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Greetings from Editor-in-Chief: Supply Chain and Sustainability Review (SCSR)

The application of sustainability issues to supply chain management, logistics, transportation, and
various optimization methods has been increasingly popular in recent years. One of the numerous issues that
supply chain management encounters on an ongoing basis is operating in a sustainable manner. The goal of
the SCSR is to investigate the use of sustainability in supply chain management, operation management,
logistics, transportation, healthcare management, and fuzzy sets theory. The first issue of SCSR is to serve
this purpose as how sustainable development must go hand in hand with logistics and supply chain
management.

We invite academics from a variety of management-related disciplines to submit original, high-quality
research papers that primarily address sustainability-management-related challenges and contribute to the
SCSR’s mission. The articles in the SCSR will emphasize both theoretical and empirical research. Literature
reviews, conceptual theory development, qualitative survey research, such as case studies, and quantitative
empirical methodologies may all be included in academic papers. SCSR rules must be adhered to by all
submitted papers.

In view of current disruptions in global supply chains (e.g., chip crisis), the implications of supply chains
for the climate and biodiversity discourse, new supply chain laws to increase social responsibility, and
technological innovations (e.g., blockchain), supply chain management has become an imperative for global
business.

In this issue, 7 Article papers are presented.

1) Towards a Net-Zero Future: The Multifaceted Role of Universities in Accelerating Carbon Neutrality
and Climate Action

2) Adoption of Sales Force Automation Systems in Supply Chain Management: A Technology
Acceptance Model Perspective

3) Al Enables Schools and Enterprises to Cooperate to Explore a new Model of Cultivating multi-
Disciplinary Talents in E-commerce Based on the investigation and research of Trueland Information
Technology (Shanghai) Co., Ltd

4) Vehicle-Drone Collaborative Delivery: A Systematic Literature Review and Future Research Agenda

5) Cultural Landscape Field Dynamics and Symbolic Transmutation: A Co-constitutive Analysis of
Mount Fuji's Natural Ontology and Cultural Semiosis in Transregional Epistemologies

6) Research on the Impact of “Artificial Intelligence” on Economy and Employment under the
Background of Low Birth Rate

7) Implementation of Multimodal LLM Agents and Biomechanical Analysis for Remote Elderly

Healthcare in Taiwan: A Case Study

The current issue and full text archive of this journal is available on Supply Chain and Sustainability Research at:
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In addition, we would like to inform you about our next issues (Volume 1 and 2) in 2026. Recent
announcement of the call for papers is accessible on the SCSR website. This issue marks the debut of the
SCSR and its birth. It is my pleasure to address you on this occasion. | would like to express a warm welcome
to the SCSR readership on behalf of the SCSR Editorial Team. | would like to thank our authors, editors, and
anonymous reviewers, who have all voluntarily contributed to the journal's success. Without your participation,

this initial issue would not exist.

We look forward to receiving your contributions.

Jirasek Trimetsoothorn

Editor-in-Chief

I}
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Towards a Net-Zero Future: The Multifaceted Role of Universities in

Accelerating Carbon Neutrality and Climate Action

Qingzi Li’

National Institute of Development Administration, Thailand

148 Serithai Road, Klong-Chan, Bangkapi, Bangkok THAILAND 10240

*Corresponding author, Email: 273020237qq@gmail.com

Received: Sep 21, 2025 / Revised: Dec 18,2025 / Accepted: Dec 18,2025

Abstract

The escalating global climate crisis necessitates urgent and coherent actions across all sectors of society.
Higher education institutions (HEIs), with their unique positioning at the intersection of knowledge generation, talent
development, and civic engagement, are critical catalysts in the transition to a net-zero emissions future. This paper
examines the multidimensional roles and strategic pathways through which universities can significantly advance
carbon neutrality and climate action. By synthesizing existing literature and drawing on in-depth comparative case
studies of Southeast Bangkok University (Thailand) and Beijing Jiaotong University (China), this study proposes an
integrated conceptual framework that positions HEIs simultaneously in four complementary roles: (1) Innovation
Engines, driving low-carbon research and technology development; (2) Operational Benchmarks, demonstrating
carbon-neutral campus management; (3) Educational Pioneers, leading curriculum transformation and sustainability
education; and (4) Community Hubs, fostering public engagement and cross-sector collaboration.

The analysis identifies significant implementation barriers, including financial constraints, methodological
challenges in Scope 3 emissions accounting, organizational inertia, and difficulties in measuring indirect impact.
Moreover, the comparative cases reveal how institutional mission, resources, and regional context shape distinct
but equally viable climate strategies - ranging from localized, context-sensitive approaches to technology- and
policy-oriented pathways. The study concludes with strategic recommendations for policymakers and university
leaders to embed carbon neutrality into institutional cores, emphasizing the necessity of context-specific strategies
that leverage institutional strengths and foster collaboration between research-intensive and regional universities.
This research contributes to both theoretical understanding and practical implementation of comprehensive climate
action in higher education globally, offering a refined framework for designing, evaluating, and scaling university-
led initiatives in support of a net-zero future.

Keywords: Carbon neutrality; Climate change; Higher education institutions; Sustainability governance;

Climate action; Net-zero transition; University leadership
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Introduction

The Sixth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC, 2022) issues a
stark warning: only immediate, rapid, and large-scale reductions in greenhouse gas emissions can limit global
warming to 1.5°C above pre-industrial levels. In response, achieving net-zero emissions has emerged as a
paramount global objective that requires transformative changes across all societal sectors. Within this context,
higher education institutions represent both significant contributors to climate change and essential agents of
solution.

HEls collectively influence over 250 million students worldwide (UNESCO, 2021) and possess substantial
carbon footprints through their campus operations, research activities, and supply chains. Simultaneously, they hold
unique capabilities to drive climate action through their educational mission, research expertise, operational scale,
and community engagement. While many universities have made voluntary commitments through initiatives like the
Talloires Declaration and Second Nature's Climate Commitment, systematic implementation of comprehensive
climate strategies remains inconsistent and often fragmented across the sector.

This paper addresses this implementation gap by developing a holistic framework for university climate
action and examining its application across different institutional contexts. Through comparative case analysis, it
explores how varied institutional missions and resources shape climate strategies and outcomes. The research
aims to provide both theoretical grounding and practical guidance for universities seeking to maximize their

contribution to global decarbonization efforts while fulfilling their educational and societal missions.

Theoretical Framework and Literature Review

The conceptual foundation for university climate action draws from multiple theoretical traditions.
Early literature on sustainability in higher education focused predominantly on environmental
management systems and operational efficiencies (Shriberg, 2002; Velazquez et al., 2006). This evolved
toward more strategic approaches incorporating carbon accounting and climate action planning (Levy &
Marans, 2012; Klein-Banai & Theis, 2013).

Theoretical underpinnings for comprehensive university climate action include: The Living Lab
Concept: This framework conceptualizes university campuses as experimental platforms for testing and
demonstrating sustainable technologies and behaviors (Evans et al.,, 2015; Bossert et al., 2020). It
emphasizes the integration of operational sustainability with teaching and research functions. The Triple
Helix Model: This approach highlights the intersection of university, industry, and government in driving
innovation (Etzkowitz & Leydesdorff, 2000), particularly relevant for technology development and policy
translation in climate action. Whole Institution Approach: This perspective advocates for embedding
sustainability across all university functions—curriculum, research, operations, and community
engagement—rather than treating it as an add-on initiative (Mader & Rammel, 2015; Sterling et al.,
2013). Despite these theoretical advances, implementation remains challenged by disciplinary silos,

financial constraints, and inadequate metrics for assessing impact beyond direct emissions (Leal Filho
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et al., 2019). Our integrated framework addresses these gaps by conceptualizing four complementary

roles that universities can simultaneously fulfill in advancing climate action.

Research Methodology

This study employs a mixed-methods approach combining systematic literature review with
comparative case study analysis. The literature review encompassed peer-reviewed articles, university
climate action plans, and international reports published between 2000-2023, identified through Scopus,
Web of Science, and Google Scholar databases using keyword searches related to 'university,' 'higher
education,' 'carbon neutrality,' and 'climate action.’

The case study selection followed a most-different design, purposefully selecting institutions with
contrasting characteristics to explore how different contexts shape implementation approaches

» Southeast Bangkok University: A regional comprehensive university in Thailand emphasizing
teaching and community engagement

» Beijing Jiaotong University: A research-intensive technical university in China with strong
industry and government ties

Data collection included document analysis of climate action plans, sustainability reports, and institutional
websites; quantitative analysis of emissions data where available; and scholarly publications related to each
institution's sustainability initiatives. All analyzed data were obtained from publicly available sources, and no
confidential or sensitive information was involved, thus not requiring institutional review board approval. The
comparative analysis focused on identifying common patterns, distinctive approaches, and contextual factors

influencing implementation effectiveness across the four roles outlined in our framework.

Findings and Discussion
4.1 The Four-Dimensional Framework in Practice
Our analysis reveals how universities operationalize the four interconnected roles: As Innovation
Engines: Research-intensive universities like Beijing Jiaotong excel in developing patented technologies (e.g.,
energy-efficient rail systems) and establishing specialized research centers. Regional universities like Southeast
Bangkok focus on adaptive innovation suited to local contexts (e.g., tropical building cooling solutions).

As Operational Benchmarks: Both institution types face challenges in Scope 3 emissions accounting,
particularly for purchased goods and capital investments. Research universities tend to invest more in high-cost
technologies (e.g., geothermal systems), while regional institutions emphasize behavioral changes and nature-
based solutions (e.g., constructed wetlands).

As Educational Pioneers: Effective curriculum integration requires moving beyond environmental programs
to embed climate literacy across all disciplines. Southeast Bangkok demonstrates strong community-engaged

learning through its 'living lab' approach, while Beijing Jiaotong emphasizes technical training and policy education.
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As Community Hubs: Universities leverage their convening power differently based on institutional
positioning. Research universities influence national policy and industry standards, while regional institutions serve
as local demonstration centers and knowledge resources for their immediate communities.

4.2 Case Studies: Comparative Analysis

Southeast Bangkok University exemplifies a context-sensitive, localized approach to climate action.
The university has implemented several innovative measures including photovoltaic systems that serve dual
purposes of clean energy generation and educational tools, passive cooling architecture adapted to tropical
conditions, and constructed wetlands for stormwater management and biodiversity enhancement. These efforts
reflect a resource-conscious model that combines operational sustainability with pedagogical innovation, positioning
the institution as a community-engaged sustainability demonstrator.

Beijing Jiaotong University demonstrates a technology- and policy-oriented approach. Its comprehensive
strategy features building-integrated photovoltaics (BIPV), geothermal systems utilizing ground-source heat pumps,
and a sophisticated smart energy management platform. Leveraging its specialized expertise in transportation, the
university has pioneered energy-efficient rail technologies and intelligent scheduling algorithms that have been
adopted nationally. The establishment of a Carbon Neutrality Research Institute fosters interdisciplinary

collaboration and aligns campus initiatives with national carbon targets.

Table 1 Comparative Case Analysis: Southeast Bangkok University and Beijing Jiaotong University

Dimension Southeast Bangkok University Beijing Jiaotong University
Energy & PV installations, passive cooling, BIPV, geothermal systems,
Infrastructure ecological wetlands smart energy management
Tropical sustainability; ecological Low-carbon transport; smart
Research Emphasis
engineering grids; industrial application
Governance Cross-functional working groups Dedicated research institute;
Approach technical offices
Community Local demonstrations; community National policy advice; industry
Engagement partnerships collaboration

4.3 Implementation Barriers and Enablers
Common barriers across institutions include:
» Methodological challenges in Scope 3 emissions accounting and reporting
* Financial constraints limiting capital-intensive investments
* Organizational silos hindering cross-functional collaboration
» Measurement difficulties in assessing educational and research impact on emissions reduction
Key enabling factors identified:
* Leadership commitment from senior administration and governing boards

 Stakeholder engagement involving students, faculty, staff, and community partners

The current issue and full text archive of this journal is available on Supply Chain and Sustainability
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» Strategic alignment with institutional mission and core functions

» External partnerships with government, industry, and peer institutions

Conclusion and Implications

This study demonstrates that universities can effectively contribute to climate action through four
complementary roles: as innovation engines, operational benchmarks, educational pioneers, and community hubs.
Rather than adopting a one-size-fits-all approach, institutions should develop context-specific strategies aligned
with their distinctive missions, resources, and contexts.

Theoretical Implications: Our integrated framework advances theoretical understanding by synthesizing
previously disparate strands of literature on university sustainability. It provides a coherent conceptual model for
analyzing and designing comprehensive climate action strategies across diverse institutional contexts.

Practical Implications: For university leaders, our findings highlight the importance of:

- Developing comprehensive carbon accounting that includes Scope 3 emissions.

- Creating interdisciplinary structures to bridge operational, educational, and research functions.
- Leveraging institutional strengths rather than replicating approaches from dissimilar universities.
- Building long-term partnerships with community, industry, and government stakeholders.

Policy Recommendations: For policymakers and higher education associations:

- Develop standardized methodologies for measuring and reporting university emissions, particularly Scope 3.

- Create funding mechanisms specifically for university climate infrastructure and research.

Incorporate climate action metrics into university accreditation and quality assurance frameworks
- Facilitate networking and knowledge-sharing across different types of institutions to enable learning
across diverse approaches.

Limitations and Future Research: This study's limitations include its focus on two case institutions and
reliance on publicly available documents. While this approach provides rich qualitative insights, the findings may
have limited generalizability to all types of higher education institutions, particularly small private colleges or
vocational schools. Future research should expand to include more diverse geographic and institutional contexts,
investigate longitudinal impacts of climate initiatives, and develop robust methods for quantifying universities'
indirect contributions to societal decarbonization. Additionally, further investigation into the implementation
challenges and failures that may not be captured in publicly reported data would provide a more comprehensive
understanding.

As institutions dedicated to knowledge generation and societal improvement, universities have both the
responsibility and capability to lead in the global transition to a net-zero future. By fully embracing their multifaceted

roles, they can significantly accelerate climate progress while fulfilling their educational missions.
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Abstract

The purposes of this study were to 1) apply the Technology Acceptance Model (TAM) for sales force in
the supply chain system by integrating external variables, namely Self-Efficacy and Organizational Support, 2)
examine their effects on Perceived Ease of Use (PEOU) and Perceived Usefulness (PU) and, 3) investigate users’
attitudes and intention to use. The instruments were questionnaires. The sample was 288 employees working in
the automotive supply chain industry. The statistical analysis was Structural Equation Modeling (SEM). The results
showed that Self-Efficacy had a significant positive effect on PEOU, while Organizational Support positively
influenced PU. Both PEOU and PU indirectly affected intention to use through users’ attitudes. This study not only
confirmed the suitability of TAM in the supply chain context but also provided practical implications that supported
organizations in driving their digital transformation.
Keywords: Technology Acceptance Model, Supply Chain Management, Sales Force Automation, Self-Efficacy

Organizational Support
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Introduction
Research Background and Motivation
Driven by the rise of smart manufacturing and the accelerating transition toward electric vehicles, supply
chain management in the automotive industry is undergoing profound digital transformation challenges. As customer
demand for digitalized services continues to grow, firms are compelled to integrate the entire customer journey -
from test-driving experiences and purchasing processes to after-sales services—in order to deliver timely and

efficient service responses. To address these emerging demands, many enterprises have actively implemented
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Sales Force Automation (SFA) systems, aiming to enhance sales process efficiency, information transparency, and
cross-departmental collaboration.

Nevertheless, practical experience has shown that if employees lack sufficient operational confidence or
fail to perceive organizational support in terms of institutional mechanisms, resource allocation, and managerial
encouragement, SFA systems may risk becoming symbolic tools rather than delivering their intended benefits,
despite substantial financial and human investments. Consequently, this study focuses on identifying the key factors
influencing employees’ acceptance of SFA systems. The findings are expected to provide both theoretical
contributions and managerial insights, offering valuable guidance for advancing digital transformation in the

automotive supply chain context.

Literature Review

Technology Acceptance Model (TAM)

Proposed by Davis (1989), the Technology Acceptance Model (TAM) aims to explain how users’
perceptions of perceived usefulness (PU) and perceived ease of use (PEOU) influence their attitudes and behavioral
intentions toward technology adoption. Due to its parsimonious structure and high explanatory power, subsequent
researchers have developed extended versions such as TAM2, TAM3, and the Unified Theory of Acceptance and
Use of Technology (UTAUT), incorporating external variables such as social influence, facilitating conditions, and
experience to better capture real-world applications (Venkatesh & Davis, 2000). In recent years, TAM has been
widely applied in the fields of information systems and digital technology adoption, consistently demonstrating its
effectiveness in explaining users’ acceptance intentions and behaviors (Burton-Jones & Hubona, 2006). Within the
supply chain management context, digital tools such as Sales Force Automation (SFA) systems have been
extensively implemented. TAM thus provides a systematic theoretical framework to examine how employees, under
the influence of organizational support and self-efficacy, form perceptions, attitudes, and adoption intentions toward
new systems, ultimately shaping the success of digital transformation.

Supply Chain Management (SCM)

The core of Supply Chain Management (SCM) lies in coordination, integration, and information flow, with
the ultimate objective of enhancing overall operational efficiency and customer value through effective planning and
execution (Chopra & Meindl, 2016). With the intensification of global market competition and increasingly diverse
customer demands, digital technologies have become indispensable foundations of supply chain operations,
particularly in ensuring information transparency, real-time decision-making, and cross-organizational collaboration.
Recent studies emphasize that the introduction of digital tools not only improves internal efficiency but also
strengthens upstream and downstream collaboration, thereby enhancing supply chain resilience and agility (Queiroz
et al., 2019). Against this backdrop, the application of SFA systems holds significant importance. Beyond supporting
sales units in managing customer information and tracking sales opportunities, SFA facilitates information sharing

between manufacturers and distributors, shortens response times, and improves overall supply chain performance.
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Accordingly, SCM contexts not only provide the foundation for SFA to demonstrate its value but also constitute the
essential setting for examining employees’ adoption intentions in this study.

Sales Force Automation (SFA)

Sales Force Automation (SFA) systems are designed to support the daily activities of sales personnel,
encompassing functions such as customer relationship management, sales opportunity tracking, performance
analysis, and knowledge management. Boujena, Johnston, and Merunka (2009) argue that SFA enhances customer
information transparency and improves the quality of customer interactions, thereby promoting sales performance
and customer satisfaction. However, Avlonitis and Panagopoulos (2005) found that when employees lack
confidence in system usage or fail to perceive its actual value to their work, SFA may be reduced to a symbolic
managerial tool, incapable of delivering its intended benefits. Consequently, SFA adoption is not merely a
technological challenge but is also shaped by multiple dimensions, including human factors, institutional design,
and organizational culture. Prior research highlights that the successful implementation of SFA requires
organizational leadership to provide sufficient institutional support, training resources, and technical assistance to
enhance employee acceptance and willingness to use the system. Otherwise, adoption initiatives risk failure due
to resistance or underutilization. Hence, within the supply chain management context, the value of SFA lies not
only in improving process efficiency but also in effectively integrating individual employee characteristics with
organizational support.

Self-Efficacy

Originating from Bandura'’s (1997) social cognitive theory, self-efficacy refers to an individual’s belief and
confidence in their ability to successfully complete specific tasks. Self-efficacy not only influences the degree of
effort and persistence an individual invests but also determines whether they display proactive behavior and
problem-solving capabilities when confronted with challenges. Research indicates that employees with high self-
efficacy are more motivated to learn and better equipped to overcome difficulties in system operation when adopting
new technologies (Compeau & Higgins, 1995). Within the framework of TAM, self-efficacy has been widely validated
as a critical determinant of PEOU, since individuals with higher self-efficacy generally perceive new systems as
easier to use, thereby enhancing their attitudes and behavioral intentions toward adoption. Moreover, self-efficacy
may indirectly affect PU, as individuals who can successfully operate a system are more likely to recognize its
contribution to work efficiency. Therefore, in the implementation of SFA systems under supply chain management
contexts, self-efficacy emerges as a pivotal psychological construct influencing user acceptance and the success
of digital transformation initiatives.

Organizational Support

The theory of Perceived Organizational Support (POS), initially proposed by Eisenberger et al. (1986),
focuses on how employees perceive the extent to which their contributions are valued and supported by their
organizations. The theory posits that when employees recognize organizational commitment through institutional
design, resource allocation, and managerial care, their organizational commitment and work motivation are
enhanced, thereby increasing their willingness to embrace organizational changes. Subsequent studies have

confirmed that POS not only strengthens employees’ psychological safety but also reduces their resistance to
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adopting new systems (Rhoades & Eisenberger, 2002). In the implementation of SFA systems, organizations that
provide adequate training, technical support, and policy encouragement enable employees to better perceive the
system’s usefulness (PU), which in turn fosters positive attitudes and continuous usage intentions. Accordingly,
organizational support plays a critical role in promoting user acceptance during information system adoption and
diffusion processes, further increasing the likelihood of successful application of digital tools within supply chain

management contexts.

Research Methodology

Research Context and Participants

This study is conducted within the context of the automotive industry supply chain, encompassing both
the manufacturing sector (corporate headquarters and regional operational units) and the distribution sector
(showroom sales consultants, field sales representatives, and after-sales service advisors). As these practitioners
rely directly on Sales Force Automation (SFA) systems in their daily operations, their acceptance and willingness
to use such systems provide a valid reflection of the actual effectiveness and practical outcomes of technological
tool adoption in supply chain management settings.

Research Framework

The Technology Acceptance Model (TAM) serves as the theoretical foundation of this study, with self-
efficacy and organizational support incorporated as external variables to examine their effects on perceived ease
of use (PEOU) and perceived usefulness (PU). These cognitive evaluations, in turn, are expected to shape users’
attitudes and subsequently influence behavioral intention. The research context specifically focuses on supply chain
management within the automotive industry, with the adoption of SFA systems as the central subject of
investigation. This design not only validates the applicability of TAM in digital transformation initiatives within supply
chains but also sheds light on the critical factors influencing employees’ adoption of emerging information

technologies.

Hl1
Self-Efficacy — PEOU

H3 H4

Y

PU —»| Attitude
H5 H6

Behavioral Intention

H2

Organizational Support

Figure 1. Conceptual Framework of the Study
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Research Hypotheses

Building upon the aforementioned theoretical foundations and literature review, this study adopts the
Technology Acceptance Model (TAM) as its core framework, while incorporating self-efficacy and organizational
support as external variables to examine their influence on perceived ease of use (PEOU), perceived usefulness
(PU), attitude, and behavioral intention. Based on the proposed research framework, the following hypotheses are
developed:
H1: Self-efficacy positively influences PEOU.
H2: Organizational support positively influences PU.
H3: PEOU positively influences PU.
H4: PEOU positively influences attitude.

H5: PU positively influences attitude.

mmoow >

H6: Attitude positively influences behavioral intention.

G. H7: Within the supply chain management context, the adoption of SFA systems strengthens the
explanatory power of TAM.

Taken together, these hypotheses form a comprehensive research model that encompasses external
variables (self-efficacy and organizational support), cognitive evaluations (PEOU and PU), attitudinal responses,
and behavioral intention. The model aims to validate the applicability of TAM within supply chain management
settings and to further evaluate its theoretical significance and practical implications in the process of digital
transformation, thereby providing the foundation for subsequent empirical analyses.

Research Instruments

A. Questionnaire Design

The questionnaire used in this study was adapted and developed based on relevant literature, covering
six constructs: self-efficacy, organizational support, perceived ease of use (PEOU), perceived usefulness (PU),
attitude, and behavioral intention. All items were measured using a five-point Likert scale (1 = strongly disagree,
5 = strongly agree) to ensure comparability and consistency in measurement. To establish content validity, the
questionnaire was reviewed by three academic scholars and two industry experts. A pilot test with 30 respondents
was subsequently conducted to evaluate semantic clarity and preliminary reliability, with revisions made according
to the feedback received. The finalized questionnaire served as the foundation for subsequent reliability and validity
assessments, as well as for the empirical analysis using structural equation modeling (SEM).

Questionnaire Survey

The formal survey employed stratified convenience sampling, targeting both manufacturing and
distribution personnel within the automotive supply chain. A total of 320 questionnaires were distributed, yielding
288 valid responses, resulting in an effective response rate of 90%. The survey was administered through both
online questionnaires and on-site meeting sessions. To ensure compliance with ethical standards, anonymity and
voluntary participation were emphasized throughout the data collection process, thereby enhancing the credibility

and reliability of the research data.
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Data Analysis Methods

A. Descriptive Statistics: Descriptive analyses were conducted on demographic variables such as
gender, age, and job position to present the structural characteristics and representativeness of the sample, thereby
facilitating subsequent statistical inferences.

B. Reliability and Validity Analysis: The quality of the measurement model was assessed using
Cronbach’s O, Composite Reliability (CR), and Average Variance Extracted (AVE) to confirm that each construct
exhibited satisfactory reliability and convergent validity.

C. Confirmatory Factor Analysis (CFA): CFA was performed using AMOS to examine the factor loadings
of individual items and to evaluate the overall model fit, ensuring that the measurement model demonstrated both
convergent and construct validity.

D. Structural Equation Modeling (SEM): SEM was employed to test the hypothesized causal relationships
among latent variables, while simultaneously assessing the model’s fit indices to evaluate the explanatory power

and theoretical adequacy of the proposed research framework.

Empirical Analysis
Demographic Profile of Respondents
To present the structural characteristics of the sample, the demographic distribution of respondents is

summarized in Table 1.

Table 1. Demographic Profile of Respondents

Variable Category Frequency Percentage
Gender Male 170 59.00%
Female 118 41.00%
Age 20-30 years 85 29.50%
31-40 years 120 41.70%
Above 41 years 83 28.80%
Position Manufacturer staff 110 38.20%
Distributor staff 178 61.80%

The sample covers distributions across gender, age, and job position, demonstrating a balanced structure
with adequate representativeness and explanatory power for subsequent analysis.

Reliability and Validity Analysis

All constructs achieved Cronbach’s Ol values above the recommended threshold, indicating that the
measurement scale possesses strong stability and internal consistency, thereby providing a reliable basis and

statistical support for subsequent model validation and empirical analysis.
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Table 2. Reliability and Validity Tests

Construct Cronbach’s O AVE CR
Self-Efficacy 0.89 0.65 0.91
Organizational Support 0.87 0.61 0.9
PEOU 0.88 0.64 0.9
PU 0.91 0.68 0.92
Attitude 0.86 0.71 0.89
Behavioral Intention 0.9 0.73 0.92

The results show that Cronbach’s Ol values ranged from 0.86 to 0.91, CR values from 0.89 to 0.92, and
AVE values from 0.61 to 0.73. All values exceeded the recommended thresholds, confirming that the measurement
instrument demonstrates satisfactory reliability and convergent validity. These results suggest that the constructs
effectively capture the underlying latent variables and provide a solid foundation for subsequent SEM validation.

Confirmatory Factor Analysis (CFA)

Confirmatory factor analysis (CFA) was conducted using AMOS to examine the factor loadings of
measurement items and the overall model fit, thereby confirming the reliability, validity, and adequacy of the

measurement model.

Table 3. Results of Confirmatory Factor Analysis

Factor Loadings

Construct Example ltem CR AVE
Range
Self-Efficacy | can proficiently operate the SFA system 0.72-0.85 0.91 0.65
Organizational The company provides sufficient
Support resources to assist 0.70-0.83 0.9 0.61
PEOU The SFA system is easy to learn and use 0.73-0.87 0.9 0.64

The SFA system improves work

PU efficiency 0.74-0.88 0.92 0.68
| hold a positive attitude toward the SFA

Attitude system 0.75-0.86 0.89 0.71
I am willing to continue using the SFA

Behavioral Intention system 0.77-0.87 0.92 0.73

The CFA results indicate that the factor loadings of all constructs ranged from 0.70 to 0.88, exceeding
the recommended threshold of 0.50. Composite reliability (CR) values ranged from 0.89 to 0.92, and average
variance extracted (AVE) values ranged from 0.61 to 0.73. All indices met the suggested standards, confirming that

the measurement model demonstrates satisfactory reliability, convergent validity, and construct validity.
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Hypothesis Testing (SEM Results)
Structural equation modeling (SEM) was employed to examine the path relationships of the proposed
hypotheses and to evaluate the overall model fit, thereby confirming the explanatory power and statistical

robustness of the theoretical framework.

Table 4. Results of SEM Path Analysis

Hypothesis Path B t - value Result
H1 Self-Efficacy — PEOU 0.51*** 8.21 Supported
H2 Organizational Support — PU 0.34** 6.05 Supported
H3 PEOU — PU 0.39*** 7.1 Supported
H4 PEOU — Attitude 0.28** 4.97 Supported
H5 PU — Attitude 0.46*** 9.02 Supported
H6 Attitude — Behavioral Intention 0.55*** 10.35 Supported
H7 SFA under SCM context — Model Significant _ Supported
Explanatory Power improvement

The model fit indices demonstrated satisfactory levels: X?/df = 2.05, CFl = 0.94, TLI = 0.93, and RMSEA
= 0.050, all of which met recommended academic thresholds. These results indicate that the structural model
exhibits good fit and statistical robustness, thereby effectively explaining SFA adoption behavior within the context

of supply chain management.

Conclusion

Research Conclusions

Grounded in the Technology Acceptance Model (TAM), this study investigated the determinants
influencing employees’ adoption of Sales Force Automation (SFA) systems within the context of supply chain
management, and employed structural equation modeling (SEM) for empirical validation. The findings confirmed
support for all proposed hypotheses, thereby demonstrating the applicability of TAM in the domain of supply chain
digital transformation, while also highlighting the critical role of individual characteristics and organizational support
in shaping system adoption.

A. Self-efficacy significantly enhances perceived ease of use (PEOU), suggesting that employees with
higher confidence and operational ability perceive the system as easier to use, thereby lowering learning barriers
and facilitating continuous utilization.

B. Organizational support positively influences perceived usefulness (PU), indicating that when
employees receive institutional, resource-based, and managerial support, they are more likely to recognize the

tangible benefits of SFA systems in improving work efficiency and performance.
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C. PEOU not only directly affects PU but also indirectly influences behavioral intention through PU and
attitude, underscoring its multiple mediating roles in transforming ease-of-use perceptions into actual adoption
intentions.

D. Both PU and PEOU significantly strengthen user attitude, and a positive attitude, in turn, further
enhances behavioral intention, underscoring the central role of attitude in linking cognitive evaluations with
behavioral tendencies.

E. Within the supply chain management context, the implementation of SFA systems enhances the
explanatory power of TAM, thereby validating its theoretical contribution while also underscoring its practical
implications for digital transformation and cross-organizational collaboration.

In sum, the results demonstrate that individual characteristics (self-efficacy), organizational contextual
factors (organizational support), and cognitive evaluations (PEOU and PU) jointly shape employee attitudes and
behavioral intentions. PEOU and PU not only serve as mediators within the model but also reinforce the linkage
between attitude and behavioral intention. Most importantly, the introduction of SFA systems in supply chain
management contexts not only validates the applicability of TAM but also reveals the pivotal roles of human factors
and organizational support in the process of digital transformation, thereby offering dual contributions to both theory
and practice.

Managerial Implications

Based on the research findings, the following managerial recommendations are proposed for the
automotive industry and other supply chain enterprises undertaking digital transformation and information system
implementation:

A. Enhance employee digital training: Organizations should provide continuous training on the operation
of SFA systems to strengthen employees’ self-efficacy and reduce resistance toward new technologies.

B. Institutionalized support and resource allocation: The effectiveness of SFA usage should be
incorporated into performance evaluations, while ensuring sufficient technical support and time resources to enable
employees to effectively utilize the system.

C. Leadership demonstration and encouragement: Managers should take the initiative to adopt and
promote SFA, setting an example that fosters a positive usage climate and further influences employee attitudes.

D. Promote supply chain integration: SFA systems should not be limited to single departmental use but
rather serve as a central tool for supply chain information flows, fostering collaboration between manufacturers and
distributors, enhancing decision-making transparency, and improving customer satisfaction.

Limitations and Future Research Directions

Although this study validates the applicability of the Technology Acceptance Model (TAM) in the adoption
of Sales Force Automation (SFA) systems and provides both theoretical and practical insights, several limitations
should be acknowledged:

A. Sample scope limitation: The study focused exclusively on the supply chain of the Taiwanese
automotive industry. The findings may thus be influenced by industry-specific characteristics. Future research could

extend the scope to other industries or conduct cross-national comparative studies to enhance generalizability.
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B. Limited external variable design: This study incorporated only self-efficacy and organizational support
as external variables, without considering other potentially influential factors such as digital literacy, psychological
safety, or cross-departmental collaboration. Future research may include additional constructs to strengthen the
explanatory power of the model.

C. Methodological limitation: This study employed cross-sectional survey data, which restricts the ability
to capture dynamic changes in system adoption over time. Future studies could adopt longitudinal research designs
or mixed-method approaches, integrating qualitative interviews with actual system usage records, to provide a more

comprehensive understanding.
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Abstract

The paper expounds the challenges and opportunities faced by talent training in the Al era, and
emphasizes the urgency of cultivating e-commerce composite talents and the necessity of industry-education
integration. This paper analyzes the new model framework and the key points of curriculum system reconstruction
from the aspects of target positioning, curriculum system and teaching method. The influence of Al technology
development on the development of e-commerce education is expounded. The practical experience of building a
training system and faculty construction for e-commerce majors in school-enterprise cooperation points out the
future development direction of Al enabling school-enterprise collaborative creation of e-commerce multi-disciplinary
talents.
Key words: Al empowerment, school-enterprise collaboration, e-commerce talent training, multi-disciplinary talents,

digital transformation of education
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Introduction
The rapid advancement of Al technology is profoundly reshaping talent demand in the field of
E-commerce, It will also face the challenge and opportunity of training compound talents in e-commerce. With the
continuous expansion of the global talent gap in artificial intelligence, New requirements have been put forward for
the traditional e-commerce education mode in universities. The key challenge is how to cultivate composite talents

who possess a solid programming foundation, are proficient in Al algorithm applications, and demonstrate strong

20
The current issue and full text archive of this journal is available on Supply Chain and Sustainability

Research at: https://so08.tci-thaijo.org/index.php/SCSR/index



SUPPLY CHAIN AND SUSTAINABILITY RESEARCH: SCSR

VOL.4, NO.2; JUL. — DEC. ; 2025, ISSN 2822-0412 (Online)

business acumen. In this context, the integration of industry and education has moved from policy advocacy to
practical necessity, and become an important way to solve the contradiction of talent supply side.

The university and the enterprise jointly build a talent training base, Schools and enterprises jointly build
talent training bases, and reconstruct "Al+ e-commerce" courses and practical training innovations through school-
enterprise cooperation, Explore the Al-enabled school-enterprise collaborative e-commerce talent training model
which deeply integrates digital marketing and software technology (Cheng, Liu, & Liu, 2025), It not only solves the
pain point of disconnection between theory and practice in traditional education, Through the empowerment of Al
technology, It has realized the comprehensive innovation of teaching scene, ability evaluation and career
development, and provided a new model for e-commerce talent training that can be replicated.

Al empowers the innovation of collaborative training mode between universities and enterprises

Model framework and core elements

Artificial intelligence empowers school education reform, First of all, artificial intelligence technology should
be used to cultivate students' internal motivation and build a new paradigm of self-driven learning; Secondly, by
developing large education models for educational scenarios, we can empower efficient and personalized education;
Finally, promote the transformation of teachers and students’ roles and improve their ability and quality (Du, Fu,
Wang, et al., 2025). The Al-enabled school-enterprise collaborative training model of "True land Ltd.”, A "trinity"
system innovation has been constructed, which is guided by industrial demand, driven by Al technology and carried
by education, innovation The talent training path should be reconstructed around its three core elements. We will
actively explore the optimization plan of business talent training through school-enterprise cooperation and continue
to cultivate a large number of multi-skilled e-commerce talents with higher education background for the country
(Han & Liu, 2024)

(1) Reconstruct target positioning Different from the unidirectional ability model of traditional E-commerce
talent, A new model of three-dimensional ability composite of "technology + business + data”, It is committed to
cultivating integrated talents who "master the ability of intelligent marketing system development, business data
analysis and full-link digital operation”. This positioning enables graduates to be competent in front-end
development, algorithm optimization and other technical positions, It can also control e-commerce operation, digital
marketing and other business scenarios, and significantly improve employment competitiveness.

(2) Reform of teaching system Reconstruct the "modular + dynamic update” mechanism (see Table
1) Transforming real enterprise projects into teaching resources, that is, breaking down the intelligent marketing
cloud platform with modules such as intelligent website construction, intelligent promotion and data tracking into
teaching units, Schools and enterprises jointly build "Al+ e-commerce" curriculum group. We will deepen the
integration of industry and education in "positions, courses, competitions and certificates" to promote high-quality
development of vocational education in the new era (Han, Pan, & Wang, 2024). That is, the course assignments
can participate in the national college students' competition, and the excellent works can be directly transformed
into enterprise service plans, forming a closed loop of "learning-practice-output".

Build a teaching scene that integrates virtual and real in a way that breaks through the limitation of time

and space. Schools and enterprises build training rooms to connect the needs of enterprises into the classroom in
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real time. Under the guidance of teachers and enterprise mentors, the student team completed the whole process
of practical combat from demand analysis, algorithm development to promotion and operation, Make the learning

process seamless with the work process.

Table 1 Trueland Ltd." school-enterprise co-construction curriculum system structure

The type of course Sample curriculum Al technology Cultivate competency
empowerment point goals

Professional Python data analysis Automatic code Programming basics,
foundation module review system algorithmic thinking
Al + core module Intelligent recommendation  User behavior Algorithm design and
of e-commerce system development analysis model system development
Business Practice Live e-commerce operation Live data dashboard Traffic analysis,
Module practice marketing strategy
Innovation and Digital marketing start-up Market forecasting Traffic analysis,
expansion module project incubation model marketing strategy

Al technology drives teaching innovation

The deep application of artificial intelligence technology in the process of talent training is the core
difference from traditional school-enterprise cooperation. Coalition of colleges and enterprises has achieved a
leapfrog improvement in teaching quality through Al-enabled scenarios.

(1) Intelligent teaching virtual simulation Personalized guidance is realized based on learning behavior data
portrait. The system collects data such as code submission frequency, debugging time and error type distribution
of students in the development environment in real time, through machine learning algorithm, the report of ability
deficiency analysis is generated, and supplementary learning resources are accurately pushed. This data-driven
teaching by aptitude promotes the improvement of learning efficiency and effectively solves the traditional classroom
teaching problem of "Go side by side".

A digital twin training environment is built for high-risk practices such as e-commerce high-concurrency
scenarios and marketing campaign planning. Students can configure server clusters, design promotions, and
observe system performance in real time through stress test models in the virtual space. In the practice of "virtual
factory" in school enterprises, the student team completed the whole process of operation from design, printing to
production through full-link digital simulation, The feasibility of the scheme is verified in the form of "enterprise
bidding-student bidding”. This zero-cost trial and error mechanism greatly expands the boundaries of practice,
making it possible to develop complex system development capabilities.

(2) Digital portrait of professional ability the multi-dimensional ability assessment model is introduced to
break through the limitation of traditional test paper assessment. school-enterprise cooperation project collects

multi-dimensional data such as students' technical ability development, team cooperation and communication ability,
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and innovative thinking ability of the scheme, Generate a dynamic capability radar chart. This portrait not only
serves as feedback for the learning process but also becomes a precise matching tool for enterprise recruitment.
The employment matching degree of graduates using this portrait is greatly improved, and the training period of
enterprises is shortened.

School-enterprise cooperation promotes the remodeling of e-commerce majors

Synergistic reconstruction of curriculum system

The school and enterprises have innovatively constructed a "three double" joint education mechanism (see
Table 2) and an "course competition position" integrated course system transforms the real job ability requirements
of enterprises into modular course groups.

(1) Al-driven collaborative education

Table 2 Triple double" joint design

dimension,
mode of execution Case support
dimensionality
Dual governance The university and the enterprise jointly establish "Whole network real

the training objectives and curriculum system of the scene training room"
industrial college

Dual mentorship Enterprise engineers undertake practical courses, "Teacher integration"
and university teachers participate in enterprise mechanism
technology breakthroughs

Two scenario The Al studio on campus simulates the enterprise Build a "double base"

practices environment + enterprise internship for practice

(2) Project-based development of courses
Core courses of e-commerce majors are fully integrated into Al technology application scenarios. In the courses of
"New Media Operation" and "Economic Management" jointly built by the school and the enterprise, Add user
behavior prediction algorithm, content generation model and other practical links. Add user behavior prediction
algorithm, content generation model and other practical links, Through the analysis of real business cases, students
can master the whole process of Al-enabled marketing content creation. The course assignment requires the design
of intelligent promotion plan around local characteristic products, and the excellent scheme can be directly applied
to the actual operation of enterprises, The cooperation between universities and enterprises realizes the deep
connection of "homework as business plan, classroom as post".

"Three-stage progressive" project training. Students start with modular micro-projects in their freshman
year, such as using Python to crawl product reviews; To the development of subsystems in the second year, such
as building personalized recommendation engine; Then to the comprehensive business projects in my junior year,

such as designing intelligent marketing solutions for small and medium-sized enterprises. Students are provided
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with desensitized business data from small businesses, so that students can face the challenges of ftraffic
fluctuations, user behavior tracking and churn warning in real business environment. user behavior tracking and
churn warning in the real business environment. Enterprises integrate big data Al algorithms and cloud computing
technologies such as laaS/PaaS/SaaS architecture to provide dynamic data dashboards and predictive models, In
the mode of "data support-ability training-employment output", students are helped to simulate the formulation of
marketing strategies and verify their effects, Strengthen data analysis capabilities to respond to real-time market
changes.

Innovative design of practical training system
The training process is the most concentrated area of Al empowerment, Enterprises build a capability progression
channel through the "job practice platform".

(1) Al+ Real Project Platform Classify the enterprise service requirements of digital platforms and import
them into the teaching system. Under the guidance of "dual mentors" of university teachers and enterprise engineers
the student team the student team completed the whole process of practical combat from demand analysis,
technical solution to implementation and delivery. Summarize the Nanning Vocational and Technical College project,
The intelligent marketing system integrates modules such as short video automatic generation and regional user
portrait analysis to help enterprises improve their online sales experience. By integrating students into the process
of creating real business value, their sense of professional identity and technical mission are greatly enhanced.

(2) Competition transformation and innovation platform Establish a mechanism for the transformation of
achievements "promoting innovation through competition”. The requirements of China's International "Internet Plus"
College Students Innovation and Entrepreneurship Competition and other competitions are organically combined
with the technical breakthrough needs of enterprises, The core algorithm is applied to the enterprise overseas
promotion system. The competition not only exercises students' technological innovation ability, but also cultivates
business thinking and team spirit.

(3) Training base rotation mechanism Implement the "rotating and alternating” training of "innovation
workshop in school + enterprise practice center”. We are committed to market demand orientation and promote
interdisciplinary, cross-field and cross-level scientific and technological innovation and personnel training (Li, Zhu,
& Xie, 2023) In the early stage, students master the tool chain and development process in the school base, and
later enter the enterprise site for practical training (see Figure 1), Participate in the delivery of real customer
projects. Enterprise engineers lead students to complete the "festival e-commerce promotion" system stability and
other projects, The server resource allocation is optimized by the load prediction algorithm, and the technical
challenges in the high-concurrency scenario are experienced. This kind of production environment immersion

learning enables students to obtain the core technical experience that is difficult to reach in traditional internship.
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Figure 1 Double base rotation training process

Collaborative construction of teaching staff

In The dual-teacher team is the core element to ensure the quality of training. solves the problem of
teacher transformation through the "school-enterprise linkage mechanism".

(1) Improvement of teachers' ability The dual-qualified team is the core factor to ensure the quality of
training, and the "school-enterprise linkage mechanism" is used to solve the problem of teacher transformation.
Establish a system of mutual appointment and periodic rotation training. On the one hand, university teachers can
master the use and teaching ability of enterprise-level tool chains such as intelligent advertising system and user
portrait analysis platform through the "Al Marketing Engineer Certification" of enterprises, Outstanding candidates
can be promoted to the position of "Vice President of Technology" through assessment; On the other hand,
enterprise engineers receive pedagogical methodology training, learn project-based teaching design and
implementation skills, and are selected as "industry professors" of the college.

(2) Joint creation mechanism Regularly carry out special seminars on "technology feeding teaching”.
School-enterprise cooperative R&D team shared the latest technology trends in intelligent marketing, such as the
application of generative Al in advertising creativity, and university teachers turned it into teaching cases and
experimental projects. In the university enterprise visit and job expansion activities, the university and enterprises
jointly developed cutting-edge courses such as "AIGC Digital Content Production”, and timely transformed the

technological evolution of enterprises into teaching resources.
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Jointly build technical breakthrough teams to serve regional economy, which undertakes the digital marketing needs
of small and medium-sized enterprises together with teachers and students, By helping enterprises to solve the
pain points such as difficult promotion intervention and low operation transformation, Teachers have accumulated
practical experience, and students have gained training in job projects, forming a benign progressive cycle of
"teaching-production-innovation”.

Evaluation standard docking

In order to give full play to the advantages of industry-education collaboration and comprehensively
improve the quality of e-commerce talent training, it is necessary to continuously promote the reform of e-commerce
education and build a new model of excellent training; Strengthen the quality assurance mechanism, empower e-
commerce talent training; rely on project practice, hone the comprehensive quality of e-commerce talents.

(1) Ability certification system We will implement a dual-track evaluation system of academic certificates
and skill level certification. Students are required to pass the "intelligent Marketing Engineer" job competency
certification of the enterprise at the same time as they receive the degree certificate. at the same time as they
obtain their degree certificates. The certification focuses on technical development such as algorithm
implementation, system operation and maintenance such as platform deployment, and business analysis such as
ROI evaluation, The design evaluation standard of its core ability makes the talent ability evaluation seamlessly
connected with the employment needs of enterprises.

(2) Credit recognition mechanism Establish rules for converting project credits. Students who participate
in enterprise e-commerce promotion system development and other projects can get "professional practice" course
credits; Awards in provincial-level competitions can replace "innovation and entrepreneurship" credits; Enterprise
technology certification can be converted into credits of relevant professional courses. This multi-element
identification system, it effectively stimulated the enthusiasm of students to participate in the school-enterprise
cooperation "integration of industry and education" project.

Implement challenges and coping strategies

The in-depth implementation of school-enterprise collaboration is faced with management challenges such
as organizational barriers and unclear rights and responsibilities, which need to be solved by accelerating
institutional innovation.

(1) Optimization of governance structure Establish a new ecology of "teaching, learning, research and
management”, and meet the educational needs in all scenarios and multi-terminal terminals, including teachers'
preparation and teaching, smart classrooms, computer classrooms, etc., Cross-field and cross-level future
technology and innovation workshop system, To build a more perfect new model of e-commerce education with
Chinese characteristics, so as to solve the structural contradictions in the training of e-commerce talents under the
background of scientific and technological revolution and meet the needs of innovative talents in the rapidly
changing industry, and provide systematic solutions (Qiao & Gao, 2025)

Set up a "management and operation center" composed of management personnel from both sides of the
university and enterprise to be responsible for cooperation plan formulation and resource allocation; To set up an

expert committee composed of technical experts and professors to guide teaching and research activities; Establish
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a working group for the integration of teachers and coordinate the construction of dual-teacher teams. This kind of
"school-enterprise integration" governance ensures the professionalism of decision-making and the effectiveness
of implementation.

(2) Dynamic adjustment mechanism Through the analysis of the two-level meeting system of quarterly
review and annual strategy meeting, we will continue to optimize the cooperation content. Among them, the
"quarterly meeting" focuses on solving specific problems such as the need to update training equipment, The annual
meeting examines the match between talent training goals and industrial development, Adjust the major direction
in time and add AIGC application course module.

Future outlook and optimization direction

The iteration of generative Al and other technologies accelerates, requiring the course update cycle to be
shortened to about half a year. Therefore, it is necessary to establish a long-term mechanism of "dynamic balance
and rapid response" between schools and enterprises; Add Al ethics modules such as user privacy protection and
algorithm bias management to avoid the abuse of technology and the absence of ethics education.

Continuous investment in technical resources

The iteration speed of Al technology poses a severe challenge to the timeliness and advancement of
teaching resources.

(1) Build cloud lab together The scheme of "enterprise providing platform + school supporting terminal” is
adopted. The enterprise opens the educational edition of the intelligent marketing cloud platform to the cooperative
colleges, and the school builds a basic cloud computing laboratory (see Figure 2). This model avoids the heavy
investment of tens of millions of dollars and ensures that students have access to cutting-edge tool chains in the
industry. Platform functions are updated in sync with the enterprise production environment. The resources of the
university and the enterprise are constantly integrated and optimized, and the theoretical teaching and virtual
classroom are connected, The integration of virtual and real, "learning, training, evaluation, research, competition
and production” are integrated to cultivate new technical talents with all-round development (Ren, 2025)

(2) Teaching resource co-creation system We will jointly build an "Al+ course resource bank" and cooperate
with enterprises to improve the knowledge production system. The enterprise provides technical documents and
case templates, and the teacher team develops teaching guides and experimental projects, Students contribute to
the innovation and application of practical projects, forming a sustainable and updated teaching resource ecology.
In the school-enterprise cooperation project, Excellent student assignments are incorporated into the corporate

knowledge base and turned into teaching cases.
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Deepening direction of technology integration

With the breakthrough of generative Al and other technologies, the school-enterprise collaborative training
mode will develop in a more intelligent and personalized direction.

(1) Adaptive learning system Build personalized learning assistant based on large language model.
Through the system analysis of students' code style, document writing habits, project design ideas and other
multimodal data, Provide real-time programming suggestions, architecture optimization solutions and learning path
planning. The "Al teaching assistant" system being explored by schools and enterprises can help teachers realize
class situation identification, intelligent teaching diagnosis, and accurate learning situation monitoring. Through "Al
assistance", students 'learning, skill deficiency analysis and learning resource recommendation are assisted , and
students' operation safety assessment report is generated,[Innovation realizes the new integrated teaching mode
of "Al+ teaching assistant, student aid, training aid and management aid" (Wang et al., 2025)

In order to realize basic functions such as class situation recognition and learning situation monitoring, In the future,
it will develop into an intelligent partner covering the whole process of teaching, learning, practice and evaluation.

(2) Industry and education metaverse platform The metaverse is a collection of technologies integrated by
various digital technologies, which constructs a virtual intelligent world (Yang & Song, 2022). that is highly integrated
and linked with the real world. Combine digital twin and extended reality technology to build an immersive teaching
space. Enterprises and universities jointly build virtual e-commerce industrial parks, Students participate in the
whole industry chain from product design, intelligent production to digital marketing with the help of digitization.
Drawing on a number of "digital economy innovation platforms" based on practical training scenarios such as
5G+AR remote maintenance and UAV inspection, we will build an "workshop" for intelligent teaching in the

metaverse.
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Synergistic upgrading of industry and education ecology
Break through the single school-enterprise cooperation mode and evolve to regional clusters and cross-domain
collaboration.

(1) City-wide industry-education consortium According to the indicators of municipal industry-education
consortium construction in the Notice of the General Office of the Ministry of Education on the Construction of
Municipal Industry-Education Consortium, Referring to successful experiences, we will cooperate with local
governments, industry associations and upstream and downstream enterprises to build a regional digital talent
training alliance. Schools and enterprises form an ecosystem integrating "education chain, industrial chain and
innovation chain", providing students with practical scenarios covering the whole e-commerce industry chain.

(2) International talent training Relying on overseas enterprise resources for enterprise services, a cross-
border practice channel will be established. Explore the inclusion of cross-border e-commerce operation into the
training system, Student teams can participate in overseas market analysis, multilingual intelligent customer service
system development, cross-border payment interface docking and other globalization projects, To cultivate
compound talents with international vision and technical ability.

Lifelong education system connection

In the context of accelerated iteration of Al technology, school-enterprise collaboration extends to the whole
cycle of career development.

(1) Alumni Competency Preservation Program Establish a technical tracking system for graduates.
Enterprises open platform update logs, technical white papers and other resources to the alumni of cooperative
colleges and universities. Regularly push industry technology dynamic reports. Excellent alumni can return to the
university to participate in the "technology workshop" and share their practical experience in the industry, forming
a sustainable development link of "learning-employment-feeding back".

(2) Construction of micro certification system In view of the rapid iteration characteristics of Al technology,
modular skill certifications are introduced. Specialized competency certifications, such as "Large Language Model
Application Development" and "Cross-platform Intelligent Customer Service Deployment”, help employees
continuously update their knowledge structure. This "academic education + micro certification" hybrid mode will

become the mainstream form of education to cope with technological change.

Conclusion
The practice of school-enterprise cooperation shows that: shows that the collaborative training mode
enabled by Al can effectively solve the structural contradiction between supply and demand of E-commerce talents.
Through the reconstruction of curriculum system, innovation of training ecology and breakthrough of evaluation
mechanism, the deep integration of technical ability and business quality has been realized. Its core value lies in
building a sustainable Al+ education ecosystem in which "education empowers industry and industry feeds back to

education”, so that talent training and technological innovation form a positive cycle.
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Al is not merely a teaching tool—it serves as a "connector" that redefines the relationship between industry
and education. In the future, we need to use the symbiotic system thinking of "technology, system and ecology" to
lead education from knowledge transmission to innovation and reform.

With the deep integration of "Al+ education" technology, school-enterprise collaboration will develop in a
more intelligent, personalized and lifelong direction. In view of the requirements of new engineering and the current
situation of diversified E-commerce teaching, we adhere to the teaching plan of "theory + training + project", and
comprehensively complement the advantages of industry and education, share the interests of various parties, and
develop talents in an all-round way (Zhou, 2024) Only in this way can the educational potential of Al be truly

released and compound E-commerce talents adapted to the upgrading of digital economy industry be cultivated.
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Abstract

The rise of the low-altitude economy and advances in intelligent technologies have accelerated innovation
in last-mile logistics, where Vehicle-Drone Collaborative Delivery (VDCD) has become a promising solution. We
systematically review 3,300+ publications and apply VOSviewer-based bibliometric analysis to synthesize research
on VDCD. A four-part analytical framework is developed, covering collaboration modes, optimization objectives,
problem models, and solution algorithms. The results identify four paradigms of collaboration: synchronous vehicle-
drone delivery, parallel delivery, vehicle-supported drone delivery, and drone-supported vehicle delivery. Research
objectives have evolved from single goals such as minimizing cost or time toward multidimensional objectives,
including service coverage, customer satisfaction, and carbon reduction. Three evolutionary paths in problem
modeling are observed-basic formulations, constraint-extended models, and joint optimization models-reflecting
growing complexity and cross-layer integration. Algorithmic approaches fall into three main streams: exact methods,
heuristics, and metaheuristics, with emerging trends in hybridization, distributed mechanisms, and adaptive
strategies. Finally, this paper outlines potential directions for optimizing VDCD systems through technological
innovation, policy support, and scenario-specific design, providing valuable insights for future research and practical
implementation.
Keywords: Vehicle-Drone Collaborative Delivery; Path Planning; Multi-Agent Systems; Logistics Optimization;

Intelligent Logistics
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Introduction

The global logistics system is facing unprecedented efficiency bottlenecks and transformation pressures.
According to the World Bank, logistics costs account for more than 12% of global GDP, with last-mile delivery costs
representing 28-35%. This has become a major constraint on overall supply chain efficiency (Park et al., 2023).
The traditional delivery model dominated by fuel-powered vehicles faces multiple challenges. Geographic
constraints reduce accessibility in remote areas and disaster response scenarios (Dorling et al., 2017). Meanwhile,
the rapid growth of e-commerce has led to a surge in parcel volumes. This increase has further raised the frequency
of urban delivery vehicle operations, intensifying both traffic congestion and emissions. Urban logistics vehicles
alone contribute about 30% of traffic congestion and 18% of greenhouse gas emissions (Joselow, 2020).

In recent years, with breakthroughs in drone technology and the expansion of application scenarios,
research on drone-based logistics delivery has developed rapidly. In 2013, Amazon first announced its drone
delivery project and declared that it would enter the stage of practical application by 2017 (Rose, 2013). Soon after
Google’s GoogleX laboratory launched its Project Wing in 2014 (Stewart, 2014). That same year, the German
company DHL successfully tested a drone delivering medicine to a small island inaccessible by truck (Bryan, 2014).
However, as applications deepened, the limitations of drones such as low payload capacity and limited endurance
became evident. To date, companies including Google, Amazon, DHL, and SF Express have employed drones in
delivery operations. Most operate at speeds of 48—-64 km/h, with ranges of 16—48 km, and a payload capacity of
five kg (Heath, 2015). As a result, when logistics demand and delivery radius expand significantly, the capacity and
range constraints of drone systems lead to rising marginal costs and diminishing utility, thus presenting a clear
feature of diseconomies of scale.

In summary, VDCD has emerged as a promising paradigm to overcome the efficiency bottlenecks of last-
mile logistics, leveraging the complementary strengths of aerial and ground transportation. While existing research
has made substantial progress in model design, algorithm development, and scenario exploration, a systematic
and integrative perspective is still needed to clarify the evolution path, optimization logic, and future research
directions of VDCD. It should be noted that this review did not consider airspace regulation papers outside logistics
journals, which may limit the breadth of policy-related insights. To address this gap, this paper provides a
comprehensive review and structured analysis. The explicit contributions of this study are as follows:

Comprehensive Framework: We analyze 3,300+ publications and use VOS viewer-based bibliometric to
build an integrated framework that links collaborative modes, optimization objectives, problem models, and solution
algorithms.

Refined Mode Classification: We categorize VDCD into four representative paradigms and analyze their
mechanisms, applications, and performance trade-offs.

Modeling and Optimization Insights: The evolution from basic to constraint-extended and joint optimization
models, highlighting the shift from spatial flexibility to cross-layer resource integration, and summarize multi-

objective optimization approaches beyond time and cost.
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Literature Review

Sources of Literature

This study searched in the Web of Science Core Collection, including the SCI-EXPANDED and SSCI
databases. The search was performed using the topic terms ‘UAV” AND “Optimization” AND “vehicle-UAV”. After
a strict screening process, conference papers, review articles, and retracted publications were excluded. A total of
more than 3,300 journal articles published between 2015 and the first half of 2025 were identified as relevant to

the research topic. The results are shown in Figure 1

Number of references per year
900 798
200
700
600
500
400
300
200

100

2015 2016 2017 2018 2015 2020 2021 2022 2023 2024 2025

Figure 1 Annual number of published papers

The journal sources mainly include Transportation Research Record, Transportation Research Part
A/B/C/D/E, IEEE Transactions on Intelligent Transportation Systems, Transportation Science, IEEE Transactions
on Wireless Communications, and IET Intelligent Transport Systems. The research fields cover multiple areas,
such as Engineering, Telecommunications, Computer Science, Transportation, Remote Sensing, and Instruments
and Instrumentation.

This study employs VOSviewer to conduct bibliometric analysis. The software is based on co-occurrence
networks and clustering techniques, which automatically extract and normalize keywords from the literature. It then
generates clustering maps according to co-occurrence strength, thereby objectively revealing the structural patterns
of research topics. In this analysis, only author-provided keywords were included. The minimum occurrence
threshold was set to nine. Out of 8,040 keywords, 287 met this criterion. The top fifteen keywords were autonomous
aerial vehicles, optimization, unmanned aerial vehicles, resource management, trajectory optimization, task
analysis, wireless communication, internet of things, resource allocation, energy consumption, path planning, energy

efficiency, NOMA, trajectory design, and relays. The results are shown in Figure 2 and Figure 3
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Figure 2 Keyword co-occurrence network

Number of keyword occurrences

relays S——— 120
trajectory design IEEEEEEGG——— 128
noma I 125
energy efficiency TG 153
path planning I 156
energy consumption S ——————— 175
resource allocation  EEEEEEEE————— 194
internet of things S —————— 216

wireless communication 234

task analysis 234
trajectory optimization 238

resource management 346

unmanned aerial vehicles 353

optimization 547

autonomous aerial vehicles 656

Figure 3 Top fifteen most frequently used keywords

As shown in Figures 2 and 3, the clusters centered on the thematic keyword vehicle-drone collaboration
mainly include terms such as optimization, task analysis, resource allocation, and path planning. This indicates that
these keywords represent the core research focuses in this field.

Problem Modeling

Vehicle-drone combined delivery can adopt multiple modes. Both vehicles and drones can participate in
deliveries, or one may perform delivery while the other provides support. Based on the different roles of vehicles

and drones in the collaborative delivery process, this study, following Otto et al. (2018) and Rojas et al. (2021),
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categorizes the problem into four types: synchronous delivery by drones and vehicles, parallel delivery by vehicles
and drones, vehicle-supported drone delivery, and drone-supported vehicle delivery.

synchronous delivery by drones and vehicles

na
4

P!

—a—
& : -
0
Customer Warehouse Vehicle Route Drone Path

Requirements

Figure. 4 Diagram of synchronized drone and vehicle delivery operation mode

The vehicle—drone collaborative delivery model is illustrated in Figure 4. In this mode, the vehicle and
drones serve their respective customer nodes, with the vehicle carrying one or more drones. Research in this area
focuses on the coordinated optimization of vehicle and drone path planning and task execution. The aim is to
address drone endurance limitations, spatiotemporal synchronization requirements, and road constraints, while
optimizing multiple objectives such as cost, time efficiency, energy consumption, and service coverage. Typically,
the vehicle serves as a mobile platform or resupply point for drones. Modeling studies consider scenarios of varying
complexity. In basic scenarios, vehicles follow predefined routes while drones take off from the vehicle to serve
one or multiple customers before returning. The vehicle must wait at designated times and locations for drone
rendezvous. To improve efficiency and coverage, models have evolved. Teimoury et al. (2024) introduced non-
customer rendezvous locations, allowing vehicles to meet drones at points other than customer nodes, greatly
increasing path planning flexibility. The mobile resupply mode was proposed to overcome fixed stop limitations.
While the vehicle moves along roads, drones can take off, land, and receive battery or cargo replenishment,
significantly extending service range and continuity (Maini et al.,, 2019; Gu et al., 2023). Energy management
strategies have also been incorporated. Yurek et al. (2021) explored dynamic charging as an alternative to battery
replacement to better reflect practical scenarios and reduce downtime. In complex scenarios, multi-objective delivery
is considered. Teimoury et al. (2024) allowed drones to visit multiple customers in a single flight. Gu et al. (2023)
addressed dynamic demand, requiring models to efficiently update paths in response to real-time delivery requests.

Research has thoroughly demonstrated the significant advantages of the synchronous delivery mode in
improving last-mile logistics efficiency. The core of this mode lies in leveraging the collaborative effects at the last-

mile stage. Drones can efficiently handle small-batch, multi-trip, and geographically dispersed delivery tasks,
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effectively compensating for the limitations of ground vehicles in complex road conditions, remote areas, and
emergency demand scenarios. Vehicles, in turn, manage mainline transportation and bulk deliveries, achieving
complementary use of aerial and ground resources. Integrating drones into the delivery system can reduce last-
mile delivery time, minimize vehicle idling and waiting, and enhance system flexibility and robustness while
maintaining overall operational stability. An empirical study by Gu et al. (2023) shows that using a single-vehicle,
single-drone mobile base station in dynamic scenarios can increase service efficiency by 50% and raise operational
profit by 15%, further confirming the feasibility and value of this collaborative delivery mode.

parallel delivery by vehicles and drones
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Customer Warehouse Vehicle Route Drone Path
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Figure. 5 Diagram of vehicle and drone parallel delivery operation mode

Parallel delivery by vehicles and drones refers to a mode in which both participate in the same delivery
task but operate as independent transport units, performing their respective tasks without interference. The
operational scheme is illustrated in Figure 5. In this mode, drones depart directly from the distribution center and
return, serving nearby customers in a point-to-point manner. Vehicles, on the other hand, carry the entire load at
once and deliver to customers in more distant areas. In parallel delivery, drones only pick up items and recharge
at the distribution center. There is no need for temporal or spatial coordination with vehicles, which is why this
mode is referred to as parallel delivery. This mode demonstrates significant value across diverse scenarios.
Edirimanne et al. (2024) used pizza delivery in Sri Lanka as an empirical setting, developing a capacity-constrained
VRP drone model. Their results show that this approach outperforms traditional motorcycles and optimized
motorcycle systems in terms of travel distance, time, cost, and emissions. For special-demand scenarios, Ramos
et al. (2023) focused on dynamic, real-time drug delivery from rural pharmacies in Portugal. They systematically
modeled a vehicle—-drone collaborative mechanism under dual constraints of real-time order arrivals and strict
delivery deadlines. To enhance system robustness, Wang et al. (2021) proposed a multimodal integrated
architecture that coordinates truck fleets, mobile drones carried by trucks, and fixed stations multiple traveling
salesman problem and location allocation problem model (mTSP-LAP), achieving efficient linkage among

heterogeneous nodes. Facing large-scale logistics challenges, Shi et al. (2025) developed a multi-vehicle, multi-
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drone collaborative framework to address the coupled constraints of drone endurance, payload, and truck load
capacity, significantly reducing system energy consumption. Kloster et al. (2023) incorporated fixed drone stations
into the multi traveling salesman problem (mTSP), coordinating vehicle routing and drone task scheduling to reduce
delivery time while optimizing energy usage. Nguyen et al. (2022) proposed a parallel delivery model Parallel Drone
Scheduling Vehicle Routing Problem (PDSVRP) with the core objective of minimizing total operational cost, aiming
to improve multiple performance dimensions.

Parallel delivery by vehicles and drones can fully leverage the flexibility of drones and the long endurance
and high payload capacity of vehicles. This enables adaptation to multiple scenarios while improving system
robustness and wide-area coverage. However, the mode is constrained by drone endurance and payload limits, as
well as additional operational costs related to matching vehicle and drone resources and the layout of stations.

vehicle-supported drone delivery
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Figure 6 Vehicle secured drone delivery operation model diagram

The vehicle supported drone delivery mode is illustrated in Figure 6. In this mode, drones execute the
delivery tasks while vehicles serve as supporting platforms. This mode can be implemented through multiple
approaches. Vehicles may act as mobile transport platforms, carrying drones to the task area before drones
complete all deliveries (Mathew et al., 2015). They can also function as mobile energy supply stations, significantly
extending drone operation time through dynamic charging (Ropero et al., 2019) or vehicle—drone bidirectional
energy-sharing mechanisms (Zhu et al., 2024). Vehicles can further integrate with public transportation networks
to form multi-level relay hubs. For example, drones may ride on buses to reach remote transfer stations and then
complete last-mile delivery using charging stations for battery replacement (Huang et al., 2022). In high-density
last-mile delivery scenarios, vehicles may be upgraded to multifunctional mobile bases, serving as cargo storage,
take-off/landing platforms, and charging stations to support multiple rounds of drone pick-up and delivery (Mulumba
et al., 2024).Meng et al. (2023) proposed the DAPDP model, which overcomes the traditional single-visit limitation
by simultaneously integrating multi-visit services, bidirectional pick-up and delivery demand, truck capacity

constraints, and load-dependent energy optimization.
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At the energy coordination level, Zhu et al. (2024) advanced from basic charging to dynamic energy
transfer, optimizing energy utilization efficiency. In terms of coverage, Huang et al. (2022) expanded the service
network using public transportation, reducing dependence on infrastructure in remote areas. Regarding operational
capability, Meng et al. (2023) integrated multi-visit and synchronized pick-up and delivery requirements, enhancing
practical applicability in commercial scenarios. As a result, vehicles transform from single-purpose transport units
into core hubs for spatiotemporal coordination and resource sharing. They provide systematic support for drones
in long-distance delivery, wide-area continuous operations, and high-density last-mile deliveries, fundamentally
extending the operational boundaries and economic feasibility of drone deployment.

drone-supported vehicle delivery.

Customer Warehouse Vehicle Route Drone Path wehicle
Requirements

Figure 7 Drone-guaranteed vehicle delivery operation mode diagram

The drone-supported vehicle delivery mode is illustrated in Figure 7. In this mode, vehicles lead the delivery
tasks while drones serve as auxiliary tools for cargo replenishment. This mode demonstrates paradigm innovation
in key scenarios. In logistics operations, Dayarian et al. (2020) defined it under the comprehensive formulation of
the Vehicle Routing Problem with Drone Replenishment (VRPDR). Drones continuously pick up goods from the
distribution center to provide real-time replenishment for vehicles enroute, enabling vehicles to exceed their initial
load capacity and complete more deliveries within strict time windows. In urban management, Xu et al. (2023)
proposed the Vehicle—Drone Collaborative Arc Routing Problem (GVD-ARP) to meet traffic patrol requirements. By
leveraging drones to extend monitoring coverage while overcoming endurance constraints, this approach reduces
labor costs and improves response speed to emergencies. In emergency scenarios, Gao et al. (2020) developed
a spatiotemporal synchronized network integrating drones and mobile charging stations, formally termed the Vehicle
Routing Problem with Spatiotemporal Synchronization Network (VRPSN). Coordinated path planning between
drones and charging vehicles enhances both equipment utilization and response efficiency in post-disaster search
and rescue operations.

The core advancement of such models lies in the flexible scheduling of low-altitude resources. This
approach addresses inherent challenges in vehicle delivery, including cargo stock limitations, response delays, and
task continuity, ultimately achieving systematic improvements in logistics efficiency, service coverage, and

emergency response capability.
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Optimization Objectives

The optimization objectives in vehicle—drone collaborative delivery mainly focus on two dimensions: time
and cost. Some studies also consider additional factors such as delivery distance, customer satisfaction, and the
number of drones.

In terms of time-related optimization objectives, although different studies adopt varying models and
constraints, the most common goal remains minimizing total delivery time or the time required to complete delivery
tasks. For example, Raj et al. (2020) minimized delivery time by dynamically adjusting drone flight speed. Luo et
al. (2021) overcame the limitation of single-flight, single-package delivery and set total task time minimization as
the optimization objective. Daknama et al. (2017) focused on minimizing the average delivery time per package.
Luo et al. (2017) aimed to minimize drone flight time, while Kitjacharoenchai et al. (2019) sought to reduce the total
time for all vehicles to complete tasks and return to the distribution center. A detailed analysis is as follows:

(1) Minimization of Total Delivery Time

The objective function is to minimize the total delivery and waiting time of all vehicles and drones in

the system, as shown in Equation (1):

Tsum = min z tij'xij+zsi+ Z tij " Vij €]

i,JEN iEN i,JEN

Xjjrepresents the delivery time from point [ to ] Xij and Y;; are binary decision variables (X;; represents the
drone path, and Y;; represents the vehicle path); Si denotes the waiting time at node [ , calculated as Si = |TLC —
‘L'P| (the time difference between vehicle and drone arrivals).

(2) Minimization of Completion Time
The objective function is to minimize the final time for vehicles and drones to complete all delivery
tasks and return to the depot. When drones can return to the depot, the maximum of vehicle and drone return
times is taken, as shown in Equation (2). When drones cannot return to the depot, the maximum of the vehicle

return time and the retrieval time of the last drone is taken, as shown in Equation (3):

— : C D
Tfinish =min {max{Tn+1' Tn+1}} (2)
_ . C recovery
Tfinish = min {max {Tn+1. max v }} (3)

Besides time, cost minimization is also an important optimization objective. Depending on the components
of cost, different studies model cost minimization in various ways. For example, Mulumba et al. (2024) studied
drone-assisted pick-up and delivery problems with the goal of reducing logistics costs. Sacramento et al. (2015)
demonstrated that a mobile base station mode could reduce logistics costs by up to 48% under optimal conditions.
Boccia et al. (2024), focusing on improving customer satisfaction, set operational cost minimization as the

optimization objective. However, cost modeling is complex and often influenced by multiple variables. This is
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particularly evident when nonlinear cost factors, such as fuel consumption, are involved. In practice, it is also difficult
to comprehensively identify and quantify all cost components. A detailed analysis is as follows:
(3) Minimization of Variable Cost
The objective function is to minimize the operating cost associated with the delivery routes, as

shown in Equation (4):

Cvarzmin Z cl](xl]+yu)+chSl (4’)

L,jEN iEN

Cij represents the unit distance/time cost for path(i,j), andC,,, represents the unit cost of
waiting time.
(4) Minimization of Fixed Cost

The objective function is to minimize the resource activation cost, as shown in Equation (5):

Crix = min{z fr " 6k + Z fw 'Vw} (5)
kek wEW

6k' Yw are binary variables (equal to 1 when drone Kk or vehicle W is used), fkrfw
represent the fixed activation costs of the corresponding resources.

In addition, some studies have proposed other optimization directions, such as minimizing the
total travel distance (Halil et al., 2015; Kim, 2018), minimizing the number of vehicles required (Han et
al., 2020), maximizing the number of served customers (Ulmer et al.,, 2018), maximizing customer
satisfaction (Budak et al., 2023; Ren et al., 2023), and minimizing carbon emissions during the delivery
process (Peng et al., 2025; Zhu et al., 2024).

Problem Models

In line with the aforementioned optimization objectives, problem models have evolved from basic models
to constraint-extended models and joint optimization models, showing a progressive path from expanding spatial
degrees of freedom to integrating cross-layer resources.

basic models Basic models focus on overcoming spatial and task constraints. At the spatial level, Masone
et al. (2022) proposed an edge launch capability framework, allowing drones to take off and land at any position
on the road for the first time, while integrating battery limitations, truck waiting times, and multi-package delivery
constraints. This approach removes the restrictions of fixed take-off and landing points on path planning. Salama
et al. (2022) further extended this concept with a flexible launch and recovery site model, enabling trucks to launch
and recover drones at preselected non-customer locations, fully decoupling take-off and landing operations from
customer nodes. At the task capability level, Luo et al. (2021) overturned the "single-flight, single-package"
assumption and developed a collaborative path model supporting drones to serve multiple customers in a single
flight, significantly improving delivery efficiency. At the system architecture level, Stodola et al. (2024) introduced a

mobile base multi-depot path model, allowing trucks to act as drone transfer stations for cross-depot resource
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scheduling, breaking single-depot operation boundaries. Murray et al. (2020) integrated nonlinear endurance
constraints into multi-drone queue scheduling for the first time. Their automated scenario analysis revealed the
diminishing marginal returns of adding drones and quantified the risks of misapplying endurance models, providing
critical parameter guidance for large-scale systems.

These basic models collectively drive the evolution of collaborative delivery systems from rigid frameworks
to flexible spatial paradigms. By supporting take-off and landing at arbitrary locations and operations at non-
customer points, they release spatial constraints. Combined with multi-customer service and cross-depot
scheduling, they reconstruct task logic. Integrating precise modeling of nonlinear drone endurance, these
approaches ultimately establish a foundational framework for dynamic optimization capable of supporting complex
real-world scenarios.

Constraint-Extended Models

Constraint-extended models address dynamic and uncertain environments by embedding optimization
objectives within more complex constraint systems. Ren et al. (2023) proposed a mobile battery swapping
mechanism, simultaneously optimizing electric vehicle routes and drone endurance strategies. This approach
achieves dynamic energy coordination under time-varying traffic flows, reducing carbon emissions by 28% and
promoting green "last-mile" delivery. Yin et al. (2023) addressed dual uncertainties in demand and travel time in
post-disaster scenarios. They used a budgeted uncertainty set to model parameter perturbations and developed
an arc-based model minimizing worst-case delay penalties, improving disaster response reliability by over 30%.
Meng et al. (2024) interactively modeled multi-visit service, synchronized pick-up and delivery, truck capacity
constraints, and load-dependent drone energy consumption for the first time. This filled a gap in complex
commercial logistics modeling, reducing operational costs of bidirectional medical supply delivery by 19.7%. Thomas
et al. (2024) proposed a joint optimization framework for heterogeneous fleets and dynamic take-off/landing points.
By unifying decisions on in-transit take-off and landing operations, vehicle scheduling, and path planning, they
achieved a 40-fold improvement in computational efficiency for scenarios involving hundreds of customers.

These extended models better reflect real operational contexts and can maintain time and cost optimization
while simultaneously enhancing system resilience and sustainability.

joint optimization models

Joint optimization models achieve deep integration of cross-level decisions, collaboratively optimizing
location, routing, and energy within a single framework. Meng et al. (2024) developed a two-level location-routing
optimization framework. They improved clustering algorithms to optimize blood distribution center locations and
designed intelligent algorithms for coordinated route planning. In complex road networks, this approach
simultaneously reduced total cost by 12.65% and delivery time by 37.5%, providing key decision support for
emergency medical services. They further proposed a UGV/UAV energy joint optimization model, integrating path
planning with intelligent decision-making to systematically balance vehicle movement and flight energy
consumption. Cai et al. (2023), in extreme environment patrol tasks, used an energy coordination scheduling
mechanism to overcome traditional energy constraints, extending system endurance by 45% and addressing

continuous operation bottlenecks in scenarios such as planetary exploration. Li et al. (2020) introduced a mobile
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satellite architecture, converting trucks into dynamic supply points and establishing a two-level optimization model
for supply point positioning and real-time UAV path coordination. This expanded rural delivery coverage by 58%
while reducing flight distance by 25.4%. Gao et al. (2023) proposed a three-level nested decision framework
(customer assignment-drone scheduling-vehicle routing) for multi-vehicle multi-drone systems. Using mixed-integer
programming and hierarchical solution methods, they supported optimization for hundreds of customers, reducing
time-window violations in instant medicine delivery to below 4%.

These models enable balancing of timeliness, cost, coverage, and energy consumption under multi-
objective optimization, providing systematic solutions for large-scale and complex constraint scenarios.

Solution Algorithms

Solution algorithms can be discussed in three main categories: exact algorithms, heuristic algorithms, and

metaheuristic algorithms.

Table 1 Comparison of algorithm characteristics

Type Representative Method Advantages Disadvantages
Precise Branch pricing method, Guarantee globally optimal Only applicable to small-scale and
Algorithm Benders decomposition solutions with rigorous theory computation-intensive scenarios.

Real-time, fast (second-level),
Heuristic Mileage Saving Method, Unstable quality, prone to local
easy to handle complex
Algorithm Neighbourhood Search optimization
constraints

Genetic algorithm (GA), High computational cost (hourly),
Metaheuristic Strong global search,
Ant colony optimization requires experience-based parameter
Algorithm approaching the optimal solution
(ACO) tuning

Exact algorithms

Exact algorithms in vehicle—drone collaborative optimization are primarily based on mathematical
programming and decomposition strategies, constructing theoretically complete solution frameworks. Their core lies
in guaranteeing optimality through structured search and cutting-plane techniques. Typical methodologies include:
branch-and-bound, which solves mixed-integer programming models through systematic enumeration and pruning;
branch-and-price, which dynamically handles large-scale path variables using column generation; Benders
decomposition, which splits the problem into a vehicle routing master problem and a drone scheduling subproblem,
iteratively optimizing via cutting planes; and dynamic programming, which optimizes decision sequences for specific
substructures.

Tamke et al. (2021) designed the first branch-and-bound cutting-plane algorithm for the vehicle routing

problem with drone replenishment (VRPD), dynamically identifying and adding cutting planes to strengthen linear
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relaxations. Cavani et al. (2021) proposed a compact MILP model combined with branch-and-cut decomposition,
increasing the solvable scale from 10 to 24 customers. Yin et al. (2023) developed an enhanced branch-and-price-
and-cut algorithm for time-window constrained collaborative delivery, significantly improving efficiency by combining
bounded bidirectional labeling with subset row inequalities. Boccia et al. (2024) built a two-stage robust optimization
model for post-disaster dual-echelon delivery, integrating column-and-constraint generation with branch-and-cut to
solve worst-case collaborative plans. Faiz et al. (2024) applied column-and-constraint generation to optimize dual-
echelon routes under uncertain demand.

Although these algorithms excel in theoretical completeness and small-scale problem solving, their
computational complexity remains a practical limitation. Existing exact methods are generally suitable only for small
instances. In practice, they are often embedded with heuristic strategies to balance solution efficiency and quality,
making them more applicable for benchmark validation or high-precision small-scale scenarios.

heuristic algorithms

In vehicle—drone collaborative optimization, heuristic algorithms rapidly generate feasible solutions through
customized rules, providing real-time scheduling capabilities for large-scale dynamic scenarios. Their key features
include efficient handling of complex constraints, low parameter dependency, and fast convergence. Typical
methods include neighborhood search, smoothed greedy algorithms, and column generation decomposition
heuristics, which demonstrate significant solution advantages across diverse scenarios.

For example, Kuo et al. (2022) designed a variable neighborhood search (VNS) algorithm with a novel
solution representation for time-window constrained collaborative delivery, efficiently optimizing vehicle-drone joint
routes and delivery costs. Mulumba et al. (2024) proposed a Clarke-Wright savings-based heuristic for integrated
pick-up and delivery scenarios to minimize operational costs. Shi et al. (2023) developed an end-to-end
differentiable framework using stochastic smoothing for sub-model differentiable optimization, combined with a
smoothed greedy heuristic to improve mobile charging station routing decisions. Faiz et al. (2020) developed a
column generation decomposition heuristic for post-disaster uncertain demand, optimizing dual-level drone rescue
route coordination.

Although heuristic algorithms excel in computational efficiency and scenario adaptability, their global search
capability is limited. They are prone to local optima and cannot guarantee optimality. Therefore, in practice, they
are often used as lightweight solvers for medium-scale problems or combined with metaheuristic algorithms to form
hybrid strategies, balancing real-time requirements and solution quality, and supporting robust collaborative
decision-making in dynamic environments.

Metaheuristic algorithms

In the field of vehicle—drone collaborative optimization, metaheuristic algorithms use global search
mechanisms inspired by natural phenomena, such as population evolution and pheromone transmission, to balance
exploration and exploitation in the solution space. They are the preferred approach for large-scale, multi-node, and
complex scenarios. Their main advantages include strong generality, flexible integration of problem features (e.g.,
encoding endurance constraints), guaranteed feasibility of solutions (sacrificing optimality compared with exact

algorithms), and superior global search capability compared with heuristic methods. Typical algorithms include ant

45
The current issue and full text archive of this journal is available on Supply Chain and Sustainability

Research at: https://so08.tci-thaijo.org/index.php/SCSR/index



SUPPLY CHAIN AND SUSTAINABILITY RESEARCH: SCSR

VOL.4, NO.2; JUL. — DEC. ; 2025, ISSN 2822-0412 (Online)

colony optimization (ACO), genetic algorithms (GA), artificial bee colony (ABC), and their hybrid strategies. Recent
research shows three main capabilities: Robustness enhancement via hybrid strategies, Ghaffar et al. (2024)
combined simulated annealing with ABC to overcome local optimal stagnation in medical supply delivery; Ming et
al. (2019) integrated GA with an adaptive max—min ACO system (GA-AMMAS) to improve route quality under real-
time traffic; Konstantinos et al. (2025) nested GA within a robust optimization framework to resist uncertainty
disturbances.

Adaptive mechanisms for practical application, Deng et al. (2022) integrated improved K-means with ACO
to perform load- and energy-sensitive task—path joint optimization; Stodola et al. (2023) designed an adaptive ACO
with node clustering (AACO-NC), enhancing complex scenario performance through dispatch probabilities and local
search.

Multi-objective collaborative optimization, Gu et al. (2023) developed a multi-level pheromone mechanism
to improve ACO for real-time delivery link optimization; Li et al. (2020) used GA to balance cost and carbon emission
in green delivery; Sadok et al. (2024) proposed a distributed GA-based clustering algorithm for coordinated
scheduling of vehicles and drones under load and energy constraints.

These algorithms, through bio-inspired simulation and hybrid strategy innovations, establish efficient search
paradigms in high-dimensional solution spaces for logistics scheduling, emergency response, and green delivery.

They provide scalable technical pathways for ultra-large-scale collaborative optimization.
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Table 2 Typical techniques and evolutionary directions of meta-heuristic algorithms

Typical Technology Authors Application Scenarios Areas for Improvement
Enhance global search capabilities by
Ghaffar et Emergency delivery of medical introducing perturbation mechanisms through
al. (2024) supplies. simulated annealing and strengthen solution
GA + ACO
stability under emergency tasks.
ACO+Simulated
Introducing an adaptive pheromone adjustment
Annealing Ming et al. Dynamic route planning under
mechanism to improve path solution quality and
Genetic Algorithm + (2019) real-time traffic changes

Robust Optimization
Konstantino  High uncertainty task scheduling

s et al. and path reconstruction.
(2025)
Deng et al. Multi-vehicle-multi-drone
(2022) coordinated dispatching.
Supply Chain Risk
Management
Large-scale, multi-task, multi-
Stodola et
constraint complex path
al. (2023)
planning.
Gu et al. Real-time delivery network
(2023) optimization.
Supply Chain
Li et al. Green logistics and carbon
Inventory
(2020) emission control.
Management
Joint scheduling of vehicles and
Sadok et al.
drones under load-energy
(2024)

consumption coupling.

convergence speed in dynamic environments
Introducing genetic operators into robust
optimization to improve solution feasibility and
robustness under demand and traffic uncertainty
Utilizing K-means clustering to reduce search
scale, introducing load and energy consumption
coding to enhance energy efficiency
optimization capabilities.

Combining node clustering and adaptive
pheromone updating to improve search
efficiency and stability under multiple tasks and
complex constraints.

Balancing the search intensity of different
objectives through a multi-level pheromone
mechanism to achieve solution set diversity for
multi-performance optimization.

Introducing multi-objective fitness functions into
genetic algorithms to optimize the Pareto
frontier quality of cost and carbon emissions
Embedding genetic clustering into a distributed
framework to improve computational efficiency
and scalability under large-scale multi-constraint

conditions.

Conclusion

This paper synthesizes the development of VDCD across four dimensions: collaborative modes,

optimization objectives, problem models, and solution algorithms. Four paradigms—synchronized delivery, parallel

delivery, vehicle-supported drone delivery, and drone-supported vehicle delivery—demonstrate distinct operational

mechanisms and application scenarios. Research has shifted from single objectives, such as minimizing time and

cost, toward multi-dimensional goals that incorporate service quality, sustainability, and carbon reduction. Problem

modeling has advanced from basic formulations to joint optimization frameworks, reflecting a growing emphasis on

resource integration. Solution methods show a progression from exact algorithms for small-scale tasks to heuristic

47

The current issue and full text archive of this journal is available on Supply Chain and Sustainability

Research at: https://so08.tci-thaijo.org/index.php/SCSR/index



SUPPLY CHAIN AND SUSTAINABILITY RESEARCH: SCSR

VOL.4, NO.2; JUL. — DEC. ; 2025, ISSN 2822-0412 (Online)

and metaheuristic approaches for complex environments, with hybrid and distributed optimization emerging as
promising trends. For managers, these findings suggest the importance of selecting collaborative modes suited to
specific contexts and adopting multi-criteria decision frameworks supported by Al-based tools. For policymakers,
the results highlight the need for clear regulations on airspace management, data sharing, and green logistics
incentives. Nevertheless, current studies remain limited by reliance on simulations and idealized assumptions, with
few empirical validations in real-world settings.

Future Research Agenda for VDCD

Building on the identified challenges of VDCD development, namely adaptation to dynamic environments,
green sustainability, cross-level optimization, and large-scale implementation, future research can be advanced
across the following key dimensions:

Real-time optimization under dynamic and uncertain environments

Collaborative decision-making frameworks for vehicles and drones should deeply integrate traffic flow,
order demand, and weather forecasts with route planning. This enables second-level decision updates, improves
service stability during peak periods and unexpected scenarios, and has direct applications in instant delivery and
public service distribution.

Full-chain carbon quantification and green optimization strategies

Life-cycle carbon emission models covering energy production, transportation, and charging should be
developed, with low-carbon and sustainability goals as core optimization objectives. On this basis, the collaborative
effects of drones’ zero-emission operation and trucks’ new-energy fuel innovations can be studied in task allocation,
route planning, and energy supply strategies. Carbon budget or trading constraints can be used to significantly
reduce system-wide emissions, promoting standardized and commercial applications of low-carbon collaborative
delivery.

Cross-level joint optimization for large-scale logistics networks

For large node scales, diverse task types, and strict real-time requirements, scalable frameworks combining
hierarchical partitioning and cloud—edge collaborative computing should be proposed. These frameworks can
simultaneously optimize site selection, routing, scheduling, and energy supply, maintaining computational feasibility
and reducing scheduling delays in high-dimensional decision spaces.

Policy—technology integrated pathways for large-scale deployment

Simulation-policy collaborative evaluation platforms should be established to assess the safety and
economic performance of airspace opening policies, take-off/landing site layouts, and operational modes. This
provides quantitative support for hierarchical airspace management and safety certification standards, facilitating
the commercialization and large-scale operation of VDCD.

High-reliability safety and fault-tolerance mechanisms

Task migration and redundancy allocation mechanisms should be introduced to enable seamless task
takeover in cases of drone failure, communication interruption, or vehicle delay. Blockchain or multi-signature
mechanisms can ensure tamper-proof scheduling data, enhancing usability in high-safety scenarios such as medical

or emergency material delivery.
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In summary, vehicle and drone collaborative delivery represents a vital technological pathway for smart
logistics and the low-altitude economy. Future research should emphasize the integration of technology and policy,
as well as algorithms and applications, to develop a multi-agent collaborative delivery system that achieves
economic efficiency, environmental sustainability, and operational safety. Such efforts will drive the large-scale and
sustainable advancement of VDCD within global smart logistics networks.
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Abstract

Situated within the theoretical framework of Area Studies, this paper examines the co-constitutive
relationship between Mount Fuji's natural significance and cultural identity through the lens of cultural landscape
field dynamics, incorporating its conceptual foundations, operational logics, and processes of symbolic
reconfiguration. The study identifies a tripartite mechanism through which the Fuji region achieves nature-culture
synergies: the sacralization of geological formations (manifested in lava tree mold-based Tainai spiritual practices),
the artistic codification of visual representations (epitomized by Katsushika Hokusai's Thirty-Six Views of Mount
Fuji), and the socio-religious networks sustained by the Oshi pilgrimage patronage system. Against the backdrop
of globalization, Japan's strategic deployment of UNESCO World Heritage inscription protocols, digital heritage
conservation technologies, and transregional partnership models has reconfigured Mount Fuji as a polysemic
symbol operating simultaneously as a national identity anchor and transnational cultural commodity. This trajectory
illustrates a paradigm of symbolic transmutation progressing from natural referent to cultural signifier, culminating
in geopolitical signification.

The findings provide critical insights for global heritage governance, particularly in negotiating
preservation-utilization tensions, deploying techno-cultural mediation strategies, and institutionalizing cross-border
cultural synergies.

Keywords: Mount Fuji; Cultural Landscape Field Dynamics; Symbolic Transmutation; Area Studies; Natural

Heritage; Cultural Codification
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Introduction

World cultural and natural heritage represents significant achievements in the development of human
civilization and the evolution of nature, serving as an essential medium for promoting mutual learning and exchange
among diverse civilizations (Xi, 2024). Cultural identity is the deepest form of identity, constituting the root of ethnic
unity and the soul of ethnic harmony (Xuexi Qiangguo, 2025) Within the tension between globalization and
localization, the natural value of world cultural heritage lies not only in the uniqueness of its geological landscapes
but also in its dynamic interplay with local cultural identity.

The cultural cohesion of a cultural landscape field is the hallmark of its existence and the reason why
elements form an integrated whole. Where this cohesion dissipates marks the boundary of the cultural landscape
field. Within such a field, human actors, motivated by shaping or altering cultural cohesion (e.g., fostering its
formation, growth, enrichment, or decline), modify the natural environment in accordance with their own habitus
under the influence of institutional and cultural contexts to manifest cultural cohesion. This process constitutes the
production of cultural landscape space and is often accompanied by the dissemination of its outcomes through
other media forms, such as texts or visuals. The transformed landscape and its associated media are materialized
symbols. Conversely, cultural cohesion also directly influences the mental and spiritual dimensions of human actors
through these symbols (including both material and immaterial aspects). Social structures mediate this process
through relationships among human actors, with those in higher positions dominating the process, controlling more
resources, and even leveraging power to influence the actions of others (Liang, Xia, & Du, 2025) Mount Fuji, as
both a national symbol of Japan and a UNESCO World Heritage Site, is not only a product of volcanic geological
activity but also an assemblage of indigenous religious beliefs, artistic symbols, and social networks, vividly
illustrating the complex interplay between natural value and cultural identity.

Symbolic interactionism explores the meaning individuals derive within society, emphasizing that such
meaning emerges through mediated interactions with people, objects, and events via symbols. It is a sociological
theory that examines human group life by studying the environments and influences of interacting individuals (Mead,
2013) Symbolic reconstruction refers to the re-expression of one symbol's meaning through another. This paper
aims to investigate how Mount Fuji, as a regional entity, achieves symbolic reconstruction through the interaction
of natural and cultural fields, thereby influencing Japan's cultural identity and national image construction.
Particularly from the perspective of area studies, it seeks to explore the implications of this process for heritage
conservation and the dissemination of cultural symbols.

Existing research has examined Mount Fuji from multiple dimensions. In geology, scholars have focused
on its volcanic activity and geomorphological features, highlighting its scientific value and tourism potential. In
cultural studies, most research has addressed aspects such as religion, history, art, and lived experiences.
However, treating Mount Fuji as a "multidimensional field" and analyzing it through an integrated framework
encompassing geology, culture, society, and technology remains underexplored. Current studies lack systematic
analysis of Mount Fuiji's role in cultural identity construction and global cultural dynamics, especially from the

perspective of area studies. There is an urgent need for theoretical breakthroughs in understanding how the mutual
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construction of natural value and cultural identity can serve world heritage conservation and cultural symbol
dissemination. This constitutes the primary motivation for this study.

The Natural Co-construction of Geology and Culture

Cultural heritage refers to monuments, architectural complexes, and sites of historical, aesthetic,
archaeological, scientific, ethnological, or anthropological value. Natural heritage encompasses outstanding
physical, biological, and geological formations, habitats of endangered species, and areas of scientific or aesthetic
significance (UNESCO, 2000) Culture, while closely intertwined with nature, also stands in opposition to it. There
is no culture divorced from nature, for culture is born of nature; nor is there nature untouched by culture, as since
the emergence of humanity, no natural state remains unaffected by human influence (Cai, S., 2016). The interaction
between humans and nature inevitably constructs cultural identity within a given region, whether consciously or
unconsciously

(1) Lava Tree Molds and Taibai Belief: Symbolic Reconstruction in the Interaction of Cultural Landscapes
From the perspective of regional and national studies, the lava tree molds of Mount Fuji serve as a prime example
of the mutual construction of geological phenomena and cultural beliefs, embodying the process of field interaction
and symbolic reconstruction. During the eruption of Mount Fuiji in 937 (the 25th year of the JOhei era), ejected
magma enveloped large trees, with several trees fused together within the lava flow, leaving behind hollow tree-
shaped molds. The burned-out trunks formed cavities, and these remaining caves, known as "lava tree molds,"
were metaphorically likened to the female "womb," thereby linking them to Taibai (womb-related) beliefs.

Practitioners of Fuiji-kO, while ascending the mountain for worship, would circle these hollows to purify
themselves - a practice that transformed geological features into sacred ritual spaces, exemplifying field interaction.
The caves housed altars to Asama Daigongen, the deified form of Mount Fuji (Konohanasakuya-hime), further
cementing the sacred status of lava tree molds within Taibai beliefs. These molds became spatial carriers and
fused symbols of natural value and cultural identity, embodying human perceptions and emotions regarding the
origins of life, natural forces, and divine worship. This process realized the reconstruction of geological landscapes
into cultural symbols (Yamaguchi, 2018)

(2) The Sacred Spring Narrative of Oshino Hakkai: Cultural Transmission in the Interaction of Cultural
Landscapes Located in the highland basin of Oshino Village at the northern foot of Mount Fuji in southeastern
Yamanashi Prefecture, Oshino Hakkai is a group of springs formed by snowmelt from Mount Fuiji filtered through
underground lava. The snowmelt, purified by subterranean lava, emerges from eight distinct outlets, creating the
unique natural landscape of Oshino Hakkai. Oshino Hakkai is not only a pilgrimage site for Fuji worship but also a
place where the guardian deity "Hachidai Ryl_JC_)" (Eight Great Dragon Kings) is venerated. Ascetic practitioners
use the waters of the eight springs to cleanse themselves of worldly dust, viewing it as sacred water that purifies
body and mind. This practice highlights the pivotal role of natural landscapes in religious belief, demonstrating field
interaction (Yamaguchi, M., 2018)

Designated as a national natural monument, the sacred spring narrative of Oshino Hakkai underscores

the centrality of "nature" in religion, culture, and folklore. Through the flow and filtration of its waters, it connects
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the natural power of Mount Fuji with the local community's belief systems, serving as a vital site where nature and
culture interweave and mutually ascribe meaning. It showcases the core role of nature as an objective existence
in regional cultural construction, achieving the symbolic reconstruction of geology and culture through field
interaction.

Cultural Symbols and the Construction of National Identity

National identity refers to an individual's recognition of a nation's political authority, pride in their citizenship,
and emotional attachment to the country. Cultural identity, on the other hand, denotes an individual's identification
with their cultural environment and values. Cultural identity serves as the source of cohesion and centripetal force
among members of a nation, forming the root of national unity. The two are closely intertwined: cultural identity is
the foundation of national identity, while national identity is the ultimate goal of cultural identity. However, cultural
identity is not synonymous with national identity. Under the market economy, the diversification of interest groups,
along with cultural exchanges and collisions in globalization, has led to a pluralistic cultural landscape. While
national identity remains singular, cultural identity can be multifaceted (Wang, J., 2021). From the perspective of
regional and national studies, the reproduction of Mount Fuiji's artistic symbols fosters cultural diversity, playing a
pivotal role in the construction of cultural symbolism and national identity, while also providing opportunities for
cross-cultural exchanges that enhance Sino-Japanese friendship.

(1) Reproduction of Artistic Symbols: Mount Fuji's Role in Cultural Symbolism and National Identity
Construction as a UNESCO World Heritage Site, Mount Fuji holds profound symbolic significance in the arts.
Throughout history, it has been a wellspring of inspiration for artists, and through the reproduction of various artistic
forms and symbols, it has continually reinforced cultural identity and strengthened its role in national identity
construction.

In traditional art, Katsushika Hokusai's Thirty-Six Views of Mount Fuji stands as a classic ukiyo-e series
depicting the mountain, showcasing its diverse landscapes through unique perspectives and techniques. These
works have not only been widely celebrated in Japan but have also exerted a global influence, becoming iconic
representations of Japanese culture. Additionally, Mount Fuji's majestic image frequently appears in literary works
such as tanka and haiku, where poets extol its beauty, further enriching Japan's cultural heritage. For instance,
Natsume SOseki's haiku, "Though ill on the journey, | press on to see autumn's Fuji," (Natsume, S., 2017) conveys
the determination to behold Mount Fuji despite adversity. Through concise yet evocative language, it intertwines
the mountain's natural splendor with human emotion, deepening its cultural significance, strengthening social bonds
among the Japanese people, and reinforcing its role in national identity construction. Continuously reproduced and
reinterpreted in cultural contexts, Mount Fuji has become an integral component of Japan's national identity. Further
exemplifying its symbolic status, Mount Fuji was featured on the reverse side of the 1,000-yen banknote issued in
2004, and the newly designed 1,000-yen note in 2024 also incorporates Hokusai's Thirty-Six Views of Mount Fuji
(Azuma Arare Honpo, 2020). These designs underscore Mount Fuji's role as a cultural symbol, highlighting its
importance in Japanese culture and its contribution to national identity construction, serving Japan's political and

economic development.
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In contemporary cultural symbolism, the reproduction of Mount Fuiji's artistic symbols has taken on diverse
forms. Beyond traditional paintings and literature, it appears in modern photography, digital art, films, and other
media, reinforcing its cultural significance through varied artistic expressions. In 2023, the Shizuoka Fujisan World
Heritage Center introduced the "Fujisan VR Theater," offering immersive experiences through 360-degree
projections (Yamanashi Prefecture Official Tourism Information, 2024) Moreover, in the Japanese film Rebirth,
Mount Fuji's serene ambiance complements the narrative, illustrating its role not only as a natural landmark but
also as a vessel for Japanese emotions and memories, reflecting its function in cultural symbolism and national
identity construction. The Japanese TV drama Hot Spot, premiering on January 12, 2025, is set in a town at the
foot of Mount Fuiji, infusing the story with a distinct cultural atmosphere and showcasing the mountain's symbolic
importance in Japanese life and culture. These artistic works provide novel experiences while enhancing Mount

Fuji's cultural and national resonance in modern society.

Figure 1 Poster of the Japanese drama Hot Spot (Douban Movie, 2024)

Furthermore, Mount Fuji is widely featured in cultural and tourism products such as souvenirs, postcards,
stamps, and apparel. These items integrate its artistic symbols into daily life, allowing people to continually engage
with its cultural allure, thereby reinforcing its role in national identity construction. Through the reproduction of
artistic symbols, Mount Fuji has become not only a quintessential emblem of Japanese culture but also a

cornerstone of Japan's national identity, making significant contributions to cultural heritage and national image-

building.
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Figure 2 Mount Fuji amulet pouch (Shizuoka Tourism Guide, 2025)

Figure 3 Thirty-Six Views of Mount Fuji (Selected), Hokusai's One Fortune (Azuma Arare Honpo, 2020)

(2) The Social Network of the Oshi System: Constructing Faith in Mount Fuji and Social Relations. The
oshi system is a vital component of Mount Fuji's religious framework, playing a key role in its cultural symbolism
and national identity construction. In regional studies, a "community" refers to a collective bound by high levels of
trust among its members (Jiang, Guo, et al., 2019). The oshi system fosters a tight-knit social network, connecting
believers, shrines, and clergy to form a community centered on Mount Fuji worship, fostering collective identity and
reinforcing Japanese cultural and national identity.

As "prayer masters," oshi provide guidance and services to devotees of Mount Fuiji's deities. Affiliated with

specific shrines, they offer prayers for Fuji—kC_) adherents, as well as lodging and guidance for pilgrims, serving as
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lower-ranking clergy (Yamaguchi, 2018), In spreading Mount Fuiji's faith, oshi organize religious activities and rituals,
attracting numerous pilgrims and tourists, thereby boosting local tourism. For example, during the climbing season,
oshi lead worshippers in ascetic rituals (Fuji Guide., 2022) providing lodging and guidance. This not only fulfills
religious needs but also strengthens community faith in Mount Fuji, creates employment opportunities, and
enhances social welfare, enabling locals to participate in the mountain's cultural legacy. Such practices foster
cohesion and belonging, contributing to Japan's social stability and regional economic growth.

Simultaneously, the oshi system facilitates cultural exchange and interaction across regions. Due to its
influence, Mount Fuji's faith extends beyond its locale, spreading nationwide and drawing pilgrims and visitors from
across Japan. In this process, oshi act as bridges, disseminating Mount Fuiji's faith and culture through interactions
with diverse groups, thereby promoting cross-regional cultural integration. Such exchanges strengthen regional
connections, enable efficient information dissemination, and amplify Mount Fuiji's role as a cultural symbol in
fostering cultural and national identity.

The Global Discourse Power Struggle over World Heritage

The "Authorized Heritage Discourse" has become one of the principal theoretical tools in Critical Heritage
Studies. Samuel points out that diverse social groups can utilize heritage, which serves not only in nation-state
building but also in advancing other causes that promote social progress. Heritage is not merely a material entity
requiring preservation but also a cultural phenomenon deeply intertwined with national identity, local sentiment
cultivation, cultural and memory transmission, and the construction of public identity (Ma & Zhang, 2021), Nationality
is shaped by space and is a product of social interaction. Mount Fuji, a World Heritage site, along with its
surrounding natural environment, has profoundly interacted with local communities, giving rise to the existing Fuji
worship that serves the Japanese nation.

Japan achieved industrialization earlier than other Asian nations, becoming one of the world's most
economically developed countries. However, it now faces pressures such as an aging population and industrial
hollowing-out, while its comprehensive national power has been surpassed by China, leading to a crisis of national
confidence. Although economic revitalization remains necessary, it is not the historic mission; instead, Japan's
historic task is to become a major political power. Under these circumstances, the entire Japanese nation harbors
a collective drive to re-engage in competition with China, aspiring to earn respect from the international community,
including China. (Jiang, Guo, et al., 2019). This is determined by Japan's national conditions. Thus, in this context,
the construction and dissemination of Mount Fuji as a cultural symbol are crucial for Japan's urgent desire to
consolidate cultural identity, strengthen national cohesion, shape a positive national image, and secure discursive
power in global competition.

(1) Cultural Politics in Heritage Nomination Strategies. The nomination process of Mount Fuji as a World
Heritage site was a meticulously orchestrated cultural-political campaign by the Japanese government, aimed at
enhancing Japan's international cultural influence and national image by inscribing Fuji on the World Heritage List.
Japan officially began preparations for Fuji's nomination in 1994. This process not only affirmed the mountain's
natural and cultural value but also served as a significant move to showcase Japan's cultural soft power on the

global stage (People’s Daily Online, 2013).

60
The current issue and full text archive of this journal is available on Supply Chain and Sustainability

Research at: https://so08.tci-thaijo.org/index.php/SCSR/index



SUPPLY CHAIN AND SUSTAINABILITY RESEARCH: SCSR

VOL.4, NO.2; JUL. — DEC. ; 2025, ISSN 2822-0412 (Online)

Culture and ideology share conceptual overlaps and interact synergistically. Within a specific timeframe,
culture serves as the premise and foundation for the formation and development of ideology (Wang, J., 2021). For
instance, during the nomination process, the Japanese government emphasized the importance and uniqueness
of Mount Fuji as a Japanese cultural symbol. Through various channels, it domestically reinforced the cohesion
and centripetal force of the Japanese people as a collective, fostering widespread political and value consensus
within society. Internationally, it propagated the value and significance of Fuji's natural-cultural interplay to gain
global recognition and support. This nomination strategy reflects the Japanese government's meticulous planning
and proactive measures in cultural politics, as well as Mount Fuiji's pivotal role in constructing national identity.

The successful inscription of Mount Fuji offers valuable lessons and insights for other countries. First, as
Japan's 17th World Cultural Heritage site, its nomination process and success provide a reference for other nations
in heritage nomination, particularly in highlighting cultural value, formulating effective strategies, and more. Second,
Fuji's inscription has prompted other countries to re-examine and prioritize their own cultural heritage, encouraging
more active efforts to explore and preserve national heritage to enhance cultural influence and global image.
Furthermore, Fuji's success has fostered international mutual understanding and respect for diverse cultures,
contributing positively to the protection and transmission of world heritage. However, post-inscription challenges
and countermeasures must also be addressed. On one hand, visitor numbers surged significantly after Fuji's
inscription. To mitigate environmental pressures from overtourism, Yamanashi and Shizuoka Prefectures
implemented management measures such as trial climbing fees and access controls. On the other hand, as a
World Heritage site, Fuji faces the dilemma of development versus preservation. The Japanese government must
balance promoting tourism with safeguarding Fuji's cultural and natural value. According to NHK, Fujikawaguchiko
Town installed black screens around convenience stores in May 2024 to block views of Fuji, only to remove them
on the 15th of the same month (MOJi Dictionary, 2024) This reflects the mixed outcomes of Fuiji's successful
cultural symbolization, necessitating careful consideration of trade-offs and responsive measures.

(2) International Comparative Perspectives

In contrast, China's Mount Lu was inscribed on the UNESCO World Heritage List in 1996. As the country's
first World Cultural Landscape, Mount Lu is revered as the "Sacred Mountain of Humanities" due to its profound
history and culture. Its cultural extensions span literature, art, religion, reclusive traditions, as well as historical,
political, educational, and urban development dimensions, playing a pivotal role in China's historical and cultural
evolution (Chen, S., 2019), In February 2016, President Xi Jinping inspected Jiangxi Province, praising Mount Lu
as "the epitome of China's leisurely charm" and emphasizing, "Green ecology is Jiangxi's greatest asset, advantage,
and brand. It must be protected well, with efforts to harmonize mountain-water governance and showcase natural
beauty, forging a path where economic development and ecological progress complement each other, creating a
‘Jiangxi Model' for Beautiful China." (Jiang & Liu, 2016) During the 2025 Qingming holiday, Mount Lu welcomed
visitors from Pakistan, Malaysia, and other countries. In 2025, Mount Lu will focus on key tourist demographics,
establish overseas platforms, organize international influencer tours, design tailored inbound travel routes, publish
inbound travel guides, produce the overseas promotional film Hello! Mount Lu, enhance visitor incentives, and

deploy marketing teams to Southeast Asia, Hong Kong, and Macau to achieve annual targets of 2.4 million core
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scenic area ticket sales and 200,000 inbound visitors (Jiujiang News, 2024) Mount Lu integrates aesthetics and
literature, boasting a long history, stunning landscapes, and rich cultural heritage that attracts global tourists. In
today's deepening globalization, Mount Lu, as a composite cultural symbol, demonstrates sustained and stable
progress in advancing the "creative transformation and innovative development" of Chinese traditional culture,
holding immense value in cross-cultural exchange, cultural confidence, and major-country diplomacy. However, the
current development model of Mount Lu's cultural tourism remains relatively extensive, lacking coordinated
planning, which hinders the rational and effective protection and utilization of its natural and cultural resources (Liu
& Ding, 2022) impacting the sustainable development of the scenic area to varying degrees.

Universality resides in particularity, and particularity encompasses universality. Japan's Mount Fuji and
China's Mount Lu each possess distinct particularities, yet in an era of emerging technologies and multicultural
dynamism, the challenges they face in development are universal. For China, cultural exports have become a vital
bridge for dialogue with the world and a key engine for promoting mutual learning among civilizations and building
a community with a shared future for humanity. Recently, the State Council's *Several Economic Policies for
Promoting High-Quality Cultural Development* proposed to "accelerate the cultivation of internationally competitive
cultural export enterprises and facilitate the 'going global' of cultural products and services." In this context, cultural
exports are not only a strategic choice for disseminating Chinese culture overseas but also a concrete pathway for
civilizational exchange (Xuexi Qiangguo, 2025) Moreover, China's recent visa-free policies for multiple nationalities
aim to attract high-quality foreign tourists as ambassadors of Chinese culture, helping to establish and consolidate
China's rising image in the new era. For Japan, Mount Lu's earlier inscription offers lessons worth studying.
Simultaneously, China's policy measures have diverted tourist resources, creating competitive pressure for Mount
Fuji and compelling further development of its cultural symbol and its reconstruction as a political symbol. At its
core, the comparison between Mount Lu and Mount Fuji reflects the competition between China and Japan in
comprehensive national power. Japan will continue leveraging Mount Fuji as a cultural landscape to bolster national
pride domestically and project cultural superiority and influence internationally, striving to regain respect on the
global stage.

The World Heritage List itself is an expression of human civilizational achievements, reflecting the extent
to which diverse civilizations are recognized and understood globally, and embodying their contemporary value and
significance (LU, 2024), Through international comparative perspectives, we can better grasp the referential
significance of Mount Fuji among World Heritage sites and its strategic implications for Japan's nation-state
development. This deeper understanding of the interplay between nature and culture, and the mutual reinforcement
of cultural identity, not only fosters introspection regarding China's World Heritage but also illuminates the vital
importance of cultural diversity and the transmission of human civilization.

Challenges and Responses: Tensions in the Context of Globalization

As noted by the World Heritage Committee, Mount Fuji's cultural value lies in its embodiment of Japanese
mountain worship and its representation as a national symbol in numerous artworks, such as ukiyo-e. However, an
editorial in Japan's Asahi Shimbun points out that while climbing Mount Fuji has deep-rooted religious significance

in Japan, the influx of tourists is gradually eroding its sacredness (Communist Party Member Network, 2013), In
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other words, human activities have, to some extent, a destructive impact on nature, and as natural values diminish,
the cultural identity constructed through interaction with nature also weakens.

(1) Conflict Between Tourism Development and Ecological Conservation

1. Over-Commercialization of the Fuji Five Lakes

The Fuji Five Lakes - from east to west, Lake Yamanaka, Lake Kawaguchi, Lake Saiko, Lake ShOji, and
Lake Motosu - each attract large numbers of visitors with their unique natural landscapes. Lake Yamanaka is known
for its "marimo” (algae balls), Lake Kawaguchi for the "Fuji Reflection" phenomenon, and Lake Motosu, the deepest
of the five, mesmerizes visitors with its azure waters. However, as key tourist destinations around Mount Fuji, the
Five Lakes face challenges from over-commercialization. With the growth of tourism, commercial activities such as
hotels, restaurants, and souvenir shops have proliferated, exerting pressure on the local environment and
ecosystems. Over-commercialization not only degrades the natural beauty of the lakes but may also lead to cultural
homogenization and commodification, diluting their unique cultural and regional characteristics. For instance, some
areas prioritize economic gains over environmental conservation, resulting in ecological damage and unsustainable
use of tourism resources (Zhang et al., 2018)

2. Ecological Pressure on Aokigahara (Sea of Trees)

Aokigahara, a dense primeval forest spanning approximately 16 km near the Fuiji Five Lakes (Yamaguchi,
M., 2018) is also under ecological strain due to tourism. The surge in visitors disrupts the forest's ecosystem
through trampled vegetation and disturbed wildlife habitats. Additionally, the construction of tourism infrastructure,
such as roads and facilities, further negatively impacts the forest's ecology. These activities not only mar the natural
scenery but also risk ecosystem degradation and biodiversity loss (Liu, Hu, & Li, 2024)

(2) Pathways to Reconcile Local Identity and Globalization

1. Digital Empowerment for Heritage Conservation

In addressing the conflict between tourism development and ecological conservation, digital technology
offers new solutions for preserving Mount Fuji's natural values. Remote monitoring and management of the
mountain's natural heritage can be achieved through satellite remote sensing, drone surveillance, and other digital
tools, enabling timely detection and resolution of environmental issues. Furthermore, digital preservation and
dissemination of cultural heritage can leverage the influence of overseas short-video platforms (e.g., TikTok,
Instagram) and technologies like virtual reality (VR) and augmented reality (AR) to allow visitors to experience
Mount Fuiji's cultural and natural beauty without harming the environment (Zhang & Zhong, 2019). For example,
the "Virtual Fuji Tour" project, conducted primarily online, offers 90-minute sessions for groups of 10 participants
via video call. A guide presents curated videos while explaining and answering questions, and participants can also
purchase local specialties. This virtual experience has gained popularity among international tourists, particularly
younger generations, while minimizing direct environmental impact. Such initiatives not only promote cultural
symbolism globally but also garner international recognition, reinforcing both Mount Fuiji's image and Japan's cultural

identity.
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Figure 4 The "Virtual Fuji Tour" Project (Huxiu, 2024)

2. Cross-Regional Collaboration and Glocalization Practices

Cross-regional cooperation is vital for resolving conflicts between tourism development and ecological
conservation at Mount Fuji. By establishing collaborative mechanisms, resources can be shared, and
complementary strengths leveraged to advance sustainable development. Starting in 2024, Yamanashi Prefecture
implemented a climbing toll and visitor cap on the Yoshida Trail. Similarly, Shizuoka Prefecture is considering an
"entrance fee" for trails on its side of the mountain to address overcrowding and trail congestion (LetsGoJP! Japan,
2024). Reports suggest existing cooperation between the two prefectures in tourism management, with
recommendations for enhanced joint planning to balance tourism and conservation (Zhang, 2022)

Cross-regional collaboration also fosters international exchange, allowing Japan to learn from successful
heritage conservation and tourism models worldwide. Geographic proximity reduces interaction costs, while cultural
similarities facilitate communication, aiding regional integration. Institutionalized cultural networks promote cultural
and economic cooperation, significantly advancing regional unity (Jiang, Guo, et al., 2019)

In the context of glocalization, preserving cultural uniqueness requires building an inclusive international
discourse. As a Japanese cultural icon, Mount Fuji must maintain its distinct values while engaging in global
dialogue. Initiatives like the "East Asian Mountain Culture Circle" can strengthen collaboration among China, Japan,
South Korea, and other East Asian nations in preserving and promoting mountain culture, contributing to regional
cultural prosperity (Jin & Xia, 2024) Such cross-regional efforts not only safeguard Mount Fuiji's heritage but also

foster mutual understanding and friendship, supporting the vision of a shared future for humanity.
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Knowledge Production and Disciplinary Reflection in Field Interactions

The natural-cultural co-construction of Mount Fuji demonstrates dynamic bidirectional and phased
characteristics. Natural values empower cultural symbols, while cultural symbols reciprocally reinforce natural
conservation. In the initial phase, geological landscapes (e.g., lava tree molds, Oshino Hakkai) were imbued with
sacred meanings through religious rituals and artistic creations, transforming them into cultural symbols that
consolidate regional cultural identity. In the reinforcement phase, artistic reproduction (e.g., ukiyo-e, fiims) and
institutional networks (e.g., the Oshi system) solidified these symbols as carriers of cultural and national identity,
elevating them into markers of collective national identity. In the globalization phase, World Heritage inscription
strategies and digital technologies reconstructed these symbols, expanding their global dissemination pathways
while simultaneously upgrading natural conservation efforts and reinforcing the sacredness and scarcity of the
landscape. This process validates the cyclical co-construction logic of "culturalizing nature" and "naturalizing
culture," as well as the stratification and tension inherent in the transformation from natural symbols to cultural
symbols and further into political symbols.

In field interactions, the reevaluation of natural values necessitates interdisciplinary dialogue and multi-
stakeholder collaboration. Research on Mount Fuji's field interactions and symbolic reconstruction reveals that an
interdisciplinary perspective enables a more comprehensive understanding of the construction and reinforcement
of its natural values and cultural identity, avoiding the trap of binary oppositions between culture and nature. By
integrating multidimensional perspectives, diverse stakeholders, and dynamic relationships - and by transcending
the knowledge-power structures and cognitive frameworks of traditional disciplines - a global knowledge production
system rooted in Chinese perspectives can be established to genuinely facilitate civilizational exchange and
dialogue (Chen, 2025)

To this end, three focal points must be emphasized: methodological innovation in area studies, the
deepening of glocalization theory, and an Eastern perspective in critical heritage studies. Methodological Innovation
in Area Studies. Moving beyond traditional "state-centrism," a tripartite analytical framework of "nature-culture-
society" should be constructed, emphasizing interdisciplinary dialogue (e.g., geology + anthropology +
communication studies). Deepening Glocalization Theory. Proposing the concept of "elastic boundaries of cultural
symbols," which allows for symbolic reinterpretation in globalized contexts (e.g., VR experiences) while preserving
core cultural DNA (e.g., the sacredness of Mount Fuiji). Eastern Perspective in Critical Heritage Studies. Critiquing
the limitations of Western "authorized heritage discourse" and proposing a "symbiotic governance" model for

heritage conservation in non-Western contexts, balancing national authority, local communities, and global capital.

Conclusion
Various activities of the Japanese people are deeply influenced by nature. As nature changes, cultural and
social activities evolve accordingly. The Japanese not only enjoy the bounty of nature but have also learned to
harness it, recognizing its profound significance. Moreover, they exhibit a strong consciousness of nature

conservation (Heide & Meng, 2009), Through this research, we observe that Mount Fuji, as a cultural landscape,
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has undergone a process wherein its natural symbols are first reconstructed as cultural symbols and then further
reconstituted as political symbols through interactions between nature and human cultural activities. Its cultural
symbols strengthen national cohesion and cultural identity among the Japanese people, while its political symbols
serve various facets of Japan’s national politics, reinforcing ideological output. This paper elucidates the bidirectional
co-construction mechanism between nature and culture - as well as its further reconstruction into political symbols
under globalization - through the conceptual lens of "cultural landscape field interactions" and operational principles.
Simultaneously, the "symbolic reconstruction" perspective reveals the logic behind the construction of cultural and
national identity, reflecting both the uniqueness of Japanese identity formation and the universal contradictions of
heritage conservation in the global era. This study not only demonstrates the methodological value of area studies

but also offers practical insights for global heritage conservation.
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Abstract
The combined effect of China's aging population and artificial intelligence presents both challenges and
opportunities.Al has injected new impetus into the economy by filling the labor gap and driving industrial upgrading.
At the same time, the employment market needs to undergo structural adjustments through skills transformation
and policy support. In the future, it will be necessary to combine technological innovation to build a "human-machine
collaboration" model to cope with the profound impact of demographic structural changes.
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Introduction

Against the backdrop of the rapid development of artificial intelligence technology and the low birth rate,
The impact of Al on the economy and employment is complex and multifaceted. Low fertility leads to an imbalance
in the demographic structure, with a reduction in the labor force and a contraction in consumer demand, posing a
long-term challenge to the social economy. By the end of 2023, the total population of the country was 1.40967
billion, and The number of births in the year was 9.02 million (Wang, 2024). While Al is the core technology of the
Fourth Industrial Revolution, lts development is both an important tool to address the aging issue and may
potentially exacerbate structural issues such as labor displacement and childbirth support.

Al can replace repetitive, low-skilled jobs in manufacturing, logistics, and other fields, alleviating the labor
shortage. With the help of smart parenting assistance systems, personalized medical services, and psychological
intervention, Alleviate family child-rearing pressure, indirectly enhance the willingness to have children. The thesis
is based on economic impact, employment structure change and policy coping.

Alleviate the pressure of low fertility to drive innovation Impact on the economy
Al plays an important role in addressing the economic challenges of low fertility against the backdrop of the low

fertility rate.
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Al can supplement labor force to improve production efficiency

Low fertility has led to a continuous shrinkage of the working-age population; Al is replacing repetitive,
low-skilled jobs through robots and automation. Compensate for the labor shortage caused by the low birth rate.
Industrial robots can operate continuously and with high precision, and their long-term operating cost is lower than
that of human labor. Meanwhile, Al optimizes production processes, driving the transformation of manufacturing
towards intelligence and enhancing total factor productivity. In 2023, the share of China's digital economy in GDP
reached 42.8 percent and contributed to 66.45% of GDP growth; the digital economy effectively supported stable
economic growth (Wang Zhiqgin, 2024). By March 2024, the number of Al enterprises had exceeded 4,500.714
large models have completed the filing of generative Al services. China’s core Al industry reached a scale of 578.4
billion yuan in 2023 (Pei Wei, 2024), become a new driving force for economic growth. QYResearch Research
shows that, the global generative Al market size is expected to be approximately $33.29 billion in 2024.Expected
to reach $214.64 billion in 2031; CAGR of 32.6% between 2025 and 2031 (QYResearch Survey, 2025). On January
16, 2024, world business leaders gathered in Davos, PwC unveils survey: A quarter of the world's chief executives
predict that the deployment of generative Al will lead to at least 5% job cuts this year. (Golden Deer, 2024), Core

scenarios for Al to supplement the labor force and improve production efficiency (see Table 1).

Table 1. Core scenarios for Al to supplement the labor force and improve production efficiency

Labor force Efficiency improvement
Al technology
supplement method dimension
Automated process Replace repetitive labor Production speed; error rate
(assembly, quality inspection); reduction
Intelligent prediction and  Optimize production plans, Resource utilization rate; delivery
scheduling inventory management cycle
Data analysis and Auxiliary management decision- Decision-making speed; market
decision-making making (supply chain optimization) responsiveness
Smart collaboration tools Enhance human capabilities Employee skills; cross-departmental
(training, remote collaboration) collaboration efficiency

Al's boost to production efficiency is revolutionary; Its successful application requires multi-party synergy
at the enterprise level, policy level, and individual level. In this case, companies invest in Al infrastructure, driving
the transformation of employee skills. Policies to improve the lifelong education system, strengthen vocational
training, and formulate Al ethical regulations. Individual workers need to actively learn data analysis or human-
machine collaboration management. Adapt to technological change. Master the "Al Major" composite skills,
systematically improve productivity by replacing repetitive labor, enhancing human decision-making, and creating

new positions. Supplementary labor force to improve production efficiency technology support system (see Figure 1).
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Figure 1 Al Supplementing Labor Force to Improve Production Efficiency Technical Support System

Al can promote consumption upgrade and industrial transformation

Al accelerates the structural transformation of the industry towards a technology-intensive one; New
energy, biomedicine and other emerging industries, as well as brain-computer interface, quantum information and
other industries of the future, are highly dependent on Al, and have become new driving forces for economic
growth.

1) Intelligent upgrade of consumption scenarios Smart technology reconstructs the "people, goods, and
place" relationship, and efficiency is continuously improving. Federal Reserve Governor Cook noted that, Al-driven
improvements in productivity can reduce business costs, driving profit growth and, in turn, wage increases (Cook,
2025), To further promote consumption. Smart home combines user preferences to generate outfit suggestions
and integrates with e-commerce to push discount information, forming a closed loop of smart home and
personalized service demand and supply. The digital transformation of retail and manufacturing has led to JD's
digital human live streaming service brand exceeding 5,000, Driving GMV to exceed 10 billion (He Chang, 2024).

All-element cultural tourism and commercial services are launched online, promoting the upgrading of
cultural tourism consumption. Eat, live, travel, play, shop, and enjoy" digital guide; AR scenic area integration of
virtual and real, restoring the historical style of architecture, Combining VR device panoramic immersive experience,
attracting global tourists.

2) Core driving force of industrial transformation Artificial intelligence, as the core industry in the new
generation of information technology industry, is the core driving force of the fourth industrial revolution, It is

supplementing labor, optimizing production processes and reshaping industrial structures, significantly boosting
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global productivity. Low fertility is forcing the transformation of the industrial structure to a technology-intensive
one.Al empowers smart manufacturing, smart agriculture and other fields. Promote the upgrading of traditional
industries, drive emerging industries such as smart medical, autonomous driving and intelligent transformation of
traditional industries, Lead the economic structure to upgrade to a technology-intensive one. The global industrial
chain is accelerating restructuring, labor-intensive industries are shifting to Southeast Asia, and China's Al
guarantees the competitiveness of high-end manufacturing.Al is empowering consumption upgrade, industrial
transformation and global pattern restructuring with deep technology and scenario innovation. Currently, the industry
is showing a trend towards customization, Al applications are shifting from general scenarios to vertical fields such
as medical imaging diagnosis and industrial quality inspection. The main performance is as follows:

Production process reconstruction.Al algorithm optimizes the entire manufacturing chain, Al drug R&D
technology innovation success rate, efficiency improvement. According to statistics, enterprises adopting predictive
maintenance can reduce equipment downtime by 30%-50% and maintenance costs by 20%-40%, Its core lies in
achieving fault prediction through data models (Chen, 2020)

Service model innovation. Harvard Medical School has joined hands with top research institutions such as
Stanford University and Brigham and Women's Hospital. A revolutionary research result was published in the journal
Nature - CHIEF, a brand new Al pathology model. The model was able to achieve an accuracy of nearly 94% when
diagnosing 19 types of cancer. It provides unprecedented efficient tools for the diagnosis and prognosis prediction
of cancer. Signifying the advent of a new era in the field of medical diagnosis (Wang et al., 2024)

New business format incubation. The main forum of the 2024 Digital Technology Ecology Conference was
released. China has initially built a rather comprehensive industrial system for artificial intelligence, The core industry
of Al has a scale of nearly 600 billion, The number of enterprises in the upstream and downstream industrial chains
exceeds 4,700, covering various related links such as chips, computing power, data, platforms and applications
(Guo Qian, 2024). New categories such as smart cars and humanoid robots are speeding up commercialization.
Al is the core driving force for industrial transformation, including the synergistic progress of technology, data,
policy, market and other dimensions. Algorithm breakthroughs need to match data governance capabilities, and
policies such as investment in computing power infrastructure provide a foundation for technology implementation.
Al “Technological breakthrough — Data activation — Efficiency revolution — Policy protection — Industry
restructuring — Ecological win-win” chain, become the key support to drive the transformation of the industry.

3) Policy and environmental support National strategic layout, carry out "Al action, promote "Al
consumption” into the "Action Plan for Boosting Consumption" (Zhu Lingzhen, 2025).China's first Al data training
base and Beijing's largest public computing power platform have been put into operation with the strongest
computing power facilities to train the "most brain (Cao, 2024).Large model parameters break through the level of
100 billion, and the Chinese understanding ability reaches the level of human experts. But there are technical
breakthroughs and challenges such as data islands, computing power gaps, and ethical risks. Pay attention to the
ethical construction of human-machine collaboration and the democratization of Al for SMEs, so as to achieve a

balance between technological dividends and social. With technological breakthroughs such as multi-modal

73
The current issue and full text archive of this journal is available on Supply Chain and Sustainability

Research at: https://so08.tci-thaijo.org/index.php/SCSR/index



SUPPLY CHAIN AND SUSTAINABILITY RESEARCH: SCSR

VOL.4, NO.2; JUL. — DEC. ; 2025, ISSN 2822-0412 (Online)

interaction and embodied intelligence, Al will drive consumption from "functional satisfaction" to "emotional
resonance" and industry to "flexible manufacturing ecological service".

Al has optimized resource allocation and social services

Artificial intelligence, through data-driven decision-making and intelligent scheduling systems, is
restructuring resource allocation models and reshaping the form of social services, Its impact has permeated the
entire production, circulation, and consumption chains, as well as various fields of social governance.

1) Resource optimization from experience to intelligence Labor reallocation under precise matching of
industrial factors.Al completes intelligent matching of talents and positions through the analysis of skill map and job
requirements.Al prediction models are gradually becoming an important means for enterprises to improve their
financial management level and enhance their market competitiveness. It can not only improve the efficiency and
accuracy of budgeting, but also help enterprises better respond to market changes and make more scientific and
reasonable strategic decisions.Al remote sensing system for three-dimensional modeling and intelligent
management of urban land use, land planning approval cycle is shortened, and utilization rate is improved.

2) From inclusive to precise service improvement Dynamic allocation of medical resources, precision public
services.Al triage system analyzes data from thousands of hospitals in real time, Effectively compress emergency
patients' waiting time. Learning platforms through knowledge graph analysis, Adaptive personalized educational
services, Improvement of learning efficiency for rural students. Urban safety early warning, Social governance
intelligent innovation such as community service, Service demand matching degree improvement.

3) Al integration technology and its iterative upgrade Multimodal technology fusion medical image analysis
system, integrating multi-source data, and improving diagnostic accuracy. Smart agriculture system integrates
satellite remote sensing and soil sensor data, improving the accuracy of irrigation decision-making. Innovation of
human-machine collaborative mechanism. The Al-assisted decision-making system in the Citizen Service Center
has reduced the case time. The intelligent system of the court automatically parses legal documents, which shortens
the case trial cycle.

With the in-depth implementation of the "New Generation Artificial Intelligence Development Plan", Al will
bring huge social and economic value to the improvement of resource allocation efficiency and the inclusive
coverage of social services.

The impact of social structural transformation on the employment market

What Al brings is not simply the replacement of jobs, but a reconfiguration of the factors of production.

1. Al era job displacement and new career creation Al and big data industries provide more employment
opportunities for young people. Al's reshaping of the job market presents a dual effect of "substitution and creation”.
Its essence is to promote the leap of labor structure to high-value fields.

1) Job replacement under the penetration of technology. The standard jobs in manufacturing, services,
and finance are dying out at an accelerating pace. Positions such as legal document drafting and entry-level data
analysis face the risk of replacement. The standard teaching positions in the education field are under attack, and
Al teachers can generate personalized learning paths based on students' wrong answers. Regional and industrial

differences are significant. The manufacturing clusters in the Pearl River Delta and the Yangtze River Delta face
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the greatest pressure of substitution. The high value-added industries such as finance and medical care coexist
with "substitution and upgrading".

2) New occupations in the ecology technology. Emerging strategic positions become human-machine
collaborative positions.Al trainers who are responsible for data annotation and model optimization, prompt word
engineers who enhance the quality of Al output through optimized instructions, Al ethical advisors who craft
algorithmic moral codes become tech-supportive positions. Top global companies are increasing dedicated
positions to address Al ethical risks.Al medical analyst combining clinical experience with Al diagnosis results;
system engineer overseeing the intelligent manufacturing of industrial robots, The positions of industrial 3D large
model, 3D intelligent architect, etc. have emerged as the times require.

3) New paradigm for human-machine collaboration First, the new paradigm of individual capability upgrade
path. Reconstruct from single skill to "Al tool application domain expertise" compound skill transformation. Engaged
in lifelong amateur learning through Al education platforms, focusing on strengthening creativity and critical thinking.
Second, a new paradigm for policy safeguard mechanisms. Cover retraining and social security pilot projects in the
fields of intelligent manufacturing, digital marketing, etc.

Al-driven skill upgrade and new transformation of education

1) Workers need to move to creative, high-skills areas. The importance of "human-specific skills" such as
critical thinking and interpersonal communication is highlighted. The education system needs to incorporate Al
technology training and a lifelong learning mechanism.Al-driven skills transformation and education transformation
are forming a new pattern of mutual reinforcement. Its core is to reconstruct the goals of talent training, reshape
the form of education, and recreate the path of career development.

2) Education shifts from "transmission of knowledge" to "ability building". The Al-induced transformation of
education represents a fundamental innovation in the way human civilization heritage is passed down. It shifts from
"standardized training" to "personalized empowerment," with the ultimate goal of unlocking human potential. The
direction of reform in the education system revolves around restructuring university curricula to include courses
such as Al ethics and human-computer interaction., and the deepening of industry-education integration in various
aspects.

Al to promote gender equality and flexible employment

Al-powered new models such as telecommuting and the platform economy provide flexible work
opportunities, enabling women to balance their careers and families.

1) Technology empowerment breaks the employment circle Al replaces physical labor, releasing women's
potential. Automation in manufacturing has liberated assembly line workers, with women turning to high-value-
added positions such as data analysis and quality control.

The proportion of female practitioners has significantly increased. In the logistics field, robots have replaced
sorting work, giving birth to new positions such as intelligent warehouse dispatchers. Women use Al-assisted tools
to boost efficiency in making short videos.

2) More opportunities for women to find employment Technological advances become accelerators of

gender equality. Flexible employment breaks the limits of time and space, gender equality breaks the boundaries

75
The current issue and full text archive of this journal is available on Supply Chain and Sustainability

Research at: https://so08.tci-thaijo.org/index.php/SCSR/index



SUPPLY CHAIN AND SUSTAINABILITY RESEARCH: SCSR

VOL.4, NO.2; JUL. — DEC. ; 2025, ISSN 2822-0412 (Online)

of cognition, Technological innovation and institutional reform reshape the new form of culture. Not gender but
capability as the measure of value, Not physiological differences but creativity define employment possibility. The
proportion of women in Al trainer positions is increasing. Metaverse scene designers, engineers in emotional
computing, and other cutting-edge professions are seeing a surge in female practitioners. The gender distribution
of emerging professions has been optimized.

3) Reshaping the elasticity characteristics of employment Al has reshaped the elasticity characteristics of
the employment market and promoted the process of gender employment equality through technological innovation
and industrial restructuring. Forming a virtuous cycle of "efficiency improvement; opportunity expansion; fairness
guarantee” in terms of technological empowerment, opportunity restructuring and institutional innovation.

Constructing an economic and employment environment for human-machine collaboration

Building an economic and employment environment for human-machine collaboration, It is necessary to
systematically promote from the aspects of technical base, institutional design, governance model, and educational
support. Constructing a logical framework for the economy and employment of human-machine collaboration (see
Figure 2) This framework emphasizes the interconnection of technology, institutions, capabilities, and international
collaboration. Through the progressive path of “Infrastructure as a foundation— Institutional innovation as the
safeguard — talent capability empowerment — Global ecological co-construction” Progressive path Realize the
sustainable development of human-computer collaborative society.

Constructing a technical support system for human-computer symbiosis

The government has increased its investment in the Al field, attracting talent through tax incentives,
scholarships, and other measures. Such as: China plans to exceed 1 trillion yuan in core Al industry scale by 2030,
driving related industries by 10 trilliony (Qi Yidong, 2020).

1) Smart infrastructure upgrade Deploy quantum computing nodes and edge computing gateways to
achieve data processing upgrade. Shenzhen has built more than 3,000 5G Al edge computing nodes, supporting
real-time decision-making efficiency improvement of factories[14.Build a distributed data lake, integrate government
affairs, medical, transportation and other fields of data, and achieve cross-domain collaboration through federated
learning.

2) Innovative human-computer interaction technology Develop a multimodal interactive system integrating

speech, gesture, brain-computer interface and other technologies, Building a digital twin city. The concept of "Digital
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Figure 2 Logical framework of human-machine collaboration

Twin City" was first proposed in 2017,China's 14th Five-Year Plan (2021-2025) development strategy

outlined in the 14th Five-Year Plan states that it will explore the construction of digital twin cities, The overall layout

plan for the construction of digital China in 2023 was once again proposed, “Universally enhance the integrity,

systematisms, and synergy of the construction of digital China” and explore the construction of digital twin cities

and other requirements. Realize dynamic mapping between physical and virtual space.
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Establish a framework of institutional safeguards for human-machine collaboration

Establish an unemployment relief and retraining system to mitigate the impact of technological
unemployment. Establish data privacy laws and Al ethical guidelines to prevent technology misuse.

1) Ethical and safety norms The National Artificial Intelligence Standardization General Group and the
Artificial Intelligence Sub-Committee of the National Information Standardization Technical Committee released the
"Guide to Artificial Intelligence and Governance Standardization" in March 2023, Decomposing and concretizing
the requirements of each principle based on the perspective of standardization, and sorting out and refining 10
items of artificial intelligence principles with strong feasibility. Provide operational guidance for the development of
specific standards later. The European Parliament approved the EU Al Act on 13 March 2024, contain numerous
rules aimed at supporting the responsible use and development of Al. Establish a data sovereignty protection
mechanism and use blockchain technology to achieve data ownership and traceability.

2) The innovation of policy synergy mechanism Build a cross-sector joint decision-making mechanism.
Integrate the resources of departments such as the National Development and Reform Commission, the Ministry
of Industry and Information Technology, and the Ministry of Science and Technology Coordinate the formulation of
a roadmap for the development of Al industry. Establish a "digital skills portfolio" to record the trajectory of workers'
skills improvement. Implement "Human-Machine Collaboration" vocational certification.

Cultivating a human-machine collaborative educational ecosystem

The "no-man farm" that promotes the integration of Al with traditional industries improves agricultural
efficiency, Smart factory and other intelligent manufacturing to alleviate the labor shortage caused by the low birth
rate. Although Al has provided short-term relief from the impact of the declining birthrate, it may face issues such
as a mismatch in labor skills and insufficient innovation momentum in long term.

1) Curriculum system renewal and innovation Offering Al compulsory courses in basic education to cultivate
computational thinking and digital literacy. On March 2025, the Beijing Municipal Education Commission issued the
"Beijing City's Work Plan for Promoting Artificial Intelligence Education in Primary and Secondary Schools (2025-
2027)", which pointed out, starting from the autumn semester of 2025, Al general education is carried out in primary
and secondary schools throughout the city. No less than 8 class hours per school year, to achieve comprehensive
popularization among primary and secondary school students.

2) Teacher-student capability perfected and upgraded Promote the deep integration of educational
informatization and teaching and learning and innovate teaching models (The Central Committee of the Communist
Party of China & State Council, 2025). In the Al teacher personalized human-computer cooperative education
scenario, the "Al Teaching Assistant" program is implemented, Provide intelligent lesson preparation, student
performance analysis, etc. for teachers. Build a digital portrait system for teachers to dynamically evaluate the
development level of Al teaching capability. Implement mutual recognition of Al capability certificates, vocational
skill certificates and academic education credits. Develop metaverse education scenarios, support cross-border

collaboration, and enhance students' cross-cultural communication skills.
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The economic and employment path of human-machine collaboration

Explore the path to achieve human-machine collaboration in the economy and employment, Build an Al

dialogue environment of "government, enterprise, university, public’. Realize the reconstruction of human-machine

rights and responsibilities; Encourage enterprises to open Al capability interfaces, Lower the threshold for the

application of technology in small and medium-sized enterprises through policies such as tax preferences; Establish

regional computing power sharing centers, balance the distribution of digital infrastructure, and achieve

technological inclusiveness; Establish an application model for Al “regulatory sandbox”, allowing innovation and

trial and error within a controllable range. Economic and employment realization paths of human-machine

collaboration (see Table2).

Table 2 Pathways to the Economic and Employment Realization of Human-Robot Collaboration

Dimension Core elements Implementation path Key technology
Technical 1. Algorithm and computing 1. Increase investment in Al basic Federated
basis power upgrade (quantum research learning;
computing, edge computing) 2. Drive the development of the distributed
2. Human-computer "generalist-specialist collaboration"  storage;
interaction technology model (general large model differential
(Multimodal interaction, industry-specific model) privacy
Brain-computer interface) 3. Construct national-level technology.
3. General and specialized Computing power infrastructure
large models collaboration
Data 1. Data sharing and open 1. Establish cross-industry data Blockchain
governanc  platform standards proof;
e 2. Data security and privacy 2. Establish a data ownership and homomorphic
protection transaction mechanism encryption; data
3. Data ethics and 3. Strengthen data anonymization sandbox.
compliance review processing technology
Ethics and 1. Human-machine liability 1. Issue the "Ethics Guidelines for Explainable Al
law; demarcation (e.g,attribution  Artificial Intelligence" (XAl); ethical

of liability for accidents in
autonomous driving)

2. Algorithm Bias Removal
3. Protection of human

subjectivity

2. Establish an algorithm audit
system
3. Perfecting the regulations on the

identification of Al tort liability

map; legal Al
assistant

system.
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Table 2 (Cont.)

Dimension Core elements Implementation path Key technology
Education 1 .Al literacy for all 1. Incorporate Al ethics into basic Virtual reality
and Talent 2. Human-machine education curriculum teaching;

collaboration skills training 2. Construction of industry- adaptive
3. Interdisciplinary talent education integrated training base learning system;
training (Technology+ 3. Establishment of human- Al tutor.
ethics +domain machine collaborative innovation
knowledge) laboratory
Social 1. Predictive governance 1. Construct a three-level Social
governance (risk early warning based governance platform of "provinces- computing;
on big data) cities-counties". Collective
2. Multi-subject 2. Promote the "big linkage, micro- intelligence;
collaboration (government- governance" model economy and Digital twin city.
enterprise-public) industry
3. Public service intelligent 3. Establish Al-assisted decision-
transformation making system
Economy 1. Industrial digital 1. Formulate Al industry support Industrial
and industry  transformation policies Internet; Digital
2. New quality productivity 2. Establish "Al industry" pilot twin; Smart
cultivation (such as demonstration zones supply chain.
intelligent manufacturing, 3. Improve the system of
smart agriculture) vocational transition
3. Employment structure
adjustment
International 1. Global technical 1. Participate in international Al Cross-border

collaboration

standard unification

2. Cross-border data flow
rules

3. Joint response to Al

ethical challenges

governance organizations (such as
the OECD Al Principles)

2. Promote the "Belt and Road" Al
cooperation initiative3.Establish a

multinational ethics review alliance

data hub;
multilateral
agreement
framework; Joint
technical

certification
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Conclusion
Reconstructing the economic and employment situation of human-machine collaboration is, fundamentally,
a process of dynamic equilibrium between productivity and production relations, as well as technical logic and social
values. It is necessary to adhere to the value orientation of "people-oriented," incorporate humanistic care into
technological innovation, and reserve elastic space in institutional design, eventually achieving symbiosis and

prosperity between technological empowerment and human value.
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Abstract

Taiwan’s rapidly aging population and the unequal distribution of healthcare resources in remote areas
pose a critical challenge to equitable medical services. This study proposes a multimodal Al system that integrates
large language model (LLM) agents with real-time biomechanical gesture recognition, designed for remote elderly
healthcare. By combining browser-based joint-angle tracking with cloud-hosted, context-aware conversational
agents, the system enables natural language communication and clinical motion analysis without transmitting video
data. Evaluated in rehabilitation scenarios in Taiwan, the platform demonstrates low latency, accurate pose
classification, and automated clinical scoring using the Brunnstrom and Fugl-Meyer scales. Its multilingual interface
supports personalized, secure, and efficient health interactions, aligning with Taiwan’s Long-Term Care Plan 2.0
and Al healthcare initiatives. This solution addresses communication and mobility barriers, enhances healthcare
accessibility in rural areas, and contributes to global discourse on ethical, inclusive, and context-aware Al in
eldercare.

Keywords: Multimodal LLM Agents, Remote Elderly Healthcare, Biomechanical Gesture Analysis
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Introduction

Taiwan is undergoing a rapid demographic transition, with over 20% of the population expected to be aged
65 or older by 2025 (National Development Council, Taiwan, 2022). This shift is placing growing strain on the
healthcare system, especially in rural areas where medical resources are limited and access to specialized care
remains insufficient (Wu, Majeed, & Kuo, 2010). These disparities impact both the availability and equity of care
for elderly patients.

To address these issues, Taiwan has launched several initiatives to integrate Al and smart healthcare
technologies into existing medical frameworks (Yang & Lin, 2024). However, many current telemedicine systems
lack the ability to deliver real-time, multimodal, and context-aware interaction—features critical for serving the elderly
population (Chiu & Yang, 2009). Privacy concerns, low responsiveness, and limited accessibility further restrict
adoption in rural settings (Serrano et al., 2023).

The objective of this study is to develop and evaluate a multimodal Al system that combines large language
model (LLM) agents with real-time biomechanical gesture recognition to support remote elderly healthcare in
Taiwan. By addressing current system gaps and aligning with national priorities, the proposed platform aims to

improve communication, clinical assessment, and accessibility—particularly for underserved communities.

Literature Review

Global Al in Healthcare

Artificial intelligence (Al) has become an essential tool in healthcare innovation, with applications ranging
from diagnostic imaging and clinical decision support to workflow automation and remote patient monitoring (Topol,
2019; Davenport & Kalakota, 2019). Al-powered systems enable earlier detection of disease, improved chronic
care management, and reduced hospital readmissions through data-driven intervention (Rajpurkar et al., 2022).
Wearables and home-based monitoring platforms have also expanded real-time access to physiological data,
supporting more responsive and personalized care delivery.

However, the adoption of Al in clinical settings presents several challenges. Technical barriers include
model generalizability across diverse populations, data quality issues, and limited interpretability of algorithm outputs
(Weiner et al., 2025). In parallel, ethical concerns - such as patient privacy, algorithmic bias, and transparency -
remain major obstacles to implementation (Jobin et al., 2019; Char et al., 2020). Addressing these concerns is
critical to building public trust and ensuring responsible Al deployment in healthcare. As Al technologies evolve,
cross-context validation and regulatory oversight will be key to sustainable global integration (Liu et al., 2021).

Al in Taiwan’s Healthcare System
Taiwan has emerged as a regional leader in applying digital innovation to healthcare. In recent years, the
government has prioritized Al integration, especially in chronic disease management and precision medicine. A
notable example is the collaboration between the National Health Insurance Administration (NHIA) and Google,

leveraging cloud-based Al and large-scale clinical data to develop predictive models for diseases such as diabetes.
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These models have been embedded into the Family Physician Program 2.0, enabling scalable and proactive patient
care (Weiner et al., 2025; Liu et al., 2021).

To support clinical adoption, the Ministry of Health and Welfare (MOHW) established Al centers focused
on validation, certification, and impact assessment. These centers work with hospitals to address challenges related
to implementation, cost-effectiveness, and integration with existing care systems (Kelly et al., 2019). Taiwan’s Al
use cases now span emergency care, medical imaging, telehealth, and public health response. One key case is
the Al-assisted chest X-ray screening tool for COVID-19, co-developed by Taipei Medical University Hospital and
Taiwan Al Labs, which helped reduce diagnosis time and resource consumption (Yeh et al., 2020).

Gaps and Motivation for This Project

Although Al adoption in Taiwan’s healthcare system has accelerated, most existing applications remain
unimodal centered around either text or image processing. This limits their functionality in elderly care, where users
often encounter both mobility impairments and communication difficulties (Sun et al., 2024; Yang & Lin, 2024;
Klakegg et al., 2017). Current platforms are not designed to support multimodal interaction that integrates language
processing with real-time motion analysis—capabilities necessary for delivering personalized care in aging and rural
populations.

This gap forms the core motivation for the present study. We propose a multimodal Al system that
combines large language model (LLM) agents with biomechanical gesture recognition to support remote healthcare
for elderly patients. By enabling multilingual, context-aware, and privacy-preserving interactions, the system
enhances communication, clinical evaluation, and rehabilitation in low-access settings (Davico et al., 2024;

Gottschlich et al., 2024).

Methodology
System Architecture
The proposed platform is divided into a browser-side biomechanical module and a cloud-resident
conversational large-language-model (LLM) service. All video is processed locally; only numeric feature vectors
(landmarks, joint angles, intent metadata) traverse the network, thereby reducing bandwidth and eliminating the
transfer of personally identifiable images.
Client biomechanical module Hand landmarks are extracted in real time with MediaPipe Hands (v 0.10).
The library combines a single-shot palm detector with a 21-landmark regressor executed in WebAssembly,
achieving a mean per-frame latency of 18 + 2 ms on a mid-range laptop (Intel i5-8250U) (Zhang et al., 2020). Each

frame’s landmarks are converted to interior joint angles via:

(a—b)-(c—Db)
la — bllc — bl

0 = arccos( Y),a,b,c € R3,

and then smoothed by a one-Euro low-pass filter to suppress jitter without compromising responsiveness

(Casiez, Roussel, & Vogel, 2012). Angle patterns feed (i) a deterministic rule base able to recognise 15 static poses
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(digits 0-9, “OK,” “thumb-up,” etc.) and (ii) a five-level colour scale that mirrors common clinical range-of-motion
(ROM) grading. The annotated canvas may be archived locally as a WebM file for asynchronous review.

Server conversational agent

Transcribed text or ASR output, combined with a compact ROM summary (timestamp and joint-angle
vector), is forwarded to a FastAPl gateway. A lightweight safety-and-intent filter, fine-tuned on Taiwanese
rehabilitation dialogue, validates the content before routing it to a GPT-4-class model running on an NVIDIA A800
GPU (OpenAl, 2023). The prompt template contains the 12 most recent utterances plus the latest ROM summary,
enabling context-aware answers. Responses are streamed to the client via server-sent events; median end-to-end
latency is approximately 1.2 s on a 100 Mb/s connection.

Execution environment
The browser code targets any Chromium-based client at 30 fps (540 x 310 px). Server components

(FastAPI 0.111, Redis 7) are containerised within a Kubernetes cluster. All persistent data are AES-256 encrypted
and audit-logged in accordance with TFDA Part 11.

Real-time Gesture-Recognition Workflow

Video acquisition and landmark inference

A 540 x 310 px RGB stream at 30 fps is captured from the webcam and immediately processed by
MediaPipe Hands. The resulting landmark inference preserves a full 30 fps refresh on the reference hardware,
confirming that on-device computation meets the latency budget for smooth visual feedback (Zhang et al., 2020).
3.2.2 Joint-angle computation and temporal filtering

For every detected hand, consecutive landmarks along each finger ray are converted to interior angles
using the formulation above. A one-Euro filter (B = 0.1; derivative cut-off = 1.5 Hz) adds < 1 ms per frame while
markedly reducing high-frequency noise (Casiez et al., 2012).

Pose classification and clinical mapping

The smoothed angle vector is compared to a deterministic lookup table adapted from finger-counting
literature (Perimal et al., 2018). Because the classifier executes in constant time, no secondary learning model is
required, ensuring transparency and ease of maintenance. Peak angles recorded during a session are binned into
a five-level ROM colour scale. External validation suggests that MediaPipe-derived ROM values show moderate-
to-strong agreement with manual goniometry for most joints (Gu et al., 2023), supporting the module’s suitability
for remote assessment.

Latency safeguards and resource footprint

End-to-end processing—including inference, filtering, pose classification and canvas redraw - requires 26
+ 3 ms per frame on the reference client. If landmark confidence drops below 0.5 for more than ten consecutive
frames, the module suspends clinical scoring and falls back to palm-centre tracking until confidence recovers,
preventing spurious measurements in poor lighting. The complete JavaScript payload, including MediaPipe assets,
is 279 kB (gzip) and consumes < 9 % CPU on the reference laptop, satisfying the deployment constraints of rural

Taiwanese households with limited computational resources.
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Results

Robust real-time landmark tracking

Figure 4a shows the system’s response to a fully extended hand. All 21 landmarks are detected and
rendered in real time, each finger segment colour-coded, despite a bright ceiling light that creates strong back-
lighting. Figure 4b depicts the transition to a “thumb-up” gesture; the landmark constellation is again intact,
confirming continuous tracking with no re-initialisation. Across 20 test sequences (30 fps, 540 x 310 px), the
browser-side inference maintained a mean frame latency of 28 ms, remaining safely below the 33 ms target for
fluent visual feedback (Zhang et al., 2020).

Longitudinal range-of-motion trends

Figure 4c presents a five-minute history of metacarpo-phalangeal (MCP), proximal-inter-phalangeal (PIP)
and distal-inter-phalangeal (DIP) angles. Downward slopes coincide with scripted flexion cycles, whereas plateau
regions denote rest, demonstrating that the one-Euro filter preserves physiologically meaningful dynamics while
suppressing noise.

Automatic clinical grading

The numeric summary in Figure 4d translates the raw angles into a rehabilitation-oriented dashboard. PIP
extension of the index and middle fingers is limited to 12°, well below the functional threshold and therefore
highlighted in red; unaffected joints remain green. Based on the aggregate pattern, the algorithm assigns
Brunnstrom Stage IV and a finger-specific Fugl-Meyer score of 2/14, values consistent with the participant’'s
documented impairment (Brunnstrom, 1970; Fugl-Meyer et al., 1975).

Multilingual intent routing and safety

Figures 4e—4h illustrate the conversational agent’s behaviour. The interface first educates the user on the
three recognised intent categories: general medical questions, ROM queries, and Brunnstrom/Fugl-Meyer staging.
When the user

reports shoulder pain (?‘ZE"]EH%%E My shoulder hurts), the agent classifies the input as a

general medical query and returns structured guidance that includes an initial assessment, a 2/5 pain rating, self-
. LY VAN P -
care advice and red-flag criteria. Another case is that after the user reports, ?‘Z EF' mfﬁﬂﬁ:ﬁ%ﬂf{__‘- .[/,l

E’]" (“Since my stroke only half of my face can move”), the system recognises the request as a stroke-recovery
query, classifies it under the Brunnstrom/Fugl-Meyer pathway, and generates a concise Stage | summary that
outlines the absence of voluntary movement, the immediate goal of eliciting basic synergies, recommended passive
ROM drills in gravity-minimised positions, and a caution to remain semi-sitting until full-body mobility is reassessed.
A subsequent request for non-rehabilitation content (fﬁﬁﬁ_ﬁljﬁﬂiﬁgmiﬁ Give me an essay
with topic of climate change) is refused with a scope-based apology, confirming that the safety layer enforces topic
boundaries.

A dedicated edge-case test further demonstrates context sensitivity. The standalone statement ?t;"x’ﬂ’z',iﬁ

(I haven’t eaten anything) is treated as non-medical small-talk and discarded. However, when the identical sentence

= 48 . . .
follows ?‘Zﬂi%'fﬂﬁﬁ: (My stomach really hurts), the gateway re-evaluates the utterance, links it to the previous
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complaint, and correctly retains it within the general medical thread. This behaviour verifies that the intent filter
consults the rolling twelve-turn dialogue memory rather than relying solely on the surface form of the current
message.

Figure 4. System output samples. (a) Extended-finger posture with colour-coded bones and landmark
overlays. (b) “Thumb-up” gesture demonstrating continuous tracking across poses. (c) Five-minute joint-angle
history showing flexion—extension cycles. (d) Automatically generated ROM dashboard with Brunnstrom stage IV
and Fugl-Meyer finger sub-score 2 / 14; impaired joints highlighted in red. (e) User-facing menu explaining the
three available intent categories. (f) Query correctly routed to the Brunnstrom/Fugl-Meyer pathway, with stage-
specific guidance.(g) Scope-based refusal of an out-of-scope request, validating the safety filter. (h) Dialogue
snippet where identical text is classified differently: non-medical in isolation but medical when preceded by

abdominal-pain context, confirming effective conversation memory.

Hand Gesture Recording System
5 s Hand Gesture Recording System

Gesture Recognition Result: 5 Gesture Recognition Result: good

Detected Hand : Left Hand ¢ Detected Hand : Left Hand @
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thumb 1407 169°
index 165" 167 166"
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Figure 4 System output samples
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Discussion

Interpretation of Results

The findings from this study indicate that the integration of multimodal large language model (LLM) agents
and real-time biomechanical analysis represents a promising advancement in remote elderly healthcare within
Taiwan. Compared to previous efforts both locally and globally, the developed platform offers a more holistic
solution by combining natural language processing with gesture-based interaction, thus addressing critical gaps in
existing telemedicine and Al-assisted healthcare systems (NCKU, 2025; TMU Healthcare, 2024; Shah et al., 2023).
While many prior international studies predominantly explored single-modality Al approaches such as
conversational chatbots or image-based diagnostics the multimodal methodology presented here is particularly
suited to addressing the complex communication and mobility challenges experienced by elderly patients, including
those facing language barriers or restricted mobility (Shah et al., 2023).

The strengths of the proposed system include its ability to deliver context-aware, personalized care and
its potential to seamlessly integrate within existing clinical workflows. The real-time gesture recognition combined
with clinical mapping capabilities allows healthcare providers to more accurately and efficiently track patient
progress regarding range-of-motion and functional status (TMU Healthcare, 2024). Nevertheless, it is important to
acknowledge several limitations inherent to this approach. The effectiveness of the system may be influenced by
technical constraints, including latency associated with real-time data processing, environmental variability during
home-based usage, and the critical necessity of maintaining stringent data privacy standards. Moreover, reliance
on sophisticated Al algorithms and specialized infrastructure might introduce adoption barriers, particularly within
resource-constrained rural settings (TechTimes, 2024).

Policy and Practical Implications

The proposed system is closely aligned with Taiwan’s current healthcare policies, particularly the Long-
Term Care Plan 2.0 (LTC 2.0), which emphasizes community-based, integrated, and technology-supported elderly
care (MOHW, 2024; Hsu & Chen, 2019). By facilitating aging-in-place and easing the caregiving burden for families,
this solution directly advances LTC 2.0 objectives, including the expansion of home-based, community-oriented,
and residential care services, as well as promoting innovative and adaptable care delivery models (MOHW, 2024;
Xiao & Wang, 2024).

Further integration with Taiwan’s National Health Insurance (NHI) system would significantly enhance the
scalability and accessibility of this Al-driven approach. The platform’s capability for continuous remote monitoring
and timely clinical interventions aligns well with the NHI's goal of improving care quality and reducing avoidable
hospitalizations (NHIA, 2024; MOHW, 2024). Additionally, established frameworks addressing information security
and patient privacy under LTC 2.0 and other national initiatives provide robust support for the deployment of
advanced Al solutions in healthcare settings (MOHW, 2024; Xiao & Wang, 2024).

The potential for nationwide scalability and seamless integration into existing healthcare infrastructure is
considerable. Recent pilot initiatives and the establishment of dedicated Al research and application centers have

demonstrated Taiwan’s preparedness to adopt advanced technology solutions to address the growing demands of
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an aging population (MOHW, 2024; Taipei Times, 2024). Moreover, the modular and standards-based design of
the proposed system ensures compatibility and interoperability with existing health information platforms, facilitating
broad implementation and maximizing the system’s clinical and social impact (Xiao & Wang, 2024).

Future Work

Future improvements for the system will include the integration of dialect support to better accommodate
the diverse linguistic communities across Taiwan, alongside the implementation of federated learning methods to
strengthen data privacy and enhance the robustness of Al models (NCKU, 2025). Additionally, broader deployment
in rural and underserved areas will allow for further evaluation of the system’s scalability and adaptability across
various care environments (MOHW, 2024).

Subsequent research should prioritize the assessment of the long-term effectiveness of the system,
particularly regarding improvements in patient health outcomes and reductions in caregiver burden. Further studies
are necessary to investigate the potential integration of complementary smart technologies, such as wearable health
monitors and loT-enabled devices, to establish a more comprehensive, digitally connected care network (Xiao &
Wang, 2024; TMU Healthcare, 2024). Moreover, developing standardized protocols for Al-supported care and
clearly defined regulatory guidelines will be essential to ensure that these innovative technologies are deployed

safely, ethically, and effectively within clinical practice (MOHW, 2024; Shah et al., 2023).

Conclusion

This study demonstrates the feasibility of integrating multimodal large language model (LLM) agents with
real-time biomechanical analysis to enhance remote elderly healthcare in Taiwan. By combining natural language
understanding with gesture recognition, the system addresses key limitations in current telemedicine platforms
specifically the lack of context-aware, interactive, and mobility-sensitive features. This design is particularly relevant
for elderly patients in rural areas, where communication barriers and access to in-person care remain significant
(Sun et al., 2024).

The proposed framework supports continuous monitoring, early anomaly detection, and timely clinical
feedback. It aligns with national healthcare priorities, including Taiwan’s Long-Term Care Plan 2.0 and NHIA’s Al
policy agenda, and is compatible with the country’s existing digital infrastructure. The system also enhances primary
care delivery and enables elderly users and caregivers to better manage health conditions, reducing the need for
avoidable hospital visits (Abbas et al., 2023).

Taiwan has shown strong momentum in Al healthcare innovation—from smart devices to social robotics.
Building on this foundation, the integration of scalable multimodal Al platforms offers a path toward more inclusive
and responsive eldercare. Continued investment in this direction can strengthen healthcare accessibility and equity,

and further position Taiwan as a regional leader in Al-driven, patient-centered health solutions (Sarfraz, 2023).
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Author Guidelines

For Paper Submission and Manuscript Preparation

General Instructions

The Journal of Supply Chain and Sustainability Research (SCSR) accepts research
papers, academic articles, and review articles written in Standard British or American English,
not a mixture. Poorly written English may result in rejection or return of the submission for
language editing. The articles must fall within the aim and scope of the journal, that is, science,
social science, technology, management, and related issues (see about Journal).

Please note that papers in these areas in order to be published in the SCSR journal
Research or academic papers must be 15-20 pages in length inclusive of references, tables,

graphs, charts, and figures.

For research papers, the author is advised to include all elements of the structure below:

- Title of paper must be clear, concise, and informative, all-in uppercase within three typeset
lines.

- Abstract (150-250 words) Abstracts must include sufficient information for readers to judge
the nature and significance of the topic, the adequacy of the investigative strategy,
the research results and conclusions. The abstract should summarize the major
results of the work and not merely list topics to be discussed. It is an outline or brief
summary of your paper in a well-developed paragraph, should be exact in wording,

and understandable to a wide audience.

Keywords (3-5), immediately after the abstract, keywords are for indexing purposes, and

should be different from the title.

Introduction This section provides necessary background of the paper and a brief review

the existing knowledge, and importance of the problem.

Objectives

Literature Review, Conceptual Framework (Discussion of the research work of others in
the field or topic area and how your work will enhance and contribute to the

field. Citation of work by others should follow APA (7™ edition) style e.g.

Example: Maslow (1970) asserts that...... e, (Maslow, 1970)
Wang and Pettit (2021).............. Frrrreeeeeeee——— (Wang & Pettit, 2021)
Hisrich et al. (2020)................. e, (Hisrich et al., 2020)
Novack et al. (2018)................ e (Novack et al., 2018)
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- Research Methodology This section indicates clear research objectives, conceptual
framework(s) (if any), research question(s), hypotheses, population and sample,
research instruments, and the data collection process. This section provides clear
steps used in conducting your research. It means all procedures need to be described
in sufficient detail to allow someone to replicate it.

- Results and Discussion This section covers the analysis of the data. It should include
statistics in tables, charts, graphs, or pictures analyzed against hypotheses or in
answering the research question(s) in quantitative research, or descriptive analyses
of categories in qualitative research. Results is purely descriptive. Discussion
describes and interprets the findings, placing them in a bigger context, relating them
to other work(s) and issues outlined in the Introduction.

- Research Benefits

- Conclusion and Recommendations This section summarizes your study’s key findings
and implications. It should not be long and repetitive, but capture the essence of the
study discussed in all previous sections. It should briefly cover the limitations of your

research and suggested future direction for further research.

For academic articles, we recommend the structure below:
1. Introduction
2. Discussion
2.1 subheading
2.2 subheading
3. Conclusion
The author is advised to follow a logical, understandable point of argument. Break your
main argument into sub-headings and present them in an outline at the end of the Introduction.
- References List all the sources you have cited in the body of your research. It states
the author/s of the source, the material's year of publication, the name or title of the source
material, as well as its electronic retrieval information, including the date it was accessed, if these
were gathered from the Internet (Research articles, academic articles, reports, academic

conferences, references, no later than the last 5 years and Books, unlimited years of reference)
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Submission Guide

Authors are welcome to submit their manuscripts.

All submissions will be given an initial check by our editorial team, within 6-8 weeks after
submission date you will be notified of the initial check result on thaiJo system. Only the article
which passes the initial check will proceed to the review process (6 -8 weeks). The author will be
kept informed of the current status of their paper.

Articles being currently considered for publication by other journals will not be
accepted by The Journal of Supply Chain and Sustainability Research (SCSR). If the author
withdraws or sending a manuscript to other journals any time after the manuscript has been
sent to peer review till the final decision, the Journal will charge the author a penalty fee for
its time and resources spent. The authors must always pay the page charge even if the

withdrawal is permitted.

Specific Instructions:

- Format The preferred format for the text and tables of a manuscript are MS Word DOC
and PDF.

- Paper size Manuscripts must be typed double-spaced on A4 size paper, a single
column format.

- Margins Use a 1-inch margin on all sides of each page-left, right, top, and bottom.

- Spacing Double space lines throughout the paper including appendices, footnotes.
Exceptions: Triple or quadruple spacing can be done around equations. Single or one-and-a-half
spacing can be done in tables or figures. Indent the first line of every paragraph a standard Tabll
key space (V2 inch).

- Font Size and Type. Browallia New font (20 pts. bold for title; 14 pts. for author(s)
and affiliation; 16 pts. bold for headings and 16 pts. bold subheadings; and 14 pts. for text)

- Titles should be no more than three typeset lines.

- Headings should be in bold type, in 16 point Browallia New font. First-level headings
should be aligned to the left with initial caps. One line space should separate headings from the
preceding text.

- Subheadings ltalicize the subheadings in the bold type, single-spaced; in 16 point

Browallia New font.
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SUB-HEADING ONE Bold, Left, UPPERCASE HEADING
Sub-heading Two Bold, Left, Capitalize Each Word
Sub-heading Three Indented, bold, Capitalize Each Word
- Tables, Graphs, Charts, and Figures in 12-point Browallia New font, Bold
- References The Journal uses American Psychological Association (APA) style
(7™ edition).
¢ Include only those sources you have cited in your paper.
o Position the first line of each reference flush left, with subsequent lines wrapping with
a Y-inch (hanging) indent.
e Organize the list in alphabetical order according to the first letter beginning each
entry. Usually, the author’s last name is the first piece of information in each entry.
Use initials for the author’s first/middle names.
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- Tables and Figures

e Line drawings should be of high resolution and high contrast. For color or grayscale

photographs (halftones), use a minimum of 300 dpi (.JPG).

e Provide captions to figures

e Use the table function of Microsoft Word.

e Figure and tables should be placed as close as possible to where they are mentioned

in the text

- Page Numbering: Number all pages of the paper, beginning with the title page. The

number is in the bottom right corner (1 inch from right and %z inch from the bottom

page edges).

Publication Charge

Publication Charge

The process of payment will be required to enable an effective and efficient screening

process. Fee payment will be due at registration, will be 150 USD for both Thai and international

authors. This fee is non-refundable.

Free Registration for Publication: Democratizing Access to Academic Dissemination

SUBMISSION PREPARATION CHECKLIST

As part of the submission process, authors are required to check off their submission's

compliance with all of the following items, and submissions may be returned to authors that do

not adhere to these guidelines.

1.

The manuscript must not have been published or submitted elsewhere for
consideration. (A brief explanation will be necessary to clarify this matter.)

The submitted file is in Microsoft Word and PDF document file with a single
column format.

Where available, URLs for the references must be provided.

Research or academic papers must be 15-20 pages in length inclusive of
references, tables, graphs, charts, and figures.

The text must be double-spaced; (a 14-point font Browallia New; italics rather
than underlining except for URL addresses); and all illustrations, figures, and
tables must be placed within the text at the appropriate points, rather than at the

end.
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6. The text adheres to the stylistic and bibliographic requirements outlined in the
Author Guidelines.

7. Attached to all submitted articles must be a 150-250 words abstract, Keywords
(3-5) and a statement containing the author’s present academic or nonacademic
position and an address where he or she may be contacted by the editors or
interested readers. Authors should place their names on the cover page, but the
name should not appear on headers or elsewhere in the body of the article. Full
contact details for the corresponding author, including email, mailing address
and telephone numbers should also be provided. As the Journal of Supply Chain
and Sustainability Research (SCSR) is a peer reviewed journal, the author must
be follow the instructions about Ensuring a Blind Review.

8. Make sure that there are no grammatical, spellings, or content errors in articles
prior to submitting to the Journal of Supply Chain and Sustainability Research
(SCSR).

9. The Journal of Supply Chain and Sustainability Research (SCSR) uses American
Psychological Association (APA) (7™ edition).

10. Please register as Author for paper submission online on Thaijo system.
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