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Abstract. Intelligent waterway transportation system is a modern waterway
transportation business form by the deep integration of traditional waterway
transportation elements with modern high-tech. It includes five major elements:
intelligent ships, intelligent navigation support, intelligent ports, intelligent ser-
vices and intelligent regulation .Compared to the significant progress achieved in
research and industrial practices of the other four major domains, the develop-
ment of intelligent waterway transportation system regulation has lagged behind.
This study systematically dissects the incompatibilities of the current regulatory
system in terms of its regulatory models, technological capabilities, and support
mechanisms. Relying on the theories such as digital government, digital trans-
formation, experimentalism governance and responsive regulation, a regulatory
theoretical framework in line with the development laws of intelligent waterway
transportation is constructed. It delineates the core philosophy, constituent ele-
ments, and the transitional trajectory for regulation of intelligent waterway sys-
tem. Further, regulatory models that adapt to its technical characteristics and
evolution paths are proposed, namely the new technology-driven multi-party
collaborative intelligent supervision model and the new business form-driven
multi-dimensional dynamic inclusive supervision model. A governance para-
digm that combines governance efficiency and institutional flexibility is formed.
The research results can provide theoretical support and practical reference for
the improvement of the regulation of intelligent waterway system.
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1 Introduction

Intelligent waterway transportation system is a modern waterway transportation system
formed by the deep integration of traditional waterway transportation elements with
modern information technology, artificial intelligence, and other advanced technolo-
gies. It includes five major elements: intelligent ships, intelligent navigation support,
intelligent ports, intelligent waterway transportation services, and intelligent water-
way regulation.l!) Intelligent waterway regulation ensures that regulation adapts to the
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changes in other waterway elements, making the regulatory model, methods, ap-
proaches, evidence collection, and emergency decision-making compatible with the
changes in the regulated entities, thereby promoting their healthy and orderly devel-
opment.

Geng Xiongfei et al. proposed a comprehensive framework for the governance of
intelligent navigation ships, based on the technological characteristics and governance
attributes of intelligent ships, which includes physical space, regulatory space, and
cyberspace, along with specific governance strategies.?! Zhang Qingbao suggested
that the emergence of autonomous ships would pose challenges to maritime regula-
tion, such as expanding the scope of maritime regulation, altering the enforcement
basis and standards, and changing the existing regulatory models.! Wang Lin et al.
pointed out issues such as insufficient regulatory support for intelligent waterway
transportation and the need for improvements in technical capabilities.[*! References
[5] to [7] analyzed the risks of intelligent ships and the challenges they pose to gov-
ernment regulation. Currently, research on the regulation of intelligent waterway
transportation primarily focuses on the analysis of intelligent ship regulatory strate-
gies. On the one hand, there is a lack of analysis on the regulatory needs of other in-
telligent waterway elements, and on the other hand, there is a lack of systematic re-
search on the collaborative evolution of regulatory subjects, objects, technologies,
mechanisms, and models in intelligent waterway regulation.

2 Regulatory Theory Analysis

Intelligent waterway transportation system regulation involves theories related to
digital transformation, digital government, digital governance, responsive regulation,
and experimentalism governance.

Digital transformation is essentially an objective response to the laws of the times,
through the restructuring of productivity and production relations, to create new
modes of production. Fan Shanfen points out that digital government, under the
guidance of human wisdom (including public administrators and external partici-
pants), uses digital and intelligent technologies to adjust organizational structures and
upgrade governance tools, thereby optimizing governance mechanisms and creating a
multi-party governance framework. He also highlights that digital government gov-
ernance is a theoretical and practical path of interactive integration and innovative
development between technology and governance.®®Meng Tianguang states that fo-
cusing solely on the "empowerment" role of emerging technologies on national gov-
ernance, or on how emerging technologies influence the transformation of governance
structures and models, is incomplete. He proposes the "digital governance ecology"
theory, which emphasizes the coordination and sharing relationships between gov-
ernance subjects and governance resources.

The theories of digital transformation, digital government, and digital governance
all emphasize that the tools and methods of government regulation are evolving and
upgrading. The regulated entities are changing, and the institutions, systems, norms,
standards, and processes of government regulation should also evolve accordingly.
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This enables regulation to anticipate trends, guide innovation, and strengthen and
promote the development of new types of productive forces by proactively adjusting
production relations. In this way, a new regulatory ecology is formed, supporting the
steady advancement of the entire digital production system.

Charles F. Sabel and Jonathan Zeitlin proposed the theory of experimentalism
governance in 2008. This theory emphasizes flexibility and agility, stressing the im-
portance of establishing a temporary action framework in new environments and
making adjustments to this framework during the execution of regulatory activities.
The "regulatory sandbox" mechanism was developed under the guidance of this theo-
ry.l"%Zeng Xiong proposed that the "regulatory sandbox" controls the process of
"policy formulation-execution-feedback-adjustment" within a limited application
scope through "isolated testing."''llan Ayres and John Braithwaite introduced the
theory of responsive regulation in 1992. Yang Binglin summarized the essence of
responsive regulation into four aspects: differentiating treatment of regulated entities,
fostering positive subject awareness and capabilities, emphasizing negotiation and
dialogue between regulatory subjects, and closely connecting regulators with the reg-
ulated.l'?Both the theories of experimentalism governance and responsive regulation
provide new directions for regulating intelligent waterway transportation, which is
continuously evolving with new business forms. Regulation no longer assumes preset
answers but instead constructs adaptive frameworks that co-evolve with the industry.

3 Analysis of the Current Status and Challenges of
Waterway Transportation System Regulation in China

3.1 Current Status of Waterway Transportation System Regulation in
China

The traditional transportation system primarily relies on transportation infrastructure.
Under specific environmental conditions, transportation service providers use vehicles
to offer transportation services. Specifically, in the waterway transportation system,
this refers to the process in which port operators, waterway transportation operators,
and other entities provide transportation services using vessels and other transporta-
tion tools, relying on infrastructure such as ports and waterways, and operating under
specific operational, market, and policy environments.

The objects of waterway transportation system regulation mainly include ships,
port and waterway infrastructure, market entities such as enterprises and personnel,
and the transportation organization process. The regulatory bodies include maritime
management, port management, waterway management, transportation management,
ship inspection, and navigation support departments. These regulatory bodies, based
on laws and regulations, implement process-based regulation through a mechanism of
pre-approval, in-process supervision, and post-event handling.
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3.2 Analysis of the Adaptability of the Current Regulatory System to
Intelligent Waterway Transportation Systems

In the face of the rapid technological iteration, diverse innovation subjects, and com-
plex risk structure of intelligent waterway transportation systems, the current mari-
time regulatory system in China exhibits certain inadequacies.

1. Lack of Coordination Among Regulatory Bodies

Currently, waterway transportation system regulation is under the jurisdiction of
different agencies, which are established based on various dimensions such as region-
al distribution, vertical power lines, and horizontal responsibility lines. The manage-
ment system involves the Ministry of Transport's vertical management model, local
governments' territorial management model, and a mixed model of vertical and local
management. On the vertical power line, similar types of agencies have generally
completed the integration of core business applications due to the consistency of their
operations, such as the "one-stop service" of the waterway transportation system.
However, between different regions and across different horizontal responsibility
lines, there is a lack of business coordination and data sharing. For example, in port
area ship scheduling, where multiple departments such as maritime safety administra-
tion, port authority, and pilotage services are involved, there is still a gap in achieving
integrated scheduling.

With the intelligent evolution of core elements such as ships, ports, and navigation
support, the degree of mutual influence and interdependence between these parts will
continuously increase. Regulation will no longer face individual entities but rather the
entire system. However, the functional barriers between management departments
such as port and shipping, and waterway transportation sectors, are still unable to
quickly adapt to the need for cross-domain coordination.

2. Insufficient Intelligence in Regulatory Technology

After the restructuring of the waterway transportation industry, the structural con-
tradiction between the streamlined regulatory forces and the continuously expanding
service responsibilities has become increasingly evident. Currently, the technological
application of waterway transportation system regulation has completed the business
digitization phase, and internal management departments are working on the integra-
tion of the "large system integration." However, the application of technologies such
as big data and artificial intelligence in regulation is limited, and regulatory models in
various fields are still in the exploratory stage, with limited capabilities for precise
services and efficient regulation.

As the level of intelligence of core elements such as intelligent ships and intelligent
ports is rapidly increasing, if regulatory capabilities remain chronically behind the
technological development of regulated entities, it will be unable to address the sys-
temic risks that come with this technological advancement.

3. Lag in Regulatory Support System

There is a significant lag in China's regulatory support system for intelligent wa-
terway transportation, which is unable to keep up with the speed of technological
iteration.. Core legal issues, such as the legal status of unmanned ships and unmanned
container trucks, as well as accident liability determinations, remain unresolved. The



Research on the Theoretical Framework and Model for the ... 283

safety standards for the operation of intelligent equipment and facilities are not yet
fully developed. Additionally, the governance rules for the digital space formed by
data, networks, and algorithms in the intelligent waterway transportation system are
still largely missing. "Physical rule lag and digital rule absence" are the main chal-
lenges facing the regulatory support system for intelligent waterway transportation.

4 Intelligent Waterway Transportation System Regulation
Theoretical Framework

4.1 Framework System

The intelligent waterway transportation System regulation is a theoretical framework
developed under the background of enhanced governance capabilities and digital
transformation. It addresses the emerging business forms of intelligent waterway
transportation, involving multiple stakeholders. This framework transforms regulatory
concepts and governance models, relying on technological means and support systems
to systematically govern both new and traditional governance fields, such as infra-
structure, transportation tools, and platform algorithms. The goal is to ensure a safer,
more efficient, more standardized, higher quality, more open, and more hu-
man-centered modern governance system for the waterway transportation industry.

The core elements of the intelligent waterway transportation system regulation
theoretical framework include the regulatory vision, subjects, objects, models, tech-
nological support system, and management support system, as shown in Figure 1.
These regulatory elements are interrelated and form a complex, interconnected sys-
tem, which continuously adapts dynamically with the development of intelligent wa-
terway transportation system practices.
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Fig. 1. Theoretical Framework for the Regulation of Intelligent Waterway Transportation Sys-
tem




284 G. Liet al.

4.2  Element Analysis

1) Regulatory Vision

Ensuring the "safe, convenient, efficient, green, and economical" development of
the waterway transportation industry is a requirement of the strategy for building a
strong transportation nation and remains the unchanged vision for waterway transpor-
tation system regulation. In the era of intelligent waterway transportation system, its
connotation will continuously evolve, with the regulatory paradigm shifting from
"regulation" to address traditional risks, to "governance" that leads and shapes the
future ecosystem. The deepened meaning of the intelligent waterway transportation
regulation goals is reflected as follows.

Safer: From physical safety to system resilience. The focus shifts from the physical
safety of ship navigation and cargo handling to the creation of a "big safety" system
that integrates operational technology safety, cybersecurity, data security, and system
functional safety.

More Convenient: From process optimization to seamless service. Traditional
convenience focuses on simplifying administrative processes such as customs clear-
ance, inspection, and visa procedures, reducing the complexity of documentation. In
the era of intelligent waterway transportation, data sharing and business collaboration
will break down administrative and commercial barriers, achieving visibility, control,
and predictability throughout the logistics process.

More Efficient: From local optimization to system-wide optimization. Traditional
efficiency is reflected in port organization and transportation cost optimization. In the
era of intelligent waterway transportation, through data-driven approaches and artifi-
cial intelligence, the entire transportation system will achieve system-wide optimiza-
tion and real-time collaboration.

Greener: From end-of-pipe management to low-carbon throughout the entire pro-
cess. The focus shifts from promoting end-of-pipe pollution control and compliance
emissions to leading the industry's green and low-carbon transformation across the
entire lifecycle and value chain.

More Economical: From cost reduction and efficiency improvement to value crea-
tion. It expands from reducing regulatory fees, fuel costs, and other direct costs for
enterprises to cultivating new business forms and models that enhance the value crea-
tion capacity across the entire industry chain.

2) Regulatory Objects and Content

The regulatory objects of intelligent waterway transportation system include intel-
ligent ships, intelligent ports, intelligent navigation support, and intelligent waterway
transportation services. Based on spatial governance theory, intelligent waterway
transportation system regulation will extend from the physical world to the digital
world. The changes in regulatory objects are reflected in the transformation of trans-
portation tools into intelligent entities, the addition of digital twins to infrastructure,
and the integration of boundaries among transportation service providers. Intelligent
ships are no longer transportation tools fully dependent on crew operations, but intel-
ligent entities equipped with environmental perception, analytical judgment, and au-
tonomous action capabilities. After the intelligentization of infrastructure such as
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ports and waterways, they transition from independent physical entities to real-time
mapping, virtual-physical interactive "digital twins." The boundaries of the shipping
companies and port operators involved in intelligent waterway transportation services
are becoming increasingly blurred. Traditional market entities, such as shipping com-
panies and port operators, are no longer independent operational units with clear
boundaries, but rather ecological nodes that permeate, collaborate, and coexist.

The changes in the regulatory objects of intelligent waterway transportation system
have driven the expansion of regulatory content. Building on traditional areas such as
waterway transportation safety, port safety, waterway conditions, and market opera-
tions, the regulatory scope has further incorporated data security, algorithm compli-
ance, and platform responsibility into the core regulatory framework. For example,
whether the vast amount of navigation support data is properly protected, whether the
decision-making of autonomous driving systems is safe, reliable, and legally compli-
ant, and whether the intelligent waterway transportation service platform can ensure
the healthy operation of the shipping ecosystem.

3) Regulatory Bodies

The core of the traditional waterway transportation regulatory system is govern-
ment departments, primarily including maritime management, port management, wa-
terway management, transportation management, and ship inspection departments.
With the cross-boundary, integration, and connectivity characteristics of information
technology extending to the realm of production relations, the current fragmented
regulation, characterized by departmental divisions, is transitioning toward a holistic
governance model of co-construction, co-governance, and shared responsibility. Ad-
ditionally, traditional industry, departmental, and regional boundaries and barriers are
continuously being broken down. A majority of responsibilities once held by the gov-
ernment are increasingly being replaced by the market and enterprises, gradually
forming a "large department, small government" structure.

From the perspective of governance theory, the future regulatory bodies will shift
from being a single government entity to a multi-stakeholder collaborative industry
ecosystem. In addition to government management departments in the waterway
transportation sector, this will also include associations, leading industry enterprises,
and other relevant stakeholders.

The Xiamen Port Authority, in collaboration with industry associations, the public,
and other stakeholders, has established a third-party public welfare credit evaluation
system for Xiamen Port and shipping. This system integrates credit data with inclu-
sive finance applications to help more than 100 port and shipping companies solve
their financing issues. This scenario begins with regulatory oversight of the transpor-
tation market, creating a healthy collaborative governance state involving multiple
stakeholders.

4) Technological Support System

The intelligent waterway transportation regulation technology system is an im-
portant reflection of industry regulatory capabilities. According to digital governance
theory, it primarily addresses the issue of insufficient intelligence in traditional regu-
lation through technological system upgrades. Logically, the intelligent waterway
transportation regulation technology system still follows the traditional layered archi-
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tecture of "perception - transmission - data - platform - application,”" with infrastruc-
ture and operational security as its foundation. The changes in this system are reflect-
ed in three points: the comprehensive application of "artificial intelligence + regula-
tion"; the functional integration of traditional hierarchical boundaries; and the ser-
vice-oriented nature of regulatory technology capabilities. The framework of the
technological support system is shown in Figure 2.
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Fig. 2. Technical Support Framework Framework for the Regulation of Intelligent Waterway
Transportation System

One of the changes in the intelligent waterway transportation regulation technology
system is the shift from "governance through technology" to "technology-driven gov-
ernance." Traditional waterway transportation system regulation primarily relies on
human intervention, with technology supporting core functions such as monitoring,
command, and emergency response. In the new regulatory system, technology itself
enables governance, with algorithms automatically executing compliance checks and
risk interventions, thus achieving intelligent regulation.

In the intelligent waterway transportation system regulation technology system, the
traditional layered architecture is undergoing 'functional integration.' Various new
types of infrastructure now exhibit composite characteristics. For example, intelligent
patrol boats have become mobile intelligent platforms that integrate perception,
communication, computing, and application. This cross-layer integration of the tech-
nological system lays the physical foundation for constructing a resilient,
self-organizing intelligent regulatory ecosystem.

The technological capabilities of intelligent waterway transportation system regu-
lation are transitioning from closed regulatory tools to open industry services. For
example, authoritative ship identity verification, high-precision risk assessment mod-
els, and real-time navigation situation data can all be packaged into standardized API
service interfaces and made available to industry partners such as shipping compa-
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nies, port operators, cargo owners, and research institutions. The regulatory technol-
ogy capability has evolved into an open empowerment platform, encouraging industry
participants to proactively integrate capabilities like compliance checks and risk pre-
diction into their own business processes, thus shifting from "passively accepting
regulation" to "actively internalizing compliance."

5) Management Support System

The management support system for intelligent waterway transportation system
regulation provides legitimacy, standardization, and stability to the regulation process,
including laws and regulations, technical standards, operational norms, management
mechanisms, and ethical guidelines, as shown in Figure 3. As the industry practices of
intelligent waterway transportation are still in the exploratory stage, based on experi-
mental governance theory, the laws and regulations, operational standards, and man-
agement norms related to its regulation will be dynamically adjusted and improved in
practice.

Management
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Regulatory Sandbox Precision Regulation Multi-Department
Mechanism Mechanism Collaboration Mechanisn
Legal Technical Operational
Instruments Standards Specifications

. Security Technical
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. Regulation . Compliance Technical
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Specifications
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Fig. 3. Governance and Assurance Framework for the Regulation of Intelligent Waterway
Transportation System

Legal Instruments establish a "principle-based" bottom line, clearly defining areas
that are absolutely prohibited, while also leaving "authorization" space to accommo-
date potential new technologies in the future. Technical standards will exhibit charac-
teristics of "modularity and layering." For core systems that involve life, property, and
environmental safety (such as the Intelligent ship operation system), mandatory and
high-standard requirements will be set; for non-core systems or application functions,
recommendatory standards will be adopted, allowing the use of multiple equivalent
standards and encouraging diversified competition in technological approaches. Op-
erational Specifications will reflect differentiation, such as the strictest operational
standards for intelligent ships navigating in complex waters.

The management mechanism clarifies how regulatory bodies carry out intelligent
waterway transportation system regulation activities based on laws and regulations,
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technical standards, and operational norms. The intelligent waterway transportation
regulatory mechanism is the most direct implementation of new regulatory concepts,
including experimental regulatory sandboxes for provisional entry, precision regula-
tory mechanisms based on credit and data, and multi-departmental collaborative gov-
ernance mechanisms between ports and maritime authorities.

Ethical guidelines are the foundational basis of intelligent waterway transportation
system regulation. Through soft constraints such as a people-centered approach, pri-
oritizing safety, and ensuring fairness and justice, these ethical guidelines ensure that
the regulation aligns with good governance, guaranteeing that the technological inno-
vation of intelligent waterway transportation systems operates on the right track and
earns societal trust.

5 Intelligent Waterway Transportation System Regulation
Model

Based on the analysis of the regulatory theoretical framework, the regulatory objects
of intelligent waterway transportation system shift from physical entities to
cyber-physical systems. The regulatory content has expanded to include artificial
intelligence governance. The regulatory bodies are gradually transitioning from being
decentralized and independent to a multi-stakeholder collaborative approach. The
regulatory technology system is developing towards functional integration and ser-
vice-oriented capabilities. The regulatory support system is evolving from static, re-
strictive rules to a dynamic and inclusive governance framework.

Centered around the changes in various regulatory elements, and supported by the-
ories such as responsive regulation, digital transformation, and digital governance, the
macro model of intelligent waterway transportation regulation will undergo an inno-
vative transformation. This transformation will combine the new technology-driven
multi-party collaborative intelligent regulation model with the new business
form-driven multi-dimensional dynamic inclusive regulation model, as shown in Fig-
ure 4.
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Fig. 4. Model for the Regulation of Intelligent Waterway Transportation System
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5.1 Multi-Party Collaborative Intelligent Regulation Model

The multi-party collaborative regulation model addresses the questions of who will
regulate and how interactions will occur, as well as how regulatory technology can
innovate, from the supply side in the era of intelligent waterway transportation sys-
tem. The core of the new technology-driven multi-party collaborative intelligent reg-
ulation model lies in utilizing technologies such as big data, artificial intelligence, and
the Internet of Things to break down data barriers between government, enterprises,
and industry organizations, and to build a regulatory ecosystem based on information
sharing and joint responsibility.

The Yangtze River Estuary Waterway Bureau, in response to the enforcement sce-
nario involving the destruction of waterway regulation structures in the Yangtze River
Estuary, developed a smart regulatory and early warning model for crew, waterways,
and ships. It established an information-sharing mechanism involving multiple en-
forcement bodies, including the Shanghai Maritime Safety Administration and the
East China Sea Navigation Support Center. The bureau also built an integrated col-
laborative management platform for waterway intelligent enforcement. Through
business coordination and dispatch interaction between on-site and off-site operations,
the platform improved the precision of enforcement clue discovery, early warning,
pre-control, and evidence collection and penalties. This case, starting from a specific
scenario, involved collaboration among stakeholders, technological upgrades, and the
construction of regulatory mechanisms, making it an important practice of the mul-
ti-party collaborative regulation model.

5.2 Multi-Dimensional Dynamic Inclusive Regulation Model

The multi-dimensional dynamic inclusive regulation model addresses the new regu-
latory needs in the multi-dimensional space of regulation, responding to the challeng-
es of how to regulate new entities and adapt to new objects. The new business
form-driven multi-dimensional dynamic inclusive regulation model aims to address
the continuously emerging innovative business forms in the waterway transportation
sector. Through flexible rules, dynamic assessments, and classified regulation, it pro-
vides development space for emerging business forms while ensuring that safety
standards are maintained.

For example, China’s first commercially operated autonomous sailing ship, "Intel-
ligent No.", is a practical outcome of the "regulatory sandbox" mechanism. At the
same time, its operational practice has provided crucial real-world data and experi-
ence for the development of testing specifications, inspection standards, and safety
regulation rules for intelligent ships.

6 Conclusion

1) In the face of characteristics such as rapid technological iteration, diverse innova-
tion subjects, and complex risk structures in intelligent waterway transportation sys-
tems, the current regulatory system in China faces issues such as insufficient coordi-
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nation among regulatory bodies, lack of intelligence in regulatory technology, and
delays in regulatory support.Under the guidance of theories such as experimental
governance, responsive regulation, digital transformation, digital governance, and
government governance, intelligent regulation should involve multi-stakeholder col-
laborative regulatory bodies, relying on advanced regulatory technologies and a dy-
namic regulatory support system to effectively govern regulatory objects across mul-
tiple spaces.

2) From the demand side, intelligent waterway transportation system regulation
features the integration of virtual and physical elements in the multi-dimensional
space of regulatory objects. From the supply side, it exhibits characteristics such as
multi-stakeholder collaborative governance, Al-driven service openness in the regu-
latory technology system, and dynamic inclusivity in the regulatory support system.
Therefore, the intelligent waterway transportation system regulation model is embod-
ied as a combination of the new technology-driven multi-party collaborative intelli-
gent regulation model and the new business form-driven multi-dimensional dynamic
inclusive regulation model.

This study provides a systematic analytical framework for intelligent waterway
transportation system regulation at the theoretical level, integrating scattered research
topics, such as autonomous ship regulations, data governance, and the roles of regu-
latory bodies, into a unified logical system for correlation analysis. This framework
offers a reference for future academic research. At the practical level, the framework
and model proposed in this study can serve as a reference for regulatory bodies in
formulating action plans, guiding them to carry out technical capability enhancement
and management support upgrades in a thythmic, phased, and step-by-step manner.
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