chongqing urban agglomeration in different years. Pictures
(a–d) represent the centrality of production employment, (e–h) represent the centrality of commercial
service, (i–l) represent the centrality of education health, (m–p) represent the centrality of traffic,
(q–t) represent the centrality of urban comprehensive.
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3.1. Analysis of the Centrality of Chengdu-Chongqing Urban Agglomeration

As can be seen from Figure 2a–d, in 2005, the production and employment centers
of the Chengdu-Chongqing urban agglomeration were dominated by the central urban
areas of Chengdu and Chongqing, which were within the high-value zone. The overall
production and employment centrality of the Chengdu urban agglomeration was higher
than that of the Chongqing urban agglomeration; most of the centrality of the cities around
Chengdu was located in sub-high-value areas and high-value areas, and the distribution
centered on Nanchong and Dazhou was also more prominent, ranking only second to the
central urban areas of Chengdu and Chongqing, while four cities—Ya’an, Meishan, Neijiang
and Zigong—are in the lower-value area. The production and employment centrality of
the cities around the central city of Chongqing is mainly in the low-value area, the sub-
low-value area and the lower-value area. Taking the central urban area of Chongqing
as the core, it decreases in a “circle-layer” manner. By 2020, the only high-value area for
production and employment will be Chengdu. The central urban area of Chongqing has
dropped from a high-value area to a sub-high-value area. The lower-value areas of the
Chengdu urban agglomeration increased. The imbalance of production and employment
has increased. The centrality of production and employment in the Chengdu-Chongqing
urban agglomeration has formed a spatial pattern dominated by Chengdu and the central
urban area of the Chongqing sub-center. Chengdu mainly develops the primary industry
and the secondary industry and has a comparative advantage in these two industries.
Due to the high urbanization rate in the central city of Chongqing, it has a comparative
advantage in the tertiary industry. Therefore, we can focus on the development of primary
industries such as agriculture, forestry, animal husbandry and fishery and secondary
industries such as industry in Chengdu and focus on the development of tertiary industries
such as tourism and catering in Chongqing, so as to strengthen the dual core advantages of
Chengdu and Chongqing.

As can be seen from Figure 2e–h, in 2005, the commercial service center of the
Chengdu-Chongqing urban agglomeration was dominated by the central urban areas
of Chengdu and Chongqing, which were in the high-value area. The overall commer-
cial service center of the Chengdu urban agglomeration was higher than that of the
Chongqing urban agglomeration, with more high-value areas in the south and north
and mostly lower and lower-value areas in the center. By 2020, the high-value areas of
trade service centrality are still dominated by the central urban areas of Chengdu and
Chongqing, showing a good concentration effect of trade services; the central urban areas
are dominated by lower-value areas, sub-low-value areas, as well as low-value areas;
the cities in the north and south are dominated by higher-value areas; the east is mainly
dominated by low-value areas; the trade service centrality of the Chengdu-Chongqing
urban agglomeration has formed a pattern dominated by the twin cores of the central
urban areas of Chengdu and Chongqing. Chengdu and Chongqing are both important
commercial and financial centers in Southwest China and have great resource endowment
advantages. In the future, it is necessary to continue to promote the development of
business services, high-tech services and scientific and technological services, strengthen
service capabilities, enhance the radiation force of the two core cities, and promote the
common development of the Chengdu-Chongqing urban agglomeration.

As can be seen from Figure 2i–l, in 2005, high-value areas of education and health
centrality in the Chengdu-Chongqing urban agglomeration were dominated by Chengdu
City. The sub-high-value area was distributed in the central cities of Chongqing and
Dazhou. The higher-value areas of education and health centrality were mainly distributed
in the Chengdu urban agglomeration. The low-value areas, the second low-value areas, and
the lower-value areas were mainly distributed in the Chongqing urban agglomeration. In
2020, the central cities of Chongqing and Chengdu are in the high-value area, but the center
of the surrounding cities is still dominated by low-value areas and sub-low-value areas, and
the imbalance of education and health level among regions has intensified. Nanchong City
has replaced Dazhou City as the only sub-high-value area. The education and health center
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of Chengdu-Chongqing urban agglomeration has formed a spatial pattern with Chengdu
and Chongqing as the leading cities and Nanchong as the deputy center. Therefore, it is
necessary to expand basic public education and health services, co-ordinate the layout of
educational and medical resources, break the boundaries between cities, and take the lead
in realizing co-urbanization in Chongqing metropolitan area and Chengdu metropolitan
area. The number of licensed doctors and the number of beds in health institutions in
the central urban areas of Chengdu and Chongqing accounted for 38.67% and 31.11% of
the entire urban agglomeration, and the number of full-time teachers in ordinary middle
schools accounted for 22.84%. Both the levels of medical and health services and education
and culture are much higher than other cities. Therefore, optimizing the allocation of
public resources and promoting the equalization of the supply of basic public service
resources are the keys to narrowing the development gap of the Chengdu-Chongqing
urban agglomeration.

As can be seen from Figure 2m–p, in 2005, the high-value area of traffic centrality of
the Chengdu-Chongqing urban agglomeration was distributed in Chengdu, the sub-high-
value area was distributed in the central city of Chongqing and Luzhou, the higher-value
area was distributed in Nanchong and Dazhou, and the overall traffic centrality of the
Chengdu-Chongqing urban agglomeration was mainly in the lower-value area, while the
low-value area and the sub-low-value area were mainly distributed in the Chongqing
urban agglomeration. The unevenness of traffic development was remarkable. In 2020, the
traffic centrality of the Chengdu-Chongqing urban agglomeration will still be dominated
by sub-low-value areas, and the traffic centrality structure of Nanchong and Dazhou
will also be prominent. Low-value and sub-low-value areas are still distributed around
the central urban area of Chongqing. The transportation centrality of the Cheng-du-
Chongqing urban agglomeration has formed a spatial pattern with Chengdu leading and
the central urban area of Chongqing as the sub-center. The total road mileage in the main
urban areas of Chengdu and Chongqing accounts for 22.05% of the total, with strong
accessibility and significant transportation advantages. Relying on the main trunk lines
of Chengdu and Chongqing, building the “backbone” supporting the development of the
Chengdu-Chongqing urban agglomeration is an important measure to radiate and drive
the development of cities along the line.

As can be seen from Figure 2q–t, in 2005, the high-value areas of integrated centrality
of the Chengdu-Chongqing urban agglomeration were mainly located in the central cities
of Chengdu and Chongqing, followed by the sub-high and higher-value areas in the
Chengdu urban agglomeration, while the low-value areas, the sub-low-value areas and
the lower-value areas were mainly in the Chongqing urban agglomeration, with the urban
agglomeration of Chengdu being more central than the Chongqing urban agglomeration. In
2015, the integrated centrality of the Chengdu-Chongqing urban agglomeration increased,
with the integrated centrality of Meishan and Suining rising from the higher- to the sub-
high-values, and the lower-value areas of the Chongqing urban agglomeration decreasing.
The urban agglomeration of Chongqing has decreased in the lower-value areas. By 2020,
the integrated centrality of the Chengdu-Chengdu urban agglomeration decreases, with
the integrated centrality of Suining, Ziyang and Meishan dropping from high-value area to
a higher-value area, the integrated centrality of Yongchuan, Fuling and Kaizhou Districts
dropping from a lower-value area to a sub-low-value area, and Dianjiang District county
dropping from a sub-low-value area to a low-value area. The high-value areas are still
distributed in the central urban areas of Chengdu and Chongqing. The comprehensive
centrality of the Chengdu-Chongqing urban agglomeration is still dominated by the spatial
pattern of the central urban areas of Chengdu and Chongqing. Chengdu is a vice-provincial
national central city, Chongqing is a municipality directly under the Central Government
of China, and the main urban area of Chongqing is the core functional area of Chongqing.
The regional GDPs of the two cities are among the top 10 in the country and have strong
economic strength. In terms of talent reserve, Chengdu has 879,300 undergraduate students
in 2020, ranking fourth in the country. Chongqing’s main urban area ranks seventh in
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the country with 834,900 undergraduates. The scientific and technological innovation
ability and talent-saving capacity of the dual core cities occupy great advantages. The
imbalance of regional development level is significant. Therefore, it is necessary to enhance
the core driving role of polar cities, fully demonstrate the polarization effect, and achieve
coordinated development.

3.2. Analysis of the Economic Development Level of Each City in the Chengdu-Chongqing
Urban Agglomeration

In this paper, GDP per capita represents the economic development level of the
Chengdu-Chongqing urban agglomeration and the spatial evolution characteristics of the
economic development level of the Chengdu-Chongqing urban agglomeration illustrated
by the changes in GDP per capita in four different years. The GDP per capita of each
city/region in the Chengdu-Chongqing urban agglomeration from 2005 to 2020 is visualized
in ArcGIS 10.7 using the Natural breakpoint method, as shown in Figure 3.

Figure 3. Spatial pattern of economic development levels in the Chengdu-Chongqing urban agglom-
eration in 2005 (a), 2010 (b), 2015 (c), and 2020 (d).

In 2005, among the 36 research units in the Chengdu-Chongqing urban agglomeration,
the high-value areas of economic development were mainly located in the central urban
areas of Chengdu and Chongqing, while the low-value areas were mainly located in the
eastern part of the Chengdu urban agglomeration and the northern part of the Chongqing
urban agglomeration. The economic development level of the Chongqing urban agglomer-
ation shows a “circling” structure with the central urban area of Chongqing as the main
focus, which shows that the regional development level of the Chengdu-Chongqing urban
agglomeration is unbalanced, with Chengdu, Deyang, Mianyang, Zigong and the cities
around the central urban area of Chongqing being relatively economically developed,
while the southwest and northeast areas of Chengdu-Chongqing urban agglomeration are
lagging behind and relatively economically backward. In 2010, the overall development
level of the Chengdu-Chongqing urban agglomeration improved. The number of low-value
areas decreased, with Mianyang City dropping from a higher-value area to a lower-value
area, Leshan City rising from a lower-value area to a higher-value area, Ziyang, Neijiang,
and Luzhou all rising from a low-value area to a lower-value area, Rongchang District,
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Wanzhou District, and Qianjiang District rising from a lower-value area to a higher-value
area, Fuling District rising from a higher-value area to a high-value area, and Hechuan
District rising from a higher-value area to a high-value area. In 2015, the overall develop-
ment level of the Chengdu-Chongqing urban agglomeration declined, with low-value areas
mainly in northeastern Chengdu-Chongqing, lower-value areas mainly in southwestern
and central Chengdu-Chongqing, and high-value areas in central Chengdu, Chongqing
and Fuling. In 2020, in the Chengdu urban agglomeration, the core position of Chengdu
became more prominent, and the lower-value areas of economic development level in-
creased significantly, mainly distributed in the northeast and central part of Chengdu
and Chongqing. In the Chongqing urban agglomeration, the central urban area, Bishan
District, Changshou District, Tongliang District, Rongchang District, and Fuling District
are within the high-value areas. Liangping District, Dazu District, Yongchuan District,
Hechuan District, and Jiangjin District are within the higher-value areas. From an overall
perspective, the Chongqing urban agglomeration has a more advanced level of economic
development than the Chengdu urban agglomeration. The Chengdu-Chongqing urban
agglomeration still has a relatively obvious problem of economic development differences.
Therefore, the cities of the Chengdu-Chongqing urban agglomeration should break down
administrative barriers and deepen inter-governmental cooperation and exchanges. At the
same time, it is necessary for Chengdu and Chongqing to strengthen policy exchanges in
the core functional areas of the urban agglomeration to promote the economic development
of the peripheral cities of the Chengdu-Chongqing urban agglomeration and the cities
bordering Chengdu and Chongqing. Also, give full play to the role of a nuclear city, radiate
farther, and promote the coordinated development of cities in the Chengdu-Chongqing
urban agglomeration.

4. Analysis of the Intensity of Economic Linkages of Chengdu-Chongqing
Urban Agglomeration

4.1. Analysis of the Linkages Volume and the Proportion of the Linkages Volume in the
Chengdu-Chongqing Urban Agglomeration

Using the gravity model, the total economic linkages of cities within the Chengdu-
Chongqing urban agglomeration in 2005, 2010, 2015, and 2020 were calculated.

From the economic linkages of cities in the four years (Figure 4), we can find that,
during 2005–2020, the economic linkages of cities in the Chongqing urban agglomeration
showed an overall trend of growth, with substantial growth in the central city of Chongqing,
while the economic linkages of cities in the Chengdu urban agglomeration showed an
overall trend of decline, with a larger decline in Ziyang, and smaller change in the economic
linkages and the ratio of each city to the whole region. In 2005, the most closely linked cities
in the Chengdu-Chongqing urban agglomeration were the Chengdu urban agglomeration,
with Chengdu as its core. The cities most closely related to Chengdu were Leshan, Meishan,
Ziyang, Deyang, and Mianyang, with these five cities accounting for 34.35% of the total
economy, followed by the Chongqing urban agglomeration, with the central urban area of
Chongqing as its core, including a total of 21 surrounding districts and counties, accounting
for 28.04% of the economic ties. In 2010, the total economic linkages of the Chengdu city
cluster, with Chengdu as the core, accounted for 30.39% of the region, a decrease compared
to 2005, while the Chongqing city cluster accounted for 28.71%, a slight increase. In 2015,
the total economic linkages accounted from the Chongqing city cluster was 32.80%, with
the largest increase in economic linkages being in the central city of Chongqing, from
822.03 to 1228.67. The value of Chengdu city cluster was 30.53%, with little alteration. By
2020, the share of economic linkages between Chengdu and its neighboring cities tends
to decrease, shrinking to 22.65%, leaving only Meishan, Deyang, and Mianyang as the
three cities with the closest ties Chengdu. The uneven economic development within the
Chengdu city cluster, with Chengdu as its core, has further intensified. The share of total
economic linkages in the Chongqing city cluster has further increased, reaching 36.07%,
and the unbalanced economic development within the city cluster has improved. However,
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on the whole, the imbalance in economic development within the Chengdu-Chongqing
urban agglomeration is still increasing.

Figure 4. The percentage of the volume of economic links in each district in different years.

From 2005 to 2020, the evolution trend of the total economic connection of the Chengdu-
Chongqing urban agglomeration is as follows: (1) The economic connection between
Chengdu and the central urban area of Chongqing is the largest, and the spatial distribution
of economic development is uneven; (2) The total economic connection of the Chongqing
urban agglomeration with the central urban area of Chongqing as the core generally shows
an upward trend, and the total economic connection of the Chengdu urban agglomeration
with Chengdu as the core generally shows a downward trend. (3) The spatial change
of the total urban economic connection. The characteristics are: From 2005 to 2020, the
imbalance between Chengdu and surrounding cities intensified, and the imbalance between
Chongqing and surrounding cities eased, but in general, the imbalance of regional economic
development was still significant.

4.2. Analysis on the Spatial-Temporal Pattern of Linkages Intensity of Cities in
Chengdu-Chongqing Urban Agglomeration

Using ArcGIS10.7 software to visualize the correlation intensity data in four time
periods of 2005, 2010, 2015, and 2020, the spatial pattern map of the economic linkage
of Chengdu-Chongqing urban agglomeration was obtained, and the cities’ economic
linkages intensity values were roughly divided into three intervals of 0.01~30, 30~71 and
71~175 according to the Natural breakpoint method, which can be combined with Figure 5.
It is found that the linkages intensity of cities in the Chengdu-Chongqing urban agglom-
eration is weak during the period 2005–2020, and the gravitational value of each city
is small, mainly concentrated in the interval of 0.01–30. In 2005, cities with high eco-
nomic linkages intensity were Chengdu-Leshan, Chengdu-Meishan, Chengdu-Ziyang,
Chengdu-Deyang, Chengdu-Mianyang, Deyang-Mianyang, Neijiang-Ziyang, Neijiang-
Zigong, Yibin-Luzhou, and Chongqing Central City-Guang’an, with linkages intensity
values in the range of 71 to 175. It can be seen that the linkages intensity between
cities in the Chengdu city circle is high and dense, and several cities closer to Chengdu
have relatively large gravitational values, while the economic linkages intensity between
Chongqing city groups is weaker compared with that between Chengdu city groups, and
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the linkages intensity between Chongqing Central City and the surrounding counties and
districts is mostly in the range of 30 to 71. In 2010, the intensity of association between
all cities decreased, with Chengdu and the central city of Chongqing as a whole being
the two poles with the greatest intensity of association with their neighboring cities, with
weaker interaction between cities in central and northeastern Chengdu and Chongqing,
and weaker interaction between the Chongqing urban agglomeration and other cities
in Sichuan province, with significant imbalances in development between regions. In
2015, the intensity of association between cities had increased to varying degrees, and a
network development pattern with Chengdu and Chongqing central urban areas as the
core has taken shape. However, the intensity of association between the Chengdu city
cluster and the Chongqing city cluster is still weak, and the phenomenon of unbalanced
regional development has not been greatly improved. By 2020, the number of cities
closely related to each other in Chengdu and Chongqing will be significantly reduced,
and the “double core” pattern, with Chengdu and Chongqing’s central urban areas as the
core, and Meishan, Deyang, and Mianyang as nodes in Sichuan, and Chongqing, with its
central urban areas as the core, and Hechuan and Bishan as nodes in Chongqing, will be
radiating. The intensity of association between cities in the central Chengdu-Chongqing
region is weak, with the intensity of association mainly in the range of 0.01–30, showing a
collapse of the economy in the central part of the country and an increase in the imbalance
of development between regions.

Figure 5. Economic linkages intensity of the Chengdu-Chongqing urban agglomeration in 2005 (a),
2010 (b), 2015 (c), and 2020 (d).
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The changes in the pattern of linkages intensity among cities in the Chengdu-Chongqing
urban agglomeration from 2005 to 2020 are as follows: (1) The area with the strongest
economic interconnection among cities is in the Chengdu urban agglomeration with
Chengdu as the core, followed by the area with stronger interconnection among cities
in the Chongqing urban agglomeration with the central city of Chongqing as the core, while
the linkages intensity among other cities is weaker, especially in the central region where
the interconnection intensity values among cities are at low values, and the economic col-
lapse is obvious. (2) The number of city pairs closely related to each other in the Chengdu
urban agglomeration has decreased significantly, mainly concentrated in Chengdu and
its surrounding cities, while the number of city pairs closely related to each other in the
Chongqing urban agglomeration has increased, highlighting the “double core” structure
led by Chengdu, and Chongqing central city, but with a weak external radiation effect.

5. Analysis of the Factors Influencing the Economic Development of the
Chengdu-Chongqing Urban Agglomeration

5.1. Analysis of Impact Factor Geographic Detector Results

The economic development of the Chengdu-Chongqing urban agglomeration is af-
fected and restricted by many factors. This paper uses per capita GDP to represent the
explained variables to explore the influencing factors of economic development of Chengdu-
Chongqing urban agglomeration from four aspects: production and employment, business
services, education and health, and transportation. Taking into account the availability of
data, select employees in urban non-private, rural employees, the total output value of the
primary industry, the total output value of the secondary industry, total social fixed asset
investment, total retail sales of social consumer goods, the total output value of the tertiary
industry, number of ordinary primary and secondary schools, number of pupils in general
primary and secondary schools, number of health institutions, number of beds in health
institutions, total road mileage, road passenger turnover, and road freight turnover—a total
of 14 indicators.

Using the geographic detector to detect the factors affecting the economic development
of the Chengdu-Chongqing urban agglomeration from 2005 to 2020, the q-value was
obtained. According to the factor detection results, the p-values of the 14 indicators
have passed the 1% significance test in four time periods, indicating that the selected
relevant influencing factors have a strong and significant impact on the development of the
Chengdu-Chongqing urban agglomeration.

The heat map (Figure 6) shows the change of q value of different impact factors from
2005 to 2020, and the q value greater than 0.5 is marked in the figure. The intensity of
the effects of different influencing factors on the economic development of the Chengdu-
Chongqing urban agglomeration varies from year to year, but the q-values of the total
output value of the secondary industry, total social fixed asset investment, number of beds
in health institutions, and road freight turnover are all greater than 0.5 in all four years,
with consistently strong explanatory ability. From 2005 to 2020, the explanatory ability of
production and employment factors, business and trade service factors, and transportation
factors for economic development showed a steady decline trend. Among them, urban
non-private sector employees, total retail sales of social consumer goods, the total output
value of the tertiary industry, and road passenger turnover in 2020 have q-values less than
0.5, and the influence is relatively weak compared with previous years. Among the factors
of education and health, the explanatory ability of health level to economic development
also shows a downward trend, while the level of education shows a steady increase trend,
indicating that the impact of education on economic development is becoming more and
more important. In 2005, the effect of business and trade services on economic development
was more significant than other factors. Among them, the output value of the tertiary
industry had the most significant impact, with a q-value around 0.8195. From 2010 to
2015, the effect of traffic factors on economic development exceeded other factors, which
indicates that the relationship between traffic development and economic development is
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closer during this period. Road freight turnover has the most significant explanatory ability
for economic development in 2010 and 2015, with q-values of about 0.6992 and 0.7316,
respectively. By 2020, education level has become a significant factor affecting economic
development. The number of ordinary primary and secondary schools has the strongest
explanatory ability among all detection factors, with a q-value of 0.5896.

Figure 6. Heatmap of q-values for each factor in different years.

The total output value of the secondary industry, total social fixed asset investment,
number of beds in health institutions, and road freight turnover are the indicators with
consistently strong explanatory ability for economic development, while the q-values of
the other indicators are all less than 0.5 in the period 2005–2020, with relatively unstable
explanatory ability.

5.2. Analysis of Spatial Variation in the Role of Influencing Factors

The Moran’s I values and statistical test Z values were calculated for 2005, 2010, 2015,
and 2020 (as shown in Table 1), separately. Further, 2005 and 2020 Moran’s I and Z values
passed the 1% statistical test. The Moran’s I and Z values for 2010 and 2015 passed the
10% statistical test, indicating the existence of a positive spatial autocorrelation, and the
Moran’s I values for the four years were in the interval of [0.1192, 0.4198], with apparent
clustering effects.

Table 1. Moran’s I, Z-value, and p-value test results.

Year Moran’s I Z-Value p-Value

2005 0.2825 3.8256 0.0001
2010 0.1192 1.7846 0.0743
2015 0.1210 1.8131 0.0698
2020 0.4198 5.2504 0.0000

According to the analysis of geographical detector results, the factors with q-values
greater than 0.5 in the four years are the total output value of the secondary industry,
total social fixed asset investment, number of beds in health institutions, and road freight
turnover, which have strong and sustainable explanatory ability for the economic devel-
opment of Chengdu-Chongqing urban agglomeration. Therefore, these four significant
influencing factors are selected for GWR local spatial regression analysis to explore the
spatial differences of the action direction and intensity of the four significant factors in
different research units in the four time periods. The results in Table 2 show that the
corrected R2 of the model is 0.666, 0.651, 0.760, and 0.766 in 2005, 2010, 2015, and 2020
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respectively, indicating that the fitting effect of the model is good. The condition number is
greater than 0 and less than 30 in four time periods, indicating that the model has passed
the multicollinearity test, the calculation result of the model is reliable, and the result of the
factor detector is also reliable. The effects of each variable are spatially non-stationary, but
the degree of difference and characteristics is different (Figure 7).

Figure 7. Four-year comparison of regression coefficients for significant impact factors. Pictures
(a–d) represent the regression coefficient of total output value of secondary industry, (e–h) represent
the regression coefficient of fixed asset investment, (i–l) represent the regression coefficient of number
of health facility beds, (m–p) represent the regression coefficient of road freight turnover.
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Table 2. Statistical test results.

Year 2005 2010 2015 2020

Model goodness of fit 0.730 0.733 0.795 0.793
Calibration model

goodness of fit 0.666 0.651 0.760 0.766

Partial R2 0.566~0.793 0.617~0.841 0.759~0.792 0.792~0.793
Conditions 14.869~29.993 21.268~29.990 25.982~29.997 23.803~23.829

(1) The total output value of the secondary industry is positively correlated with the
dependent variable in all units of analysis except for 2010. During 2005–2020, the posi-
tively correlated areas are mainly located in the eastern and western regions of Chengdu-
Chongqing urban agglomeration, while the negatively correlated areas are located primarily
in the northern and southern regions. The overall regression coefficient shows the charac-
teristics of “high in the east and west, low in the north and south,” and the absolute value
of the regression coefficient of the positive correlation areas decreases. It shows that the
promotion effect of the output value of the secondary industry on economic development
decreases, the negative correlation area increases, the absolute value of the regression coef-
ficient increases, and the inhibition effect increases. From the time-space evolution process
of the output value of the secondary industry, after 15 years of development, the cities
in the east and west of the Chengdu-Chongqing urban agglomeration promote economic
development, but the promotion effect is weakened. The output value of the secondary
industry in the cities of the north and south is negatively correlated with the dependent
variable, and the inhibition effect is strengthened.

(2) The regression coefficients on total social fixed asset investment are much less
volatile than the other three variables. The effects of the regression coefficients vary less
spatially, with a positive correlation with the dependent variable in 2010 and 2015, a slightly
weaker correlation for the east and west regions of Chengdu-Chongqing urban agglomera-
tion, and a slightly stronger correlation for the central north and south regions. In 2005, the
center of the high value of the regression coefficient was concentrated in the northeastern
parts of Chengdu-Chongqing urban agglomeration, with a greater dependence on the
amount of fixed asset investment, resulting in a higher regression coefficient. By 2020, with
the increase in total social fixed asset investment, the high-value area of the regression
coefficient tends to shift to the west, and the value of the coefficient decreases, but is still
positive, reflecting the driving effect of Chengdu on the surrounding cities. The regression
coefficient of the cities in the north and south of Chengdu-Chongqing urban agglomeration
is negative, indicating that the increase in the amount of fixed asset investment will instead
inhibit the economic growth of these areas.

(3) The regression coefficient for the number of beds in health institutions is positive
in all units of analysis only in 2010, with a significant suppressive effect on Nanchong and
Yibin in 2005 and a positive promotional effect on all other cities. By 2020, the positive
values of the regression coefficient are distributed in the eastern and western regions of
the Chengdu-Chongqing urban agglomeration, and the negative values are distributed
in the northeastern and southwestern axial zones. As the number of beds in health insti-
tutions increases, their contribution to the economically backward regions of the eastern
part of the Chengdu-Chongqing urban agglomeration is obvious, and their economic
contribution to the Chengdu urban agglomeration with Chengdu at its core is gradually
becoming significant.

(4) The regression coefficient of road freight turnover fluctuates slightly in the first
three years. In 2020, the spatial difference of its effect was significant, and the regression
coefficient is around −0.899~0.469, but it is a mainly positive correlation. The positive
area is concentrated in the west of Chengdu-Chongqing urban agglomeration and the
Chongqing-urban agglomeration, with the central urban area of Chongqing as the core.
At the same time, its effect is negative in the cities in the north and south of the Chengdu-
Chongqing urban agglomeration. It shows that the transportation infrastructure in these
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areas is not perfect, and the role of transportation in promoting the economy has not been
brought into full play.

In general, the promoting effect of the above four factors on economic development is
mainly concentrated in the eastern and western regions of the Chongqing-urban agglomer-
ation. It mainly inhibits the cities in the north and south. The most significant difference
in the spatial effect of road freight turnover indicates that the uneven development of the
transportation network in the Chengdu-Chongqing urban agglomeration is significant. In
the relevant construction affecting economic development, attention should be paid to the
supporting role of the transportation network.

6. Conclusions and Recommendations

6.1. Main Conclusions

This paper constructs 14 evaluation index systems based on four subsystems of
production and employment, trade and commerce services, education and health, and
transportation in 36 cities of the Chengdu-Chongqing urban agglomeration. Using GDP
per capita to represent the level of economic development, the evolution characteristics
of the economic spatial pattern of the Chengdu-Chongqing urban agglomeration and
its influencing factors are explored based on the performance of feedback effects in four
time sections from 2005 to 2020, with the help of gravity models, geographic detector,
geographically weighted regression, and other methods. The following main conclusions
were drawn.

(1) From the evolution of the integrated centrality of Chengdu-Chongqing urban
agglomeration, the high-value area of integrated centrality is a spatial pattern dominated by
Chengdu and Chongqing central cities, with a significant agglomeration effect. The overall
centrality of the Chengdu urban agglomeration is higher than that of the Chongqing urban
agglomeration, and the uneven development between regions is still relatively obvious.

(2) The economically developed areas of the Chengdu-Chongqing urban agglomera-
tion are mainly concentrated in Chengdu and Chongqing central cities and their surround-
ing areas. The economic development level of the neighboring districts and counties in the
Chongqing central city is higher than that of the surrounding areas of Chengdu, indicating
that the central city of Chongqing has a strong economic drive and significant radiation
capacity to the neighboring regions.

(3) In terms of the urban economic linkages volume, the Chengdu urban agglomera-
tion and the Chongqing urban agglomeration account for a significant proportion of the
economic linkages, while economic links between other cities are weaker, especially in the
central region where the collapse situation is obvious. On the whole, a “dual-core” pattern
has been formed, with the central cities of Chengdu and Chongqing as the leading cities.

(4) In terms of the driving factors affecting economic development, the total output
value of the secondary industry, total social fixed asset investment, number of beds
in health institutions, and road freight turnover have consistently strong explanatory
abilities for economic development. The four significant factors mostly promote the
economic development of most cities in Chengdu-Chongqing urban agglomeration and
inhibit a small number of cities. The promotion effect is mostly concentrated in the eastern
and western cities of Chengdu-Chongqing urban agglomeration, and the inhibition
effect is mostly concentrated in the southern and northern cities of Chengdu-Chongqing
urban agglomeration.

6.2. Recommendations

Based on the above findings, the following recommendations are made to promote
the collaborative economic development of the Chengdu-Chongqing urban agglomeration.

(1) Establish an open, competitive, and orderly market system for the city cluster.
Break down administrative barriers between the cities in the Chengdu-Chongqing urban
agglomeration. Promote the formation of a pattern of complementary resource advantages,
rational division of functions, and infrastructure interconnection among cities. Give full
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play to the strategic supporting role of the Yangtze River Economic Belt and expand
new space for development. Increase the economic ties between the northeastern and
southwestern cities of the Chengdu-Chongqing urban agglomeration and Chengdu and
Chongqing. At the same time, attention should be paid to the economic collapse of the
central part of the Chengdu-Chongqing urban agglomeration to prevent severe regional
differences in development.

(2) Enhance the radiation effects of the two core cities of Chengdu and Chongqing.
Strengthen the important functions of production and employment, business services,
education and health, and transportation hubs in the Chengdu-Chongqing urban agglom-
eration. Give full play to the core driving ability of Chengdu and speed up the process of
urbanization in surrounding cities such as Deyang, Ya’an, Meishan, and Ziyang. Strengthen
the strategic support of the western development of Chongqing Metropolis and the carrier
function of the central hub in the west part of the Yangtze River Economic Belt. Take the
central urban area of Chongqing as the core, link the urban belt along the river and the
adjacent cities in Sichuan, and promote regional coordinated development.

(3) Pay attention to the role of significant driving factors. Improve the core competitive-
ness of industrial enterprises, mobilize the enthusiasm of private investment, enhance the
service capabilities of primary health care institutions, and speed up the construction of road
transport infrastructure. Strengthen the supporting role of production, commerce, health,
and transportation networks for the economic development of the Chengdu-Chongqing
urban agglomeration.
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Abstract: To address the current limitation of Alternative Food Networks (AFNs) in tackling urban–
rural sustainability issues, this study proposes a Cooperative Human-Agent Service System (CHASS)
by leveraging the decentralized communication and coordination capability of a multi-agent system.
The unique feature of CHASS is the collaboration between humans and agents for real-world de-
ployment. From the perspective of Service-Dominant Logic (S-DL), value is co-created by involved
actors through service exchange; that is, one actor’s service exchanges for other one’s service. With
S-DL, technology is treated as an essential actant for resource integration, and the customer is a value
co-creator. In this study, we propose a two-phase top trading cycle (TTC) negotiation mechanism
to facilitate food resource allocation and service exchange. An agent-based model is developed to
simulate the real-world environment and is integrated with CHASS to form a multi-agent simulation
for system evaluation. In addition, to generalize the research outcomes, we use regression analysis
to clarify the interaction mechanism between the algorithms applied by the platform and human
decisions under the moderation of environmental factors. The results show the effectiveness of
TTC-Negotiation mechanism to support resource allocation between customers and providers on
CHASS. It shows the applicability of CHASS to the cooperative AFNs model.

Keywords: service system design; value co-creation; food resource allocation; cooperative food
systems; alternative food networks; multi-agent system; multi-agent simulation; agent-based model;
Service-Dominant Logic (S-DL)

1. Introduction

The Conventional Food System (CFS) has become industrialized and globalized,
significantly impacting food and nutrition security. In reaction to the industrialization and
globalization of the CFS, the Alternative Food Networks (AFNs) initiative emerged in the
1990s. AFNs seek to diversify and transform modern food provision by connecting ethical
producers and consumers in more local, direct ways [1] and creating a trusting relationship
in the food network. Although the AFN initiative aims to contribute to sustainability,
there are also many criticisms regarding its unsustainability [2]. The most critical criticism
concerns economic sustainability. For example, while removing intermediaries in the
supply chain promises to redistribute more value to producers, selling directly to customers
on a small scale may require more resources from producers, and the net benefit may
not live up to the theory [3]. In addition, “value-added” products with a higher price
may benefit the producer but be out of the reach of lower-income customers [4]. To
increase economic efficiency, some AFNs have evolved towards forming an intermediary
organization and using centralized digital platforms for serving more customers in busy
modern life. However, such models will somewhat lose an essential feature of AFNs, which
is the establishment of “strong relationship” between customers and producers.

Today’s digital services are highly centralized. The dominant client–server architecture
favors the centralized ownership of servers [5], causing a lack of interoperability, which
leads to centralizing economic control and data. Furthermore, a centralized IT platform is
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probably not technically sustainable. With the recent rise of decentralized Web 3.0 [6], it is
evident that alternative, decentralized systems can be technologically and economically
sustained. From a Service-Dominant Logic (S-DL) perspective, value is co-created by
involved actors through service exchange; that is, one actor’s service exchanges for other
one’s service [7,8]. Therefore, a decentralized information system can become an essential
digital service for resource integration and value co-creation, on which consumers can play
a role in value co-creation through information sharing and collaborative decision-making.

The objective of the study is to develop a decentralized service system as an innovative
IT resource to help overcome the limitations of the AFN models and achieve technical
sustainability. To achieve this goal, in this study, we propose a decentralized Cooperative
Human-Agent Service System (CHASS), which supports service exchange in which the
human actor has the agency to control and is assisted by an intelligent agent. CHASS is
designed to achieve two goals: (1) to improve food resource allocation performance through an
multiagent-enabled negotiation mechanism and (2) to strengthen human relationships through
service exchange. Through designing, building, and evaluating the CHASS, this study will
answer the research question “How does a multiagent-enabled negotiation mechanism influence
the service exchange under the moderation of different supply-demand patterns and customer’s
collaborative decision-making.”

This study was conducted in the context of Taiwan, which is affected by urbanization
and rural decline. Since the late 2000s, the Taiwan government has been promoting many
“rural revitalization” programs in response to this problem. However, although the impact
of these government funding projects has claimed some success, some projects are no
longer effective after the government funding ends. Moreover, taking a lesson from severe
rural decline and urban–rural imbalance in Japan, using only financial resources seems
insufficient to prevent rural decline and promote urban and rural linkage. Developing
AFNs is an approach to strengthen the linkage between urban and surrounding rural areas
and contribute to rural sustainability. This motivates this research to develop CHASS to
contribute to the creation of an economically sustainable AFN model, which promises to
create more value for rural areas and strengthen urban–rural linkages in Taiwan. Besides
the contribution to the design artifact, design knowledge, and evaluation methods, this
study has developed CHASS as a practical service system that can be used for performing
actor-to-actor communication and coordination to achieve the sustainability of the service
ecosystems. With the spirit of “engaged scholarship”, CHASS will be further developed to
contribute to sustainability in various domains, such as cooperatives, the circular economy,
and community of practice in knowledge sharing and collaboration.

2. Literature Review

2.1. Alternative Food Networks (AFNs)

The term “Alternative Food Networks” (AFNs) has emerged both in practice and
in academic works since the 1990s as a reaction against the standardization, globaliza-
tion, and unethical nature of the “conventional food system” [1]. AFNs promote food
consumption closer to the producer and change consumer culture and behavior. The three
core characteristics of AFNs are: (1) the requirement for products and production, (2) the
closer distance between producers and consumers, and (3) new forms of food market
governance [2]. The products in AFNs are often characterized as fresh, natural, organic,
quality, and “slow”, while the production is described as environmentally benign using
traditional production methods [9]. The distance between producers and consumers is
measured in three dimensions: physical distance, supply chain distance (the number of
intermediaries), and informational distance (the availability of information in the network).
AFNs also generate new forms of food markets such as Community Supported Agriculture
(CSA), farmer market, and consumer and producer cooperatives.
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2.1.1. The Promise of AFNs on Sustainability

The AFN initiative promises to contribute to all economic, environmental, and social
sustainability aspects. In the economic aspect, AFNs improve producers’ income by adding
value through differentiated production methods [10], and social embeddedness enables
the customer to accept a higher price [11]. Arrangements such as CSA are built on sharing
the economic risk between producers and consumers [12], while the key ideas of another
arrangement (e.g., producer cooperatives) create more negotiating power and resources
for producers, thus better market possibilities and income. The reduction of supply chain
distance allows a higher share of value to be captured by the producer [13]. Selling directly
through the market is an excellent way for some small producers to get to the market [14].
Furthermore, the reduced physical distance in AFNs means more money is spent on local
food and contributes more to the local economy.

In the environmental aspect, environmentally benign production choices can positively
contribute to sustainability [15]. The reduced physical distance in AFNs reduces food
transportation distances, equaling less fuel use and emissions to the air [16]. In the social
aspect, food quality and production contribute to consumer health. “Natural” foods are
believed to be healthier than highly processed foods. The reduced physical distance
keeps food fresher and retains more nutrients [17]. Environmentally benign production
methods can contribute to producer and consumer health and safety. Organic farming,
for example, restricts the use of chemicals, thus addressing product and producer safety,
health impacts, and biodiversity. Local and diverse production is considered critical for
food security [16,18,19] and positively affects food culture. Traditional production methods
can contribute to the preservation of traditional food cultures and diversity [16].

AFNs may also create indirect sustainability impacts related to learning and participa-
tion. For example, the reduced informational distance contributes to increasing participants’
learning about and awareness of sustainability-related issues in the food system. Increased
learning and awareness, in turn, are believed to lead to more sustainable practices [20,21].
In addition, these indirect impacts can reinforce participant choices about preferred produc-
tion methods, the form and length of food supply chains, and governance arrangements [2].

2.1.2. Limitations of AFNs

Although the AFN initiative contributes much to sustainability, it also faces criticism.
In terms of economic aspect, the reduced value chain distance raises the question of how value
is being redistributed and what the net benefit to producers is. Many studies suggest that
direct selling to consumers may require more resources, time, and energy from producers,
and the net benefit may not live up to the theory [3]. For example, from an empirical study
on the farmer’s market, James [22] raised the question: Have farmers received enough
income from farmers’ markets? If there is a lack of customers, farmers may suffer losses,
including financial loss and an accompanying loss of working time on the farm. Therefore,
the farmers could not economically sustain attendance at the market, and farmers’ markets
could not provide a viable alternative for small-scale producers.

In terms of the environment aspect, reduced “food miles” may not be as significant as
reducing transport-related emissions, and small-scale food distribution may be inefficient
in the means of transport [23]. Transportation also generally causes only a tiny part of the
life-cycle greenhouse gas emissions of food [24,25]. In terms of social aspect, fresher and
more nutritious food due to shorter physical distance has been challenged by considering
the time, not just distance in transport [17]. “Value-added” products with a higher price
may benefit the producer but be out of the reach of lower-income consumers [4].

While AFNs represent a broad group of alternative agricultural relationships and
practices, an important goal is to establish a “strong relationship” and trust between
consumers and producers. However, the practical AFN forms nowadays do not establish
“strong relationship” as expected due to the lack of regular interaction between producer
and consumer. In general, most AFN models in practice can achieve the goal of reducing
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the physical distance and supply chain, but there are still many limitations in reducing the
information distance.

2.1.3. Community Supported Agriculture (CSA) Model

The CSA is probably the best model to achieve the “strong relationship” goal among
the many forms of AFNs. Initially, the CSA model consists of a community of individuals
who pledge support to a farm operation where the growers and consumers provide mutual
support, sharing the risks and benefits of food production [26]. The core value of the
traditional CSA is the “support” and “cooperation” of the community. However, over
time, the definition of CSA has changed significantly, and most CSA business models today
operate in a very different way from the early CSA model. CSA models have shifted from
emphasizing the farmer (community supports farmers) to focusing on the customer (how
CSA works better for customers) [27].

Although the modern CSA models are also very diverse and different, product quality
commitment and a close distance between customers and producers are standard features.
However, the modern CSA models have gradually lost the original feature: community
cooperation. That is a shift from the long-term commitment (e.g., annual subscription) to a
shorter commitment (e.g., weekly subscription) and the emergence of the no-commitment
model, the “pay-as-you-go” CSA [28]. The positive in the evolution of CSA models is that
it has reached more customers, bringing more value to customers and producers. However,
the “strong relationship” goal between the consumer and the producer has been traded off.
In the modern CSA models, customers view the CSA as an organization from which they
can buy products rather than cooperate with the producer.

2.1.4. Alternative Food Networks and Urban–Rural Linkage

In the ecosystem view based on “rural–urban linkage”, food provision is an essential
service in the relationship between urban and rural areas [29]. Therefore, strengthening
food service is considered the most effective solution among existing solutions to strengthen
rural–urban linkage. Over the last century, the food supply chain has become more
industrialized and globalized, and these significant changes directly impact the urban–
rural relationship. As a result, urban and rural areas have become less interdependent on
food service systems. To react against the standardization, globalization, and unethical
nature of the industrial food service system, “Alternative Food Networks” (AFNs) emerged.
Therefore, developing AFNs is an approach to strengthen the linkage between urban and
surrounding rural areas [30]. Furthermore, AFNs also play a crucial role in food security
for urban and rural populations.

2.2. Service-Dominant Logic (S-DL)

The S-DL is a research stream that has emanated over the last 20 years from a concern
about the traditional understanding of service(s). The S-DL identifies service –the process of
using one’s resources for the benefit of another actor—rather than goods as the fundamental
basis of economic (and social) exchange [7]. In S-DL, the role of resources is central to the
process of value creation, which occurs ‘when a potential resource is turned into a specific
benefit [8]. Moreover, the S-DL emphasizes the role of operant (intangible) resources that
are capable of acting on operand (tangible) resources and even other operant resources to
create value [8]. Technology is both an operand resource (e.g., system platform) and an
operant resource, a combination of practices, processes, and symbols that fulfill the human
purpose [31].

This study approaches the relationship between customers and producers in AFNs
under the S-DL perspective: customers as a co-production and co-creation value rather
than the receiver of value [32]. In S-DL, all participants with different roles (e.g., producers,
customers) are viewed as actors in networks of other actors (A2A network) and co-creating
value through resource integration and service provision [33]. The S-DL emphasizes
information technology, which is an essential resource in the process of resource integration
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and value co-creation, through two concepts: resource liquefaction and resource density.
Resource liquefaction refers to the possibility of decoupling information from its physical
form to share it with others and become more valuable. The resource density is the level at
which resources are quickly mobilized for a time/space/actor. Maximum density occurs
when the best combination of resources is mobilized for a particular situation [34].

2.3. Food Preferences, Food Choice, and Demand Flexibility

Consumer preferences are the subjective (individual) tastes of various bundles of
goods. It can be considered common knowledge that people have different food preferences.
Some people like a variety of foods, while others may be picky eaters. Biological, psycho-
logical, and sociocultural factors influence food preferences [35]. The process of connecting
food preferences and choices is not straightforward. According to Wadolowska, et al. [36],
food preferences interact with different food choice factors (e.g., advertising, functional
value, health, and price) and consumer socio-demographics (e.g., age, economic condition,
education, gender). It might seem that we often make food choices based on intuitive
thinking that are not consciously monitored, resulting in effortless and fast decisions [37].

Demand flexibility refers to the consumer demand that can be reduced, increased,
or shifted to substitute products within a specific time. Demand flexibility is an essential
concept in the energy field in the context of climate change because renewable energy is
only generated for a particular time [38]. Under the S-DL perspective, the consumer can
play a role as a value co-creator if they are flexible enough to adjust their consumption
for the common good between themselves and service providers. “Demand flexibility” in
this study refers to customers’ flexibility to switch from a product to another substitute
product in AFNs. The “food choice” factors (e.g., advertising or health) mentioned above
are similar for different products within the same AFNs. Therefore, food preferences are
the main factor affecting product switching acceptance. Demand flexibility can be viewed
as a resource in a food system because it helps reduce food storage and spoilage costs.

2.4. Priority-Based Resource Allocation Algorithm

The priority-based resource allocation is a commonly observed problem in real-life.
In this problem, the resources are allocated based on the participants’ preferences and
priorities. This section will review the top trading cycles (TTC), initially proposed by
Shapley and Scarf [39], a popular algorithm to deal with the priority-based allocation
problem. TTC is a unique core matching, Pareto efficiency, strategy-proof, and individually
rational algorithm [40].

In the TTC algorithm, each person or object is presented by a node in a directed graph
(Note: The graph in this context is made up of vertices (nodes), which are connected by
edges (links) in graph theory). A person node points to its most preferred object node,
and an object node points to its highest-priority person node, as shown in Figure 1. The
allocation process starts with determining cycles in the graph. There is at least one cycle
in the graph. Then, the nodes belonging to a cycle are allocated and removed from the
graph. Finally, the same procedure is applied to reduce the market participant (nodes in the
graph). If the object has multi-units, a counter is assigned to each object to denote available
units at each allocation step. Many studies have developed TTC-based mechanisms to
solve practical problems such as the school choice problem [41], kidney allocation [42],
house allocation [43], landing slots assignment among flights [44], and tuition and worker
exchanges [45].

2.5. Agent Systems

There is no strict definition of “agent” due to the rapid growth of the diversity and
functionality of agents in different disciplines. In general, an agent can be defined as an
entity with two important capabilities: (1) the capability to act with a certain degree of
autonomy and (2) the capability to interact with other agents to engage in analogs of the
kind of human social activity: cooperation, coordination, negotiation, and the like [46].
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This section will describe a Multi-Agent System (MAS), an Agent-Based Model (ABM),
multi-agent simulation, and agent negotiation.

  

P1 O1

P2

P3

O2

O3

Person Object Cycle1: P1-O2-P2-O1 

 Allotate O2 to P1 

 Allocate O1 to P2 

Cycle2: P3- O3 

 Allocate O3 to P3 

Figure 1. A simple illustration of the TTC algorithm.

2.5.1. Multi-Agent System (MAS) and Agent-Based Model (ABM)

A Multi-Agent System (MAS), as shown in Figure 2a, is a self-organized system
composed of multiple agents interacting to reach goals that are difficult or impossible for
an individual agent to achieve. MAS is mainly studied in the field of computer engineering
to solve practical or engineering problems, and as a distributed system, agents in MAS can
deploy and operate in different physical devices. A significant milestone in developing
multi-agent systems is the “Distributed Artificial Intelligence” workshop, held at MIT in
June 1980 [47]. Then this field gained widespread recognition in the mid-1990s and has
grown enormously since then.

  
(a) (b) 

Data

Real world 
Environment

Communication

Action, data

Deployment IT Platform

Intelligent 
agent

Agents

Decision Behavior

Environment
(Natural, social, and technical 

structure)

Simulation software

Figure 2. (a) A Multi-agent system, (b) an Agent-based model.

Although there is considerable overlap with the MAS, the goal of an ABM is different.
The ABM (Figure 2b) is a computational model for simulating the actions and interactions
of autonomous agents to understand a system’s behavior and what governs its outcomes.
ABM helps to understand collective behavior’s effects by representing the rules governing
agent decisions and the influence of these decisions in a real-world environment. ABM
components, including agents and environment (natural, social, and technical structure),
are simulated by computer software [48]. The outcome of the agent decision-making
process can be directly affected by past individual behavior and the behavior of other
agents. In addition, the agent’s decision-making can be influenced by the environment.
The ABM is used in many scientific domains, such as biology, medicine and health, ecology,
and social science [49]. In summary, the ABM aims to explore insight into the agent and
system behavior through simulation, while MAS is an IT system that was developed to
solve practical problems.

2.5.2. Multi-Agent Simulation

The simulation is considered a computational tool to achieve two major goals: under-
standing a real system and developing a real operational system. According to the survey
of Michel et al. [50], a large number of research works and software applications belong
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to the intersection between MAS and simulation, which is separated into two approaches:
(1) Simulation for MAS and (2) MAS for Simulation.

The first approach, Simulation for MAS, refers to projects wherein computer simulation
is used to design, experiment, study, and run a MAS architecture. Simulation is generally
recognized as one of the best design support technologies when designing a complex,
dynamic, and stochastic system. This approach is similar to the software-in-the-loop
approach in the software development field. The simulation method allows developers
to experiment with MAS in a controlled and cost-effective manner, using simulation-run
contexts instead of the actual run. In addition, the developers can gain extensive empirical
experience with the essential issues in designing distributed problem-solving systems
through the simulation process. Following this approach, the self-organizing MAS will be
developed independently of the simulation tools.

The second approach, MAS for Simulation, is related to simulation experiments that use
MAS as a modeling paradigm to build artificial laboratories. This approach is well-known
as ABM. An agent-based simulation is a bottom-up approach wherein humans could
explicitly define a simulated agent’s decision processes at the micro-level in a multi-agent
simulation model. Structures emerge at the macro level due to the agents’ actions and
interactions with other agents and the environment. The ABM helps us to understand
how real systems’ dynamics arises from individuals’ characteristics and environments.
Furthermore, it allows modeling a heterogeneous population in which each actor can have
individual motivations and incentives while at the same time representing groups and
group interactions.

2.5.3. Agents Negotiation

In MAS, the negotiation mechanism allows agents to negotiate to reach an optimal
solution despite this lack of the complete knowledge of the environment [51]. The primary
purpose of the negotiation algorithm is to find an optimal solution to a negotiation problem.
The negotiation process is triggered by an autonomous coordinator agent, as shown in
Figure 3. The coordinator agent initiates the negotiation event and manages the whole
negotiation process. Besides the coordinator agent, there are several or more collaborating
agents. This collaborating agent is named as the assistant agent in this study because it
assists human users. The assistant agent is a semi-autonomous agent who can make a
decision on behalf of human users. Assistant agents participate in the negotiation process
to maximize utility based on their principals’ preferences. Meanwhile, the coordinator
agent will operate the negotiation process to maximize resource allocation. The negotiation
process ends when the maximum resource allocation is reached.

Autonomous 
coordinator 

agent

Semi-autonomous 
assistant agents

Human users

User 
Preference

User 
Preference

Agent 
Negotiation

Max Utility

Max 
Allocation

Max Utility

Figure 3. The MAS negotiation mechanism.

2.6. The Next MAS Generation for Human–Agent Societies

MAS technology allows the development of autonomous agents that are naturally
designed to communicate with each other. This communication enables complex interac-
tions, from which higher-level social activities such as cooperation or collaboration may
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emerge [52]. Although MAS has been studied for many years, the progression in real
applications in which agents can interact and assist humans in daily life has not yet reached
the expected levels. Integrating humans and intelligent agents in the same system will be
one key challenge in the next generation of MAS. Therefore, the next generation of MAS
technology needs to support the development of applications wherein agents and humans
can jointly provide services to other humans or agents in a “human–agent society.” [53].

Human–agent societies can be developed based on the next generation of MAS that
supports a natural interface for interaction between humans and agents. At the agent
level, humans are integrated into the system in such a way that they appear as agents to
other agents. While at the human level, the human can interact with agents using natural
language. In addition, transparently communicating humans with agents will be vital in
developing fully open systems wherein entities (humans, agents, or third-party elements)
can dynamically enter or exit the system transparently [52]. This open system feature has
traditionally been a challenge to be realized for real-world applications. However, it has
become possible based on the development of natural language processing technology that
allows human–agent interaction through natural language combined with the availability
of an appropriate communication protocol and infrastructure.

2.7. Previous Related Studies:

This section will present three recent research directions related to this research, including
the research direction of demand flexibility and MAS in the energy field, the human-in-the-
loop in MAS, and the service value co-creation digital platform for sustainability.

2.7.1. Demand Flexibility and MAS for Resource Allocation Optimization

In the energy field, demand flexibility is the capacity to shift electricity consumption
over time or to switch to renewable energy such as solar power and wind power locally to
obtain economic benefits and achieve sustainable production and consumption goals. The
research stream on MAS to solve the energy optimization problem has also been interested
by many researchers and practitioners in recent years [54]. Under the MAS approach, each
family will install an intelligent device acting as an autonomous agent to communicate,
coordinate, and cooperate with other agents to reach demand flexibility [55]. In this study,
we bring the concept of “demand flexibility” from the energy sector to the food sector and
develop a MAS to achieve food-demand flexibility.

2.7.2. Human-in-the-Loop in MAS

The difference between MAS in the energy sector and the food sector is the involve-
ment of a human actor. Each individual has a different food preference, which also changes
over time. Therefore, the MAS in the food sector must be designed to allow humans to
collaborate with the agent in the food choice decision-making process. Recent achievements
in natural language processing have allowed the design of human–machine interaction
systems through natural language. Some research directions related to the human-in-
the-hoop stream can be mentioned, such as improving collaboration between humans
and machines [56] and the interaction between humans and agents in the context of a
smart city [57].

2.7.3. Service Value Co-Creation in a Digital Platform for Sustainability

A digital platform can play the role of an operand resource that can help hold together
diverse actors and enable collaboration in the ecosystem. From the S-DL perspective, the ser-
vice platform comprises tangible and intangible components that facilitate the interaction of
actors and resources, leveraging resource liquefaction and enhancing resource density [58].
Two types of service value co-creation contribute to the sustainability mentioned in recent
studies: second-hand trading platforms that enable sustainable consumption [59] and
CSA digital platforms that support collaboration between members in the CSA model in
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AFNs [60]. This study develops MAS to work as a decentralized service value co-creation
platform for sustainability.

3. Research Method

This study adopted the Design Science Research (DSR) method in information sys-
tems [61]. The DSR method focuses on the “design” process for building and evaluating
the IT artifacts to solve problems. In design science, knowledge of the problem domain
and its solution is achieved through the building and application of the designed artifact.
Following the guidelines for design science in information systems research proposed by
Hevner, March, Park and Ram [61], this study was conducted in four stages: (1) Problem
formulation, (2) Design and building, (3) Design and evaluation, and (4) Reflection and
formalization of learning.

3.1. Problem Formulation

The research problem is formed based on the author’s experience, observation, and
interview when participating in “university-community” projects in Taiwan, combined
with a careful review of the limitations of the “regional revitalization” projects in Japan
and Taiwan and a thorough review of AFN literature and other relevant studies. This
stage follows the “problem relevance” guideline of the DSR method: the objective of
design-science research is to develop technology-based solutions to important and relevant
community problems [61].

3.2. Design and Building

This stage follows the guideline “design as an artifact” of the DSR method: design-
science research must produce a viable artifact in the form of a construct, a model, a method,
or an instantiation. We developed a MAS to solve the community problem.

In the design step, we combine the Prometheus method [62] and the Behavior-Oriented
Design (BOD) method [63] to develop intelligent agents. The Prometheus method consists
of three phases: (1) system specification, (2) architectural design, and (3) detailed design.
We follow the first two phases of the Prometheus method: system specification focuses on
identifying the basic functionalities of the system and architectural design to determine
which agents the system will contain and how they will interact. We then design the agent
in detail based on the BOD approach. The BOD is a development method for designing a
complex agent, an agent that can function naturally on its own [63]. The BOD approach
helps decompose the complex agent into simple behavior, so we can rapidly develop system
prototyping using MAS middleware.

Based on the agent behavior design, we use SPADE [52], a middleware for multi-agent
systems, to build the platform. SPADE supports five behavior types: cyclic, one-shot,
periodic, time-out, and finite state machine, which can support the development of rapid
system prototyping.

3.3. Design and Evaluation

This stage follows the “design evaluation” and “design as a search process” guidelines
of the DSR method. The “design” and “evaluation” activities are integrated into a cyclic
process to discover an effective solution. We use the multi-agent simulation method to
conduct an intervention and evaluation. The intervention can lead to both “intended” and
“unintended” outcomes. These “unintended” outcomes are essential factors for reshaping
the design process.

We built a simulation by integrating the ABM with MAS. First, we designed and
built an ABM using the Mesa framework [64] to model the real-world environment. Next,
the ABM is set up to generate data similar to the data created by human users during
interaction with the designed MAS. Then, we perform the intervention by setting different
simulation parameters (environment, resources, rules, and decision model of simulated
agent) in ABM to generate input data for the MAS, and then the output data of MAS is
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collected and analyzed. For each simulation, the results are preliminarily evaluated and
stored for later analysis.

3.4. Reflection and Formalization of Learning

Besides contributing to an innovative design artifact, this study contributes to service
system design knowledge and evaluation methods. We synthesize the design knowledge
through the process of designing and building the service system to solve a community
problem. Furthermore, through intentional intervention and evaluation using multi-agent
simulation, we can better understand under what circumstances the negotiation process will
perform better. From then, a new requirement for the service system emerges. For example,
by understanding the interaction mechanism of demand flexibility and the negotiation
process on resource allocation performance, we know in which situation the system needs
to provide incentives to encourage users to accept negotiation. Since then, the system
requirements can be revised to develop the platform’s next version.

In addition, we use regression analysis and a t-test to answer the research question:
How does a multiagent-enabled negotiation mechanism influence the service exchange? The
regression analysis results will shed light on the influencing mechanism of negotiation on
the “resource allocation” and “order fulfillment” performance under the moderation of
supply/demand patterns and the degree of customer demand flexibility. This step creates a
clear understanding of the designed service system and generalizes the research outcomes.

4. Cooperative Human–Agent Service System (CHASS)

4.1. System Design Principle

A Cooperative Human–Agent Service System (CHASS) was designed based on three
design principles: (1) efficient resource allocation, (2) strengthening actors’ relationships in
the A2A network, and (3) ensuring technical and economic sustainability.

The first and second design principles are the functional requirements to overcome
the limitations of the current AFN forms. From the S-DL perspective, CHASS plays a
role as a digital resource for integrating other resources through allocation, collaboration,
and negotiation mechanisms. In addition, CHASS is designed to strengthen human re-
lationships by giving human autonomy to select partners for service exchange. This is
necessary to create a strong relationship between customers and producers and contribute
to urban–rural sustainability.

The third design principle is a requirement to ensure the service system can maintain
its capacity to sustain itself. A service system aiming to achieve sustainability goals
needs to achieve economic and technical sustainability. To be technologically sustained, the
service platform must be completely open, decentralized, and evolved based on community
resources. In addition, the system platform must generate economic value higher than
costs in terms of economic sustainability. Decentralized systems can contribute to economic
sustainability since collectively supporting and contributing to the system operation could
share the centralized operation and maintenance costs. This principle can be realized
based on the following two requirements: (1) distributed environment, agents can operate
anywhere on the public Internet and are flexibly deployable in differently resourced devices;
(2) decentralized control, agents and humans can directly communicate for service exchange
without a centralized authority.

4.2. System Architecture
4.2.1. Distributed Environment

To achieve the technical sustainability goal, CHASS is designed to be an open system
deployed in a distributed environment where agents can be deployed on any device with
an Internet connection. A distributed system will bring the advantages of data privacy,
user autonomy, system scalability, and stability. However, the economic benefits of a
distributed system are generally unclear and controversial. A distributed system has no
centralized operating and maintenance costs but generates other hard-to-estimate costs:
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agent computation power and communication costs. The more agents on the network, the
more communication resources will be wasted on the allocation and negotiation process.

In this study, CHASS is designed based on a hybrid centralized–distributed archi-
tecture [65] for archiving economic and technical sustainability principles, as shown in
(Figure 4a). This architecture has two types of agents: coordinator agent and assistant agent.
The role of the coordinator agent is to coordinate the resource allocation and negotiation
process, thereby minimizing the dense communication in a network. The assistant agent
works as a personal virtual assistant carrying out some set of operations on behalf of
humans with some degree of independence to generate value for its owner. Humans can
communicate with their virtual assistants through a mobile app using natural language.
From a service view, this architecture is designed based on the coordinative cooperation
approach [66]: the coordinator agent invites the assistant agent to join in cooperation with
other agents to achieve a common goal.

(a) (b)

Coordinator
Agent

Assistant 
Agent

Figure 4. (a) The system architecture of CHASS and (b) decentralized communication in CHASS.

4.2.2. Decentralized Communication

In CHASS, the agent’s communication is done over the XMPP (eXtensible Messaging
and Presence Protocol), an open protocol for instant messaging that has been widely used in
the industry (e.g., WhatsApp, Google Talk). In addition, XMPP uses a presence notification
mechanism [67] that any entity may enact by providing a list of other entities as contacts
and requesting to be notified when any contact changes their state.

XMPP supports a decentralized server architecture (Figure 4b) that supports agents
and humans in directly communicating without a centralized authority. In addition, this
decentralized architecture allows agents to be independent of the device’s IP address
where they are running. This feature makes a difference compared with many other
MAS that rely on IP addresses to send and receive messages. In addition, agents are
identified by the XMPP server where they are registered, not by the device where they are
running; therefore, agents can migrate from one device to another transparently. Security
is another crucial issue for MAS platforms deployed in the real world. XMPP protocol
also provides security at different levels, such as certificates and Transport Layer Security
(TLS), to encrypt communications and sign messages to ensure they are sent and received
by reliable endpoints.

In CHASS, there are three types of interactions: agent to agent, agent to human, and
human to human. All interactions are done through the XMPP protocol. The communi-
cation between agents is designed based on the FIPA Agent Communication Language
Specifications (FIPA ACL) [68]. Human–agent interaction is performed in natural language.
Human-to-human communication is also important because CHASS aims to establish a
strong human relationship. In CHASS, humans can directly communicate with each other
via mobile chat App, similar to human–agent communication.

252



Sustainability 2022, 14, 11987

4.3. Service Flow in CHASS

The service flow for resource allocation and value exchange in CHASS is divided into
four stages, as presented in Figure 5. Stage 1, information acquisition, begins after the assistant
agents receive the supply and demand information from customers and providers. In this
stage, the coordinator agent receives demand and preferences for products and providers
from the customer’s assistant agents and supply and customer priority from the provider’s
assistant agents. Next, during Stage 2, allocation and negotiation, the coordinator agent
interacts with the customer assistant agent for food resource allocation and negotiation.
When the allocation and negotiation process is complete, the coordinator agent sends the
allocation results to the corresponding customer and provider agents (Stage 3—allocation
result informing). Finally, in Stage 4, service exchange, customer assistant agents make order
requests to the matched providers based on the allocation information received. The service
exchange process (e.g., ordering, additional service requests, order confirmation, payment)
is done directly between the providers and the customers. In this stage, customers and
providers have autonomy and freedom for service exchange to benefit each other. The
service flow in Figure 5 will be further clarified through the agent state–transition diagram
for a coordinator agent and an assistant agent (Figures 6 and 7).

Coordinator agent

Customers
Users

Providers
Users

1 1

Assistant
agents

1 (Assistant agents process request from users 
and send data to coordinator agent)

(
)

(
to assistant agents)

(
users for service exchange)

Figure 5. Resource allocation and service exchange flow in CHASS.

Receiving

TTC

results
informing

Start

End

(1)

(2) (3)

(4)

(5)(6)

S1

S2

S3
S4

S5

State Transition
(1) Received all data from assistant agent 

(e.g.,demand, supply, preferences, priority) 
(2) Finish TTC allocation process to allocate 

supply resource to demand.
(3) Finish receiving all accept/reject negotiation 

message from assistant agent.
(4) Reach the best allocation result, finalize the 

allocation and negotiation process.
(5) Finish sending all allocation results to 

assistant agents.
(6) Receive the message from assistant agents.

Figure 6. State–transition diagrams of a coordinator agent. (S1) Receiving demand/supply, (S2) run-
ning the TTC mechanism to allocate supply to demand, (S3) interacting with an assistant agent for
negotiation, (S4) sending allocation results to all assistant agents, and (S5) standby.
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Coordinator 
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Human 
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End

(1) (2)

(3)(4)
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State Transition 
(1) Finalize conversation with human 

user and get all demand/supply in-
formation. 

(2) Receive the allocation result from co-
ordinator agent. 

(3) Finish all service exchange activity 
with other assistant agents. 

(4) Receive message from human user. 

Figure 7. State–transition diagrams of an assistant agent. (S1) Communicating to humans to obtain
demand or supply data, (S2) communicating to the coordinator agent to inform supply or demand
and negotiation, (S3) interacting with other assistant agents for service exchange, and (S4) standby.

4.4. Two-Phase TTC-Negotiation Resource Allocation Mechanism

As mentioned in Section 4.3, in Stage 1, the coordinator agent receives supply and
demand information from assistant agents, and then the supply information is grouped
by product and aggregated in quantity. After completing information acquisition, the
coordinator agent starts the allocation and negotiation process in Stage 2. This subsection
describes in detail the proposed two-phase TTC-Negotiation resource allocation mechanism
(Figure 8). In phase 1, the product resource is allocated to each demand based on the
product preferences and demand priority. In phase 2, the allocated demand and supply are
grouped by product, and the TTC algorithm is applied for each product group to bind each
customer’s demand to corresponding providers based on the priority both sides provide
(customer and provider).

  

(a) (b) 
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D3
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D4
:3

Demand Supply

D2
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Product A
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Product B
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Qty: product quantity

Product A
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(D1)
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(D3)

P1

P3

P2

Customer 
Demand

Provider 
Supply

C2
(D2)

Figure 8. Two-phase TTC-Negotiation mechanism: (a) Phase 1—Product allocation and negotiation;
(b) Phase 2—Binding customer demands with providers.

Phase 1: Product allocation and negotiation

This phase aims to meet the “efficient resource allocation” design principles. The
TTC-Negotiation mechanism is used to allocate product supply to each demand based on
customer demand priority and the product preferences of customers. Demand priority can
be determined based on demand time or using priority models, such as the RFM (Recency,
Frequency, Monetary) model [69]. Figure 8a illustrates the product allocation process,
which is executed through several rounds of operations specified as follows:

• Round 1: Each product supply is presented as a supply node and is assigned a counter
equal to the product supply quantity. Each customer demand is represented as a
demand node and is assigned a counter equal to the demand quantity. The demand
nodes point to their first preference of product node, and each product node points
to the highest-priority demand node. Each demand node in a cycle is allocated the
product it points to and is removed from the graph. The counter of each product node
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in the cycle is reduced accordingly. If this counter value reaches zero, the product node
will be removed. If there exists a demand node that does not point to any product
node, it will also be removed.

• Round k, k ≥ 2: Round k uses the same allocation and removing procedure as Round 1.
This iteration will stop if no demand nodes or product nodes are left.

After the first TTC allocation, the negotiation condition is checked (Figure 9). If all
demand is fulfilled or all supply is allocated, it means no more demand or supply can be
allocated, and the best allocation has been reached; then, the allocation process is finished
without negotiation. On the other hand, if there is still unfulfilled demand and unallocated
supply after the first TTC allocation, the coordinator agent will send a negotiation invitation
to the target assistant agents. Target agents are agents who belong to one of two groups:
(1) agents who have unfulfilled demands or (2) agents who have fulfilled demands with
products in shortage. The goal of the negotiation process is to convince agents in group
2 to switch to products that are not yet allocated so that the demands of agents in group
1 can be fulfilled. Next, all assistant agents who accept negotiation will be formed into
a negotiation group; then, the second TTC allocation is run for this group. This process
repeats in several rounds until the best allocation results are reached.

 

needed?

Forming 

group group

Product 

improved?

Start

End

to 
target agents

Yes

No

Yes

No

Figure 9. TTC allocation and negotiation flow. The negotiation process is carried out if there is
unallocated supply and unfulfilled demand for substitute products.

Phase 2: Binding customer demand with provider

In phase 2, the customer demand and provider supply are bound based on priority
provided by both sides (customers and providers). This phase aims to meet the design
principles: (2) strengthening actors’ relationships in the A2A network. The actor (customer
or provider) has the autonomy to choose the exchange partners by providing a priority
list. The assistant agent can be set up to compute other agents’ priorities based on several
criteria (e.g., product rating, trust level, etc.) on behalf of human users who set the priorities
based on personal preference. If the assistant agent does not provide other actors priority,
the coordinator agent will randomly generate the priority. Finally, the TTC mechanism
is applied for each demand and supply group to bind each customer’s demand to the
corresponding providers based on the priority of both sides.

When is the negotiation needed?

The conditions for negotiation in Figure 9 are described more clearly through three
scenarios presented in Table 1, in which X and Y are two interchangeable products. Scenario
1 is common in the CFS, where supply often exceeds demand and food waste occurs.
Conversely, when events such as natural disasters occur, scenario 2 will occur. Scenario 3 is
probably rare in CFS but possible in AFNs. In the cooperative AFN model, customers and
producers are both members, and information is shared among members. Therefore, the
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cooperative will be able to adjust the total supply to meet the total demands of members to
avoid wasting food or not providing enough for members. When scenario 3 occurs, the
negotiation process will be activated.

Table 1. The three scenarios of supply and demand pattern.

Scenario
Product X
Quantity

Product Y
Quantity

Allocated
and Fulfilled

Unallocated &
Unfulfilled

Status Negotiation

1
Demand 1 1 X: 1, Y: 1 -

All demand is fulfilled. NoSupply 2 2 X: 1, Y: 1 X: 1, Y: 1

2
Demand 2 2 X: 1, Y: 1 X: 1, Y: 1 All supply is allocated. NoSupply 1 1 X: 1, Y: 1 -

3
Demand 2 1 X: 1, Y: 1 X:1 unallocated supply and

unfulfilled demand
YesSupply 1 2 X: 1, Y: 1 Y:1

4.5. Intelligent Agent Design

The intelligent agent is designed based on the behavior-oriented design method [63]
with a modular structure, as illustrated in Figure 10. Each agent can naturally act on its own.
First, the functional requirements of the agent are formulated based on the scenario analysis.
Then, these requirements are decomposed into simple behavior. We use the five behavior
types of the SPADE [52]: cyclic, one-shot, periodic, timeout, and finite state machine. The
cyclic behavior is used for handling messages from humans or other agents. In SPADE, a
cyclic behavior works as a “while loop” to be always ready to process incoming messages.
SPADE also supports storing data in an “agent knowledge”, a type of in-memory key-value
store. After the message is handled, it is converted to structured data and is passed to the
state behavior module. Different decision-making models (e.g., utility function, trained
models, etc.) can be used to process the data depending on the agent’s current state and
settings. The output of the decision-making model is the activation of one-shot, timeout, or
periodic behavior.
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Figure 10. The illustration of the assistant agent component.

The structure of one-shot, periodic, and timeout behaviors are similar. The difference
is that one-shot behavior can be run once at the activated time that, timeout behavior can
be run once at a scheduled time, and that periodic behavior can be run many times in a
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scheduled period. “Agent skills” are developed as a data processing function and can
be reused for all three types of these behaviors. The output data of the “agent skills” is
formed into FIPA agent communication language (ACL) [68] and sent out to other agents
or transformed into natural language before being sent to humans. We built a “Rasa agent”
using the Rasa framework [70] to convert from natural language to ACL and vice versa.
The Rasa agent will be specified in more detail in Section 7.

5. Multi-Agent Simulation

This section describes a multi-agent simulation using the “Simulation for MAS” ap-
proach presented in Section 2.5.2. Firstly, we develop ABM using the Mesa framework [64],
and ABM works as a design-supported tool to develop CHASS. The objective of the simu-
lation is to evaluate the functions and applicability of CHASS in a cooperative model in
AFNs to understand the mechanism of resource allocation and negotiation, thereby helping
to create new requirements for the evolution of CHASS. ABM is a simulation tool that
supports the development of CHASS. When implementing CHASS in practice, ABM will
be eliminated. Instead, users will use the mobile application to directly interact with their
assistant agents using natural language similar to interacting with chatbots.

5.1. Simulation Model

Multi-agent simulation is an integral process of the development and evolution of
CHASS. The intelligent agent will be designed, tested, evaluated, and improved through
simulation. We use the Mesa framework [64] to build an ABM, including simulated agents,
social structure (resource, rules), and environment. The simulated agents, which represent
humans in the real world, have different attributes and decision-making models to represent
the heterogeneous population. Each simulated agent in ABM is assisted by an intelligent
agent in CHASS, and the communications between simulated agents and intelligent agents
are done through the XMPP protocol. The ABM generates supply and demand data over
time, and all generated data are transferred to the CHASS platform in every time step of the
simulation process, as shown in Figure 11. After receiving data from ABM, CHASS starts
four stages of service flow, as illustrated in Figure 6. After completing the operations in
Stage 4, CHASS sends back a finished notification to inform ABM to start a new simulation
step. There are two types of simulated agents for AFNs in ABM: customer and farmer. The
supply data is generated depending on the farm capacity and farmer agents’ crop decisions,
and the demand data is generated based on customer agents’ attributes and decisions.

Multi-agent Simulation

( )

Agents

Rules

Resources

Environment

Supply data

Demand data

CHASS Platform

Figure 11. The illustration of the relationship between the ABM and the CHASS platform.

5.2. Develop Farmer Agent for Supply Data Generation

In ABM, each farmer agent owns a limited land size and chooses a group of products
to grow. In practice, each farmer will have knowledge and experience for certain groups
of products, and in the short term, they do not switch to other products. Therefore, in the
simulation model, we assume that farmers will choose a group of products for the first crop
and will not change to other products throughout the simulation. Each product type has
land preparation time, harvest period, and product yield attributes. These parameters will
remain constant during the simulation (Tables 2 and 3).
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Table 2. Product parameters of the ABM model.

Product
Group

Product
Name

Yield per
Acre

(Tonne)

Harvest
Period
(Day)

Unit
Weight (kg)

Preparation
Time
(Day)

(1)
Lettuce
group

Romaine 3.5–3.8 50–80 0.3 7–10
Chinese
lettuce 3.5–3.8 50–80 0.3 7–10

Iceberg 3.5–3.8 50–80 0.3 7–10
Escarole 3.5–3.8 50–80 0.3 7–10

(2)
Cabbage

group

Cabbage 7.0–7.5 60–90 0.5 7–10
Cauliflower 7.0–7.5 60–90 0.5 7–10

Chinese
cabbage 7.0–7.5 60–90 0.5 7–10

Broccoli 7.0–7.5 60–90 0.5 7–10

Table 3. Farmer agent parameters of the ABM model.

Parameter Value Explain

Land size 0.5 acre Farmer-owned land size

Cultivated product group (1) or (2)

Either the lettuce group or the cabbage group is
selected for cultivation. In the simulation, half of
the farmers grow product group 1, and the
others grow product group 2.

Land cultivation ratio 100% The percentage of cultivated land on owned land

The first crop start time 1~80 days Time to start the first crop, randomly chosen

Farm split factor 4 Split cultivated land to multi-farm

Maximum harvest period 14 days The period of harvest time of a crop.

Quantity harvest 0~max
Quantity is each harvest time—the maximum
value is the unharvested quantity that remains
on the farm.

In the simulation model, each farm is a simulated object with a life cycle (crop sowing,
growth, harvesting, and ending) similar to an actual crop life cycle, as presented in Figure 12.
At the crop preparation stage, farmers decide the cultivating product, farm size, and sowing
time. Then, when the farm reaches harvest time, farmers make a harvest schedule (e.g.,
the number of harvests and the quantity of each harvest). Because of the different growth
rates of vegetables, farmers can harvest a crop multiple times on the same farm to ensure a
stable supply in AFNs. In this simulation, the maximum harvest period is set to 14 days.
The supply capacity of the cooperative AFNs in each simulation time step depends on farm
capacity and the farmer’s harvest decision. After harvesting, the farmer agent must wait a
period for land preparation before starting the next crop (creating a new farm object).

5.3. Developing a Customer Agent for Demand Data Generation

The entire demand is created by aggregating individual customer agent demand.
Referring to the actual vegetable needs of each member in the cooperative model, the
weekly demand of each customer agent is set up randomly from 4 to 10 units for each
product type, equivalent to 1.2~3 kg lettuce (300 g/unit) and 2~5 kg cabbage (500 g/unit)
consumption per week. Then, each customer can buy these products once or twice weekly.
These parameters are set based on the buying behavior of co-op members in Taiwan. An
important attribute of a customer agent is “demand flexibility” with True/False value. If
the “demand flexibility” is set to False, it means the customer agent only wants to buy the
preferred product and does not agree to switch to another product even if that product is in
shortage. On the contrary, if “demand flexibility” is set to True, it means the customer agent
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may accept negotiation to switch to another product in the same product group (lettuce
or cabbage) according to the customer’s product preferences in a shortage situation. The
customer parameters used to generate demand data are described in Table 4.

Farm 1

Land size

Farm 2

Farm 3 Farm 4

Resources

Product 
Yield

Product attribute
Harvest 
Period

Rules

• Cultivating Product
• Farm size
• Sowing Time

Crop growth

Finish 
harvest

Crop Farmer agent decision

Yes No

•Harvest schedule 
•Harvest quantity

Crop sowing

Figure 12. Resources, rules, and farmer agent decisions during the crop life cycle in the simulation.

Table 4. Customer agent parameters of ABM model.

Parameter Value Explain

Weekly demand quantity
in unit weight 4~10

Depends on unit weight, e.g., lettuce
(300 g/unit) or cabbage (500 g/unit)
Random choice in the range 4~10,
equivalent to 1.2–3 kg lettuce and 2–5 kg
cabbage consumption per week

Purchases per week 1 or 2 The number of times customers purchase
in a week

The purchase day 1~7 A choice of 1 or 2 days out of 7 days of
the week

Demand flexibility (DF) True/False Customers agree or disagree with
negotiation to switch to another product.

Product preferences
(In case DF = False) e.g., [cabbage] Purchasing one product and not

accepting a switch to another product

Product preferences
(In case DF = True)

e.g., [Romaine, Iceberg,
Chinese Lettuce,

Escarole]

Purchasing one product in the product
preferences lists in an orderly way and
accepting negotiation to switch to
another product

5.4. Simulation Model Parameters

Figure 13a provides an overview of all simulation parameters in ABM. These param-
eters can be divided into two groups: agent-level parameters (customers, farmers) and
model-level parameters (environment, resources, and rules). The agent-level parameters
can be set for each agent, and model-level parameters are set for the entire model. The sup-
ply data of each simulation step is generated based on land resources, crop rules, farmer’s
agent parameters, and the number of farmers. The demand data is generated based on
the customer agent parameters, the demand flexibility ratio, and the skewed demand
setting. Customer agents are classified into flexible customers. who accept negotiation. and
non-flexible customers. The ratio of these two groups is set by the customer flexibility ratio,
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measured by the number of flexible customers over the total of customers. For example, if
we assume that the simulation model has 400 customers and the demand flexibility ratio
is 0.2, then 80 flexible customers will accept negotiation and the rest will not. The flexible
customers will provide their demand preference (e.g., [romaine, iceberg, Chinese lettuce,
escarole]), while non-flexible customers only provide one product demand (e.g., romaine).
The skewed demand parameter (True or False) creates an imbalance in the product demand
of the non-flexible customer group. The SciPy library [71] is used to generate a skew-normal
distribution for the demand. Figure 13b illustrates the total demand of all non-flexible
customers when the skewed demand is True. If the skewed demand is set to False, products
will be assigned randomly to every non-flexible customer. As a result, there is only a slight
imbalance in demand for different products.
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Figure 13. ABM simulation: (a) model parameters and (b) illustration of skewed demand.

6. Experimentation and Results

6.1. Experimental Setup

Multi-agent simulation is an integral part of the development of CHASS, in which
the “design” and “evaluation through simulation” are integrated into a cyclic process.
This subsection presents simulation results to evaluate the effect of the two-phase TTC-
Negotiation mechanism mentioned in Section 4.4 on customer order fulfilled quantity. The
“Fulfilled Quantity” is measured by the total quantity of all fulfilled orders after completing
four stages of service flow in Figure 5 of simulation time steps.

In this simulation, we set up parameters for both CHASS and ABM to represent the
real-world environment and the performance evaluation for CHASS (Figure 14a). First, we
manipulate the resource allocation mechanism in CHASS: the two-phase TTC-Negotiation
mechanism versus the first-come-first-served (FCFS) allocation method. Then, we generate
demand and supply patterns in ABM by setting agent (customer, farmer) parameters,
resources, rules, and environment (Tables 2–4 and Figure 14b). We set the food networks
to have 10 farmers and 400 customers as the environmental parameters. The “skewed
demand” parameter is set to True to simulate the imbalanced demand scenarios. The
simulated period starts from time step 0 to 419 (420 days), in which the pre-harvest period
is around 50 days, and harvesting is around 370 days, equivalent to one year of supply
data. The “customer flexibility ratios” is set at 20 different levels (from 5% to 100%), with a
5% difference between the two adjacent levels. Simulation is performed two times for each
“customer flexibility ratios” setting and each resource allocation mechanism. In summary,
we performed 80 simulations, and each simulation included 369~370 data records (from
day 50~51 to 419). The final simulation data consists of 29,560 records.
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(a) (b)

Customer Demand ABM 
manipulation

mechanism
CHASS 

manipulation
Environment parameters:

Number of farmers = 10
Number of customers = 400 
Customer flexibility ratio = 5%-100%
Skewed demand = True
Simulated time period = 420 days

Figure 14. The illustration of parameters set for the simulation. (a) Simulation settings. (b) ABM
environment parameters.

Figure 15a,b illustrate the supply pattern of the first 140 days. Depending on the
farmer agent’s decision on how many times to harvest, the supply can be as stable as
Figure 15a or can show slight fluctuations as in Figure 15b. Figure 15c,d illustrate the
demand pattern of the first simulation of 140 days. Demand has slight fluctuations as
customers buy products one or two times on any day of the week. In addition, the demand
for each product in the product group will be imbalanced since the “skewed demand”
parameter is True.

Supply pattern Demand pattern

(a) (c)

(b) (d)

Figure 15. The illustration of demand and supply patterns generated by ABM. (a) supply pattern of
the lettuce group. (b) supply pattern of the cabbage group. (c) demand pattern of the lettuce group.
(d) demand patterns of the cabbage group.

6.2. First-Come-First-Served (FCFS) versus TTC-Negotiation Mechanism

Table 5 presents a simple example of the First-Come-First-Served (FCFS) method
compared with the TTC-Negotiation mechanism. FCFS is a method of allocation based on
time priority. As illustrated in Table 5, the demand of customers A, B, and C are allocated
chronologically. A is allocated product X. The most preferred product of customer B is X,
but X is out of stock, so B changed it to Y. Customer C is not allocated any products because
he only wants to buy X. When using the TTC-Negotiation mechanism, the coordinator
agent sends a negotiation message to ask A to switch to Z. If A agrees, the negotiation is
successful. As a result, customer A will be allocated product Z, and C will be allocated
product X.
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Table 5. FCFS versus TTC-Negotiation mechanism.

Method Time Customer Demand Supply Allocated

0 X, Y, Z

First Come,
First Served

1 A X (or Y, Z) X, Y, Z 1
2 B X (or Y) X, Y, Z 1
3 C X X, Y, Z 0

Total 2

TTC-
Negotiation

4 A X (or Y, Z) X, Y, Z 1
5 C X X, Y, Z 1

Total 3

6.3. Performance Evaluation

We perform simulations with different supply and demand patterns and customer
flexibility ratios to compare the allocated quantity between the FCFS method and the
TTC-Negotiation mechanism. Two conclusions are drawn from the simulation:

1. Under the same condition of customer flexibility ratio, the allocation performance
of the TTC-Negotiation mechanism is considerably moderated by the demand and
supply pattern. This conclusion is clearly shown in Figure 16b. On some days, TTC-
Negotiation performance is significantly higher than FCFS (e.g., day 95), while on
other days, the difference is negligible (e.g., day 100).

2. The customer flexibility ratio (CFR) moderates the TTC-Negotiation mechanism per-
formance. Figure 16 presents some simulation results at different scales of customer
flexibility ratios. We started the simulation by setting CFR to 5% and found out
that TTC-Negotiation obtained a slight improvement (Figure 16a) and continued
to increase CFR. We saw significant improvement in the quantity made in trans-
actions (Figure 16b); however, when the CFR is greater than 50%, we found that
TTC-Negotiation no longer outperformed the FCFS method (Figure 16c,d).

(a) (b)

(c) (d)

Figure 16. Evaluation of order fulfillment performance with different customer flexibility ratios.
(a) Customer flexibility ratio CFR = 5%. (b) Customer flexibility ratio CFR = 30%. (c) Customer
flexibility ratio CFR= 60%. (d) Customer flexibility ratio CFR = 90%.

To get a more general view of the effect of the customer flexibility ratio on alloca-
tion performance, we use a scatter plot to plot all cases with the Y-axis abbreviated as
improvement in quantity (the difference of order fulfillment quantity) in Figure 17a and
improvement in the percentage (improved quantity divided by the FCFS allocation quan-
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tity) in Figure 17b. Here, we define a new variable: “demand flexibility ratio” (DFR), Which
is measured by the quantity of flexible demand over the total demand. The DFR is affected
by CFR. For example, if we set CFR to 10% in simulation, DFR will fluctuate around 0.1,
since the demand quantity of each customer is different. From the scatterplot, we can
see that, if the DFR is in the range [0, 0.3], the DFR positively moderates the allocation
performance. In contrast, if the DFR is in the range [0.4, 1], the DFR negatively moderates
the allocation performance.

(a) (b)

Figure 17. Order fulfillment performance of the TTC-Negotiation mechanism versus FCFS. (a) Perfor-
mance in quantity. (b) Performance in percentage.

6.4. The Analysis of Experimental Results

To better understand the influence of the TTC-Negotiation mechanism on the order
fulfillment performance under the moderation of supply, demand patterns, and demand
flexibility, we conducted regression analysis for all the simulation data following the
conceptual framework illustrated in Figure 18. The independent variable (TTC-Negotiation)
is a dummy variable that equals 0 if using the FCFS allocation method and 1 if using the
TTC-Negotiation method. The dependent variable is the “order fulfillment performance”
measured by the improvement of fulfilled quantity in percentage when applying the TTC-
Negotiation mechanism over the FCFS method. In addition to the moderating variable DFR
mentioned above, we define two new moderating variables: minimum allocation quantity
(MinA) and maximum allocation quantity (MaxA), to represent the supply and demand
patterns. For any supply and demand patterns, there is always a high and low threshold of
allocation quantity for any allocation methods. The MinA happens when the DFR equals 0
(100% of customers are inflexible), and the MaxA happens when the DFR equals 1. Table 6
illustrates the meaning of these two variables through a simple example. With the same
supply and demand pattern, the MinA and MaxA are 6 and 9, respectively.

TTC-

(0/1)

Order 

performance

Minimum Maximum 

Demand 

Figure 18. The conceptual framework of factors affects the order fulfillment performance.
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Table 6. Illustration of the minimum allocation quantity and the maximum allocation quantity construct.

Product Minimum Allocation Quantity Maximum Allocation Quantity

Demand Supply Allocated Demand Supply Allocated

Romaine 4 2 2 5
Romaine or iceberg

2 2

Iceberg 1 3 1 3 3

Cabbage 1 2 1 8
Cabbage or cauliflower

2 2

Cauliflower 5 2 2 2 2

Total allocated
quantity 6 Total allocated quantity 9

Since the moderation effect of DFR is opposite in different value ranges (Figure 17), we
use the piecewise-polynomial model (also known as the multiphase model) to fit the data. The
estimated model comprises two linear equations, each active over a different X range. The
estimation equation has the form Y = A + BX + C(X − D)SIGN(X − D), where D is the
cut-off value that separates two linear equations. Using NCSS software from LLC, Kaysville,
UT, USA, version 21.0.3 [72], we can estimate D = 0.31152 when the outcome performance
is measured in percentage (Figure 17b). Based on this result, we use a cut-off value of DFR,
0.3, to separate the data into two groups and to run different regression models for each
group. All standardized beta coefficients of the two regression models, as presented in
Table 7, are significant at the 0.001 level. The interaction term between TTC-Negotiation
and the DFR (Neg_x_DFR) is 0.732, presenting the high positive moderation effect of the
DFR in its range [0, 0.3], and −0.678 presented the negative moderation effect of the DFR in
its range [0.3, 1].

Table 7. Regression analysis results.

Data
Group

Demand Flexibility Ratio ≤ 0.3 Demand Flexibility Ratio > 0.3

Standardized
Beta Coefficients

t-Value p-Value
Standardized

Beta Coefficients
t-Value p-Value

Neg −0.189 −6.955 −0.189 0.839 53.292 0.000

Neg_x_MinA −1.393 −23.614 −1.393 −5.404 −112.129 0.000

Neg_x_MaxA 1.707 30.276 1.707 5.693 122.146 0.000

Neg_x_DFR 0.732 62.966 0.732 −0.678 −63.758 0.000

R2 = 0.673 R2 = 0.766

6.5. Formalization of Learning

All simulation results can be illustrated briefly, as shown in Figure 19. With any supply
and demand pattern, we can determine two thresholds: minimum allocation quantity
MinA and maximum allocation quantity MaxA (MinA ≤ MaxA). If the overdemand or
oversupply situation happens, its equivalents MinA = MaxA and any allocation methods
give the same order fulfillment performance. On the contrary, in case MinA < MaxA, if
increasing DFR from 0, the performance of both the FCFS method and the TTC-Negotiation
(TTCN) mechanism will increase, but TTCN performance increases at a higher speed, and
it gives a better performance than FCFS. When the DFR crosses the cut-off value of 0.3,
the TTCN performance is very close to MaxA, so it can no longer increase, while FCFS
performance continues to increase following the increase of the DFR. When DFR equals 1,
both FCFS and TTCN reach the MaxA value.
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Minimum 
Allocation
(MinA) Maximum

Allocation
(MaxA)

0

Allocation Quantity

First Come, 
First Served
(FCFS)

TTC-
Negotiation
(TTCN)

Demand Flexibility Ratio
(DFR)

1Increase DFR

Figure 19. Formalizing the influence of demand flexibility on the order fulfillment performance.

7. Human–Agent Communication for CHASS Deployment

In Sections 5 and 6, we design the multi-agent simulation in which an ABM interacts
with CHASS to evaluate the designed service system and formalize the learning. In this
simulation, the simulated agents in ABM communicate to intelligent agents in CHASS
through agent communication language (ACL). However, when implementing CHASS
in practice, humans will communicate with assistant agents in CHASS through natural
language. Human users will communicate with their assistants in CHASS in natural
language via a chat application similar to interacting with commercial chatbots. The
assistant agent can be installed on a personal computer or a cloud server. Users only need
to install the chat application to be able to interact with their assistant agents. Furthermore,
communication between human users and assistant agents is done through XMPP, an
instant message protocol; therefore, users can also interact with other users on the same
app by instant messages. The interaction between human–human, human–agent, and
agent–agent is illustrated in Figure 20.

CHASS

Instant 
messaging 

User A

Assistant agent

User B

Coordinator 
Agent

CH

Figure 20. Human–agent communication.

To handle human–agent communication, the app needs to translate natural language
to agent communication language and vice versa. To communicate with the assistant
agent, users can use a mobile app that works as an XMPP client to send and receive instant
messages. When the assistant agent receives a message in natural language, it will start the
natural language processing (NLP) pipeline, as illustrated in Figure 21. The first step of
natural language processing is tokenization. In this step, we use the spaCy library [73] for
English and the Jieba library [74] for Chinese. Next, tokenized terms are passed through
the feature process to convert them to vectors for user-intent classifier purposes. The
user-intent classifier model was trained with a collection of human conversation data in
pre-built scenarios. The classifier model will detect intent with a confidence score when
receiving incoming messages. If the confidence score is less than the threshold set by
users, that message will be classified as “out-of-scope”, and the model will reply with an
out-of-scope response.
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1

3

2

Natural Language Processing

Message 
handling

Rasa Agent

Figure 21. The natural language processing pipeline.

In parallel with the user-intent detection process, entities such as product names
and locations will be extracted. We use the Duckling library [75] to detect and extract
time, number, and weight units. Duckling supports multi-languages, so it can work for
both English and Chinese. As a simple example, if a user inputs a sentence, “ I want to
buy 2 kg cabbage”, the NLP module will detect the user’s intent is “to buy”, the product
name “cabbage” is extracted, and Duckling will extract the number “2” and weight unit
“kg”. At the end of the process, the NLP converts natural language to structured data:
[“intent” : ”buy”, “product” : ”cabbage”, “quantity” : 2, “unit” : ”kg”]. Next, depending
on user intent, the “Rasa core dialogue management” may respond in natural language to
collect more information from human users. Finally, all structured data will be handled by
SPADE cycle behavior, as mentioned in Figure 10.

8. Discussion and Conclusions

8.1. Summary

Concerned about the unsustainability of the conventional food systems, AFNs have
emerged and are widely believed to be more sustainable. However, AFNs also face criticism
for their limitations on economic sustainability. To increase economic efficiency, some AFNs
formed an intermediary to aggregate products from producers and redistribute them to
customers through a centralized digital platform to reduce transaction costs. However,
such models will somewhat lose an essential feature of AFNs, which is the establishment
of “strong relationships” between customers and producers, and a centralized platform is
not technically sustainable.

This study develops a Cooperative Human–Agent Service System (CHASS) to over-
come the limitations on the economic sustainability of AFNs and achieve technical sus-
tainability based on decentralized technology. The outstanding features of CHASS are
the human actor who has the agency for control and can be assisted by an assistant agent;
a collaboration between humans, assistant agents, and coordination agents through the
allocation and negotiation mechanism; and direct service exchange between actors.

8.2. Theoretical Contributions and Practical Implications

This research contributes to the existing literature in three aspects. First, this study
proposes a two-phase TTC-Negotiation mechanism to facilitate food resource allocation
and direct service exchange. In this study, we combine the “demand flexibility and resource
allocation optimization” research stream that has proven to be economically beneficial and
contributes to sustainable production and consumption in the energy field, and the research
stream on “direct service exchange and value co-creation digital platform for sustainability”
that contributes to the strengthening of human relationships and urban–rural linkages. The
proposed two-phase TTC-Negotiation mechanism aims to balance the resource allocation
optimization goal and human relationship establishment goal. Second, this study proposes
a new approach to value co-creation through collaboration between humans and agents in
a new generation of multi-agent systems that contribute to the human-in-the-loop research
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stream. Third, through the design, building, and evaluation process, this study contributes
to service system design knowledge and evaluation methods by integrating ABM and MAS
in multi-agent simulation.

This study was conducted in the context of Taiwan, which is affected by urbanization
and rural decline, and the food system is oriented toward industrialized and globalized
production. Therefore, the design of CHASS will make a practical contribution to generating
new resources for expanding the AFNs model to reach a balance between AFNs and the
conventional food system. Applying CHASS for cooperative AFNs can bring many benefits,
such as reducing the cost of order processing, coordination, negotiation, and member
communication, because many cooperatives in Taiwan still receive orders via a google
form, ecommerce website, or Line chat and then process orders manually. Furthermore,
by better food allocation and direct service exchange, CHASS can help strengthen human
relationships and contribute to urban–rural linkage. In addition, CHASS is designed to be
an open and distributed system to achieve economic and technical sustainability to ensure
long-term benefits to the community.

8.3. Limitations and Future Research Directions

In this study’s simulation, we assume that CHASS is applied in a small cooperative
in AFNs, and prices are set at a reasonable level based on transparency, similar to the
price-setting mechanism in the CSA model. Therefore, we ignore the influence of the
price factor on customer choice and only focus on evaluating the allocation mechanism
and customer demand flexibility. However, if CHASS is deployed in AFNs with many
customers and producers, the price factor certainly affects supply and demand. Therefore,
developing a price consensus mechanism between members and including price factors
in the customer decision model is necessary for future work. Furthermore, in Phase 1 of
the TTC-Negotiation mechanism of the simulation, product supply is allocated to demand
based on demand time priority. In future research, the TTC-Negation mechanism can
be evaluated based on combining other priority methods such as Recency, Frequently,
Monetary (RFM) models [69].

The second limitation is related to the capacity of the assistant agent to decide on
behalf of the human. In the first CHASS prototype, the assistant agent can only make
decisions based on a preset utility function. The user needs to set the parameters for the
utility function or decision model. This issue will significantly affect the feasibility of
practical deployment. In the next version, an assistant agent can be developed to be able
to self-adjust the decision-making model (e.g., self-adjust utility function parameters) or
self-build the decision-making model through the reinforcement learning process.

Another limitation is the flexibility level of assistant agents in communication with
humans. In this study, we only prepared limited scenarios to train the assistant agent to
detect user intents (e.g., buy or sell). Therefore, if the user asks other questions, they are
classified as “out of scope, “ which will probably make the user uncomfortable. We plan to
develop a shared knowledge base so that all agents can access and retrieve data to handle
questions related to sustainability from users.

Although CHASS offers many advantages and promises to contribute much to sus-
tainability, more research needs to be done regarding CHASS implementation for a specific
AFN model. Due to limited resources, in this study, the assistant agent still has several
limitations on communication and the decision-making model. The ability to communicate
with humans in natural language and self-adjusted decision-making models through com-
munication are two essential features of the assistant agent expected to be implemented in
CHASS in the near future to realize the human–agent cooperative service system.
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Abstract: In 2017, the State Council of China published an action plan for the construction of a smart
and healthy elderly care industry (2017–2020). The action plan designed and implemented by the
State Council of China demonstrates the Central Government’s determination to informationalise and
digitalise the Chinese society. Therefore, the market of smart home care services should expectedly
mushroom in the coming decades, as the demand for smart home care increase. However, there
are a range of barriers to achieving the massification of smart home care services, which will be
discussed in the following sections. In addition to the shortage of family care and nursing services,
elders being physically and psychologically vulnerable also engenders the Central Government to
accelerate the provision of smart home care services to the Chinese elderly population. Here, smart
home investment and delivery are necessary when building a sustainable elderly care system. The
investment in smart home elderly care can lessen the long-term burden on China’s healthcare system
as more elders would be able to self-manage their everyday life and minor physical and psychological
problems. In this article, the author would critically analyses China’s implementation of smart home
elderly care services, particularly on the benefits and challenges of technological advancement in
elderly care and the advantages and problems of relevant policy development. The author also
highlights how the informationalisation and digitalisation in elderly care and policy development
enhance the convenience of the elderly populations’ everyday life when family care is limited or
absent. Additionally, the author assesses what the gaps are in existing smart home elderly care
technologies and policy development that need to be addressed by Chinese policymakers to further
advance the safety and convenience of the elderly cohorts’ living.

Keywords: sustainable development; ageing; technological development; policy development; China

1. Introduction

China has been concerned about the national growth rate of the elderly population
aged 60 or above. The annual growth rate of the elderly population was 3.37 percent in
the 1990s, a figure that was nearly three times the then overall population growth rate
of the country [1]. According to the China Research Centre on Ageing, a sum of 202
million elderly individuals dwelled in China in 2013, with 23 million of them aged 80 or
above [2]. Among the elderly population in 2013, 100 million and 37 million suffered from
non-communicable diseases and disabilities, respectively [2]. The provision of accessible,
affordable long-term care services to the elderly has therefore become an urgent task that
the Chinese Government has encountered [3]. The ageing population is projected to reach
240 million in 2030 (accounting for 16 percent of the national population) and 450 million in
2050 (accounting for 33 percent of the national population) [4]. Such forecasts have alarmed
Chinese policymakers, as China will be turning from an ageing to an aged population.
An increase in life expectancy and the decline in fertility rate have been attributed to
the sociodemographic transformation of the country. The rapid growth of the elderly
population will significantly burden the Chinese healthcare system as they are at higher
risk of suffering from chronic illnesses and functional disabilities [4]. In geriatrics, aged
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populations often endure a wide range of diseases, dysfunctions and cognitive impairment,
so the corresponding healthcare services needed for them are substantial [5]. The rise in the
elderly population’s life expectancy has compounded the burden of the healthcare system
in China in the long-term [6].

The socioeconomic transformation, the increase in rural-to-urban migration, and the
low fertility rates propel significant difficulties for the urban and especially rural Chinese
elderly to receive family care. A shortage of nursing staff within the country fails to satisfy
the growing demand for services in elderly care [7]. In China, there were 2.7 million senior
populations aged 80 or above in 2020 and the figure will reach over 100 million in 2050.
Analysing the Chinese Longitudinal Healthy Longevity Survey, 2011–2014 datasets, Zhang
et al. forecasted that 1.2 million of those aged 80 or above will be severely disabled in
2025, and the demand for low-skilled and high-skilled nursing staff will hit 5.6 million
and 11.5 million, respectively. There is an expandingly vast gap between the demand and
supply of nursing staff, where the shortage of such elderly caregivers is alarming and
puts the sustainability of the Chinese elderly care system significantly at stake [8]. It is
noteworthy to highlight the conventional Chinese model in the domestic setting known
as the Confucian values of filial piety—family members are obliged to help and take care
of the elders and cross-generational connections should be tightly formed [9]. However,
given the lack of family care and the shortage of nursing staff, the concepts of smart home
care are introduced to ensure the elders can better manage their everyday life. Here, the
provision of smart home care aims to deliver safety, low costs in health and assistance,
and independence when the elders are dwelling at home by themselves [7]. Smart home
care means “the application of Internet of things, information technology, big data, cloud
computing and other technologies to elderly care in order to provide the elderly with
smart care or smart home environment, meet their needs for healthy and independent
life, and finally improve their physical and mental health and quality of life” [7]. Joining
Japan, the United States, and Western European countries, China has been turning from
an agricultural society to an informational society to advance modernisation [9]. China
mushrooming its development as an informational society prompts the supply of smart
home care services. When more individuals, including those who are disadvantaged, are
given opportunities to acquire digital literacy, a larger share of the Chinese population shall
become familiar with and accept the use of smart home care services.

The construction of smart cities is a relatively new urban development strategy aimed
at arranging and delivering sustainable urban settings through the enhancement of digital
connectivity. Smart cities are the environments with an effective integration of human,
physical and digital systems within the settings to deliver a sustainable, inclusive and
prosperous future for local citizens. [10]. In China, given the ageing challenges mentioned
above, the design, establishment and delivery of smart homes are seen as an urgent and
critical approach to build a sustainable and inclusive future that accommodate the needs
of the growing populations of senior citizens. The emergence of smart homes for elderly
care in China occurred in 2008, where such an innovation had undergone through four
development stages, namely the seed stage (2008–2011), the start-up stage (2012–2014), the
development stage (2015–2016), and the popularisation stage (2017–2019) [2]. In 2017, the
State Council of China published an action plan for the construction of a smart and healthy
elderly care industry (2017–2020). The information technologies featuring the Internet
of things, big data, cloud computing, and mobile Internet represent comprehensiveness,
efficiency, accuracy, and wisdom, aiming to facilitate the convenience and advancement of
individuals’ everyday life [11]. The action plan designed and implemented by the State
Council of China demonstrates the Central Government’s determination to informationalise
and digitalise the Chinese society. Therefore, the market of smart home care services should
expectedly mushroom in the coming decades, as the demand for smart home care shall
raise. However, there are a range of barriers to achieving the massification of smart
home care services, which will be discussed in the following sections. In addition to the
shortage of family care and nursing services, elders being physically and psychologically
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vulnerable also engenders the Central Government to accelerate the provision of smart
home care services to the Chinese elderly population [7]. Here, smart home investment and
delivery are necessary when building a sustainable elderly care system. The investment
in smart home elderly care can lessen the long-term burden on China’s healthcare system
as more elders would be able to self-manage their everyday life and minor physical and
psychological problems. Moreover, along with enhancing societies’ sustainable futures and
senior populations’ lifestyles, the smart home application can improve the flexibility of
the power load and reduce the investments in China’s power supply by 1.13–1.19 trillion
RMB (approximately 158–166 billion USD) per year [12]. In designing, building, and
delivering digital innovations, smart cities have the disposition to better respond to the
worldwide urbanisation and ageing trends that raise opportunities but also challenges for
how policymakers create sustainable, inclusive, and equitable urban environments [10].

China issued the “National New-Type Urbanisation Plan (2014–2020),” emphasising
that the country has been prioritising to practise a new form of urbanisation known as
people-oriented urbanisation. Under China’s recent priority, the expansion of the use of
age-friendly smart home devices has been seen as one of the core policy focuses in order
to facilitate the country’s sustainable urbanisation [13]. In this article, the author critically
analyses China’s implementation of smart home elderly care services, particularly on the
benefits and challenges of technological advancement in elderly care and the advantages
and problems of relevant policy development. The author also highlights how the infor-
mationalisation and digitalisation in elderly care and policy development enhance the
convenience of the elderly populations’ everyday life when family care is limited or absent.
Additionally, the author assesses what the gaps are in existing smart home elderly care
technologies and policy development that need to be addressed by Chinese policymakers
to further advance the safety and convenience of the elderly cohorts’ living. Relevant poli-
cymaking or policy amendment would be pivotal for China to accelerate its urbanisation
and develop more sustainable, inclusive, and prosperous smart, habitable environments
designated for its ever-growing senior populations.

2. Technological Advancement

In contemporary China, most enterprises designing and delivering smart home ser-
vices in elderly care can restrictively provide elders simple services, including emergency
rescue, smart door locks, and basic online health advice. More complex services such as
comprehensive assistance, health management, and home security are rarely available in
the market due to technological limitations [7,11]. The lack of technological progression in
the elderly care sector should be considered a minor concern in China, especially in villages
and lower-tier cities, because the elderly population lack digital literacy to use complex,
advanced technologies, so simple services should suffice when helping the elderly cohorts
to live a more convenient and safer life. Enhancing senior populations’ digital literacy can
lower the cost of knowledge and effective information acquisition, improve the efficiency
of resource endowment distribution, and achieve a better sense of access. Zhang (2022)
analysed the 2018 China Elderly Social Tracking Survey and found that, compared to the
eastern, more urbanised regions of China, senior populations’ digital literacy in non-eastern
areas has significant room for improvement [14]. Here, for Internet-connected rural elderly
in China, senior populations’ basic digital literacy is at moderate to low levels. Even with
the presence of family members’ digital guidance, the effect of digital literacy on the rural
elderly’s sense of access remains moderated [14]. These findings reveal that rural elderly
are, to a large extent, digitally (semi-)illiterate in China and hint that such a population
lacks the motivation or willingness to develop their digital literacy even with the help of
their junior family members. To further demonstrate the elderly’s reluctance to develop
their digital literacy, Wang and Wu (2021) noted that seniors perceive innovative devices as
“too complicated to use,” where they intend to reject learning how to use them to avoid
the experience of technological anxiety. They are demotivated to memorise complicated
operating procedures given their declined working memory. The senior populations have
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the disposition to use innovative devices infrequently, and the lack of practice further limits
their development of fluent device use [15].

Relative to younger generations, elders are inclined to demonstrate a negative view of
learning new things and possess a rather poor learning ability. Therefore, a highlighted
challenge of technological advancement in elderly care is the elderly population’s lack of
willingness to accept smart elderly care products. Moreover, smart elderly care goods are
costly while the consumption behaviour of the majority of the elderly cohorts is conser-
vative, further compounding the elders’ acceptance of using smart home care services [9].
Here, despite Zhang (2022)’s findings, younger family members with higher digital literacy
and acceptance of new technologies can serve as the significant others to influence or encour-
age the elder family members to use smart home elderly care services. Beyond domestic
settings, developing the Chinese elderly’s digital literacy is beneficial to their household’s
financial, and societies’ social, burdens in the long term. Zhang and Nedospasova (2022)
analysed the Chinese Social Survey 2017 dataset and unveiled that younger Chines elderly—
meaning those who just met the official retirement age (i.e., 60 years old)—who are digitally
literate are more likely to stay active in labour markets and earn financial incomes for
their households. Local societies housing more digitally literate individuals who reach the
retirement age also benefit from the lower social burdens as the senior populations who
are active in the labour markets depend less on social pensions [16]. Therefore, within and
beyond domestic settings, building senior populations’ digital literacy can enhance China’s
attainment of multi-faceted sustainable futures, implicating the need for local Chinese
governments to introduce more digital learning programmes or information to Chinese
citizens, especially those who are of senior status. Pilot smart elderly care communities
should also be arranged by Chinese policymakers to “test the water” and to understand
feedback given by the elderly beneficiaries who experience the use of smart home elderly
care services. Only when smart gadgets are user-friendly, reliable, and safe would elders
show a willingness to use such technologies because they do not want to spend an undue
amount of time and effort to master the method of using these technologies per se [11].
User-friendliness enables the elderly populations with a lack, or an absence, of digital
familiarity and literacy to learn how to use these smart services and devices.

For the elderly, cognitive decline is a major risk factor for disability and death and
a primary barrier to their ability to use innovative products. Jin et al. (2019) analysed
the Chinese Health and Retirement Longitudinal Studies and found that Chinese elderly
using digital devices more frequently can be cognitively stimulated and slow their rate of
cognitive decline down. As a result, findings show that major relevant actors, including
the Central Government and local governments of China, should actively popularise the
use of digital devices among all age groups, in order to enhance the cognitive ability of
senior adults and those who are becoming senior adults [17]. The improvement in Chinese
citizens’ cognitive ability can sustainably facilitate more potential innovative device users
to possess the ability to explore digital platforms in the long term. Such a circumstance
propels more Chinese citizens, including those who are of senior status, to become active
users of digital devices, especially when those devices per se are user-friendly.

Elderly care institutions in China usually give the elderly beneficiaries a “smart box,”
which offers multiple technological services, such as smart medical care and home services.
For example, those pressing the “smart medical” button would be informed of the contact
details of nearby hospitals; and those clicking the “housekeeping service” button would
be given the home service telephone number. More advanced smart home elderly care
devices would be incorporated with big data analysis technology and artificial intelligence
technology, which help reduce any manual tedious operation [11]. The major barrier to
the expansion of such technological advancement is not any technological limitations but
the digital literacy of the users themselves. Rural elderly populations have low education
levels and few opportunities to be introduced to technologies. Therefore, again, smart
home care providers have to translate complicated, advanced technological programming
into user-friendly technological devices, in order to allow less-educated urban natives and
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even rural natives to accept the use of such devices. Otherwise, the market for smart home
elderly services will remain highly restricted, and services providers may not be able to
sustain their businesses due to the lack of demand.

As noted, China is facing a significant problem of nursing staff shortage. Smart
homes have the potential to make up for the challenge of the shortage of caregiving labour
by reducing the costs of manpower and time and providing a more accurate, efficient,
and high-quality service for elders. Zeng and Chen (2022) found that, aside from digital
literacy, financial concerns are a primary factor hindering Chinese individuals’ purchase
of smart homes. While respondents mostly agreed that smart homes are convenient by
easing their housework burdens and making elders’ lives more independent, they could
only purchase smart homes if financial circumstances allow. In order to popularise the
use of smart homes in China, local governments need to subsidise their citizens who are
financially in need to buy such properties. Otherwise, even if Chinese citizens, including
those who are seniors, are willing to accept the use of innovative devices domestically, they
are financially barred from purchasing smart homes. Such restrictions limit the lifestyle
and caregiving transitions of the local Chinese communities and hamper the attainment
of sustainable futures [18]. Li and Woolrych (2021) studied the experiences of Chinese
urban senior populations on living in smart homes in Chongqing. They found that ample
respondents expressed financial concerns about the access to smart home devices. While
those respondents learned the importance of incorporating technology in support of their
everyday ageing challenges, they believed that the adoption of such smart interventions,
owing to the expensive costs, were only made available for the affluent Chinese senior
cohorts [10]. Zhang et al. (2020) echoed by arguing that the Chinese elderly are very
sensitive to the price of intelligent products. They, concurrently, have higher requirements
for the convenience of innovative devices [7]. Unless such devices are affordable and
user-friendly, otherwise local governments can hardly develop, not even popularise, the
market for elderly-care smart homes.

As earlier as in 2014, the Ministry of Civil Affairs already implemented a national-level
smart home for elderly care project in seven nursing institutions. Here, sleep monitoring
and falling detection devices and self-service physical examination services have been
installed and delivered in nursing institutions. Additionally, in 2014, Shanghai issued
Guiding Opinions on Promoting the Pilot Construction of Liveable Communities for the Elderly
and established smart care centres in 40 pilot communities, providing services such as
emergency assistance, security monitoring, and everyday elderly care [7]. It is noteworthy
that the digital literacy and financial security of urban elites are much higher than less
privileged urban natives and rural citizens. Therefore, more pilot communities should be
established in first-tier cities first. If positive outcomes (such as smart home elderly care
users are willing to learn and are satisfied with the use of, such services) result, then pilot
communities can be targeted and arranged in second- and third-tier cities, followed by
villages. Piloting should, therefore, be implemented in phases. The progress and outcomes
of delivering smart home elderly care services in first-tier cities can serve as a reference
for lower-tier cities to take into account during piloting in order for the latter to make any
adjustments in the provision of smart home elderly-care services, if needed.

Since different interface standards are used by manufacturers among industries, ample
manufacturers of smart products encounter difficulties in data collection. It is necessary for
the Central Government to form policies and require manufacturers in different industries
to standardise the interface standards used [9]. Setting up pilot communities would allow
Chinese policymakers to test which interface standard should be used in a standardised,
efficient, and cost-effective manner. Pilot studies should, again, be focused on first-tier cities
that house the majority of digitally literate elderly populations, so the operation of piloting
could be run efficiently. Globally, voice-user interface (VUI) has gained popularity in recent
years. Song et al. (2022) surveyed 420 Chinese senior adults and found that Chinese elders
accept the use of VUI owing to the satisfactory levels of perceived usefulness, perceived
ease of use, and trust [19]. They suggested that more smart devices in the Chinese market
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can apply VUI, a function that allows senior adults suffering from declined physical and
cognitive abilities to conveniently interact with innovative products.

To facilitate the development and expansion of smart home elderly care services,
alongside ensuring such services can be delivered in a user-friendly fashion, it is important
to collect customers’ behavioural data and analyse such collected big data by smart devices
in order to assist the managers of elderly care institutions to make better elderly caregiving
decisions [9]. Big data and deep learning technologies have proven value in China. Here,
government authorities and local academic scholars use big data of street view images
provided by, for example, Tencent Street View images—an alternative to Google Earth—to
monitor Chinese neighbourhoods’ safety and social organisations in Beijing [20]. Fang et al.
(2020) that argue China should prioritise the use of big data, alongside machine learning
techniques, to monitor disease patterns suffered by those who need the elderly and long-
term care at the population level. They point out that the use of big data and machine
learning techniques is increasingly necessary to transform China into a hub allowing for
sufficient pro-elderly caregiving and medical support. These technological advancements
help build more sustainable futures for Chinese communities in the next decades [21].
However, to date, most smart products offered by Chinese elderly care institutions fail
to satisfy the personalised demands of elders themselves since the data collected are
significantly insufficient [9,11]. Therefore, Chinese policymakers should create more pilot
studies, allowing more elderly cohorts to experience the use of smart home elderly care
services while enabling more elderly care institutions to collect customers’ data to better
personalise the elderly caregiving services in the long run.

Moreover, elderly care institutions should use wearable devices to collect the physio-
logical data of the elders and to transfer such data to the health services institutions via the
smart elderly care services platform. Medical professionals can therefore better understand
the physical conditions of the elderly populations by analysing the collected physiological
data. The availability of physiological data can also allow nursing staff to adjust their
services, diet plans, and rehabilitation treatment for the elderly beneficiaries in order to
enhance the user-friendliness and personalisation of medical and caregiving services for the
elders [11]. This argument shows how behavioural data are the cornerstone to changing the
healthcare provision in relation to elderly care. Local governments, guided by their central
counterpart, should urge more smart home elderly care providers to collect behavioural
data and to circulate such data within the medical and nursing departments or institutions.
Therefore, both elderly care and healthcare services quality can be improved. An example
of Chinese elders using physiological characteristics to instruct smart devices domestically
is their popular employment of smart television interactions. It is difficult for Chinese
senior populations to type pinyin on television with remote control. Dou et al. (2018) found
that the elderly in China have the disposition to use smart televisions where they exercise
voice search when instructing the television to perform. The study demonstrates that the
collection of necessary physiological data is important in Chinese contexts, in order to
enable the innovation of smart home devices to make Chinese seniors’ lives more conve-
nient [22]. To effectively understand the needs of the elderly population for smart elderly
care, it is sensible to carry out in-depth interviews and questionnaire surveys with elderly
interviewees. Questions asked can include their views on smart gadgets in entertainment
and leisure, home cleaning, social interaction, and medical care, alongside their willingness
to purchase and use such devices [11]. Established sociologists and sociodemographers
can lead the research teams to work on collecting such in-depth data from the elderly
populations as they are experienced in and have a deep understanding of surveying. Data
collected should be organised, structured, and trimmed by these research teams, followed
by being shared with the targeted parties or the public.

To date, smart home elderly care data are scattered among various organisations [11].
Hu et al. conclude the Central Government should focus on two streams: enhancing
human resources training quality and implementing a standardised intelligent elderly care
system, so as to ensure the provision of quality elderly care services personnel and data
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compatibility [11]. It is necessary for the Central Government to play a role to proactively
centralise private smart home care services providers’ collection of behaviour data and to
share such data publicly with all private or potential services providers in order to ensure
those working in the industry can optimise their opportunities to succeed in sustaining their
businesses in innovative elderly care. Grounded in the analysis of the Chinese Longitudinal
Healthy Longevity Survey 2002–2014 data, Zhang et al. (2018) found that the visualisation
of physiological, demographic, psychological, economic, behavioural, and social data
helps Chinese researchers and policymakers better evaluate health conditions of Chinese
elderly and arrange pro-elderly health policies. This, again, demonstrates the importance of
collecting sufficient, multi-faceted big data in Chinese contexts, in order for relevant actors
to better arrange care support for the elderly [23]. The systematic, centralised publicisation
of such data can also encourage more potential private services providers to join in the
market, allowing for a higher degree of healthy competition in the market which helps
keep the market prices down and the quality of services in a satisfactory fashion.

It is noteworthy that the concept of a social robot has been introduced in China in
recent years. Here, social robots mean “robotic technologies that are designed to interact
autonomously with people across a variety of different application domains in natural and
intuitive ways, by using the same repertoire of social signals used by humans” [7]. Elders
worry about the replacement of human caregiving by social robots. In order to minimise
the replacement by social robots, French elders preferred small robots that resemble teapots,
so their children or grandchildren would not be aware of such social robots. In doing so,
children and grandchildren would maintain the responsibilities of family caregiving [24].
Liu et al.’s study shows that elders prefer caregiving from, human attachment to, and
communications with their own family members [9]. It may be more sensible to view social
robots as complementary pieces that help the elders to live their everyday life in a more
convenient way rather than to deem social robots as caregiving being in replacement for
family care. Chen et al. (2020) applied randomised control trials to analyse 103 Chinese
residents who were clinically diagnosed with dementia with an average age of 87.2 years
old. They discovered that the use of respondents being accompanied by a social robot
over a timeframe of 32 weeks displayed lower levels of loneliness and agitation. How-
ever, they noted that the elderly respondents’ acceptance rate of using social robots was
dissatisfactorily low [25]. Due to the urgency of the ageing challenges China is facing,
social robots have the potential to be used substantially in order to assist the everyday life
of elders. It is concerning when elders express their anxiety and fear about social robots,
given the circumstance that such an innovative technology may be widely applied in the
coming years or even decades. Such a negative view faced by elders may be particularly
common among rural Chinese elderly populations who are seemingly more conservative
but perhaps less independent. It is, therefore, necessary for local government agencies to
deliver community education, including arranging public seminars, to rural elders. Rural
elders who are introduced to the benefits of befriending social robots may plausibly be
more willing to accept such technologies. In Taiwan, Chen et al. (2020) applied the Chinese
version of attitudes towards the use of social robot questionnaire to survey 416 Taiwanese
health professionals between November 2017 and May 2018. Survey outputs indicated
that elders in caregiving needs are more likely to accept the use of social robots if their
attitudes towards such use are more positive. By using social robots elders display better
psychosocial well-being [26]. Therefore, the outputs of this Taiwanese study further hint
that Chinese government officials should actively change the senior adults’ perceptions of
social robots, in order to allow the integration of social robots into the local health and care
services industry.

Another concerning problem is that the application of social robots is proven to be
successful societally in Japan, the United States, and Western Europe [24]. As most research
on social robots is deemed a success in advanced countries’ contexts, it is uncertain if the
social robot quality in China can be as satisfactory as in those advanced western countries
due to the former’s immature and limited capacity of research and development. Therefore,
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more funding should be arranged and delivered by local governments, especially those in
rural areas, in order to develop better quality social robots.

In addition, China lacks professional training for rural elderly care services staff. China
also faces a shortage of labour services for part-time or professional mutual caregiving.
The majority of caregivers are women, so such a circumstance causes inconvenience to
meet the caregiving needs of male elders [27]. It is important to recruit more part-time
caregivers where middle-aged mothers who have children can spend hours of daytime
delivering caregiving when children go to school. Part-time caregiving jobs offer significant
flexibility so the recruitment of caregivers should be deemed easier and more appealing.
Mobile applications can also be developed that match caregivers and elderly cohorts for
caregiving services. It is not a significant issue if rural elders lack digital literacy, because
their significant others, such as family members, can act as the persons to coordinate and
use the mobile applications to recruit part-time caregivers for them. This kind of bonding
is coined “mutual assistance” for the elderly, which helps heighten the availability of social
support resources within communities. The mutual assistance model for the elderly is
an effective approach to solve the shortage of nursing staff and caregivers in rural areas
and, meanwhile, enhance the social connections between members of the communities [27].
The use of Internet services allows individuals to match caregiving beneficiaries with
caregivers easily, saving a lot of costs and time from paying agencies to search for suitable
candidates who can offer caregiving. Amid the pandemic, with social distancing rules
and home confinement rules that may occasionally apply, it is necessary to develop smart
home care services where a certain level of social communications and interactions can
be maintained. Distance communications also become conveniently available where left-
behind elderly populations can use digital devices to easily carry out facetime with their
family members. The smart home care providers should continue to better design the smart
home care services in order to ensure the elderly cohorts can interact with peers within their
communities and healthcare staff so the social bonding they enjoy can be strengthened.

Sun (2013) carried out semi-structured face-to-face interviews with 18 family caregivers
of individuals with dementia in Shanghai. He found that role strains and family conflicts
are salient stressors discouraging them from undertaking caregiving roles [28]. Findings
suggest that the inferior status of caregiving roles often hinders potential job-takers from
occupying the available positions. The Central Government and local governments should
advertise the importance and required skillsets of caregiving, in order to reduce the general
public’s negative perceptions of caregiving jobs in the long term. Only by lowering the
occupational discrimination against caregivers can China meet the needed supply of
caregivers in order to respond to the growing ageing concerns of the country.

Smart devices should provide personalised interaction and services to reduce the lone-
liness suffered by elders who are left-behind. However, the satisfaction of personalisation
of using such devices is yet to be desirable, especially in rural areas [9]. The design of smart
devices should be human-centric. For example, when an emergency button is pressed by
the smart device user and a caregiving staff is sent to the housing unit of the elder, the elder
may be dissatisfied that a stranger comes visit their home. It would be more human-centric
if the smart device providers can let the users enter the contact details of several trustworthy
caregivers of their choice in the devices, so they will feel more comfortable when someone
they know visits their home, when necessary. Moreover, local governments or elderly care
institutions can also pay for younger-aged elderly cohorts to take care of older-aged elderly
counterparts when the former still have yet to experience physical dysfunction or chronic
illnesses that bar them from delivering caregiving. For example, a 65-year-old elder can
be paid on an hourly basis to provide caregiving to an 85-year-old counterpart who loses,
partial or in full, their physical function.

3. Policy Development

In addition to discussing the challenges and progress of innovative technologies in
elderly care, it is necessary to discuss the relevant (suggested) policy development so as
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to understand the maturity and potential of technological advancement in the industry.
Hong et al. found that while 83 percent of middle-aged and elderly Chinese respondents
used mobile phones, only 6.5 percent of them had access to the Internet [29]. There is
still a significant proportion of elderly populations without Internet access, so such a
circumstance hints that there is a large potential for smart home care service providers to
engage in the market insofar as local governments can continue to expand the coverage
and provision of Internet services. Local governments can consider issuing vouchers for
mobile phone and Internet access subscriptions to the elderly populations [29,30]. If local
governments are willing to hand out vouchers to elders, poorer Chinese citizens should
benefit from the suggested policy the most due to their significant financial limitations.
Disadvantaged Chinese elders, in particular, can therefore purchase digital devices that
allow their access to digital elderly care and healthcare services.

Zhang et al. argued that elders are sensitive to the price of innovative, intelligent
devices. They have high expectations of the convenience of using such intelligent ser-
vices [2]. Elders may be reluctant to learn about new technologies, especially when they are
complicated to use. It is thus needed for local governments, especially rural governments,
to marketise the importance and benefits of using elderly care technologies, alongside
building elders’ digital literacy necessary for the use of such intelligent devices. An inter-
esting study was carried out by Sun et al. (2020) in 13 cities in the Heilongjiang Province of
China between May and July 2018. The findings indicated that 38.6 percent of respondents
aged at least 60 used the Internet. However, they mostly used the Internet for online dating
(74.2 percent), dieting (63.1 percent) and exercising (47.1 percent). Sun et al. called for more
endeavours delivered by equipment manufacturers and family members, along with local
governments, to encourage Chinese senior adults’ use of the Internet for elderly caregiving
purposes [31]. Zhang also made a constructive, supporting point by highlighting that more
conservative elders cannot accept the use of elderly care smart home services in lieu of care-
giving delivered by family members [32]. Therefore, inviting elders to experience the use
of smart home care services and carrying out more piloting experiments would be deemed
necessary to change the narratives of the use of intelligent devices in more conservative,
rural regions. While digital illiteracy maybe recognised as a significant barrier to Chinese
senior populations’ experience of using smart home devices, Li and Woolrych (2021) found
that many urban Chinese elderly respondents reportedly were keen on widening their
interests in learning digital knowledge and developing intellectual curiously by exploring
the Internet in order to build a deeper sense of connectedness and benefit more from the
growth of urbanisation and digitalisation in the long-term [10].

Smart elderly care experience centres should be established in rural communities,
where elderly cohorts and their relatives or friends should be invited to experience the use
of smart, innovative products [11]. Such a suggested policy is conducive to ensuring more
individuals would accept the use of non-traditional services or devices in the long-term,
raising the demand for smart home care services that ultimately expands the supply of
such services in the market. Until elders experience the convenience of smart home elderly
care services, they would be yet to know the comprehensiveness, precision, and alternative
advantages of intelligent healthcare and elderly care services per se [11]. Therefore, allowing
elders to experience intelligent services in person would facilitate their acceptance of new
technologies.

China, to date, has built smart elderly care services platforms. However, due to the
inadequate demand for such innovative services, ample smart home care platforms, funded
by the state, are no longer available [7]. It is needed to raise the demand for smart home
services if the Central Government plans to build a thriving, sustainable smart elderly
care industry in China. Again, marketing and promoting should be the focal points and
baby steps for local governments to expand the smart home care market, along with the
demand for such services. China’s Ministry of Civil Affairs issued an Action Plan for the
Development of Smart Health and Elderly Care Services (2017–2020), marking a milestone in
specialising national policies on smart home services in elderly care. Specific plans for
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service popularisation, technology research, construction of the industry standard, and the
development of smart care platforms were employed [7]. While the Central Government
has formulated national policies, lower-tier governments need to be able to translate these
state guidelines into city-level policies. Facing the problems of bureaucracy, city-level
governments may receive multiple orders from upper-level governments, so there could
be confusion when lower-tier, city-level governments make their policies [33]. A clearer,
more organised governance structure should be arranged to ensure city-level governments
understand concretely and concisely what elderly care policies they can exploit. As a
status quo, the insufficient top-level design and unified standards force some city-level
governments to facilitate smart elderly care by themselves within their own administrative
regions, resulting in unsatisfactory compatibility of smart elderly care data and severe
duplication of the development of service platforms [11]. China follows a complicated
governance structure. It is necessary for upper-tier governments to apply horizontal
communications to avoid the delivery of different versions of policy guidelines to the same
city-level governments. Otherwise, policy confusion will be significantly caused.

Home-based elderly care services used to be public goods exclusively in China. How-
ever, in 2010, the Construction Plan of Social Elderly Care Service System (2011–2015) was
implemented by the General Office of the State Council where home-based elderly care
services become quasi-public goods—sharing the dual characteristics of public and private
goods [7]. To date, public long-term care financing is minimal and significantly restricted
to supporting welfare recipients and subsidising the delivering of residential care beds
and operating costs. Within the public sector, weak quality assurance in the long-term care
system is concerning. In response, China has been witnessing an increasing involvement of
the private sector in supporting the long-term care system [34]. As elderly care services
can now be purchased in the market as private goods, it benefits richer individuals, es-
pecially urban natives, who can and are willing to spend financial resources on enjoying
better-designed elderly care services. It is necessary for lower-tier governments to offer
basic elderly care-related insurance to less advantaged urban natives or rural citizens.
Otherwise, the socioeconomic inequalities in elderly care would remain profound. Hu et al.
back up the suggestion of further integrating differentiated rural and urban elderly care
systems and promoting the pooling of basic elderly care within China [11]. By providing a
universal insurance system, Chinese citizens, especially those from poorer or rural origins,
can benefit from elderly care services. Otherwise, disadvantaged elders are unable to
afford expensive healthcare and elderly costs, particularly those that require innovative
technologies to operate, barring the sustainability of the ageing society. Another financial
challenge faced by elders in the elderly care sector is the lack of pension entitlement to
rural elderly populations [25]. It is essential for local rural governments to provide elderly
care services at a subsidised rate or as public goods, in order to ensure those living without
pensions can enjoy basic elderly care services at the very least. Specifically, local rural
governments should purchase smart elderly care services and distribute them to those in
need for free or at a reduced rate. Therefore, the disadvantaged elderly populations can
also gain access to innovative technologies in favour of their everyday life. However, rural
China is unable to deliver free elderly care services completely with the restrictive fiscal
revenues [7]. Therefore, part of the elderly care services has to be pragmatically offered
as private goods. Smart elderly care services providers aim at making profits through the
supply of innovative services, where such technological advanced services are inclined
to be expensive [7]. Hence, only richer urban natives may demonstrate an interest in
purchasing smart elderly care services as private goods. If local governments want to
massify the exploitation of smart home care services, they should subsidise their citizens
earning less than a certain level of wages or incomes to purchase common, simplistic smart
home care services; otherwise, the smart home care market would shrink. When richer
individuals spend their own financial resources to purchase more technological advanced
elderly care services, China can ensure that both higher-end and lower-end smart elderly
care markets have a certain degree of demand. Such a circumstance motivates smart elderly
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care services providers to participate in the market activities, regardless of whether they
focus on delivering higher- or lower-end innovative services.

Public–private partnerships have been formed where local governments and com-
mercial enterprises cooperate to deliver smart elderly care services. Here, governments
avoid investing in building and running elderly care institutions, but play a role as a
regulator [11,35]. Local governments encourage enterprises to develop and deliver smart
elderly care services and assume public responsibilities but do not interfere in the latter’s
management and operation [11]. This demonstrates how local governments lacking finan-
cial resources can still regulate the operation of smart elderly care services within their
administrative regions. However, even when private enterprises are given the right to enter
the elderly care market to provide relevant services, local rural governments need to ensure
their citizens have the financial resources to enjoy smart elderly care experiences. One of
the possible solutions in relation to financing is to encourage the Central Government to
distribute the financial resources for elderly care to rural and urban governments in a more
equal manner, so as to prompt rural elderly populations to enjoy smart elderly care services
in a similar fashion to their urban counterparts.

4. Conclusions

Despite being an upper-middle-income country, China has been facing entrenched
sociospatial inequalities. Ample Chinese provinces, especially those in inner and northwest
China, are underdeveloped and lack financing. It is necessary for the Central Government
to draw a fairer share of policy focus on suburban and rural regions. Here, financing
must be in place in order for city-level governments to develop human resources because
low salaries and employment status both bar caregivers and nurses from showing an
interest in working in elderly care. When smart home elderly care providers design mobile
applications to match caregivers with elders who seek caregiving services, it is essential
for the providers themselves to ensure the former is paid at a satisfactory, rewarding rate.
Such delivery of caregiving services does not and should not need to be full-time jobs.
The caregiving provision should complement caregivers’ farming, and caregivers in the
market should be compensated financially by the beneficiaries of the services and, more
importantly, by local governments which subsidise caregiving per se. The inferior status
caregivers are attached to, given the conventional social perception that caregivers are
uneducated, unskilled and disdained, should be addressed. Here, more public advertising
to present the importance, value and positive images of caregivers, especially when China
attempts to build a more age-friendly sustainable future, should be arranged and delivered.
Public education at family-, community-, and regional-levels should be encouraged where
senior family members, community organisations, and local governments, for example,
can give guidance or design freely-accessible workshops for the purpose of enhancing
individuals’ understanding of and respect for whoever undertaking the roles as caregivers.

Financing needs to be efficiently arranged among the public-private initiatives too.
The private sector of elderly care in China is established to some extent. Richer individuals
are able to take care of themselves as they can financially invest in obtaining elderly care
services as private goods—where private services are inclined to be of better quality and
more comprehensive. However, lower-tier, and rural, governments that entail the provision
of basic, universal elderly care services to less advantaged Chinese citizens need better
financing to offer affordable or free elderly care services. Public financing can be supported
by state and public-private initiatives. Many of these initiatives have already been piloted
and outcomes can unveil whether vertical and horizontal governance is clearly structured
and organised as well as if the quality of innovative technologies available in the elderly
care market is satisfactory. Relevant actors in China should take the western or Japanese
models as references when designing and performing public-private initiatives, as these
pro-elderly models are developed maturely and successfully.

While upper-tier Chinese cities have been undergoing the popularisation stage of
building smart homes, villages and towns located in less-developed regions might plausibly
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still be experiencing the seed stage, the start-up stage or the development stage. The success
of popularising the delivery of smart homes in upper-tier cities can accelerate the rate of
innovative elderly caregiving development in lower-tier regions as the latter are able to
witness the short- and long-term benefits technological advancement can contribute to the
construction of sustainable and organised societies. As a result, insofar as local governments
from lower-tier regions are motivated to build age-friendly, pro-elderly services, and when
the presence of opportunities for introducing relevant public-private initiatives expands
to less-developed locations, the development of smart homes will no longer restrictively
concentrate in more urbanised, advanced areas.

For China to realise its policy focus of building a people-oriented urbanisation model,
the mentioned policy gaps must be addressed insofar as possible. Challenges encompass
opportunities, and vice versa. For example, the author mentioned that Chinese senior
populations, especially those who are not city-based, might be digitally illiterate to some
extent. However, many of them demonstrate curiosity in, and potential to, learn(ing) digital
knowledge and skills. So long as China introduces a wider share of its senior citizens to a
variety of smart home devices and makes such innovative products financially accessible, a
growing number of its elderly populations will expectedly be showing an increased interest
in building their digital repertoire. By then, China can better fulfil its policy focus on
building a more sustainable urban and regional development. Not only will cities become
more technologically advanced and inclusive but also villages and towns will become more
urbanised and habitable too.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Leung, J. Family Support for the Elderly in China. J. Aging Soc. Policy 1997, 9, 87–101. [CrossRef] [PubMed]
2. Wang, X.-Q.; Chen, P.-J. Population Aging Challenges Health Care in China. Lancet 2014, 383, 870. [CrossRef] [PubMed]
3. Wong, Y.C.; Leung, J. Long-Term Care in China: Issues and Prospects. J. Gerontol. Soc. Work. 2012, 55, 570–586. [CrossRef]

[PubMed]
4. Zeng, Y.; Hu, X.; Li, Y.; Zhen, X.; Gu, Y.; Sun, X.; Dong, H. The Quality of Caregivers for the Elderly in Long-Term Care Institutions

in Zhejiang Province, China. Int. J. Environ. Res. Public Health 2019, 16, 2164. [CrossRef] [PubMed]
5. Chen, Z.; Yu, J.; Song, Y.; Chui, D. Aging Beijing: Challenges and Strategies of Healthcare for the Elderly. Ageing Res. Rev. 2010, 95,

52–55. [CrossRef] [PubMed]
6. Qiu, Z.; Liu, Y.; Wang, Z.; Peng, S.; Wan, D.; Jiang, Y. Analysis on Long-Term Care and Influencing Factors of Empty-Nest

Differently Abled Elderly People in China. Open J. Prev. Med. 2020, 10, 299–311. [CrossRef]
7. Zhang, Q.; Li, M.; Wu, Y. Smart Home for Elderly Care: Development and Challenges in China. BMC Geriatr. 2020, 20, 318.

[CrossRef]
8. Zhang, L.; Shen, S.; Guo, Y.; Fang, Y. Forecasting Future Demand of Nursing Staff for the Oldest-Old in China by 2025 Based on

Markov Model. Int. J. Health Policy Manag. 2022, 11, 1533–1541. [CrossRef]
9. Meng, Q.; Hong, Z.; Li, Z.; Hu, X.; Shi, W.; Wang, J.; Luo, K. Opportunities and Challenges for Chinese Elderly Care Industry in

Smart Environment Based on Occupants’ Needs and Preferences. Front. Psychol. 2020, 11, 1029. [CrossRef]
10. Li, M.; Woolrych, R. Experiences of Older People and Social Inclusion in Relation to Smart “Age-Friendly” Cities: A Case Study

of Chongqing, China. Front. Public Health 2021, 9, 779913. [CrossRef]
11. Hu, Y.; Gong, R.; Peng, J.; Liu, X.; Wang, X.; Liu, Z.; Luo, J.; Lin, H. Rural Smart Elderly Care Model: China’s Development and

Challenge. In Proceedings of the IEEE 5th International Conference on Universal Village, Boston, MA, USA, 24–27 October 2020.
[CrossRef]

12. Chen, M.; Gong, Y.; Lu, D.; Ye, C. Build A People-Oriented Urbanisation: China’s New Type Urbanisation Dream and Anhui
Model. Land Use Policy 2019, 80, 1–9. [CrossRef]

13. Yu, B.; Sun, F.; Chen, C.; Fu, G.; Hu, L. Power Demand Response in the Context of Smart Home Application. Energy 2022, 240,
122774. [CrossRef]

282



Sustainability 2023, 15, 178

14. Zhang, Y. Measuring and Applying Digital Literacy: Implications for Access for the Elderly in Rural China. Educ. Inf. Technol.
2022, 1–20. [CrossRef]

15. Wang, C.-H.; Wu, C.-L. Bridging the Digital Divide: The Smart TV as a Platform for Digital Literacy among the Elderly. Behav. Inf.
Technol. 2022, 41, 2546–2559. [CrossRef]

16. Zhang, X.; Nedospasova, O. Impact of Digital Literacy on the Labour Income of the <<Young>> Elderly: Evidence from China. J.
Wellbeing Technol. 2022, 2, 105–122.

17. Jin, Y.; Jing, M.; Ma, X. Effects of Digital Device Ownership on Cognitive Decline in a Middle-Aged and Elderly Population:
Longitudinal Observational Study. J. Med. Internet Res. 2019, 21, e14210. [CrossRef]

18. Zeng, F.; Chen, T.-L. A Study of the Acceptability of Smart Homes to the Future Elderly in China. Univers. Access Inf. Soc. 2022,
1–19. [CrossRef]

19. Song, Y.; Yang, Y.; Cheng, P. The Investigation of Adoption of Voice-User Interface (VUI) in Smart Home Systems among Chinese
Older Adults. Sensors 2022, 22, 1614. [CrossRef]

20. Wang, R.; Liu, Y.; Lu, Y.; Zhang, J.; Liu, P.; Yao, Y.; Grekousis, G. Perceptions of Built Environment and Health Outcomes for Older
Chinese in Beijing: A Big Data Approach with Street View Images and Deep Learning Technoique. Comput. Environ. Urban Syst.
2019, 78, 101386. [CrossRef]

21. Fang, E.F.; Xie, C.; Schenkel, J.A.; Wu, C.; Long, Q.; Cui, H.; Aman, Y.; Frank, J.; Liao, J.; Zou, H.; et al. A Research Agenda for
Ageing in China in the 21st Century (2nd Edition): Focusing on Basic and Translational Research, Long-Term Care, Policy and
Soical Networks. Ageing Res. Rev. 2020, 64, 101174. [CrossRef]

22. Dou, J.; Qin, J.; Wang, Q.; Zhao, Q. Identification of Usability Problems and Requirements of Elderly Chinese Users for Smart TV
Interactions. Behav. Inf. Technol. 2018, 38, 664–677. [CrossRef]

23. Zhang, H.; Wang, Y.; Wu, D.; Chen, J. Evolutionary Path of Factors Influencing Life Satisfaction among Chinese Elderly: A
Perspective of Data Visualisation. Data 2018, 3, 35. [CrossRef]

24. Liu, S.X.; Shen, Q.; Hancock, J. Can a Social Robot Be Too Warm or Too Competent? Older Chinese Adults’ Perceptions of Social
Robots and Vulnerabilities. Comput. Hum. Behav. 2021, 125, 106942. [CrossRef]

25. Ke, C.; Lou, V.W.-Q.; Tan, K.C.-K.; Wai, M.Y.; Chan, L.L. Changes in Technology Acceptance among Older People with Dementia:
The Role of Social Robot Engagement. Int. J. Med. Inform. 2020, 141, 104241. [CrossRef]

26. Chen, S.-C.; Jones, C.; Moyle, W. Health Professional and Workers Attitudes towards the Use of Social Robots for Older Adults in
Long-Term Care. Int. J. Soc. Robot. 2020, 12, 1135–1147. [CrossRef]

27. Jianying, K.; Jiale, W. The Realistic Dilemma of Mutual Aid for the Aged in Rural Areas and Solutions. In Proceedings of the
2021 4th International Conference on Humanities Education and Social Sciences, Xishuangbanna, China, 29–31 October 2021.
[CrossRef]

28. Sun, F. Caregiving Stress and Coping: A Thematic Analysis of Chinese Family Caregivers of Persons with Dementia. Dementia
2013, 13, 803–818. [CrossRef]

29. Hong, Y.A.; Zhou, Z.; Fang, Y.; Shi, L. The Digital Divide and Health Disparities in China: Evidence from a National Survey and
Policy Implications. J. Med. Internet Res. 2017, 19, e317. [CrossRef]

30. Liu, G.; Li, S.; Kong, F. Association between Social Support, Smartphone Usage and Loneliness among the Migrant Elderly
Following Children in Jinan, China: A Cross-Sectional Study. BMJ Open 2022, 12, e060510. [CrossRef]

31. Sun, X.; Yan, W.; Zhou, H.; Wang, Z.; Zhang, X.; Huang, S.; Li, L. Interent Use and Need for Digital Health Technology among the
Elderly: A Cross-Sectional Survey in China. BMC Public Health 2020, 20, 1386. [CrossRef]

32. Zhang, X. The Application of Spatial Information Technology in the Rural Elderly Care Model under the Strategy of “Building a
Country with a Strong Transportation Network” in China. Transp. Res. Procedia 2022, 61, 481–486. [CrossRef]

33. Shou, H.; Green, G. The Political Economy of Organisational Violence in Chinese Industry. J. Curr. Chin. Aff. 2016, 45, 201–230.
[CrossRef]

34. Feng, Z.; Glinskaya, E.; Chen, H.; Gong, S.; Qiu, Y.; Xu, J.; Yip, W. Long-Term Care System for Older Adults in China: Policy
Landscape, Challenges, and Future Prospects. Lancet 2020, 396, 1362–1372. [CrossRef] [PubMed]

35. Wang, Y.; Zhang, L. Status of Public-Private Partnership Recognition and Willingness to Pay for Private Health Care in China. Int.
J. Health Plan. Manag. 2019, 34, 1188–1199. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

283





MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

www.mdpi.com

Sustainability Editorial Office
E-mail: sustainability@mdpi.com

www.mdpi.com/journal/sustainability

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are

solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s).

MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from

any ideas, methods, instructions or products referred to in the content.





Academic Open 
Access Publishing

mdpi.com ISBN 978-3-7258-0351-4


