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Inland waterway transport (IWT) plays a critical role in global logistics, offering 
large-capacity, long-distance transport at a lower cost. Recently, the advent of 
autonomous ships has promised to revolutionize efficiency and sustainability 
within the shipping industry. While existing research predominantly targets 
maritime settings, the distinct challenges of inland waterways such as 
fluctuating water depths, varying river currents, and confined channels demand 
tailored technological solutions. This study provides a thorough bibliometric 
analysis of autonomous ships in inland waterway transport, based on 163 
publications from the Web of Science (WoS) core collection. This study 
identifies key technological milestones in this field and highlights the research 
gaps of adapting maritime autonomous ship technologies to inland waterways. 
The pressing need for customized solutions is also discussed. By reviewing the 
current landscape, this study contributes to the field as a beneficial reference for 
researchers, industry professionals, and policymakers, promoting the 
development of autonomous ship technology in inland waterways. 
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autonomous ship, inland waterway transport, bibliometric analysis, VOSviewer, 
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1 Introduction 

Waterway transport, characterized by its large capacity, long distance and low cost, plays a 
pivotal role in the global transportation sector (Homburger et al., 2025; Li et al., 2022; Yuan 
et al., 2024; Zhou et al., 2021a). Globally, the development level of inland waterway shipping 
reflects a country or region’s transport infrastructure and economic strength. For example, as 
of the end of 2023, China’s inland waterways had a navigable length of 128,200 kilometers. 
According to the China Statistical Yearbook 2024, the inland waterway freight transport 
turnover reached 2.07 trillion ton-kilometers in 2023, representing 8.96% of China’s total
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freight transport turnover. This significant development in inland 
shipping reduces logistics costs, promotes regional economic flow, and 
generates substantial economic benefits. 

Nowadays, the concept of intelligence is increasingly being 
extended to the shipping sector. The vigorous development of 
autonomous shipping, particularly autonomous ships, has become 
a global consensus in the shipping industry (Pei et al., 2024). 
Although definitions of autonomous ships vary, they are generally 
understood as an advanced evolution of existing ship subsystems, 
culminating in autonomous vessels (Dijk et al., 2018; Liu et al., 
2024a; van Cappelle et al., 2018). Autonomous ships can be 
categorized based on their level of autonomy, with the ultimate 
goal of achieving fully autonomous ships that operate without 
human intervention (Masoudi, 2019; Ranjan et al., 2025; Söffker 
et al., 2025). Currently, however, only certain aspects of ship 
intelligence have been realized, and full autonomy remains a 
future aspiration. 

Autonomous ship technology is built upon four interconnected 
domains: 1) navigation, 2) guidance, 3) physical ship architecture, 
and 4) control systems, which collectively form the backbone of 
intelligent maritime applications (Alamoush and Ölçer, 2025; Dijk 
et al., 2018; Martelli et al., 2021; van Cappelle et al., 2018). The 
seamless integration of these advanced technologies enhances 
operational efficiency, ensures safety, and advances the autonomy 
of modern vessels (Shang et al., 2024). 

Navigation technology relies on a variety of sensors, such as radar, 
LIDAR, Automatic Identification System (AIS), probes, and cameras, 
to gather environmental data while ships are at sea. These sensors are 
integral to constructing intelligent algorithms that enhance 
navigational accuracy and safety (Wang et al., 2024b), as they 
enable precise representation of both internal and external 
environmental conditions through advanced perception algorithms 
(von Brandis et al., 2025). Wang et al. (2022b) proposed a perception 
model to effectively address the challenges posed by the uncertainty in 
ship position prediction. Zhou et al. (2021b) enhanced the YOLOv5 
algorithm to improve the detection and recognition of various ship 
types. Sonntag et al. (2025) proposes a COLREGs-compliant 
reinforcement learning approach for USV autonomous navigation 
and obstacle avoidance in a custom simulation environment. To 
enable fast and accurate environmental perception in adverse 
weather conditions, researchers have developed hybrid attention 
module (Zheng et al., 2025), edge reparameterization- and 
attention-guided neural network (Liu et al., 2024b), convolutional 
neural network algorithms (Guo et al., 2023), AECR-Net (Wu et al., 
2021), Radar Polarization Selection and Recognition (Korban et al., 
2024) and other methods to mitigate the impact of haze and 
other factors. 

By leveraging innovations such as state-of-the-art navigation 
systems, guidance systems, and automated control mechanisms, 
autonomous ships can optimize their routes, reduce fuel 
consumption, and significantly lower the likelihood of accidents. In 
the quest to mitigate the risk of maritime collisions, machine learning 
(ML) has proven instrumental, offering robust solutions for 
autonomous navigation systems (Lazarowska, 2024). Some 
researchers have developed a fuzzy collision risk indicator and a 
Frontiers in Marine Science 02 
fuzzy collision avoidance acting timing indicator (Chen et al., 2021b), 
while others have proposed T-minute prediction algorithms based on 
the Analytic Hierarchy Process (AHP), Lee and Woo (2022) 
proposed a reactive collision avoidance algorithm that locally 
adjusts the trajectory while preserving the current path. Sun et al. 
(2022) developed a self-organizing cooperative pursuit strategy for 
dynamic targets, enabling pursuit USV clusters to effectively capture 
intelligent evaders while maintaining strong obstacle avoidance 
ability and flexibility. Nguyen et al. (2023) and Hagen et al. (2023) 
proposed fuzzy logic and formulas expressed as mathematical 
expressions respectively for the verification of the collision algorithm. 

The intelligence of autonomous ships also extends to the design of 
their hulls. Given that the hull is the largest component of a vessel, 
optimizing its form has become a significant focus (Coppede et al., 
2018; Tadros et al., 2023; Zhu et al., 2024). Subdivision surface and 
free-form deformation techniques, as well as hydrodynamic theory 
and simulation-based design (SBD) technologies, are currently 
employed to optimize hull designs (Coppede et al., 2018; Zhu et al., 
2024). In terms of propulsion and power systems, research by 
Koschorrek et al. (2022) proposed an optimization-based thrust 
allocation strategy to control an over-actuated propulsion system 
consisting of four cycloidal propeller. Altosole et al. (2021) proposed 
an innovative hybrid turbocharger producing electric power to achieve 
flexible and efficient power management. Ghazali et al. (2024) 
comprehensively analyzed the historical, current, and future aspects 
of USV hull design, explored its applicable scenarios and constraints, 
examined key design parameters, and forecasted development trends. 
Chen et al. (2023) has changed the traditional distributed architecture, 
proposing a domain controller-based electronic and electrical 
architecture (EEA) for inland remote control ships, achieving the 
information interaction requirements of the ship. Wang et al. (2024a) 
designed a wave - adaptive unmanned quadramaran with an 
independent suspension mechanism, which boasts excellent stability 
and safety, significantly facilitating maritime search and 
rescue operations. 

Although interest in autonomous ships is growing, existing 
technological and academic efforts have largely centered on 
maritime environments. In contrast, inland waterway applications 
have received comparatively less attention. And the significant 
differences between inland waterways and maritime environments, 
such as variations in flow rates, depth fluctuations, and channel 
widths, imply that autonomous ship technologies developed for 
marine environments may not be directly applicable to inland 
waterways (Donandt et al., 2022). This has created both the 
opportunity and the necessity for a focused review that synthesizes 
current inland-related developments and identifies critical research 
gaps. However, the research on technologies specifically tailored to 
inland waterway conditions remains fragmented, lacking systematic 
synthesis of research trends, knowledge structures, and collaborative 
networks specific to inland waterway autonomy. This absence of a 
systematic literature mapping hampers the identification of emerging 
trends, research gaps, and potential interdisciplinary collaboration. It’s 
difficult for new researchers to quickly understand the disciplinary 
landscape or identify influential research teams for the lack of a 
comprehensive mapping of the field’s knowledge structure and key 
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contributors. Similarly, the lack of collaboration network analysis 
hinders scholars from evaluating whether invisible barriers or 
regional silos constrain cross-institutional cooperation, or whether 
academic research is aligned with ongoing policy developments. 
Moreover, without a quantitative examination of the field’s 
historical evolution and thematic shifts, it is challenging to identify 
long-term, macro-level trends or anticipate potential breakthrough 
points. Hence, a bibliometric analysis is necessary to clarify the current 
state of research, highlight scholarly contributions, and provide 
strategic insights for future development. 

Therefore, this paper aims to provide a comprehensive analysis 
of the literature on autonomous ships in inland waterway transport, 
emphasizing the unique technological advancements and challenges 
in this field. By examining key trends, persistent challenges, and 
emerging opportunities, this paper seeks to shed light on the 
potential of autonomous ships to revolutionize inland waterway 
transport. Through synthesizing current works, this study offers a 
macro-level perspective on the development and application of 
autonomous ship technologies tailored to the specific demands of 
inland waterway transport, thereby bridging the research gap. 

This paper contributes to the existing literature in three 
key ways: 
Fron
1. This paper	 fills the gaps in quantitative analysis of the 
literature on autonomous ships for inland waterway 
transport, providing a comprehensive overview of the field. 

2. It examines the technology application and development of 
autonomous ships in inland waterway, offering a holistic 
understanding of the state of the art in this domain. 

3. It identifies key trends and technological evolution paths, 
highlighting current research hotspots and potential future 
directions in the field. 
The structure of this paper is outlined as follows. Section 2 
details the methodologies employed in the current research. Section 
3 presents the findings, including both bibliometric and 
comparative analyses. Section 4 offers an in-depth discussion of 
the results. Section 5 concludes the paper with a summary of the key 
insights and contributions. 
2 Methodology 

The framework of this paper is illustrated in Figure 1, and the 
subsequent sections are organized in accordance with this structure. 

This methodology section delineates the bibliometric 
methodology adopted to systematically map the intellectual 
structure of autonomous ship technologies in inland waterways. 
By integrating quantitative analysis of publication trends, 
collaboration networks, and keyword evolution, this paper aims 
to address the fragmentation in existing literature identified in 
Section 1. The methodology comprises three components: (1) a 
research framework of the current study; (2) the selection rationale 
for analytical tools; and (3) data collection and refinement protocols 
ensuring domain relevance. 
tiers in Marine Science 03	
2.1 Research framework 

This study employs a bibliometric analysis approach to 
systematically explore the development of autonomous ship 
technologies in inland waterway transport. By analyzing articles from 
the Web of Science Core Collection database, including publication 
trends, co-authorship patterns, and keyword co-occurrence, this 
research aims to identify emerging themes for future exploration. 

Figure 2 illustrates a structured research framework for 
analyzing the development of autonomous ship technologies in 
inland waterway transport through bibliometric analysis. The 
process begins with data retrieval from the Web of Science Core 
Collection database, focusing on various document types such as 
articles, proceeding papers, review articles, and early access papers, 
across different indexes like SCI-E, CPCI-S, CPCI-SSH, and SSCI. 
Following data retrieval, data mining involves browsing through 
topics, titles, keywords, and abstracts, cleaning data for uniqueness 
and integrity, and conducting manual scrutiny for a comprehensive 
review and term disambiguation. The subsequent bibliometric 
analysis examines publication trends, social structures including 
authors, institutions, countries, disciplines, and subject analysis, and 
citation networks involving papers and journals. The final step 
synthesizes the findings into results and discussions, highlighting 
current challenges and suggesting future directions for research in 
the field. 
2.2 Analysis tool 

Bibliometric analysis is a quantitative research method that 
utilizes statistical techniques to map the evolution, collaboration 
patterns, and knowledge structures within a scientific field. By 
analyzing publication metadata (e.g., authors, citations, 
keywords), it enables objective identification of research trends, 
disciplinary intersections, and emerging frontiers, overcoming the 
subjective limitations of traditional narrative reviews (Donthu et al., 
2021; Zupic and Čater, 2015). In general, bibliometric analysis 
encompassed the examination of spatial and temporal dynamics, 
disciplinary and journal landscapes, institutional contributions, 
authorship profiles, citation patterns, and keyword. 

This study utilizes VOSviewer to conduct bibliometric analyses 
of autonomous ships in inland waterway transport. VOSviewer is a 
freely available computer software for bibliometric mapping, first 
presented in 2009 (van Eck and Waltman, 2010). Scholars across 
various disciplines, including business economics (Jumansyah et al., 
2023; MaChado et al., 2022; Nath and Chowdhury, 2021), 
physiology (Deng et al., 2023; Hong et al., 2022; Huang et al., 
2020), geography (Chang et al., 2022; Meng et al., 2020; Petrovic 
and Thomas, 2024) and engineering (Song et al., 2024; Sulistiawati 
et al., 2023; Wang and Kim, 2023; Xiong et al., 2024), have widely 
adopted VOSviewer to construct and visualize bibliometric maps. 
Based on VOSviewer, bibliometric data can be swiftly synthesized to 
assess and forecast the evolution of a research field, offering a more 
efficient approach compared to traditional review analysis (Chen 
et al., 2021a; Zacarias and Sant'Ana, 2024). 
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2.3 Bibliometric data 

The data for this study were extracted from the Web of Science 
(WoS) Core Collection, a widely recognized and comprehensive 
database encompassing peer-reviewed journals, conference 
proceedings, books, and other scholarly publications across 
various academic disciplines. 

While multiple databases are available, like Scopus and CNKI, 
this study deliberately focused on the Web of Science Core 
Collection due to its standardized data format, compatibility with 
bibliometric software, and its long-standing adoption in 
bibliometric research, especially within the engineering and 
technology domains. The inclusion of high-quality peer-reviewed 
journals ensures analytical rigor and enables reliable trend analysis. 
Although this choice may omit some region-specific literature, it 
provides a robust foundation for the current investigation and 
aligns with prevailing methodological practices in the field. 
Frontiers in Marine Science 04
The search query was designed to capture a broad spectrum of 
relevant studies on autonomous ship technologies in inland 
waterway transport. As shown in Figure 3, the  search  query
consisted of four key components. 
	 
1. Smart Technology: TS = (smart OR intelligent OR auto* 
OR unmanned OR driverless OR robot* OR self*). 

2. Vessel Types: TS = (ship* OR vessel$ OR surface vehicle$ 
OR surface vessel$ OR boat$ OR fleet$ OR watercraft$ OR 
USV$ OR ASV$). 

3. Waterway Types: TS = (inland water* OR river* OR urban 
water* OR city water* OR lake). 

4. Transportation	 Domain: TS = (transport* OR shipping 
OR logistics). 
This search strategy incorporated synonyms and variations of 
terms related to autonomous ships, their operational environments, 
FIGURE 1 

Overall analytical framework of the paper. 
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and their role within transportation systems, ensuring comprehensive 
coverage of the relevant literature. 

Upon conducting the search, 851 publications were initially 
retrieved (accessed on 12 November 2024). A preliminary 
screening of titles, abstracts, and keywords resulted in the 
identification of 191 articles deemed relevant to the focus of the 
current study. Subsequently, a more detailed review of the full 
texts allowed  for further  refinement of the dataset, ultimately 
selecting 163 articles that most directly addressed the integration 
and application of autonomous ship technologies in inland 
waterway transport. 

The multi-step selection process, combining broad search terms 
with a careful review of content relevance, ensured that the final 
Frontiers in Marine Science 05 
dataset was both comprehensive and focused, providing a solid 
foundation for the bibliometric analysis. 
3 Results 

The analysis of publication trends, social structures, citation 
networks, and keyword distributions is crucial for understanding 
the evolution and impact of research in the field of autonomous 
ships in inland waterway transport. By examining these aspects, this 
article can identify key areas of interest, influential works, and the 
collaborative landscape that shapes the direction of future research. 
It provides insights into the interdisciplinary nature of the field, the 
FIGURE 2 

Stepwise bibliometric analysis workflow. 
frontiersin.org 

https://doi.org/10.3389/fmars.2025.1624596
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Xue et al. 10.3389/fmars.2025.1624596 
influence of various institutions and countries, and the emerging 
trends that are driving innovation. Additionally, it situates the 
research within global technological and environmental priorities, 
underscoring the relevance of autonomous ships in sustainable 
transportation. This section provides a comprehensive overview 
of these aspects, focusing on technical metrics and underlying 
reasons for observed changes. 
3.1 Publication trend 

Figure 4 presents the publication trend and the corresponding 
citation trend for research on autonomous ship technologies in 
inland waterway transport from 2000 to 2025. Since the data were 
obtained as of November 12, 2024, the data for 2024 and 2025 are 
incomplete; hence, they are filled with green diagonal stripes; data 
for other years are filled with solid green. As shown in Figure 4, 
there is a growing trend in the research of autonomous ships within 
inland waterways. However, before 2015, only a few studies were 
found, with a significant increase commencing around 2015. 
Therefore, the whole publication trend can be divided into three 
Frontiers in Marine Science 06
phases, each characterized by underlying technological and policy-
driven shifts: 
 

1. Initial Phase (2000-2014): Both the number of publications 
and citations remained consistently low, with few articles 
being published annually. This nascent stage in the field was 
likely due to the slow and outdated pace of technological 
advancement, resulting in limited scholarly attention. For 
example, the limited maturity of key enabling technologies 
such as onboard sensing, autonomous control algorithms, 
and inland digital infrastructure, can result to the lack of 
academic momentum. At the same time, research in 
intelligent maritime navigation was predominantly focused 
on ocean-going vessels, and the specificity of inland 
waterway constraints—such as narrow channels, 
fluctuating depths, and high-density traffic—was largely 
overlooked. This technological and application gap resulted 
in minimal scholarly activity. What cannot be overlooked is 
that, during  this stage, policies specifically related to 
autonomous inland ships were scarce, and the field was 
not prioritized as a national development focus. 
FIGURE 3 

The four-component research query in the current study. 
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2. Growing Phase (2015-2018): Interest in the field began to 
grow, with more than 6 articles published per year. A 
proliferation of studies focused on collision avoidance 
and trajectory prediction. Notably, 2015 marked a 
significant turning point, with the number of relevant 
publications increasing dramatically from 1 in 2014 to 10 
in 2015. However, the number of publications fell back in 
2016-2018, although it still maintained a moderate level. 
Similarly, the number of citations increased during this 
period, albeit at a faster pace than in the initial phase. 
Chinese researchers emerged as predominant contributors, 
with a particular focus on ship collision avoidance. The 
boom can be attributed to the “Made in China 2025” 
initiative launched by the State Council of China and the 
first “Smart Ship Code” launched by the China 
Classification Society (CCS) in 2015. Driven by national 
policies, an increasing number of scholars have devoted 
themselves to related fields for research, which has greatly 
promoted the publication of papers. 

3. Rapid developing Phase (2019-now): Benefiting from the 
policy incentives and the accumulation of technological 
and data foundations in the previous phase, the 
development in this stage accelerated significantly. There 
was a dramatic surge in the number of publications, with 
annual outputs exceeding 30 articles by 2023. The average 
annual publications reached over 20 documents. In terms 
of citations, the number gradually climbed from 1,048 in 
2019 to 2,258 in 2024. This indicates a growing scholarly 
interest in the field, with the scope of research expanding 
beyond ship collision avoidance to encompass areas such as 
AIS, control model development, and other related aspects. 
National-level support provided institutional momentum 
tiers in Marine Science 07 
for research, while the technological groundwork laid in 
earlier phases facilitated more advanced and diversified 
research directions during this stage. 
These trends indicate that the field of autonomous ships in 
inland waterway transport has evolved from a niche area of interest 
to a highly active domain with substantial academic and practical 
implications. Its expansion aligns with global trends in automation, 
artificial intelligence (AI), and sustainable transportation, reflecting 
its relevance to broader technological and environmental priorities. 
In the forthcoming period, substantial progress is anticipated in the 
domains of artificial intelligence (AI), the Internet of Things (IoT), 
and big data analytics, which are poised to significantly enhance the 
navigation, monitoring, and management systems of ships. 
Notably, these advancements are expected to be particularly 
transformative for inland waterway transport, where constrained 
waterways, frequent traffic interactions, and proximity to urban 
areas demand highly adaptive and intelligent control systems. 
Concurrently, the escalation of global and regional trade is 
projected to exert  a substantial  influence on the development 
trajectory of autonomous ships, as there is an increasing necessity 
to devise efficient and cost-effective transportation solutions to 
satisfy burgeoning market demands. 
3.2 Social structure 

To better understand the development and knowledge structure 
of autonomous ships in inland waterway transport, this section 
adopts a social structure perspective—referring to the collaborative 
and productive relationships among individuals, institutions, and 
countries that shape scientific knowledge production. Specifically, 
FIGURE 4 

Number of publications and citations in the explored domain. 
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this section focus on authors, institutions, and countries, as these 
are commonly analyzed dimensions in bibliometric studies to assess 
research productivity, collaboration patterns, and geographical 
distribution of scholarly impact. These aspects not only reveal the 
key contributors and research hubs in the field (Leoni et al., 2025; 
Peng et al., 2025), but also help identify potential collaboration 
networks (Zhao et al., 2024) and regional development trends. 
Therefore, their analysis provides a foundation for understanding 
how knowledge in this field is constructed and disseminated. 

3.2.1 Authors 
A total of 541 scholars have contributed to the field of 

autonomous ships in inland shipping through their publications. 
Notably, 82.9% of these scholars have authored only one article. 
Table 1 presents the top 10 most productive authors, detailing the 
number of publications, frequency of citations, research interests, 
and other relevant characteristics for each scholar. 

To elucidate the author collaboration network with greater 
clarity, Figure 5, with a threshold of at least 3 publications, 
presents a network diagram of scholarly collaborations. This 
visualization was constructed by first establishing a threshold of a 
minimum of 1 publications per scholar, and scholars are 
interrelated rather than isolated. As can be seen from Figure 5, 
Chu Xiuming is in a very core position. Not only is he very active in 
the field himself, but he also plays a bridging role and has very close 
cooperation with other authors. And the cooperation mainly 
focuses on Chinese scholars, with less international exchanges 
and cooperation, and Negenborn Rudy from the Nerthlands 
mainly connects domestic scholars. 

3.2.2 Institutions 
A total of 176 institutions were involved in the 163 documents 

analyzed in this study. Table 2 illustrates the top 10 research 
institutions in the explored domain based on the number of 
publications. Figure 6 provides a comprehensive analysis of the 
collaborative landscape. 

The network diagram visually represents the intricate web of 
connections among numerous institutions. As depicted in Figure 6, 
Wuhan University of Technology (Wuhan Univ Technol) is 
prominently positioned at the center of this network, acting as a 
central hub that has established extensive collaborative ties with a 
diverse array of both domestic and international entities. This 
central role is corroborated by the institution’s preeminent 
standing in the accompanying table, where it boasts the highest 
total link strength (TLS of 77), indicative of its expansive 
collaborative endeavors and comprehensive research network. 
Total link strength refers to the cumulative strength of an 
institution’s collaborative links with other entities, reflecting both 
the number and intensity of co-authored publications (Duan et al., 
2020). A higher TLS value indicates stronger or more numerous 
collaborations, reflecting the overall extent of the institution’s 
research connectivity. 

Wuhan University of Technology’s leadership is further

accentuated by its dominance in the number of publications (NP 
of 57) and total citations (TC of 883), which serve as clear markers 
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of its significant research output and profound impact on the 
academic community. The average publication year (APY) for 
most institutions is concentrated in the 2020s, indicating a 
notable upswing in research endeavors within the field of inland 
autonomous shipping during this period. This surge in activity 
underscores the dynamic and rapidly evolving nature of the 
research landscape in this domain. 

Norwegian University of Science and Technology (Norwegian 
Univ Sci & Technol) stands out with a high average citation per 
publication (AC of 29), indicating a significant impact per 
publication despite a lower NP (8). Hubei Key Laboratory of 
Inland Shipping Technology (Hubei key lab inland shipping 
technol), despite having a lower NP (7) and TC (68), shows a 
recent APY (2023.57), indicating its emergence as a new yet 
influential contributor in the field. Both Hubei Key Laboratory of 
Inland Shipping Technology and the National Engineering 
Research Center for Water Transport Safety are based at Wuhan 
University of Technology, highlighting its influential role in this 
field. The settings of figure parameters are provided in Appendix A 
Table A1. 
3.2.3 Countries 
Figure 7 illustrates the cooperation relationships between China 

and other countries from 2016 to 2022. China is represented by the 
largest node, indicating its leading role in this field with a significant 
number of publications and collaborations. Meanwhile, countries 
such as Brazil, Australia, and South Korea are emerging as 
contributors to the field. 

The color gradient from dark blue (2016) to yellow (2022) 
indicates the timeline of the publications and collaborations. The 
prominence of yellow connections, particularly those linked to 
China, points to a significant upswing in collaborative endeavors 
in recent years. Conversely, the prevalence of darker-hued 
connections, especially those interconnecting the UK with its 
European counterparts, implies the existence of enduring 
collaborative relationships. The settings of figure parameters are 
provided in Appendix A Table A1. 

As depicted in Figure 8, academic publications exhibit a 
geographically diverse spread, spanning 27 countries worldwide. 
Notably, Europe accounts for 15 of these countries, signifying its 
significant contribution and strong research presence in the relevant 
academic fields. Asia follows with 5 countries, highlighting the 
region’s growing engagement and intellectual output. In North 
America, three countries, namely Canada, the USA, and Mexico, 
have made their mark, leveraging their research capabilities and 
resources. Additionally, one representative country, each from 
South America, Africa, Oceania, and Eurasia, underscores the 
truly global nature of the academic exploration and collaboration 
within the scope of these publications, with contributions from 
every corner of the world. 

A chord diagram is defined as a group of chords whose  endpoints  
are distinct and lie on a circle (Acan, 2017; Young, 2024). By drawing a 
chord map of national partnerships and numbers, it provides a visual 
representation of the collaborative relationships among various 
countries in the field of autonomous inland waterway vessels. This 
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TABLE 1 The top 10 prolific authors in the explored domain and their interests. 

Rank Author Country Institution NP P 
(%) 

TC APY AC Main research interests 

1 Chu, Xiumin China 
Wuhan 
University 
of Technology 

10 6.13% 102 2019.60 10.20 
Inland Waterway; Automatic Identification System; 
Waterway Transportation; Simulation; Smart Ship; 
Waterway Traffic Intelligent System Control 

2 Abel, Dirk Germany 
RWTH 
Aachen 
University 

6 3.68% 15 2021.83 2.50 
Model Predictive Control; Simulation of Dynamic 
Systems; Rapid Control Prototyping methods; 
Optimization Problem; Control Performance 

3 Chen, Linying China 
Wuhan 
University 
of Technology 

6 3.68% 145 2021.83 24.17 
Intelligent Ships; Ship Collision; Cooperative Multi-vessel 
Systems; Water Traffic System Coordinated Control 

4 He, Wei China 
Minjiang 
University 

6 3.68% 42 2021.00 7.00 
Intelligent System and Information Fusion; Marine 
Equipment and New Energy; Transport Management 

5 Bolbot, Victor Finland Aalto University 5 3.07% 122 2021.80 24.40 
Autonomous Ships; Marine Systems Safety; Ship 
Propulsion Systems; Cybersecurity 

6 Liu, Chenguang China 
Wuhan 
University 
of Technology 

5 3.07% 35 2021.40 7.00 
Ship Intelligent Navigation; Formation Cooperative 
Control; Path/Motion Planning; Model 
Predictive Control 

7 Negenborn, Rudy Netherlands 
Delft University 
of Technology 

5 3.07% 139 2019.80 27.80 
Automatic Control; Coordination of Transport 
Technology; Smart Shipping; Smart 
Logistics Applications 

8 Ratti, Carlo USA 
Massachusetts 
Institute 
of Technology 

5 3.07% 161 2020.00 32.20 
Smart city; Natural Disasters; Human Computer 
Interfaces; Urban Design; Tsunami 

9 Amro, Ahmed Norway 

Norwegian 
University of 
Science 
and Technology 

4 2.45% 44 2022.25 11.00 

Communication and Cyber security of Autonomous 
systems; Cyber Risk Management; Secure System 
Development; Network traffic analysis; TLS 
protocol security 

10 Duarte, Fabio USA 
Massachusetts 
Institute 
of Technology 

4 2.45% 130 2020.00 32.50 
Waterway Infrastructure; Urban Technologies, 
Transportation and Planning; Social Construction 
of Technologies 
F
rontiers in
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0
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NP, Number of publications; P(%), The proportion of NP/TND; TND, Total number of documents; TC, Total number of citations; APY, Average publications year = Total publication years/NP;
 
AC, Average citations = TC/NP.
 
Bold values indicate the maximum value in each column.
 
FIGURE 5 

Author collaboration network using analysis of co-authorship. 
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type of diagram is useful for illustrating the complexity and 
interconnectedness of international research collaborations. 

As depicted in Figure 9, China, with its thick and numerous 
chords (15), stands out as a primary hub, indicating its extensive 
involvement in collaborative research within the field, consistent 
with the previous analysis. In addition, China plays an active role in 
cooperation, with 12 out of the 15 cooperation initiatives initiated 
by China, while only 3 were initiated by other parties with China’s 
participation. Regional clustering is particularly evident in Europe, 
Frontiers in Marine Science 10 
signifying a concerted collaborative push within the continent. For 
instance, European countries such as Belgium, Germany, and the 
United Kingdom are interconnected, which may be due to shared 
geographical proximity, similar research interests, and collaborative 
frameworks facilitated by the European Union. The chords 
extending to countries like Australia, Brazil, and Mexico indicate 
a global reach of research efforts. Countries like Bangladesh and 
Vietnam, which have thinner chords, represent emerging markets 
in the field. A few countries in the diagram are isolated, indicating 
TABLE 2 The top 10 prolific research institutions in the explored domain. 

Rank Institution Country Links TLS NP P (%) TC APY AC 

1 Wuhan Univ Technol China 50 77 57 34.97% 883 2020.56 15.49 

2 Minjiang univ China 13 23 10 6.13% 97 2021.30 9.70 

3 
Natl Engn Res Ctr Water 

Transport Safety 
China 12 21 9 5.52% 213 2021.00 23.67 

4 Norwegian Univ Sci & Technol Norway 9 10 8 4.91% 232 2020.75 29.00 

5 Hubei Key Lab Inland Shipping Technol China 4 10 7 4.29% 68 2023.57 9.71 

6 Delft Univ Technol Netherlands 3 4 6 3.68% 154 2019.00 25.67 

7 MIT USA 4 4 6 3.68% 161 2020.50 26.83 

8 Rhein Westfal Th Aachen German 2 3 6 3.68% 15 2021.83 2.50 

9 Shanghai Maritime Univ China 10 11 6 3.68% 45 2022.50 7.50 

10 Dalian Maritime Univ China 6 6 5 3.07% 15 2018.40 3 
fro
TLS, Total link strength; NP, Number of publications; P(%), The proportion of NP/TND; TND, Total number of documents; TC, Total number of citations; APY, Average publications year; AC,
 
Average citations = TC/NP.
 
Bold values indicate the maximum value in each column.
 
FIGURE 6 

Institution collaboration network using analysis of co-authorship. 
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potential opportunities for future collaborations. There may be 
untapped potential for research partnerships that could benefit 
from the unique perspectives and resources these countries bring 
to the field. 

3.2.4 Disciplines and subject analysis 
The treemap visualization provides a detailed breakdown of the 

academic disciplines associated with publications in the field of 
autonomous inland waterway vessels. The sizes of the rectangles are 
proportional to the number of publications, offering a clear 
representation of the distribution of research focus across 
various disciplines. 

Figure 10 illustrates the disciplinary distribution of publications 
with more than seven articles per subject category. The research on 
autonomous ships in inland waterway transport spans 44 academic 
categories, but is clearly dominated by engineering-related disciplines. 
Notably, Engineering Marine, Oceanography, Engineering Electrical 
and Electronic, and Engineering Ocean together account for the 
majority of contributions, reflecting the sector’s strong

technical foundation. 
In parallel, the presence of subject categories such as Computer 

Science, Operations Research and Management Science reflects the 
increasing interdisciplinarity of the field. These areas bring 
perspectives from computer science, data-driven control, and 
logistics optimization, aligning with the smart and autonomous 
nature of next-generation inland shipping technologies. 

Overall, the disciplinary structure demonstrates a shift from 
traditional marine engineering toward a more integrated, 
intelligent, and data-oriented research paradigm. 
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3.3 Citation network 

3.3.1 Papers 
Table 3 presents the most influential papers in the field over the 

past 20 years, based on the measurement of the total number of 
citations. The analysis of the citation data reveals a rich diversity of 
research topics within the top 10 most influential papers. These 
topics range from advanced navigation and control systems to 
innovative ship design and autonomous operations. 

Moreira et al. (2007) stands out as the most frequently cited 
paper, with a total of 177 citations. Despite its high citation 
count, the annual citation rate is moderate at 10.41 citations per 
year, suggesting sustained interest over time rather than a recent 
surge in attention. Qian et al. (2022) has the highest annual 
citation rate among the top 10 papers, with an average of 43 
citations per year. 

The disparity in citation rates between the most cited paper and 
the one with the highest annual citations highlights the dynamic 
nature of research in this field. It suggests that while some works 
have accumulated recognition over time, others are quickly gaining 
prominence due to their relevance in addressing contemporary 
challenges  and  advancements  in  autonomous  shipping  
technologies. This trend underscores the rapid evolution of the 
field and the increasing importance of cutting-edge research in 
driving innovation and improving the safety and efficiency of inland 
shipping operations. 

Furthermore, the presence of authors like Linying Chen and 
Bolbot Victor among the top 10 most cited papers reinforces their 
status as leading contributors to the field. 
FIGURE 7 

Country collaboration network using analysis of co-authorship. 
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Figure 11 displays a citation network that delineates the 
relationships and distinctions among diverse research interests in 
the field of autonomous inland waterway vessels. The network is 
color-coded: 1) the blue cluster focuses on collision risk assessment 
of autonomous ships, emphasizing safety; 2) the green cluster 
examines trajectory prediction; 3) the red cluster examines 
trajectory restoration. The graphical parameters are outlined in 
Appendix A Table A1. 

3.3.2 Journals 
From 2000 to 2025, there were 97 publication sources in the 

investigated field. Table 4 list the top 10 most prolific journals with 
at least 2 publications. These journals include Journal of Marine 
Science and Engineering (20, 12.27%), Ocean Engineering (17, 
10.43%), IEEE Transactions on Intelligent Transportation Systems 
(6, 3.68%), Journal of Navigation (4, 2.45%), European Transport 
Research Review (3, 1.84%), Sensors (3, 1.84%), Sustainability (3, 
Frontiers in Marine Science 12 
1.84%), Applied Sciences-Basel (2, 1.23%), IEEE Access (2, 1.23%), 
and International Journal of Naval Architecture and Ocean 
Engineering (2, 1.23%) respectively. 

Journal of Marine Science and Engineering is the most prolific 
publisher in the field, with a total of 20 publications. However, while 
it leads in quantity, it does not surpass all other journals in terms of 
citation frequency, ranking second with a total of 204 citations. 
Ocean Engineering, with an impressive impact factor (IF) 4.6, 
boasts its substantial total of 472 citations. IEEE Transactions on 
Intelligent Transportation Systems claims the title of the journal 
with the highest IF (7.9) on the list. 

The journal co-citation network depicted in Figure 12 aligns 
with the findings presented in Table 4, reinforcing the significance 
of Ocean Engineering as the journal with the highest citation count. 
The network’s visualization helps to uncover the central journals 
that are pivotal in the discourse on autonomous ships in inland 
waterway transport. It also reveals the clusters of journals that are 
FIGURE 8 

The number of publications distributed by countries. 
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FIGURE 9 

Country collaboration network using chord diagram. 
FIGURE 10 

Number of publications by subject category. 
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frequently cited together, suggesting shared research interests or 
complementary academic dialogues. The settings of figure 
parameters are provided in Appendix A Table A1. 
3.4 Keywords 

The keyword analysis conducted through VOSviewer on the 
163 highly related documents has yielded a vivid heatmap (see 
Figure 13), revealing the intellectual landscape of the field. The 
more frequently keyword appears, the larger the size of the word 
and the brighter the color. A total of 697 keywords were identified 
by VOSviewer, of which 572 keyword appeared only once. The 
keyword set follows a marked long-tail distribution: about 82% of 
the terms occur only once and 94% no more than three times. This 
research therefore set the threshold at four occurrences, retaining 
the top 5% of higher-frequency keywords. This subset captures the 
majority of co-occurrence links and thematic clusters, sufficiently 
reflecting the field’s mainstream research directions while 
preventing node overcrowding and edge clutter, thus improving 
the clarity of the visualization. 

As seen in Figure 13, the brightness of most keywords is 
relatively uniform, indicating similar frequencies of occurrence. 
However, keywords such as AIS, avoidance, navigation, system 
are relatively more prominent, revealing the core hotspots of the 
research field. 

Figure 14 illustrates the temporal occurrence of the keywords. 
With a threshold of at least 4 occurrences, a total of 34 keywords 
meets this criterion. The transition from darker to lighter colors, 
especially around keywords such as MASS(Maritime Autonomous 
Surface Ships), model predictive control, and motion control 
suggests a recent surge in research activity. This trend reflects the 
growing importance of autonomous technologies in inland 
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shipping. The larger nodes for AIS, navigation, and safety indicate 
a mature research area with a significant body of work. These nodes’ 
central position and extensive connections reflect their foundational 
role in the field. The settings of the figure parameters are provided 
in Appendix A Table A1. 
4 Discussion 

Autunomous ships in inland waterway transportation represent a 
burgeoning frontier with substantial potential for enhancing safety 
and efficiency in both transport and commercial sectors, garnering 
escalating interest from the global research community. However, 
this evolution is not without its challenges, and its successful 
implementation demands careful consideration of technological, 
regulatory, and operational factors. Building upon the three-phase 
growth trajectory and the other results in Section 3, the study next 
contextualize these bibliometric signals against prevailing 
technological, regulatory and sustainability imperatives. This 
section provides a detailed analysis of the challenges and the future 
directions for autonomous ships in inland waterway transportation. 
4.1 Current challenges 

4.1.1 Technology integration 
Inland waterways present unique constraints—narrow channels 

(Yan et al., 2022; Zhang et al., 2024b), fluctuating water levels, and 
high traffic density  (Zhang et al., 2024b)—that demand 
extraordinary precision and adaptability from smart technologies. 
As evidenced by Figure 13, technical terms such as navigation, 
system, and avoidance are central in the existing literature, 
underscoring a research focus on foundational technologies. 
TABLE 3 The top 10 highly cited publications in explored research domain. 

Rank Author Title Year TC ACY 

1 Moreira et al (Moreira et al., 2007). Path following control system for a tanker ship model 2007 177 10.41 

2  Li  et  al  (Li et al., 2018) Spatio-Temporal Vessel Trajectory Clustering Based on Data Mapping and Density 2018 120 20.00 

3 Chen et al (Chen et al., 2018) 
Distributed model predictive control for vessel train formations of cooperative multi-

vessel systems 
2018 92 15.33 

4 Sang et al (Sang et al., 2015) A novel method for restoring the trajectory of the inland waterway ship by using AIS data 2015 87 9.67 

5 Qian et al (Qian et al., 2022) 
A New Method of Inland Water Ship Trajectory Prediction Based on Long Short-Term 

Memory Network Optimized by Genetic Algorithm 
2022 86 43.00 

6  Wu  et  al  (Wu et al., 2020) 
Fuzzy logic based dynamic decision-making system for intelligent navigation strategy 

within inland traffic separation schemes 
2020 83 20.75 

7 Bolbot et al (Bolbot et al., 2020) A novel cyber-risk assessment method for ship systems 2020 67 16.75 

8 Wang et al (Wang et al., 2018) 
Design, Modeling, and Nonlinear Model Predictive Tracking Control of a Novel 

Autonomous Surface Vehicle 
2018 62 10.33 

9 Wang et al (Wang et al., 2019) Roboat: An Autonomous Surface Vehicle for Urban Waterways 2019 59 11.80 

10 Zheng et al (Zheng et al., 2022) Recognition and Depth Estimation of Ships Based on Binocular Stereo Vision 2022 57 28.50 
frontie
TC, Total number of citations; ACY, Average citations per year. 
Bold values indicate the maximum value in each column. 
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However, current technologies often struggle to meet the high 
standards of responsiveness and reliability required in such 
dynamic environments. These very capabilities depend on 
position data that, in inland waterways, are frequently corrupted 
by multipath reflections and signal shadowing from banks, bridges, 
and urban obstacles. Therefore, it is necessary to study autonomous 
ship technologies tailored to the inland waterway context. 

Moreover, the heterogeneous nature of inland fleets, ranging from 
small barges to medium-sized cargo vessels, imposes challenges in 
scalability and customization. Solutions optimized for large ocean
going vessels often fail to address the specific needs of inland shipping. 

Autonomous ships leverage information technology to 
automatically gather and analyze data related to the vessel, 
surrounding environment, logistics chains, and port infrastructure, 
Frontiers in Marine Science 15 
thereby enabling intelligent navigation, management, maintenance, 
and cargo operations (Pei et al., 2024). While these systems have 
shown promise in open-sea contexts, their adaptation to inland 
waterway environments introduces a distinct layer of complexity. 

In inland waterways, data sources are often fragmented, and the 
operational environment is highly variable—ranging from small 
regional ports with limited digital infrastructure to congested urban 
canals. This calls for more localized, fine-grained sensing and 
decision-making capabilities, such as ultra-precise maneuvering in 
narrow locks or adaptive route planning under rapidly changing 
hydrological conditions. The development of context-aware 
autonomous systems, capable of handling these dynamic, spatially 
constrained settings, marks a unique technological frontier in 
inland shipping. 
FIGURE 11 

Citation map for papers cited more than once. 
TABLE 4 The top 10 most prolific journals in explored research domain. 

Rank Source NP P% TC CP 2023IF 

1 Journal of Marine Science and Engineering 20 12.27% 204 10.20 2.7 

2 Ocean Engineering 17 10.43% 472 27.76 4.6 

3 IEEE Transactions on Intelligent Transportation Systems 6 3.68% 136 22.67 7.9 

4 Journal of Navigation 4 2.45% 56 14.00 1.9 

5 European Transport Research Review 3 1.84% 18 6.00 5.1 

6 Sensors 3 1.84% 49 16.33 3.4 

7 Sustainability 3 1.84% 51 17.00 3.3 

8 Applied Sciences-Basel 2 1.23% 87 43.50 2.5 

9 IEEE Access 2 1.23% 165 82.50 3.4 

10 
International Journal of Naval Architecture and 

Ocean Engineering 
2 1.23% 17 8.50 2.3 
fron
NP, Number of publications; P(%), The proportion of NP/TND; TC, total number of citations; CP, citations per publication; IF, impact factor. 
Bold values indicate the maximum value in each column. 
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At  the core of this challenge lies the  need  to  harmonize

diverse systems. To achieve a higher level of intelligence, 
autunomous ships need to integrate a variety of technologies, 
such as autonomous navigation (Mei and Arshad, 2017), 
control (Zhang et al., 2022), and self-learning (Epikhin et al., 
Frontiers in Marine Science 16 
2023; Wang et al., 2022a), each of which brings its own set of 
technical demands. Yet, these technologies are often developed 
in isolation by different manufacturers, creating issues of 
compatibility that hinder seamless operation (Kim and Son, 
2020; Peng, 2023). 
FIGURE 12 

Co-citation map for journals cited more than 20 times. 
FIGURE 13 

Heat map of keywords in the explored domain. 
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4.1.2 Regulatory framework 
As shown by the keywords “avoidance”, “accident”, and

“collision risk” in Section 3.4, addressing accidents involving 
autonomous ships is crucial. In the inland waterway context, this 
issue becomes particularly complex due to the dense traffic, narrow 
passages, and diverse vessel types commonly encountered, all of 
which amplify the consequences of regulatory ambiguity. 

However, the adoption of autonomous ships for inland waterways 
faces significant challenges, as regulation and standardization, while 
considered the backbone of technological innovation in transportation, 
also act as a bottleneck in their implementation (Orzechowski et al., 
2024).  The fragmented governance structure—with oversight often 
split between national, regional, and local authorities—makes the 
formulation of cohesive regulatory frameworks particularly difficult 
in inland settings. The international co-authorship network depicted in 
Figure 9, characterized by tightly knit national clusters and sparse 
cross-border bridges, visually mirrors this patchwork oversight and 
helps explain why a harmonized set of inland-navigation rules has yet 
to emerge, to some content. Furthermore, the rapid evolution of smart 
systems, with their autonomous capabilities and interconnected 
devices, has outpaced the regulatory frameworks designed to oversee 
them (Backalov, 2020; Nzengu et al., 2021; Ringbom, 2019). This 
mismatch is especially problematic in inland shipping, where route-
specific constraints (e.g., locks, bridges) require regulatory adaptation at 
a much more granular level than in open-sea operations. 

Unresolved legal questions around liability in collision 
scenarios, for example, are further compounded in inland 
waterways by the proximity of vessels to critical infrastructure 
and to each other (Carey, 2023). These ambiguities generate 
uncertainty for shipowners, insurers, and technology developers, 
thereby delaying deployment. 
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Cross-border inland navigation adds another layer of complexity. 
The lack of harmonized safety, communication, and operational 
standards among countries and regions along interconnected inland 
river systems (e.g., the Danube, Rhine, or Yangtze tributaries) often 
forces operators to adapt to a patchwork of local rules, driving up 
operational costs and reducing efficiency (Liu et al., 2024a). 

To address these issues, a dynamic regulatory approach is needed— 
one that evolves in step with technological advancements. Collaborative 
efforts between industry leaders, policymakers, and international 
organizations can foster the development of universal standards, 
ensuring that innovation is not stifled by outdated frameworks. 

4.1.3 Cybersecurity 
Notably, although Figure 13 does not explicitly list the term 

cybersecurity, it nonetheless surfaces a cluster of thematically allied 
keywords—such as AIS, navigation, and risk assessment. It suggest 
that cyber-related vulnerabilities remain latent. Autonomous ships, 
interconnected through IoT devices, real-time communication 
networks, and autonomous control systems, are highly vulnerable 
to cyberattacks (Alsalem et al., 2023; Symes et al., 2024; Tusher 
et al., 2022). Threats such as ransomware, unauthorized data 
breaches, and targeted sabotage have the  potential to disrupt

navigation systems, compromise cargo security, or even endanger 
lives (Yousaf et al., 2024). These risks are especially acute in inland 
waterway contexts, where vessels operate in densely populated 
corridors and often in proximity to critical urban infrastructure, 
amplifying the potential consequences of cyber incidents. 

A particularly challenging aspect of managing these risks is the 
integration of physical and digital components on autonomous 
ships. The cyber-physical nature of these systems creates numerous 
entry points for attackers, especially when different components are 
FIGURE 14 

Co-occurrence network of keywords in the explored domain. 
frontiersin.org 

https://doi.org/10.3389/fmars.2025.1624596
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Xue et al. 10.3389/fmars.2025.1624596 
sourced from multiple vendors without standardized security 
protocols. Many inland waterways, especially those in remote or 
less-developed regions, lack robust connectivity infrastructure, 
further exacerbating vulnerabilities by delaying critical updates or 
weakening real-time monitoring capabilities. 

Moreover, inland waterway operations involve frequent vessel-
to-shore interactions——at locks, urban ports, or multimodal 
terminals——which introduce additional security risks through 
shore-based access points (Stepien, 2025). In highly-traffic areas, 
cyberattacks targeting one vessel’s control systems could potentially 
cascade into broader network failures, given the close operational 
proximity of multiple autonomous ships. 

Mitigating these risks requires a proactive, multi-layered 
defense strategy. Encryption, regular software updates, real-time 
threat detection systems, and secure communication channels are 
just the beginning. It also necessitates investment in cybersecurity 
training for operators and technicians, ensuring that human error 
does not become a nez weak link in the whole system (Martı ́
et al., 2024). 
 

4.1.4 Environmental and sustainability 
considerations 

As Figure 10 reveals, environmental-science–related categories are 
entirely absent from the top-ten disciplinary clusters, indicating that 
scholarly attention to decarbonization and sustainability remains 
markedly lower than that devoted to technological and engineering 
themes. This evidentiary gap is especially consequential because 
environmental and sustainability considerations already represent a 
significant challenge for the development of autonomous ships in 
inland waterway transportation (Pei et al., 2024; Xu et al., 2025). While 
autonomous ships promise to reduce emissions and improve energy 
efficiency through optimized navigation and alternative propulsion 
systems (Ren et al., 2022), such as electric or hydrogen engines, these 
benefits must be evaluated within the specific environmental and 
operational contexts of inland waterways. Inland autonomous ships 
operating on inland routes typically navigate shorter distances with 
frequent stops, often within urban or ecologically sensitive areas, such 
as wetlands, lakes, or densely populated riverbanks. These 
characteristics amplify the environmental stakes: for example, 
emissions from conventional engines have a direct and localized 
impact on air quality, making zero-emission solutions not just 
desirable but often mandatory. Yet the deployment of green 
propulsion technologies on smaller inland vessels is far from 
straightforward. The storage and application of hydrogen (Van 
Hoecke et al., 2021) and  battery  (Zou et al., 2022) in maritime

affairs still face many challenges at present. 
The production of advanced components, such as sensors and 

batteries, requires rare materials and energy-intensive manufacturing 
processes, which contribute to the overall environmental footprint. 
These impacts are particularly pronounced in inland shipping, where 
the fleet is highly fragmented, and retrofitting existing vessels can be 
more resource-intensive than building new ones. Additionally, 
questions about the lifecycle sustainability of these technologies 
remain important—particularly in terms of recycling, waste 
management, and the disposal of decommissioned systems 
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(ElMenshawy et al., 2024). To ensure that the environmental 
benefits of inland autonomous shipping are fully realized, future 
technological developments must prioritize not only clean 
propulsion and efficient navigation but also modular, recyclable, and 
space-adaptive designs tailored to the inland context. Policies and 
industry standards should likewise reflect the unique environmental 
conditions and infrastructure limitations of inland waterway systems. 

4.1.5 Infrastructure adaptation 
Current ports, waterways, and related facilities are largely 

designed for conventional vessels and often fall short of meeting 
the technological demands of autonomous ships. For instance, 
autonomous navigation systems rely on detailed and continuously 
updated digital maps, along with robust data feeds from shore-
based monitoring systems. However, many inland waterway 
networks lack these critical digital enhancements, creating gaps 
that limit the effectiveness of smart technologies. Also, port facilities 
must evolve to support the needs of advanced vessels. The current 
intelligent maritime transportation is entering a critical window 
period of deep integration between Internet technology and 
automated port infrastructure (Zou et al., 2025). IoT, charging 
infrastructure (Gabbar, 2022) for electric propulsion, and high-
speed data communication networks (Jo and Shim, 2019; Wei et al., 
2021) are essential, yet such features remain rare in many inland 
regions. These gaps not only limit the deployment of autonomous 
technologies but also deepen the urban-rural divide in maritime 
digitalization, making it more difficult to realize the full benefits of 
autonomous inland shipping. Addressing these challenges requires 
a coordinated modernization strategy that aligns technology 
development with infrastructure upgrades, tailored specifically to 
the  scale,  density,  and  geographic  diversity  of  inland  
waterway networks. 

4.1.6 Challenge interactions 
The above five challenges form a coupled system rather than a 

collection of separable issues. Measures aimed at a single challenge 
can propagate through this system and inadvertently intensify 
others. Therefore, understanding these interdependencies is 
therefore essential for formulating effective, durable interventions. 

System-dynamics modelling applies feedback-based theory and 
simulation to analyze how complex systems evolve over time 
(Kanellos et al., 2024), it represents feedback loops, time lags, and 
non-linear interactions explicitly. A causal-loop diagram (CLD) 
provides the necessary visual framework, helping to reveal leverage 
points for policy. 

As shown in Figure 15, this study plots causal loop diagrams for 
the five major challenges and derives three mutually reinforcing key 
feedback loop loops. 
1. Loop R1 (Regulation–Infrastructure–Technology–Cyber). 
Regulatory  f ragmentat ion  s lows  infrastructure  
modernization; outdated physical and digital assets 
exacerbate technology-integration difficulty; integration 
gaps enlarge the cyber-attack surface, leading to high-
profile incidents; each incident precipitates additional ad-
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Fron
hoc rules, which further fragment regulation and restart 
the cycle. 

2.	 Loop R2 (Technology–Environment–Regulation). 
Integration difficulty delays the roll-out of clean 
propulsion and energy-management systems, amplifying 
environmental pressure. Heightened public and political 
concern then triggers a surge of uncoordinated 
environmental mandates, thereby adding new layers of 
fragmented  regulation  that  discourage  coherent  
infrastructure investment and, in turn, entrench 
integration barriers. 

3.	 Loop R3 (Regulation–Technology–Cyber). Fragmented 
rules inflate compliance costs and technical complexity, 
which again widens the attack surface; subsequent 
cybersecurity incidents invite yet more patchwork 
regulation, accelerating the fragmentation process. 
These mutually reinforcing loops indicate that isolated remedies 
are unlikely to succeed. Progress depends on coordinated action 
that aligns regulatory harmonization, infrastructure modernization, 
and cybersecurity management and others so as to weaken the 
amplifying feedbacks identified above. 
4.2 Future directions 

4.2.1 Coordinated fleet operations 
The improvement of shipping efficiency is currently limited by 

individual ship operations, as each vessel typically operates in 
isolation, unable to fully optimize its movements in relation to 
others (Peng et al., 2021). In the coming years, vessels will no longer 
operate in isolation but will be part of interconnected fleets capable 
of coordinating their movements autonomously across entire 
waterways (Osorio et al., 2024; Peng et al., 2013). 

Through the optimization of multiple unmanned vessel paths 
(Ning et al., 2020; Ren et al., 2021; Zhao et al., 2023) and the 
distribution of multiple tasks (Jin et al., 2022; Liu et al., 2019; Zhang 
et al., 2024a), this coordinated approach will reduce congestion, and 
improve the efficiency of cargo transport, allowing for seamless 
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operation of fleets without the need for constant human 
intervention. Unlike in ocean shipping, where vessels often 
navigate vast, open waters with fewer constraints, inland 
waterways require precision coordination, as each vessel’s 
movement must align with the navigational limits of a shared, 
confined space. 

The integration of autonomous fleets in inland waterway 
transport will not only enhance the overall efficiency and 
flexibility of the system but will also address the specific 
challenges posed by navigation. Future inland waterways could 
operate as unified systems, where fleet coordination is continuously 
adjusted to account for variable traffic conditions, lock schedules, 
and local weather patterns. This transition will reshape the logistics 
landscape, enabling autonomous fleets to seamlessly operate across 
multiple river segments, without the need for constant human 
intervention or manual scheduling, and drastically reduce 
operational bottlenecks in high-traffic regions. 

4.2.2 Data-driven decision making 
As intelligent technology progresses, autonomous ships are 

increasingly leveraging big data to improve decision-making. By 
tapping into real-time and historical data from sensors, weather 
systems, and traffic platforms, future vessels can operate 
autonomously, optimizing route planning, fuel consumption, and 
maintenance (Hu et al., 2022; Shi and Liu, 2020). 

Standardized communication protocols and AI advancements 
are crucial for unlocking predictive insights, enhancing efficiency, 
reducing costs, and boosting safety. This data-centric method will 
streamline operations and enable proactive management. For 
inland waterways, this means not only improving data 
communication between ships but also ensuring effective 
interaction with port and infrastructure systems. This data-centric 
approach will streamline operations, reduce congestion, and enable 
proactive management of river traffic, especially in areas with 
frequent bottlenecks. In terms of data privacy protection, 
Federated Learning (FL) is highly suitable for scenarios where 
multiple enterprises participate and need to protect their 
respective private data (Liu et al., 2022). Through federated 
learning, each participant can train their own data locally and 
FIGURE 15 

Causal loop diagram of challenges. 
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only upload model parameters (such as weights or gradients) to the 
platform instead of the original data, thereby effectively avoiding the 
risk of data leakage. 

With large-scale data, autonomous ships in inland waterways 
can anticipate maintenance, avoid hazards, and adapt operations in 
real-time. Ultimately, big data integration will revolutionize inland 
maritime operations, driving efficiency, sustainability, and safety 
towards autonomous decision-making (An, 2024). 

4.2.3 Green and sustainability 
As global pressure to reduce environmental impact increases, 

the future of autonomous ships will be shaped by sustainability (Lee 
et al., 2013; Tang et al., 2018; Yigit and Acarkan, 2018). For inland 
waterways, where traffic density is high and the environmental 
footprint of operations can be more significant due to limited space 
and frequent stop-and-go movements, the need for eco-friendly 
solutions is even more critical. Vessels will be designed to operate 
with minimal environmental footprints, adopting eco-friendly 
propulsion systems (Guo et al., 2024; Litwin et al., 2019) and 
energy-efficient designs (Luo et al., 2024; Niu et al., 2018; Zeng 
et al., 2024). In addition to reducing emissions, autonomous ships 
will focus on optimizing energy consumption, minimizing waste, 
and enhancing operational efficiency. These innovations will ensure 
that inland waterway transport remains a competitive, eco-friendly 
mode of shipping, aligning with global sustainability goals while 
improving performance and reducing environmental impact. 

To transform sustainability rhetoric into verifiable knowledge, 
forthcoming studies should deliver a rigorous life-cycle comparison 
of GHG, heavy-metal, and particulate emissions of battery-electric 
versus hydrogen–battery hybrid barges, integrate techno-economic 
models that weigh battery-swap against high-rate shore-charging 
infrastructure on metrics of turnaround, grid resilience and levelized 
cost, and identify the recycling or second-life pathways that minimize 
the total environmental burden of retired maritime lithium-ion packs 
across alternative policy regimes; the quantitative insights obtained will 
directly inform the smart-infrastructure blueprint in Section 4.2.4 and 
the governance instruments discussed in Section 4.2.5. 

4.2.4 Smart infrastructure and logistics networks 
The future of inland waterway transport will depend on the 

seamless integration of autonomous ships with advanced port 
infrastructures. Currently, the lack of real-time coordination 
between ships, ports, and logistics systems limits the full potential 
of autonomous ships. As these vessels become more autonomous, 
ports must automate cargo handling, enhance real-time waterway 
monitoring, and improve communication networks. This will 
enable dynamic coordination, allowing vessels to adjust schedules, 
routes, and docking plans based on live data, thereby optimizing 
efficiency and minimizing downtime. Additionally, integrating 
autonomous ships with broader transportation networks—such as 
rail and road—will streamline the supply chain, facilitating 
smoother intermodal transfers and reducing wait times (Abu 
Aisha et al., 2024). A fully integrated, data-driven ecosystem will 
make inland waterway transport more efficient, sustainable, and 
competitive within the global logistics network. 
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To translate this vision into practice, stakeholders should move 
toward a shared digital infrastructure that continuously captures 
hydrological, traffic, energy and terminal-operation data, delivered 
through reliable, low-latency communication channels and coupled 
to adaptive control algorithms. Such an architecture allows 
autonomous vessels and port assets to negotiate dynamic schedules, 
insure safe passage through locks, and synchronise with rail-and-road 
timetables without manual intervention. When anchored in common 
data standards, robust cybersecurity rules and harmonised carbon-
accounting methods, these capabilities create a self-adjusting logistics 
ecosystem that shortens dwell times, lowers emissions and 
strengthens the overall resilience of inland trade corridors. 

4.2.5 Regulatory and governance 
Ship accidents are frequent at sea, and while substantial research 

has focused on collision avoidance (Fan et al., 2023; Gao and Shi, 2020; 
Zhai et al., 2022; Zhao et al., 2022), a comprehensive global regulatory 
and governance framework for autonomous ships remains absent. As 
the technology behind autonomous vessels continues to advance, 
regulatory frameworks must evolve to ensure their safe, equitable, 
and sustainable operation. Future efforts will likely prioritize the 
harmonization of international standards for autonomous inland 
shipping, facilitating seamless integration between ships, ports, and 
regulatory authorities within a unified  legal structure. This will involve  
developing global guidelines that address a wide range of issues, 
including liability, data security, environmental protection, 
cybersecurity, and operational standards. By establishing these 
frameworks, the full potential of autonomous ships can be realized, 
ensuring that technological advancements are implemented in a safe, 
standardized, and environmentally responsible manner. 

A regionally adaptive, multi-level governance approach is 
essential for inland autonomous shipping. Establishing sandbox 
zones in key river basins would allow governments to test new 
operational, liability, and certification frameworks. Digital tools like 
real-time digital twins and AI-driven risk-based permitting could 
enhance regulatory capacity despite institutional fragmentation. 
4.3 Limitations 

While this study provides valuable insights into the current state 
and trends in autonomous ships in inland waterway transport, several 
limitations should still be considered when interpreting the findings. 
The analysis relies solely on literature from the Web of Science (WoS) 
core collection, which may not capture the full range of the field. WoS 
tends to prioritize well-established journals, potentially 
underrepresenting studies from other databases like Scopus or 
Google Scholar. Additionally, WoS may have a bias toward English-
language publications, overlooking valuable research in other 
languages, such as Chinese or Russian, that could offer unique 
insights into inland waterway shipping. Moreover, keyword selection 
and literature screening are crucial to the analysis. Any subjectivity or 
inconsistency in these processes can affect the comprehensiveness of 
the results. While the impact of subjectivity can be minimized, it cannot 
be entirely eliminated in the current study. 
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5 Conclusions 

This study presents a meticulous bibliometric analysis of 163 
publications from the Web of Science core collection, providing a 
quantitative overview of research on autonomous ships in inland 
waterway transport. By systematically examining 163 publications, 
this study precisely dissected publication trends, influential scholars, 
organizations, and countries and prominent journals. This analysis not 
only charts the historical growth trajectory of autonomous ships in 
inland waterway transport, but also pinpoints emerging research 
hotspots, challenges, and opportunities in the field. 

Utilizing bibliographic mapping tools such as VOSviewer, the study 
has meticulously delineated the collaborative networks within the 
research community, offering a clear insights into scholarly and 
institutional interactions. The identification of research clusters has 
further elucidates dominant narrative patterns in the field, revealing 
areas of concentrated interest like autonomous navigation. The 
quantitative analysis establishes a robust framework for understanding 
the current state of autonomous ships in inland waterway transport, 
serving both a concise snapshot of existing research and a strategic 
roadmap for future investigations. Autonomous inland shipping faces 
core bottlenecks in technological adaptability, regulatory lag, 
cybersecurity, sustainability, and infrastructure readiness. Against this 
backdrop, the findings of this study highlight critical areas that warrant 
deeper exploration for researchers, and identify key gaps that must be 
addressed by industry stakeholders to drive technological and 
operational advancements. 

The study contributes significantly to the field by systematically 
consolidating past progress and offering actionable insights that 
inform the future development and application of autonomous 
ships in inland waterway transport. Looking ahead, five strategic 
directions—fleet coordination, data-driven decision-making, green 
technologies, smart logistics infrastructure, and adaptive regulation 
—should guide the development of intelligent autonomous inland 
waterway ships. These findings offer a reference for researchers and 
policymakers aiming to align technological advancement with 
practical deployment and governance. 
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Appendix A 

Explanation of Visualization Parameters: 
Threshold: The minimum number of occurrences (e.g., 

publications, co-authorships, citations) required for an item 
(author, institution, country, keyword, etc.) to be included in the 
map. For example, a threshold of 3 in an author collaboration 
network means only authors with at least 3 documents 
are displayed. 

Attr. (Attraction): A layout parameter that controls the strength 
of the attractive forces between related nodes. Higher attraction 
values pull related nodes closer together, emphasizing 
cluster cohesion. 

Repul. (Repulsion): Short for Repulsion, this layout parameter 
determines how strongly nodes repel each other. A higher repulsion 
value spreads the nodes farther apart, helping to prevent overlap 
and improve readability. 

Type: The visualization type used, including: 
1) Network: Displays relationships (e.g., co-authorships, co-

citations) as a graph of nodes and links. 
2) Overlay: Adds additional attributes (e.g., average publication 

year, citation impact) as color overlays on a network map. 
3) Density: Shows the concentration or frequency of items (e.g., 

keywords) using heatmap-style coloring to indicate areas of 
higher intensity. 
Table A1 Parameter setting for 
bibliographic mapping. 

Figure Threshold Attr. Repu. Type 

Figure 5. Author 
collaboration network using 
analysis of co-authorship. 

3 5 -2 Network 

Figure 6. Institution 
collaboration network using 
analysis of co-authorship. 

3 5 -5 Network 

Figure 7. Country 
collaboration network using 
analysis of co-authorship. 

1 2 0 Overlay 

Figure 11. Citation map for 
papers cited more than 
1 times 

1 4 -1 Network 

Figure 12. Co-citation map 
for journals cited more than 
20 times 

20 2 -2 Network 

Figure 13. Heat maps of 
keywords in 
explored domain. 

4 1 -1 Density 

Figure 14. Co-occurrence 
network of keywords in 
explored domain. 

4 1 -1 Overlay 
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