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Abstract

Unmanned and autonomous systems are increasingly investigated in maritime-port opera-
tions, but evidence remains fragmented across platforms, applications, and maturity levels.
This review combined the PRISMA-based screening of Scopus publications (2010-2026),
VOSviewer bibliometric mapping, and structured technical coding. Of 1030 records,
86 studies met the eligibility criteria. Sensing, imaging, and perception were the most
represented capabilities, followed by autonomy, navigation, and control. The cross-platform
synthesis showed complementarity rather than substitution: platform suitability depends
on physical access and task requirements, whereas interoperability, communication conti-
nuity, and validation maturity are shared constraints across platform families. Validation
coding identified 15 conceptual studies, 14 simulations, 29 controlled experiments, 27 field
or port validations, and one documented operational deployment. Decision-support coding
identified 19 studies with no explicit contribution, 53 providing information or situational
awareness, seven supporting vehicle- or mission-level planning and optimisation, and seven
providing recommendations, priorities, allocations, or optimised alternatives for operational
or managerial decisions; no coded record explicitly reported a measured improvement in de-
cision outcomes. The evidence therefore supports technological feasibility and information
provision more strongly than routine operational readiness or demonstrated improvement
in managerial decision outcomes. Future research should prioritise repeated multi-port
validation, integration with operational information systems, and comparative evaluation
of technology-supported decisions.

Keywords: unmanned and autonomous systems; maritime-port operations; marine robotics;
port automation; decision support

1. Introduction

Unmanned and autonomous systems have become an increasingly relevant component
of maritime technological research, encompassing aerial, surface, underwater, remotely op-
erated, and heterogeneous robotic platforms. Their development has been supported by ad-
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vances in sensing, autonomous navigation, control, communications, computer vision, data
processing, artificial intelligence, and cooperative robotics. Existing review-oriented studies
demonstrate the breadth of this technological field but also its segmentation. Askarzadeh
et al. [1] reviewed UAV-based remote sensing for nodal transportation assets, including
seaports and cargo terminals; Mai et al. [2] examined subsea infrastructure inspection
involving ROVs, AUVs, and semi-autonomous systems; and Batista et al. [3] reviewed
the satellite-supported monitoring of maritime pollutant emissions. These contributions
provide substantial knowledge within specific technological or application domains but
do not offer an integrated assessment of unmanned and autonomous systems across the
maritime-port operational environment.

Ports constitute a particularly demanding setting for these technologies because they
combine landside, waterside, underwater, vessel-traffic, infrastructure, environmental, and
information-management requirements within spatially constrained and dynamic envi-
ronments. Consequently, different platform families provide different forms of physical
access and operational capability. Existing studies have addressed underwater harbour
surveillance, quay-wall and infrastructure inspection, autonomous surface manoeuvring, co-
operative UAV-USV operations, environmental monitoring, networked container-terminal
communications, and marine robotic command-and-control architectures [4-9]. This diver-
sity demonstrates both the technological potential of the field and the difficulty of assessing
its development through individual platform or application categories alone.

The closest prior reviews differ from the present study in both scope and analytical
purpose. Askarzadeh et al. [1] examined the UAV monitoring of nodal transportation assets,
including seaports and cargo terminals, with emphasis on aerial sensing and infrastructure-
condition monitoring. Mai et al. [2] reviewed subsea infrastructure inspection, concen-
trating on ROV-, AUV-, and support-system approaches and the technical and operational
limitations of underwater inspection. Batista et al. [3] assessed Sentinel satellite data for
monitoring maritime-transport emissions, focusing on environmental observation and port-
area air-quality information. Almansor etal. [10] proposed a conceptual UAV-based pilotage
and communication framework for smart ports, rather than a cross-platform review of
completed applications. Together, these studies establish the value of particular platforms
or application domains, but they do not compare aerial, surface, underwater, remotely
operated, and cooperative systems within a common maritime-port framework, nor do
they jointly examine platform architecture, enabling technology, operational application,
validation maturity, and decision-support evidence. The present synthesis therefore adds
three cross-platform findings: platform families are complementary because their suitability
is determined by physical access and operational task; interoperability, communication
continuity, environmental robustness, and repeated validation are shared constraints across
otherwise different applications; and vehicle- or mission-level autonomy must be distin-
guished from recommendations directed to operational or managerial decision makers and
from measured decision outcomes.

A second limitation concerns the distinction between technological capability and
operational readiness. Successful sensing, navigation, inspection, control, or autonomous
execution demonstrates technical feasibility under defined conditions but does not neces-
sarily establish reliable integration into routine port operations. Operational deployment
additionally requires repeatability, environmental robustness, interoperability, communi-
cation continuity, maintainability, and integration with existing port infrastructure and
information systems. An integrated state-of-the-art assessment therefore requires consid-
eration not only of which functions technologies can perform, but also of how far their
capabilities have progressed towards sustained maritime-port implementation.
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A third gap concerns the relationship between technological outputs and operational
decision support. Unmanned systems can increase sensing coverage, improve access to
difficult or hazardous areas, generate infrastructure and environmental information, and
automate defined operational tasks. However, additional data do not automatically trans-
late into improved operational decisions. Their management value depends on whether
acquired data can be processed, transmitted, interpreted, and incorporated into operational
information flows. Consequently, evidence of improved information availability and situa-
tional awareness should be distinguished from empirical evidence of improved managerial
decision-making accuracy.

Against this background, this study provides an integrated systematic assessment of
unmanned and autonomous systems from a predominantly technical perspective while
retaining their relationship with maritime-port operational requirements. The general objec-
tive is to systematically analyse their technological development, operational applications,
maturity, and contribution to operational information and decision support. Six specific
objectives were defined:

S0O1: To map the scientific evolution of research on unmanned and autonomous systems
applied to maritime and port operations between 2010 and 2026.

SO2: To identify the main enabling technologies associated with these systems, including
sensing, autonomy, artificial intelligence, machine learning, computer vision, communica-
tion systems, and digital integration.

S03: To classify the main technical applications of unmanned and autonomous systems in
maritime-port environments, including inspection, monitoring, surveillance, maintenance,
navigation, environmental observation, emergency response, safety, and security.

504: To analyse the bibliometric structure of the literature, including publication trends,
authorship, publication sources, countries, citations, and keyword co-occurrence networks.
SO5: To assess the principal technical benefits, limitations, maturity constraints, and imple-
mentation challenges associated with unmanned and autonomous systems in maritime-
port operations.

S506: To examine how these systems contribute to operational management through im-
proved situational awareness, information availability, operational execution, risk-related
information, and decision-support capabilities.

The overarching research question is as follows:

How have unmanned and autonomous systems developed technologically and op-
erationally within maritime-port environments, and to what extent do their capabilities
contribute to operational information and decision support?

To address this question, the study combines a PRISMA-based systematic literature
review with bibliometric analysis and structured technical thematic assessment. The re-
sulting analytical approach connects scientific evolution and platform development with
enabling technologies, operational applications, maturity, information generation, and
decision support, enabling an integrated assessment of both the technological state of the
art and the limitations affecting operational implementation.

The remainder of the article is organised as follows. Section 2 describes the systematic
review, bibliometric, screening, extraction, and analytical procedures. Section 3 presents
the integrated results, including scientific evolution, bibliometric structure, technological
clusters, platform architectures, operational applications, enabling technologies, and their
contribution to operational information and decision support. Section 4 discusses the
state of the art, operational readiness, integration barriers, evidence limitations, research
gaps, and future research directions. Section 5 presents the main conclusions and scientific
implications of the review.
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2. Materials and Methods
2.1. Research Design

This study adopted a systematic literature review design integrating bibliometric
analysis and technical thematic assessment to examine the technological development
and operational applications of unmanned and autonomous systems in maritime and
port environments. The methodological design combined a transparent procedure for
identifying and selecting the scientific corpus with quantitative mapping of the literature
and qualitative interpretation of its technological and operational content.

The review focused on how unmanned and autonomous systems contribute to maritime
and port operations through enabling technologies, sensor-based capabilities, autonomous
navigation, digital integration, technical applications, and operational decision-support
functions. The systematic review component comprised database selection, search strategy
development, eligibility criteria definition, record screening, study selection, data extraction,
and structured coding. The bibliometric component was designed to map publication
patterns, keyword relationships, and the thematic structure of the research field. The
technical thematic assessment examined the selected studies according to their operational
context, system type, technical capabilities, operational applications, and contribution to
management and decision-making.

The methodological procedure was informed by PRISMA 2020 recommendations for
transparent reporting of study identification, screening, and inclusion procedures [11].
Bibliometric procedures were guided by established recommendations for science mapping
and bibliometric analysis [12,13], while the construction and interpretation of bibliometric
networks followed the principles underlying VOSviewer version 1.6.20 mapping [14]. The
technical thematic assessment was also informed by qualitative content analysis principles,
particularly the systematic organisation of textual evidence into analytical categories.

2.2. Database Selection and Search Strategy

Scopus was selected as the sole bibliographic database for this review because of its
multidisciplinary coverage, structured indexing system, citation information, and com-
patibility with bibliometric analysis tools [15]. The use of a single database also ensured
consistency in metadata extraction, document classification, citation processing, and prepa-
ration of the dataset for screening, coding, and bibliometric mapping [16]. Accordingly, the
resulting corpus should be interpreted as a systematic representation of the Scopus-indexed
literature within the defined search and eligibility criteria, rather than as an exhaustive
census of all potentially relevant publications across bibliographic databases.

The search was conducted in Scopus on 30 May 2026. The search strategy was applied
to titles, abstracts, author keywords, and indexed keywords through the TITLE-ABS-KEY
field. It combined three conceptual groups: unmanned and autonomous systems, maritime
and port operational environments, and technical or operational applications.

The first group covered unmanned aerial vehicles, autonomous underwater vehicles,
unmanned and autonomous surface vehicles, marine robots, maritime robots, autonomous
vessels, and autonomous ships.

The second group covered ports, seaports, harbours, terminals, maritime operations,
marine operations, offshore and coastal operations, and underwater or subsea infrastructure.
The third group covered inspection, monitoring, surveillance, maintenance, safety, security,
emergency response, autonomous navigation, collision avoidance, artificial intelligence,
machine learning, computer vision, digital twins, and edge computing.

The following search string was used:

TITLE-ABS-KEY ((“unmanned aerial vehicle*” OR UAV OR drone* OR “autonomous un-
derwater vehicle*” OR AUV OR “unmanned surface vehicle*” OR USV OR “autonomous
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surface vehicle*” OR ASV OR “marine robot*” OR “maritime robot*” OR “autonomous
vessel*” OR “autonomous ship*”) AND (port OR ports OR seaport* OR harbour* OR har-
bor* OR “port terminal*” OR “container terminal*” OR “maritime operation*” OR “marine
operation*” OR “port operation*” OR “offshore operation*” OR “coastal operation*” OR
“underwater infrastructure” OR “subsea infrastructure”) AND (inspection OR “infras-
tructure inspection” OR “underwater inspection” OR “environmental monitoring” OR
surveillance OR maintenance OR “predictive maintenance” OR safety OR security OR
“emergency response” OR “search and rescue” OR bathymetry OR “collision avoidance”
OR “autonomous navigation” OR “computer vision” OR “artificial intelligence” OR “ma-
chine learning” OR “digital twin*” OR “edge computing”)) AND PUBYEAR > 2009 AND
PUBYEAR < 2027.

The Scopus search was restricted to documents published between 2010 and 2026;
written in English; and classified as articles, reviews, or conference papers. The 2010 starting
point was defined a priori to capture the contemporary period in which integrated sensing,
autonomous navigation, and networked unmanned platforms began to appear together in
maritime-port applications, while keeping the review focused on technologies relevant to
current implementation conditions. After these filters were applied, the search returned
1030 records.

A post hoc search-sensitivity assessment was conducted to test explicit ROV/UUV
terminology and external-index coverage. When rerun on 20 September 2026, the original
Scopus strategy returned 1115 records, reflecting database growth since the 30 May search.
Adding ROV, “remotely operated vehicle”, UUV, and “unmanned underwater vehicle” on
21 September returned 1234 records and 119 incremental records; application of the same el-
igibility criteria identified 36 sensitivity candidates and excluded 83. All 36 candidates were
coded using the same validation and decision-support rules. Their validation distribution
was V0 =4, V1 =5,V2 =28, V3 =19, and V4 = 0; their decision-support distribution was
DS0 = 6, DS1 = 17, DS2a = 8, DS2b = 5, and DS3 = 0. In an expanded sensitivity scenario
combining the fixed corpus and candidates (# = 122), one record remained at V4 and none
met DS3. Targeted OpenAlex searches produced 86 unique records after deduplication, of
which 36 supported the same platform, capability, and application themes. Because these
checks used a later temporal snapshot, the records were analysed as a sensitivity set rather
than retroactively merged into the fixed 86-study corpus. The principal interpretation was
unchanged. Queries, record-level dispositions, and comparative distributions are reported
in Supplementary Table S10.

The complete dataset was exported from Scopus for screening and analytical prepara-
tion. The exported metadata included authors, author identifiers, title, publication year,
source title, citation count, DOJ, affiliations, abstract, author keywords, index keywords, doc-
ument type, publisher, conference information, references, and Scopus electronic identifica-
tion number. The selected records were subsequently organised in a structured spreadsheet,
while an RIS file containing the final corpus was prepared for bibliographic management
and bibliometric processing.

2.3. Eligibility Criteria

Eligibility criteria were defined before the final study selection to maintain alignment
between the analytical corpus and the objectives of the review. Studies were included when
they were published in English between 2010 and 2026 and classified by Scopus as articles,
reviews, or conference papers.
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The technological scope comprised unmanned, autonomous, robotic, or remotely
operated systems, including UAVs, AUVs, USVs, UUVs, ROVs, autonomous surface vessels,
autonomous ships, marine robotic systems, multi-vehicle systems, hybrid unmanned or
autonomous systems, and related sensor-based platforms.

Studies were required to demonstrate a connection with maritime or port environments.
Relevant operational contexts included seaports, harbours, port and container terminals,
quays, berths, mooring and docking areas, vessel traffic, port approaches, coastal operations,
maritime surveillance, underwater infrastructure, subsea inspection, port security, port
safety, and environmental monitoring. Offshore studies were retained only when their
technological or operational contributions were transferable to maritime-port infrastructure,
vessel operations, underwater inspection, monitoring, or decision-support applications.

Technical relevance was established when a study addressed at least one enabling
capability, such as autonomous navigation, path planning, control systems, sensor fusion,
remote sensing, computer vision, image processing, artificial intelligence, machine learning,
deep learning, LiDAR, sonar, radar, communication systems, simulation, modelling, or
digital integration.

Operational relevance was established when a study addressed inspection, monitoring,
surveillance, maintenance, docking, berthing, vessel traffic management, environmental
detection, mapping, surveying, infrastructure assessment, safety, security, logistics support,
autonomous mission execution, or operational decision support.

Documents were excluded when they were unrelated to unmanned or autonomous
systems or did not demonstrate relevant maritime, port, coastal, offshore, shipping, or
underwater applications. Studies focused exclusively on agriculture, healthcare, road
traffic, pedestrian mobility, generic urban mobility, terrestrial construction, power trans-
mission, solar farms, wind farms, or unrelated industrial applications were excluded. Mili-
tary or defence studies were excluded unless their technological contribution was directly
transferable to port security, maritime surveillance, vessel operations, or related maritime-
port functions.

Editorials, notes, errata, letters, books, book chapters, theses, dissertations, patents,
and non-scholarly documents were also excluded. The complete inclusion and exclusion
criteria and their methodological rationales are presented in Table 1.

Table 1. Eligibility criteria and screening parameters applied during study selection.

Criterion

Inclusion Parameters

Exclusion Parameters

Rationale

Database source

Records retrieved from Scopus using
the predefined search strategy.

Records from databases other
than Scopus were not considered
in this stage.

Scopus was selected to ensure a
consistent, indexed, and
multidisciplinary bibliographic
source for the review.

Document type

Articles, reviews, and conference

papers.

Editorials, notes, errata, book
chapters, books, letters, and
non-scholarly documents.

These document types were
retained because they represent
peer-reviewed or academically
relevant scientific contributions.

Thematic scope

Studies addressing unmanned,
autonomous, robotic, or remotely
operated systems. This included
UAVs, AUVs, USVs, UUVs, ROVs,
autonomous vessels, autonomous
ships, and hybrid
unmanned/autonomous systems.

Studies not addressing unmanned,
autonomous, robotic, or remotely
operated systems.

The review focuses specifically on
the technological development
and operational applications of
unmanned and autonomous
systems.
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Table 1. Cont.

Criterion

Inclusion Parameters

Exclusion Parameters

Rationale

Operational context

Studies connected to maritime-port
environments, including seaports,
harbours, port terminals, container
terminals, quays, berths, mooring
areas, docking operations, vessel
traffic, port surveillance, port safety,
port security, underwater inspection,
and maritime-port monitoring.
Offshore, coastal, or underwater
studies were eligible only when a
direct operational correspondence
with a defined maritime-port function
could be established.

Studies focused exclusively on
non-port domains, including
agriculture, healthcare, urban
road traffic, generic construction,
terrestrial infrastructure,
terrestrial ecology, solar farms,
wind farms, power lines, or other
unrelated application areas.
Studies unrelated to
maritime-port operations or
whose applicability to a
maritime-port function was
merely hypothetical.

This criterion ensures alignment
with the maritime-port focus of
the study and avoids dilution by
broader autonomous systems
literature.

Technical relevance

Studies addressing enabling
technologies, sensor-based
capabilities, autonomy, navigation,
path planning, control systems,
computer vision, image processing,
Al, machine learning, deep learning,
LiDAR, sonar, remote sensing,
communication systems, simulation,
modelling, or digital integration.

Studies with no identifiable
technical, technological,
sensor-based, or autonomous
capability relevant to
unmanned/autonomous systems.

The article emphasises the
technical profile of the literature
and the technological capabilities
supporting operational
applications.

Operational application

Studies addressing inspection,
monitoring, surveillance, traffic
management, docking, berthing,
environmental detection,
infrastructure assessment, safety,
security, logistics support, mapping,
surveying, maintenance, or
autonomous mission execution.

Studies with no clear operational
application or only generic
technological discussion without
maritime-port relevance.

This criterion links the
technological focus of the review
to practical applications in
maritime-port operations.

Management and
decision-making relevance

Studies contributing to operational
efficiency, decision support,
decision-making accuracy, real-time
situational awareness, risk reduction,
safety improvement, security
enhancement, environmental
performance, maintenance planning,
or port management support.

Studies with no observable
contribution to operational
management, decision-making, or
maritime-port performance
improvement.

Ensures alignment with SO6,
which examines how these
systems contribute to operational
management and decision
support, while the mechanisms
and evidence of improved
decision-making are assessed as
analytical outcomes.

Screening evidence

Title, abstract, author keywords, and
index keywords were used during the
screening and coding process.

Full texts were subsequently
examined for final verification of the
86 potentially eligible studies.

Records with insufficient evidence
of relevance in these fields were
excluded during the restrictive
screening stage.

These fields provided a consistent
basis for identifying the
technological, operational, and
maritime-port relevance of each
record.

Exclusion domains

Not applicable.

Records primarily focused on
agriculture, medicine,
military/defence applications
unrelated to port security, road
traffic, pedestrian mobility,
generic urban mobility, terrestrial
construction, solar energy, wind
energy, power transmission, or
other non-maritime-port domains.

These domains were excluded to
prevent the final corpus from
being dominated by broader
applications of UAVs, AUVs,
USVs, and autonomous systems
outside the scope of the review.

Final analytical corpus

Records meeting the combined criteria
of maritime-port relevance,
unmanned/autonomous system
relevance, technical capability, and
operational or decision-support
contribution.

Records failing to meet one or
more of these combined criteria.

The final corpus was designed to
support a focused analysis of the
technical development and
operational applications of
unmanned and autonomous
systems in maritime-port
environments.
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2.4. Screening and Study Selection Procedure

The study selection process followed the identification, screening, and inclusion logic
established by PRISMA 2020. The initial Scopus search produced 1030 records after the
application of the predefined language, publication period, and document-type filters.

All 1030 records were screened using the information available in their titles, abstracts,
author keywords, and index keywords. The first-stage screening was structured around
three complementary analytical dimensions.

The first analytical dimension assessed the general application domain. Records pri-
marily related to agriculture, healthcare, urban mobility, road traffic, recreational appli-
cations, terrestrial construction, energy infrastructure, and other non-maritime domains
were excluded when they did not demonstrate technological or operational transferability
to maritime or port environments.

The second analytical dimension assessed maritime and port relevance. Records were
retained when they demonstrated a direct application to ports, harbours, terminals, docking
and berthing operations, vessel traffic, maritime surveillance, port infrastructure, underwa-
ter assets, port approaches, coastal operations, environmental monitoring, port safety, or
port security. Studies addressing wider maritime, offshore, or underwater environments
were retained only when their technological capabilities had a direct and identifiable corre-
spondence with an operational maritime-port function, such as infrastructure inspection,
hydrographic surveying, environmental monitoring, surveillance, navigation, or docking
and berthing. Because port was included as an unquoted standalone search term, records
retrieved through non-harbour meanings were excluded unless the combined title, abstract,
and keyword evidence established maritime-port relevance. A targeted audit confirmed
that no study in the final 86-study corpus was retained solely because of a non-maritime
use of port, and no port-Hamiltonian study remained in the final corpus.

The third analytical dimension assessed technical and operational relevance. Records
were retained when they addressed unmanned or autonomous platforms and demonstrated
relevant capabilities involving sensing, navigation, path planning, autonomous control,
image processing, computer vision, artificial intelligence, machine learning, sonar, LiDAR,
communication systems, simulation, modelling, or digital integration. The screening also
considered whether each study contributed to inspection, monitoring, surveillance, mainte-
nance, situational awareness, risk reduction, safety, security, environmental performance,
operational efficiency, or decision-support processes.

The study selection process was conducted in three successive stages. In the first stage,
the 1030 records retrieved from Scopus were screened based on titles, abstracts, author
keywords, and index keywords, resulting in the exclusion of 702 records and the retention
of 328 records. In the second stage, these 328 records underwent a focused eligibility
assessment based on their abstracts and available bibliographic information, resulting in
86 potentially eligible studies. In the third stage, eligibility was verified using the available
full texts and, when a full text could not be accessed, the complete abstract together with
publisher and index metadata. All 86 studies satisfied the predefined eligibility criteria and
constituted the final analytical corpus. This eligibility assessment was distinct from the
subsequent technical coding described in Section 2.5.

Figure 1 presents the PRISMA flow diagram of the three-stage study selection process.
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Figure 1. PRISMA-based flow diagram of the study selection process.

The screening protocol and eligibility criteria were developed collaboratively by G.L.
and M.C., drawing on complementary subject-matter and methodological expertise. G.L.
conducted the record-level screening and eligibility assessment, while M.C. contributed to
the methodological organisation of the process and to discussion of uncertain eligibility
cases. This collaboration did not constitute independent duplicate screening or independent
double coding.

2.5. Data Extraction and Coding Framework

Following study selection, bibliographic and analytical data were organised in a struc-
tured extraction and coding matrix. Bibliographic data extracted from Scopus included
authors, title, publication year, source title, citation count, DOI, abstract, author keywords,
index keywords, document type, affiliations, publisher, conference information, and Scopus
electronic identification number.

Each of the 86 selected studies was additionally coded according to six
analytical dimensions:

Application context;

System type;

Technical capability;

Operational use case;

Management or decision-making contribution;

AN

Synthesis notes.
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Application context represented the principal operational environment addressed
by each study, including port operations, terminal and container operations, maritime
surveillance, vessel traffic, docking and berthing, underwater inspection, harbour secu-
rity, port infrastructure monitoring, environmental monitoring, coastal operations, and
technologically transferable offshore applications.

System type identified the main technological platform addressed by the study, in-
cluding UAV, AUV, USV, UUV, ROV, autonomous surface vessel, autonomous ship, marine
robotic system, multi-vehicle system, swarm system, hybrid platform, or other relevant
autonomous infrastructure.

Technical capability represented the principal technological contribution, including
autonomous navigation, path planning, obstacle avoidance, control systems, sensor fusion,
computer vision, image processing, sonar-based detection, LiDAR, radar, remote sensing,
artificial intelligence, machine learning, deep learning, communication systems, simulation,
modelling, detection, tracking, and inspection technologies.

Operational use case identified the practical function supported by the technology,
including inspection, monitoring, surveillance, navigation, traffic management, dock-
ing, berthing, environmental detection, infrastructure assessment, mapping, surveying,
maintenance support, safety and security operations, logistics support, and operational
decision support.

Management and decision-making contribution captured how the technological appli-
cation supported operational efficiency, situational awareness, data availability, decision
accuracy, risk reduction, safety improvement, security enhancement, cost and time re-
duction, environmental performance, maintenance planning, operational automation, or
data-driven management.

Synthesis notes recorded the principal findings, technological relevance, operational
implications, and limitations identified in each selected study. This structured cod-
ing framework supported both descriptive classification and the subsequent technical
thematic assessment.

Data extraction and technical coding were performed by G.L. using predefined opera-
tional criteria for each coding dimension. The coding used titles, abstracts, and exported
bibliographic metadata, supplemented by targeted consultation of available full texts or
publisher records when a category boundary remained ambiguous. In such cases, the lower
defensible category was retained unless the additional source provided explicit evidence for
a higher category. Decision-support evidence was coded as DS0 (no explicit contribution),
DS1 (information provision or situational awareness), DS2a (vehicle- or mission-level plan-
ning, control, allocation, trajectory, or optimisation without an explicit recommendation to
an operational or managerial decision maker), DS2b (an explicit recommendation, priority,
allocation, schedule, or optimised alternative directed to an operational or managerial
decision), or DS3 (a measured decision outcome evaluated against a baseline or reference).
Thus, an internally generated technical trajectory or mission plan remained DS2a unless
the record explicitly identified the decision user and operational or managerial choice. The
coding framework and analytical direction were developed with methodological input from
M.C. Independent double coding was not conducted and no inter-rater agreement statistic
is claimed. Auditability is instead supported through explicit definitions, conservative
boundary rules, and study-level codes and rationales in Supplementary Tables S1 and S3.
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2.6. Bibliometric Analysis Using VOSviewer

Bibliometric mapping was conducted using VOSviewer version 1.6.20. The analysis
was based on the RIS file containing the final corpus of 86 selected studies. Keyword
co-occurrence analysis was selected because it enables the identification of recurring con-
cepts; thematic concentrations; and relationships between technological platforms, enabling
technologies, and operational applications within the scientific literature.

The analysis considered all keywords available in the bibliographic records, combining
author keywords and indexed keywords. The full counting method was adopted, whereby
each occurrence of a keyword within a document was assigned equal weight. This approach
was considered appropriate because the objective was to identify the overall thematic
structure of the literature rather than to fractionalise the contribution of individual terms.

After thesaurus-based harmonisation, a sensitivity analysis was conducted on the same
86-study dataset using minimum thresholds of three and four occurrences per keyword.
The three-occurrence threshold retained 78 keywords, forming six clusters connected by
887 links. The four-occurrence threshold retained 44 keywords, forming four clusters
connected by 445 links. The 44 higher-frequency keywords were present in both analyses,
and the principal thematic cores associated with aerial, surface, underwater, and inspection-
oriented applications were preserved.

The three-occurrence threshold introduced 34 lower-frequency terms and separated
several underwater sensing, navigation, inspection, and port-application terms into smaller
subclusters. The four-occurrence threshold consolidated these related terms into four
broader and more interpretable clusters while retaining the principal technological and
operational themes. It was therefore selected for the final map as the more parsimonious
representation. The threshold-three and threshold-four map and network files are provided
in the Supplementary Materials to support reproducibility.

The network visualisation was interpreted according to the principles of VOSviewer.
The size of each node represents the number of occurrences of the corresponding keyword,
with larger nodes indicating terms that appear more frequently in the selected literature. The
thickness of the links represents the strength of the co-occurrence relationship between two
keywords, while the proximity between nodes indicates their relative conceptual association.
Keywords positioned closer together tend to co-occur more frequently. The colours identify
clusters of terms that are more strongly connected to one another and therefore represent
related thematic areas within the research field.

As shown in Figure 2, the resulting network is structured around the central maritime-
port context and establishes connections between the main categories of unmanned and
autonomous systems, including unmanned aerial vehicles, unmanned surface vehicles,
autonomous underwater vehicles, inspection technologies, navigation and control, port
security, environmental monitoring, and operational applications.

2.7. Descriptive and Technical Thematic Analysis

A descriptive and technical thematic analysis was conducted to complement the bib-
liometric mapping and provide a more detailed interpretation of the 86 studies included
in the final corpus. While the bibliometric analysis examined the relational structure of
the literature through keyword co-occurrence, the descriptive and thematic procedures
focused on the characteristics, technological content, operational applications, and practical
contributions of the selected studies.
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Figure 2. Keyword co-occurrence network of unmanned and autonomous systems in maritime and
port operations. The map was generated using VOSviewer version 1.6.20, all keywords, full counting,
a customised thesaurus, and a minimum threshold of four occurrences. Node size represents keyword
occurrence frequency, link thickness indicates co-occurrence strength, node proximity reflects thematic
relatedness, and colours identify thematic clusters.

The descriptive analysis characterised the corpus according to publication year, docu-
ment type, source title, authorship, country or institutional affiliation, citation performance,
system type, application context, technical capability, operational use case, and contribution
to management or decision-making. These variables were used to identify the evolution of
the field, the most frequently studied technological platforms, the dominant operational
environments, and the principal areas of application represented in the literature.

The technical thematic assessment was based on the structured coding framework
applied to each of the 86 selected studies. The coding process examined the technolog-
ical profile of the literature, including autonomous navigation, path planning, sensing
and sensor fusion, remote sensing, computer vision, artificial intelligence, machine learn-
ing, sonar, LiDAR, radar, control systems, communication architectures, simulation, mod-
elling, and digital integration. Each study was analysed according to its principal technical
contribution, operational context, system type, use case, and relevance to maritime and
port operations.

To reduce fragmentation arising from study-specific terminology, the coded evidence
was consolidated into broader analytical categories. These categories comprised platform
architectures and operational environments; sensor-based capabilities and payloads; auton-
omy, navigation, and control; artificial intelligence, computer vision, and digital integration;
inspection, monitoring, surveillance, and maintenance; safety, security, environmental
monitoring, and emergency response; and contributions to operational management and
decision-making.

The thematic synthesis was then used to establish connections between technical
capabilities and operational outcomes. Particular attention was given to the extent to
which unmanned and autonomous systems contributed to improved situational awareness,
inspection coverage, detection accuracy, response time, operational safety, maritime and port
security, environmental monitoring, maintenance planning, data availability, risk reduction,
and decision-support quality. This analytical procedure enabled the technological findings
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to be interpreted not only in terms of system development, but also according to their
practical relevance for intelligent maritime and port operations.

2.8. Methodological Limitations

Several methodological limitations should be acknowledged. First, the review was
based exclusively on Scopus. Although Scopus provides extensive multidisciplinary cover-
age, structured bibliographic metadata, and compatibility with bibliometric analysis tools,
relevant studies indexed only in other databases may not have been identified. The restric-
tion to documents published in English may also have excluded relevant contributions
published in other languages.

Second, the screening and initial classification of the 1030 records were based on titles,
abstracts, author keywords, and index keywords. These fields provided a consistent and
reproducible basis for assessing maritime, operational, and technological relevance, but they
may not fully represent the methodological detail, experimental conditions, or technical
depth contained in the complete publications. Consequently, some potentially relevant
studies may have been excluded when the available metadata did not provide sufficient
evidence of alignment with the review scope.

Third, the original Scopus query did not explicitly include ROV, “remotely operated
vehicle”, UUV, or “unmanned underwater vehicle”. Although broader search terms cap-
tured underwater and remotely operated systems within the fixed corpus, omission of these
explicit terms could have reduced retrieval sensitivity for these platform families. This
limitation was assessed post hoc through an expanded Scopus query and targeted OpenAlex
searches. The resulting 36 eligible sensitivity candidates were coded separately and did
not introduce a V4 operational deployment or a DS3 measured decision outcome, but their
later database snapshot prevents direct retrospective incorporation into the prespecified
corpus. The boundary between directly port-related applications and wider maritime,
coastal, offshore, or underwater applications with potential transferability also required
analytical judgement.

Fourth, the technical coding process involved interpretative classification because
several studies addressed more than one platform, technological capability, operational
environment, or use case. The coding framework therefore identified the principal focus
of each study while preserving relevant secondary contributions in the synthesis notes.
The record-level coding was performed by one reviewer and was based principally on
titles, abstracts, and exported metadata, with targeted source consultation for ambiguous
records; independent double coding and inter-rater agreement were not available. Although
predefined definitions, conservative boundary rules, and study-level rationales improve
auditability, some classification uncertainty remains, and the allocation of multidisciplinary
studies to broader analytical categories may have reduced some of the technical specificity
present in the original publications.

Fifth, the final corpus included journal articles, review articles, and conference papers,
which may differ in methodological depth, reporting detail, validation procedures, and
technological maturity. These differences should be considered when comparing technical
contributions and assessing the operational readiness of the proposed systems.

Finally, the bibliometric results depended on the availability, consistency, and speci-
ficity of the author and index keywords contained in the Scopus records. Variations in
abbreviations, singular and plural forms, spelling, terminology, and indexing practices
may influence keyword frequencies, link strengths, and cluster formation. To mitigate
this limitation, a customised thesaurus was used to harmonise equivalent expressions and
remove generic or analytically uninformative terms. An exploratory map based on a mini-
mum threshold of three occurrences was initially generated, followed by the final network
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using a minimum threshold of four occurrences to improve visual clarity while preserv-
ing the principal thematic relationships. However, thesaurus construction and threshold
selection necessarily involve methodological decisions that may influence the resulting
network structure.

3. Results
3.1. Study Selection and Final Corpus Characterisation

The systematic search identified 1030 records in Scopus, all of which entered the first-
stage screening process because no duplicate records, automation-based exclusions, or
other removals were applied before screening. The initial assessment of titles, abstracts,
author keywords, and index keywords resulted in the exclusion of 702 records and the
retention of 328 records for focused eligibility review. A further 242 records were excluded
during the second-stage assessment, leaving 86 studies for final eligibility verification.
Available full texts were consulted at this stage; where a full text could not be accessed, the
complete abstract and publisher/index metadata were used. All 86 studies satisfied the
predefined eligibility criteria and constituted the final analytical corpus, corresponding
to 8.35% of the records initially retrieved. The complete study-selection process is pre-
sented in Figure 1, while detailed characteristics of the included studies are provided in
Supplementary Table S1.

The final corpus covered publications from 2010 to 2026 and comprised 49 conference
papers (56.98%), 33 journal articles (38.37%), and four review articles (4.65%), as sum-
marised in Table 2. The predominance of conference papers reflects the engineering and
technology-oriented profile of the field, in which developments in autonomous maritime
systems, robotics, navigation, sensing, and control are frequently disseminated through
specialised scientific conferences as well as peer-reviewed journals.

Table 2. Composition of the final analytical corpus by document type.

Document Type Number of Studies Percentage of Corpus
Conference paper 49 56.98%
Article 33 38.37%
Review 4 4.65%
Total 86 100.00%

3.2. Temporal Evolution of Publications

The temporal distribution of the 86 included studies shows a non-linear but increasingly
intensive development of research on unmanned and autonomous systems in maritime-
port environments between 2010 and 2026. As shown in Figure 3, the corpus includes
11 publications in 2010, seven in 2011, three in 2012, and four in 2013. No eligible studies
were identified in 2014 or 2015, followed by one in 2016, four in 2017, two in 2018, four in
2019, six in both 2020 and 2021, five in both 2022 and 2023, 12 in 2024, and 13 in 2025. Three
studies were identified in 2026. This last value should not be interpreted as a decline because
the search was conducted on 30 May 2026 and the year was affected both by incomplete
publication coverage and by normal indexing lag.
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Figure 3. Temporal evolution of publications included in the final corpus from 2010 to 2026. Note:
the 2026 value represents a partial year, as the Scopus search was conducted on 30 May 2026.

The period from 2010 to 2013 accounts for 25 studies (29.1% of the corpus) and is char-
acterised predominantly by harbour protection, underwater surveillance, acoustic detection,
port security, and early autonomous surface and underwater systems [17-20]. Research
activity decreased substantially between 2014 and 2018, with only seven studies identified,
although this period introduced broader applications involving underwater inspection, pho-
togrammetry, environmental surveillance, autonomous docking, and collaborative vehicle
operations [21-24].

A marked expansion is observed from 2019 onwards. The 2019-2023 period contains
26 studies and shows increasing diversification towards infrastructure inspection, envi-
ronmental monitoring, UAV-supported port observation, autonomous surface navigation,
underwater localisation, and digitally connected terminal applications [6,8,25-28]. The
highest concentration occurs in 2024 and 2025, which together account for 25 studies (29.1%
of the corpus). When 2020-2025 is considered as a whole, 47 of the 86 studies (54.7%) fall
within this six-year period. Recent research further extends the field towards cooperative
UAV-USV operations, Al-supported monitoring and detection, autonomous berthing and
manoeuvring, swarm surveillance, corrosion sensing, and the optimisation of autonomous
maritime operations [7,29-35].

The temporal evidence therefore demonstrates both a recent intensification of research
activity and an expansion in the range of technologies and maritime-port applications rep-
resented in the literature. The implications of this evolution for technological convergence,
maturity, and the current state of the art are examined in the Discussion.

3.3. Distribution by Sources, Authors, Countries, Institutions, and Citations

The 86 studies were distributed across 63 publication sources, indicating a highly
dispersed scientific landscape spanning maritime engineering, robotics, remote sensing,
transportation, security, automation, and related technological domains. Fifty of the
63 sources contributed only one study. Ocean Engineering was the most represented source,
with seven publications (8.1% of the corpus); followed by Remote Sensing and the 2010
International Waterside Security Conference (WSS 2010), with four studies each; and the
Oceans Conference Record (IEEE), with three. The ten most represented publication sources
are presented in Table 3.
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Table 3. Ten most represented publication sources in the final corpus.

Publication Source Studies

N

Ocean Engineering
Remote Sensing
2010 International Waterside Security Conference (WSS 2010)
Oceans Conference Record (IEEE)
IEEE Access
Drones
Marine Technology Society Journal
Lecture Notes in Civil Engineering
OCEANS 2018 MTS/IEEE Charleston
OCEANS'11—MTS/IEEE Kona

Note: The ten sources shown account for 30 of the 86 included studies. The remaining 56 studies were
distributed across 53 additional publication sources.

NNDNDNDN W

N

The authorship structure was similarly dispersed. The 86 studies involved 333 distinct
authors based on Scopus Author IDs, of whom 300 appeared in only one study and 33 in two;
no individual author occurred in more than two publications. This pattern indicates that the
corpus is distributed across multiple research communities rather than being concentrated
around a small group of recurrent authors.

The institutional affiliations represented 32 countries. As shown in Figure 4, the United
States was represented in 20 studies, followed by China (12), Germany (9), Italy and
Portugal (7 each), the United Kingdom (6), Poland (5), Japan and Spain (4 each), and
Croatia and Viet Nam (3 each). Seventeen of the 86 studies involved affiliations from more
than one country. Because internationally co-authored publications were assigned to every
country represented in their Scopus affiliations, country totals are not mutually exclusive.
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Figure 4. Leading countries represented in the final corpus according to author affiliations. In
internationally co-authored studies, each participating country was counted once; therefore, country
totals are not mutually exclusive.

https://doi.org/10.3390/jmse14212066


https://doi.org/10.3390/jmse14212066

J. Mar. Sci. Eng. 2026, 14, 2066

17 of 40

Institutional participation was also highly fragmented. After the consolidation of
clearly identifiable parent institutions, Shanghai Maritime University was represented
in three studies, while several organisations appeared in two, including the University
of Limerick, University of the West of Scotland, University of Tokyo, Ho Chi Minh City
University of Technology, Massachusetts Institute of Technology, and the Port and Airport
Research Institute. This distribution reinforces the multidisciplinary and internationally
dispersed character of the field.

Based on Scopus citation counts retrieved on 30 May 2026, the 86 studies accumu-
lated 1181 citations, with a median of five citations per document. Citation distribution
was markedly asymmetric, with a small number of studies accounting for a substantial
proportion of total citations. The six most cited studies are presented in Table 4.

Table 4. Most cited studies in the final corpus according to Scopus citation counts retrieved on 30
May 2026.

Study Year Main Focus Scopus Citations Citations Per Year
Johannsson et al. 2010 Imaging sonar-aided AUV navigation for autonomous 193 121
underwater harbour surveillance
D’Amico et al. 2021 Smart and sustalna'ble logistics of port cities and 158 316
enabling technologies
Mai et al. 2017 Subsea infrastructure inspection technologies 78 8.7
Sutin et al. 2010 Passive acoustic systems for underwater surveillance 63 3.9
Yuetal. 2022 Ship-path optimisation for maritime-port safety 53 13.3
Wang et al. 2023 Autonomous docking trajectory optimisation for USVs 52 17.3

The two most cited studies were Johannsson et al. [4], with 193 citations, and D’Amico
et al. [36], with 158, together accounting for approximately 29.7% of all citations in the
corpus. The remaining highly cited studies address subsea infrastructure inspection, un-
derwater acoustic surveillance, maritime-port safety optimisation, and autonomous USV
docking [2,37-39], illustrating the technological diversity of the most influential contributions.

Citation counts should nevertheless be interpreted cautiously because they are influ-
enced by publication age and disciplinary citation practices. Table 4 therefore also reports
citations per year, calculated as the Scopus citation count divided by the elapsed years from
publication to 2026 (e.g., 193/16 = 12.1 for Johannsson et al.). This age-normalised indicator
remains descriptive and should not be interpreted as a measure of technological quality or
operational maturity.

Overall, the corpus exhibits strong dispersion across publication sources, authors,
institutions, and countries, while a comparatively small set of publications accounts for a
substantial share of its citation impact. This bibliometric structure provides the context for
the keyword co-occurrence and thematic-cluster analysis presented in Section 3.4.

3.4. Keyword Co-Occurrence and Technological Research Clusters

Keyword co-occurrence analysis identified the principal conceptual relationships link-
ing technological platforms, enabling technologies, and maritime-port applications within
the final corpus. Following thesaurus-based harmonisation, 1243 distinct author and in-
dex keywords were identified. Application of the predefined minimum threshold of four
occurrences retained 44 keywords, forming four clusters connected through 445 links.

The network presented in Figure 2 is strongly centred on the maritime-port operational
context. “Ports and harbors” was the most prominent term, with 42 occurrences and a total
link strength of 195, and was connected to 41 of the remaining 43 keywords. The principal
platform-related terms were “unmanned aerial vehicles” (33 occurrences), “autonomous
underwater vehicles” (30), and “unmanned surface vehicles” (22), while “inspection” was
the most frequent application-oriented term, with 17 occurrences. The strongest individ-
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ual relationships included autonomous underwater vehicles with ports and harbors (link
strength 18) and ports and harbors with unmanned aerial vehicles (16). The apparent rela-
tionship between antennas and unmanned aerial vehicles (link strength 14) was examined
separately. Antennas occurred in 15 records exclusively as a Scopus-indexed keyword, was
absent from titles and author keywords, and was explicitly discussed in only one abstract.
It was therefore retained in the objective network because it met the occurrence threshold,
but it was not interpreted as evidence of a distinct communication-focused research stream.

For analytical interpretation, the four algorithmically generated clusters were charac-
terised according to their dominant keywords, technological orientation, and occurrence-
weighted average publication year, as summarised in Table 5.

Table 5. Composition and principal characteristics of the four VOSviewer keyword clusters.

Cluster No. of Keywords Main Keywords WP:EEZZEQ‘\E{I;%‘E Interpretive Orientation
autonomous underwater vehicles; port .
: : Underwater autonomy, acoustics,
Cluster 1 15 security; underwater acoustics; 2013.42 . N
; . ) security, and navigation
submersibles; autonomous vehicles
unmanned surface vehicles; unmanned Surface autonomy, navigation
Cluster 2 13 vehicles; port operations; autonomous 2020.31 . 4 & L
. . o optimisation, and port operations
surface vehicles; navigation
ports and harbors; unmanned aerial UAV-enabled port monitoring,
Cluster 3 11 vehicles; ships; environmental monitoring; 2020.79 sensing, surveillance, and
information management information support
inspection; monitoring; bathymetry; Inspection, monitoring,
Cluster 4 5 P / & y Y: 2019.07 bathymetry, and marine

oceanography; remotely operated vehicles infrastructure assessment

Cluster 1 comprises 15 keywords and is centred on underwater autonomous systems,
acoustic sensing, security, and navigation. “Autonomous underwater vehicles” is the domi-
nant term, with 30 occurrences, followed by “port security” (13), “underwater acoustics”
(11), and “submersibles” (10). The cluster also incorporates sonar, ship-hull applications,
motion planning, and path planning. Its weighted average publication year of 2013.42 makes
it the earliest of the four clusters. This technological profile is consistent with the specific
requirements of underwater maritime-port operations, where limited access to satellite
positioning and restricted visibility increase dependence on acoustic sensing, sonar, localisa-
tion, and autonomous motion-planning capabilities. Studies involving imaging-sonar-aided
harbour surveillance, passive acoustic detection, quay-wall inspection, and underwater
localisation demonstrate this relationship between platform architecture, sensing modality,
and autonomous navigation [4,5,38,40].

Cluster 2 contains 13 keywords and is dominated by surface autonomous systems
and their integration with port operations. “Unmanned surface vehicles” occurs 22 times,
followed by “unmanned vehicles” (14), “port operations” (8), and “autonomous surface
vehicles” (7). Navigation, optimisation, positioning, transportation safety, and particle
swarm optimisation are also represented. The weighted average publication year of 2020.31
indicates a more recent research profile than Cluster 1. The technological emphasis shifts to-
wards manoeuvring, docking, berthing, trajectory generation, state estimation, and control
within constrained harbour environments. Experimental navigation architectures, au-
tonomous docking optimisation, data-driven port manoeuvring, and fault-tolerant berthing
control illustrate this transition towards increasingly autonomous execution of surface
operations [6,31,32,37].

Cluster 3 contains 11 keywords and accounts for 140 keyword occurrences, making it
particularly prominent in accumulated frequency. “Ports and harbors” is the dominant term
with 42 occurrences, followed by “unmanned aerial vehicles” (33) and “ships” (11). Envi-
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ronmental monitoring, information management, aircraft detection, coastal engineering, de-
cision making, waterway transportation, aerial vehicles, and antennas are also represented.
Its weighted average publication year of 2020.79 reflects the comparatively recent expansion
of UAV-related maritime-port research. The cluster primarily connects aerial mobility with
port monitoring, sensing, inspection, image-based surveillance, and information-oriented
applications. Examples include UAV-supported port-area monitoring, container-terminal
inspection, deep-learning-based port monitoring, and machine-vision-supported vessel
detection [8,29,30,41,42]. As established by the keyword audit, the presence of antennas
mainly reflects Scopus indexing practice and is not used to infer a separate communication
research theme.

Cluster 4 comprises five keywords and is centred on inspection and measurement activ-
ities. “Inspection” is the dominant term with 17 occurrences, followed by “monitoring” (8),
“bathymetry” (7), “oceanography” (5), and “remotely operated vehicles” (4). Its weighted
average publication year is 2019.07. This cluster represents a cross-platform application
domain in which the operational requirement determines the combination of vehicle and
sensing technology. Subsea infrastructure inspection, UAV-supported breakwater monitor-
ing, and USV-based hydrographic assessment illustrate how aerial, surface, underwater,
and remotely operated platforms contribute complementary measurement capabilities to
maritime-port infrastructure assessment [2,25,43].

The temporal position of the main platform keywords provides an additional dimen-
sion to the technological structure of the network. “Autonomous underwater vehicles”
presents an average publication year of 2013.83, compared with 2020.55 for “unmanned
surface vehicles” and 2022.79 for “unmanned aerial vehicles”. Similarly, “inspection” has an
average publication year of 2019.47, whereas “environmental monitoring” reaches 2024.00.
These values indicate a chronological broadening of research emphasis from earlier un-
derwater autonomy, acoustics, and security applications towards surface autonomy, aerial
inspection and monitoring, environmental applications, communication technologies, and
information-oriented port operations. They should not, however, be interpreted as a ranking
of technological maturity or as evidence that one platform family has replaced another.

Taken together, the four clusters reveal an interconnected technological structure
rather than isolated platform-specific research domains. Underwater autonomy and sens-
ing, surface navigation and control, UAV-supported sensing and communication, and
cross-platform inspection and monitoring are linked through the common maritime-port
operational environment. The detailed distribution of platform architectures, operational
applications, and enabling technologies underlying these relationships is examined in the
following sections.

3.5. Platform Families, Architectures, and Operational Environments

The final corpus demonstrates substantial technological diversity across aerial, sur-
face, and underwater operational domains. Because several studies addressed more than
one vehicle family, platform classification was treated as non-exclusive. Figure 5 there-
fore represents the number of studies in which each major platform family was explicitly
addressed rather than mutually exclusive shares of the 86-study corpus. The technical
evidence further shows that these platforms are not interchangeable: their architecture and
associated technologies are strongly conditioned by the physical operating environment
and the requirements of the mission to be performed.
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Figure 5. Representation of major unmanned and autonomous platform families in the final corpus.
Categories are non-exclusive because studies addressing multiple platform families were counted
within each relevant category.

Aerial unmanned systems constituted the largest platform family, appearing in
30 studies (34.9% of the corpus). UAVs, UASs, and drones were applied to port surveillance,
infrastructure inspection, environmental monitoring, photogrammetry, bathymetry, com-
munications, terminal inspection, and Al-supported detection. Their principal architectural
advantage lies in positioning sensing resources above port assets and operational areas with-
out requiring direct physical access. Earlier studies addressed UAS-based port operations
and infrastructure surveying [44,45], while subsequent research incorporated breakwater
monitoring, automated terminal inspection, reactive mission planning, advanced sensing,
deep learning, and computer vision [25,29,30,41,42,46-48]. These applications demonstrate
an evolution from general aerial observation towards increasingly task-specific sensing,
measurement, and inspection functions.

Surface autonomous and unmanned systems were identified in 25 studies (29.1%).
USVs and ASVs operate directly within harbour and waterway environments, where navi-
gation, state estimation, manoeuvring, obstacle avoidance, docking, berthing, and local per-
ception become central architectural requirements. Early applications focused on harbour
protection and autonomous surveillance [19,49], whereas more recent studies addressed
visual-acoustic navigation, trajectory optimisation, automatic port manoeuvring, fault-
tolerant berthing control, and swarm-based maritime surveillance [6,31-33,37]. Additional
work on harbour-area manoeuvre control and camera-based dock-pose estimation further
illustrates the dependence of surface autonomy on reliable perception, localisation, and
motion control close to fixed infrastructure [50,51].

Underwater autonomous and unmanned systems appeared in 22 studies (25.6%).
AUVs and UUVs were particularly associated with underwater surveillance, acoustic sens-
ing, hull and quay-wall inspection, harbour security, navigation, motion planning, po-
sitioning, and submerged-infrastructure assessment. Unlike aerial and surface systems,
underwater platforms operate without continuous satellite positioning and under restricted
optical visibility, increasing dependence on acoustic sensing, sonar, localisation, and close-
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proximity navigation. Studies ranged from imaging-sonar-aided harbour surveillance and
AUV-based inspection to online motion planning, quay-wall localisation, wall-following
control, acoustic imaging, and visual place recognition [4,5,17,21,26,40,52]. The underwater
literature therefore combines platform architecture closely with the sensing and navigation
technologies required to operate reliably in submerged port environments.

ROVs were explicitly represented in two studies. Mai et al. [2] considered remotely op-
erated vehicles within a broader assessment of subsea infrastructure inspection technologies,
while Yoshie and Sato [53] examined underwater positioning infrastructure supporting both
AUV and ROV operations. Although numerically limited in the corpus, ROVs provide an
important reference between conventional remotely controlled intervention and increasingly
autonomous underwater operations. Autonomous ships and Maritime Autonomous Surface
Ships (MASSs) were also explicitly represented in two studies, addressing heterogeneous
ship-traffic efficiency and port-operator acceptance of autonomous vessel operations [54,55].

A further characteristic of the corpus is the emergence of cooperative and multi-
platform architectures. Six studies explicitly combined more than one major platform
family. Santos et al. [7], for example, integrated UAV and USV capabilities for port in-
spection, using the USV as a mobile maritime base for UAV launch, recovery, and battery
replacement during trials at the Port of Hamburg. Other configurations combined sur-
face and underwater vehicles, distributed sensors, or multiple unmanned platforms for
surveillance, sensing, inspection, and navigation [56-58]. In these architectures, differ-
ent platforms perform complementary rather than identical functions, extending mission
coverage and connecting aerial, surface, and underwater operational layers.

Eleven additional studies were primarily centred on supporting or cross-platform
systems rather than on one specific vehicle family. These included acoustic and imaging
systems, maritime tracking technologies, autonomous sensor networks, satellite-supported
monitoring, digital modelling, command-and-control architectures, and other enabling
infrastructures. Their presence reinforces that the technological configuration of unmanned
maritime-port operations extends beyond the vehicle itself to include sensing, positioning,
communication, navigation, and digital information components.

Taken together, the platform distribution shows a layered technological structure in
which aerial systems provide above-water and landside access, surface systems operate
within harbour and waterway environments, underwater systems enable the inspection
and sensing of submerged assets, and cooperative architectures combine complementary
operational domains. The specific technologies that enable sensing, autonomy, communica-
tion, data processing, and mission execution across these platform families are examined in
the following sections.

3.6. Operational Applications and Functional Roles

The operational applications identified across the 86-study corpus span a broad range of
maritime-port functions. Because individual studies may support more than one operational
task, the application categories were treated as non-exclusive. Figure 6 presents their
distribution and shows a clear concentration around information-intensive functions such
as monitoring, surveillance, and inspection, alongside a second group involving increasingly
autonomous navigation, manoeuvring, operational coordination, and task execution.
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Distribution of operational applications in the final corpus
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Figure 6. Distribution of operational applications identified in the final corpus. Categories are
non-exclusive because individual studies may address more than one operational function.

Monitoring and environmental observation constituted the largest application group,
appearing in 35 studies. This category included port-area and infrastructure monitoring,
environmental observation, pollution and emission detection, coastal observation, marine-
species monitoring, and related data-acquisition activities. UAVs were frequently used
to extend visual and spatial coverage of port areas and exposed infrastructure [25,29],
while drone-assisted sensing and intelligent processing were also applied to ship-emission
monitoring [59]. Monitoring was not restricted to aerial systems: autonomous sur-
face platforms and distributed surface-underwater sensor networks were used for en-
vironmental measurement, water-column sampling, and related maritime observation
functions [58,60]. The UAV-assisted deployment of underwater acoustic devices further
illustrates how monitoring can combine sensing resources across different operational
domains [61].

Surveillance, security, and threat response formed the second largest group, appearing
in 27 studies. Applications included harbour surveillance, underwater target and diver
detection, vessel interception, anomaly detection, waterside protection, and distributed
maritime sensing. Earlier studies used autonomous surface platforms and underwater
sensing for port protection [19], while more recent research incorporates cooperative au-
tonomy, swarm-based surveillance, and Al-supported detection [33,62,63]. The technical
mechanisms span visual, acoustic, and specialised sensing modalities: motion and shape
analysis were used for diver detection from an AUV, underwater acoustic imaging supported
vessel surveillance, and dedicated biosensor payloads were investigated for UUV-based
detection [52,64,65]. Surveillance and monitoring can therefore employ similar sensing
technologies but differ in the operational purpose assigned to the resulting information.

Inspection and infrastructure assessment were identified in 22 studies and involved
breakwaters, quay walls, ship hulls, crane rails, mooring facilities, containers, subsea
infrastructure, and other maritime-port assets. The evidence demonstrates a strongly
cross-platform application domain. UAVs supported container-terminal and harbour-
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infrastructure inspection [41,48,66], USVs performed hydrographic and harbour-bottom
assessment [43], and AUVs supported quay-wall and submerged-infrastructure inspec-
tion through sonar, localisation, and autonomous wall-following capabilities [5,40]. Au-
tonomous corrosion sensing interrogated by drones provides a further example of combin-
ing specialised sensing and aerial access for asset assessment [34]. Platform selection is
therefore determined primarily by asset location, accessibility, measurement requirements,
and sensing conditions rather than by the application label alone.

Navigation, manoeuvring, docking, and berthing appeared in 15 studies. These func-
tions are particularly associated with surface and underwater autonomous systems and
require a tighter integration of perception, localisation, guidance, and control than predom-
inantly observation-based applications. Experimental harbour navigation, autonomous
docking optimisation, data-driven port manoeuvring, and fault-tolerant berthing control
illustrate this transition towards direct execution of vessel-movement tasks [6,31,32,37].

Port operations, logistics, and traffic support were also represented in 15 studies. Appli-
cations included vessel-traffic monitoring, terminal inspection support, loading and unload-
ing activities, scheduling, berth allocation, communications, and operational planning. UAV-
assisted smart-harbour systems, communication architectures for intelligent autonomous
terminal vehicles, and the optimisation of berth allocation and energy supply for USVs
show how autonomous technologies can become connected with wider port-operational
processes rather than functioning solely as independent observation platforms [8,27,35].

Mapping, bathymetry, and surveying were identified in 11 studies. These functions
included hydrographic mapping, harbour-bottom inspection, coastal and breakwater sur-
veys, bathymetric imaging, intertidal mapping, and underwater measurement. Surface
vehicles such as the HydroCrawler supported high-precision underwater measurements,
while USVs and aerial systems contributed complementary spatial information for harbour,
coastal, and infrastructure assessment [67,68].

Maintenance and asset-condition support represented a smaller application group,
appearing in six studies. The distinction between inspection and maintenance is important.
Most reviewed systems generate images, measurements, corrosion data, sonar information,
or other condition-related evidence that can subsequently support maintenance planning;
substantially less evidence concerns autonomous maintenance execution or fully integrated
predictive-maintenance workflows. Mooring-facility assessment and autonomous corrosion
sensing illustrate this condition-information role [34,69]. The contribution should therefore
be interpreted primarily as support to asset-condition assessment and maintenance planning
rather than autonomous maintenance itself.

Emergency and incident response constituted the least represented group, with five
studies. Applications included emergency delivery, the autonomous deployment of oil-
containment booms, post-collision structural assessment, and the detection of hazardous
conditions [70-72]. These applications exploit the ability of unmanned systems to provide
remote observation, physical access, or rapid task execution when response time or human
exposure is operationally significant. Given the limited number of studies, however, emer-
gency response represents an emerging rather than a dominant application area within
the corpus.

Across these application groups, a common technical sequence is evident. Platform
architecture determines physical access to the operational environment; sensing and percep-
tion transform that access into measurable data; autonomy, navigation, and control support
mission execution; and communication or analytical technologies can convert and transmit
the resulting data as operational information. The application layer therefore defines the
specific maritime-port purpose for which these technological capabilities are combined. The
enabling technologies underlying this relationship are examined in the following section.
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3.7. Enabling Technologies and Integrated Technical Capabilities

The technical coding of the 86 studies identified 237 technology- and capability-related
descriptors, reflecting differences in sensing modality, autonomy level, system architec-
ture, communication infrastructure, computational methods, and operational purpose. To
support comparative analysis, these descriptors were consolidated into five non-exclusive ca-
pability families: sensing, imaging and perception; autonomy, navigation and control; com-
munication, networking and digital integration; modelling, simulation and optimisation;
and artificial intelligence, machine learning and intelligent analytics. Because individual
systems frequently combine several capabilities, the categories represent complementary
technological functions rather than mutually exclusive system types.

As shown in Figure 7, sensing, imaging and perception constituted the largest capabil-
ity family, appearing in 49 studies. Technologies included optical and multispectral imaging,
photogrammetry, LiDAR and laser scanning, sonar, acoustic sensing, radar, positioning,
tracking, bathymetric measurement, environmental sensing, and other remote-sensing
techniques. Their configuration varied substantially with the operating environment. Un-
derwater systems relied particularly on sonar and acoustic techniques for surveillance,
localisation, and close-proximity inspection where optical visibility and conventional po-
sitioning are constrained [4,5,38,73]. Aerial systems more frequently employed optical,
multispectral, photogrammetric, and LiDAR-based sensing for infrastructure assessment,
bathymetry, environmental observation, and terminal inspection [45,66,74,75]. Surface
vehicles extended this capability to hydrographic and harbour-bottom measurement [43].
Specialised payloads, including UUV-mounted biosensors and UAV-deployed underwater
acoustic devices, further demonstrate that sensing capability is determined by the target
information and mission requirements rather than by the vehicle category alone [61,64].

Distribution of enabling technologies and technical capabilities

Sensing, imaging & perception

Autonomy, navigation & control

Communication, networking & digital integration

Technical capability family

Modelling, simulation & optimisation

Al, machine learning & intelligent analytics

49

0 10 20 30 40 50
Number of studies

Figure 7. Distribution of enabling technologies and technical capability families identified in
the final corpus. Categories are non-exclusive because individual studies may contain multiple
technical capabilities.

This evidence also distinguishes data acquisition from data interpretation. Sensors
and payloads measure or observe the operational environment, generating images, acoustic
returns, spatial measurements, environmental variables, or vehicle-state information. Their
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operational usefulness depends on whether these outputs provide sufficient accuracy,
coverage, spatial reference, and consistency for the intended task. Consequently, sensing
constitutes the principal interface between the physical maritime-port environment and the
subsequent processing, autonomy, and information layers.

Autonomy, navigation and control formed the second-largest capability family, ap-
pearing in 33 studies. The identified technologies included mission and path planning,
motion planning, localisation, state estimation, guidance, trajectory generation and tracking,
obstacle and collision avoidance, docking, berthing, wall following, supervisory control,
model predictive control, and multi-vehicle coordination. These functions represent dif-
ferent stages of autonomous execution rather than a single technical capability. Planning
defines routes and mission sequences; localisation and state estimation determine the plat-
form’s position and movement; guidance translates mission objectives into feasible motion
references; and control enables the platform to execute those references while responding
to environmental and operational disturbances.

The specific implementation again reflects the operating domain. UAV applica-
tions included reactive mission planning and detect-and-avoid capabilities for terminal
and infrastructure operations [46,76]. Surface systems combined perception, state es-
timation, guidance, and control for harbour manoeuvring, autonomous docking, and
berthing [6,31,32,37,51]. Underwater systems addressed motion planning, localisation, vi-
sual place recognition, trajectory generation, and sonar-based wall following for inspection
missions [5,21,40,77]. Multi-vehicle applications extended autonomy beyond individual
platform motion towards cooperative mission execution and task allocation [7,23]. The evi-
dence therefore shows autonomy as an integrated chain of navigation and control functions
adapted to the physical and operational constraints of each maritime-port domain.

Communication, networking and digital integration were identified in 17 studies.
This family included wireless communications, mobile ad hoc networks, IoI' and Industrial
IoT, visible-light communication, command-and-control architectures, vehicle-to-vehicle
data transfer, distributed sensor networks, BIM-GIS integration, and other information-
management infrastructures. These technologies perform a different function from onboard
sensing or autonomy: they enable data, commands, and system states to circulate among
platforms, operators, fixed infrastructure, and computational environments.

Marine robotic command-and-control architectures and waterborne ad hoc networks
demonstrate early forms of distributed information exchange [9,56]. In container terminals,
UAV-based relaying was investigated to maintain communications among intelligent au-
tonomous vehicles where physical infrastructure can obstruct direct wireless links [8]. More
recent studies extend this connectivity towards IoI-supported monitoring and persistent
digital representations of port infrastructure through BIM-GIS integration [59,72,78]. The
technological role of this capability family is therefore to connect autonomous missions
and their outputs with wider information environments rather than to generate sensing or
control capability independently.

Modelling, simulation and optimisation appeared in 16 studies and operated at
both vehicle and port-operational levels. Identified approaches included trajectory and
path optimisation, particle swarm optimisation, traffic-flow modelling, simulation envi-
ronments, spatial-temporal modelling, task decomposition, berth allocation, structural
modelling, and related computational methods. At vehicle level, optimisation was used
for ship-path safety and autonomous USV docking [37,39]. At operational level, it sup-
ported joint berth-allocation and energy-supply decisions for USVs [35]. Simulation and
scaled experimentation were also combined to investigate the autonomous deployment
of containment booms [71]. These studies show that modelling and optimisation support
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both the design of autonomous behaviour and the configuration of broader maritime-port
operations involving unmanned systems.

Artificial intelligence, machine learning and intelligent analytics were identified
in 15 studies. Their lower frequency relative to sensing and autonomy indicates that Al
represents an important but not predominant technological layer within the corpus. The
identified methods included deep learning, reinforcement learning, YOLO, Faster R-CNN,
self-organising maps, learning from demonstration, image classification, object detection,
anomaly detection, and other machine learning approaches. Their principal role was to
transform sensor or operational data into structured analytical outputs such as classifications,
detections, position estimates, or control inputs.

Deep-learning and computer-vision methods were applied to ship detection, vessel
identification, maritime anomaly detection, coastal and port monitoring, emission monitor-
ing, and container inspection [30,42,47,59,63,79]. Reinforcement learning was also applied
to autonomous docking of surface vehicles in unknown environments [80]. Other applica-
tions connected analytical processing with localisation, communication, or autonomous
coordination [10,65,81]. These examples demonstrate that Al and computer vision operate
primarily as interpretation layers between acquired data and subsequent operational use,
rather than replacing the sensing, navigation, communication, or control functions on which
autonomous maritime-port systems depend.

Across the five capability families, the evidence reveals a recurrent technological
sequence. Sensing and perception acquire information from the physical environment;
autonomy, navigation, and control use state and environmental information to plan and ex-
ecute missions; communication and digital integration enable information exchange among
platforms and operational systems; modelling and optimisation support configuration and
planning; and Al-based methods increasingly convert sensor and operational data into
structured analytical outputs. Several studies combine these functions within the same oper-
ational architecture, including visual-acoustic navigation, cooperative UAV-USV operations,
IoT-supported environmental monitoring, and vision-based UAV inspection [6,7,47,59]. The
resulting technical capabilities therefore emerge from combinations of technologies rather
than from isolated components.

3.8. From Operational Information to Decision Support

The contribution of unmanned and autonomous systems to maritime-port operational
management arises from the information and autonomous actions generated through the
technological capabilities identified in the preceding sections. Decision support is therefore
not an inherent property of a UAV, USV, AUV, or another robotic platform. It emerges when
platform access, sensing, autonomous execution, analytical processing, and communication
produce operationally relevant information that can be made available to operators or
integrated into wider port information processes.

A first contribution concerns the acquisition of operational information. UAV pho-
togrammetry can provide precise infrastructure-condition data for maintenance-oriented
assessment in automated container terminals [66], while USV-based hydrographic mea-
surements support harbour-bottom inspection [43]. Drone-based harbour surveys have
also demonstrated efficiency and cost advantages compared with conventional ground- and
boat-based approaches [82]. In these applications, the immediate technological output is
not a management decision, but more accessible, spatially detailed, or efficiently obtained
operational information.

A second contribution involves situational awareness. Visual analysis from unmanned
platforms can transform sensor observations into target-related information for harbour
security, while communication-supported tracking can provide dynamic information on
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maritime targets [65,81]. These applications illustrate the transition from raw observation to
structured operational information that can support assessment, monitoring, and response.

Autonomy, navigation, and control add a distinct operational function by transferring
defined elements of mission execution from continuous human control to the unmanned
system. USV control architectures for harbour protection, for example, demonstrate how
autonomous control can support coordinated monitoring and mission execution [83]. This
form of autonomy should nevertheless be distinguished from higher-level operational
decision-making: a system that determines how a vehicle manoeuvres or executes a prede-
fined mission is not necessarily deciding whether, when, or under what broader operational
conditions the port should perform that activity.

The connection with operational management becomes stronger when mission out-
puts are integrated into communication and information architectures. Marine robotic
command-and-control systems, mobile waterborne sensor networks, and UAV-supported
communications for intelligent autonomous vehicles demonstrate how data and operational
states can circulate among unmanned platforms, fixed infrastructure, and operators [8,9,56].
Vehicle-to-vehicle docking for power, data, and payload transfer further illustrates how
autonomous support interactions can extend mission continuity and information avail-
ability [24]. In these configurations, the unmanned platform becomes part of a wider
operational information chain rather than functioning as an isolated robotic device.

The evidence identified across the corpus can therefore be synthesised through the
following analytical sequence:

Platform — Technology — Capability — Application — Operational Information —
Decision Support

Within this sequence, the strongest evidence concerns the stages extending from plat-
form deployment to the generation and availability of operational information. The reviewed
systems contribute through improved sensing coverage, infrastructure-condition informa-
tion, environmental observation, situational awareness, navigation precision, security-
related information, and access to mission results. These outputs can provide operators
with a more complete, timely, or structured information basis for operational assessment.

Study-level coding makes this evidential boundary explicit. Of the 86 studies, 15 re-
mained conceptual or review-based; 14 used simulation or numerical validation; 29 reported
controlled experiments or testbeds; 27 reported field, sea-trial, or port validation; and only
one documented operational deployment. For decision support, 19 studies contained no
explicit contribution and 53 provided information or situational awareness. The 14 records
previously grouped under recommendation, prioritisation, or optimisation were separated
into seven supporting vehicle- or mission-level planning and optimisation (DS2a) and
seven providing an explicit recommendation, priority, allocation, schedule, or optimised
alternative for an operational or managerial decision (DS2b). No coded record explicitly
reported a measured change in decision outcome meeting the DS3 definition. Evidence
therefore becomes less direct at the final stage of the sequence. Most coded records report
technological performance, sensing, navigation, inspection, monitoring, communication,
or autonomous mission execution rather than comparative measurement of the quality of
managerial decisions made with and without information generated by unmanned systems.
The corpus supports a stronger conclusion regarding explicitly reported decision-support
capability than regarding demonstrated improvements in decision-making accuracy.

3.9. Critical Comparison of Three Representative Operational Tasks

To clarify how technical outputs translate into operational value, three representative
tasks were compared: port-infrastructure inspection, marine environmental monitoring,
and autonomous manoeuvring in harbour areas. The comparison uses studies already
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included in the review and contrasts platform, sensing and computational architecture,
validation setting, information output, supported user decision, and evidential limitations
(Table 6).

Table 6. Critical comparison of representative port-infrastructure inspection, environmental-
monitoring, and autonomous-manoeuvring tasks.

Comparison Dimension

Infrastructure Inspection

Environmental Monitoring

Autonomous Manoeuvring

Representative evidence

Platform and sensing

Computational or digital
approach

Operational environment
and validation

Information produced and
user

Decision contribution

Main evidential limitation

OSOM+ monitoring of the
Sines west breakwater [25].

UAV imagery integrated with
technician observations,
orthomosaics, point clouds
and structural profiles.

Repeated survey processing
combined with a web
database and mobile field
application.

Documented operational
deployment at an active port
breakwater, with periodic
campaigns.

Condition, evolution and risk
information for inspectors and
port-authority asset managers.

Supports diagnosis and timely
maintenance or repair
planning; the decision
remains human-led.

Application is site- and
structure-specific, and no
transferable decision-accuracy
metric is reported.

Containerised Autonomous
Marine Environmental
Laboratory (CAMEL) [60].
Autonomous surface platform
configured as a mobile
environmental laboratory for
hydrographic, meteorological
and coastal observations.
Containerised acquisition
architecture supporting
multi-domain environmental
measurement and risk
assessment.

Field /sea-trial-oriented coastal
deployment addressing
post-event hazards and
resilience.

Environmental and
hydrographic observations for
researchers, coastal planners
and risk managers.

Supports situational
awareness and
hazard/vulnerability
assessment; the study does
not report a measured
management decision
outcome.

The abstract reports the
intended assessment scope
but limited task-level
performance metrics and no
measured decision effect.

Visual-acoustic navigation of
a USV in harbour and
waterway areas [6].

USV with camera, dockside
fiducials, Doppler velocity log
and inertial sensors;
dual-antenna RTK-GNSS used
as benchmark.

Visual and acoustic
measurements fused with
inertial data through an
error-state Kalman filter.

Experimental harbour
evaluation, including noisy
measurements and
sensor-dropout scenarios.

Robust vessel state estimates
for the autonomous guidance
and safety-control functions.

Supports real-time execution
of safety-critical manoeuvring;
the output acts inside the
control loop rather than as a
managerial recommendation.

Technical robustness is
demonstrated in one harbour
configuration; transfer to
denser traffic and other port
layouts remains untested.

The comparison shows that the three tasks are operationally complementary but
not directly rankable by a common performance measure. Infrastructure inspection has
the clearest connection to an established organisational workflow because observations
are accumulated over time and used to diagnose condition and schedule interventions.
Environmental monitoring broadens spatial and temporal awareness, but the available
evidence more often demonstrates data acquisition than a quantified change in manage-
ment decisions. Autonomous manoeuvring is the most tightly coupled to immediate action
because perception and state estimation feed the control loop; nevertheless, its validation
remains configuration-specific. Accordingly, information provision, recommendation sup-
port, and automated execution should not be treated as equivalent levels of decision support,
and claims of operational benefit should be limited to the outcome actually measured in
each study.
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4. Discussion
4.1. State of the Art: Technological Convergence and Operational Readiness

The state of the art in unmanned and autonomous systems for maritime-port opera-
tions is characterised by technological diversification, increasing convergence, and uneven
operational maturity. This assessment is supported by the validation-stage distribution:
15 conceptual studies, 14 simulations, 29 controlled experiments, 27 field or port validations,
and only one documented operational deployment. The temporal evidence does not indi-
cate a linear succession in which newer platform families replace earlier ones. Autonomous
underwater vehicles show the earliest average publication year in the corpus (2013.83),
followed by unmanned surface vehicles (2020.55) and unmanned aerial vehicles (2022.79).
These differences reflect changing research emphasis and the progressive expansion of
operational domains rather than a hierarchy of technological maturity.

This evolution is increasingly associated with convergence across both platforms and
enabling technologies. Earlier research was comparatively concentrated on underwater
surveillance, acoustic sensing, localisation, and inspection, whereas later studies expanded
towards autonomous surface manoeuvring, docking and berthing, UAV-supported in-
spection and environmental monitoring, communication architectures, computer vision,
intelligent analytics, and cooperative operations. Cross-domain configurations further
demonstrate this development: the UAV-assisted deployment of underwater sensors and
combined surface-underwater sensor networks illustrate how different platforms and
technological layers can be integrated to extend mission coverage and information acquisi-
tion [58,61]. The emerging state of the art is therefore better characterised by combinations
of complementary capabilities than by individual vehicle categories.

This shift from predominantly vehicle-centred research towards capability- and system-
oriented configurations is one of the main findings of the review. Sensing and perception
provide access to environmental and asset information; autonomy, navigation, and con-
trol support mission execution; communication and digital integration enable information
exchange; and modelling, optimisation, and intelligent analytics increasingly support in-
terpretation and operational coordination. The scientific relevance of considering these
elements together lies in revealing a maritime-port technological system in which oper-
ational performance depends on the configuration and interaction of multiple technical
layers rather than on the platform alone.

Technological convergence, however, has not been accompanied by uniform opera-
tional readiness. The corpus contains simulation studies, controlled experiments, field
validation, sea trials, and port-based demonstrations, showing that several applications
have progressed beyond conceptual development. Field-based breakwater monitoring,
validated UAV inspection in automated container terminals, USV hydrographic inspec-
tion, and autonomous surface-surveillance trials provide evidence of technically validated
applications under physical maritime-port conditions [33,43,48,66]. Such demonstrations
confirm feasibility and, in specific cases, operational usefulness.

They do not, however, establish routine operational readiness. Sustained deployment
requires more than successful technical performance under a defined test condition. Reli-
ability across repeated missions, robustness to environmental variability, maintainability,
interoperability with existing systems, communication continuity, organisational integra-
tion, and predictable performance under operational constraints must also be demonstrated.
These dimensions are addressed inconsistently across the reviewed literature.

Operational maturity should therefore be assessed at the level of the application
and integrated system, rather than inferred from the maturity of a platform family or an
individual component. A UAV may be technically mature for infrastructure imaging while
its integration into an automated inspection and maintenance workflow remains limited.
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Similarly, a USV may demonstrate autonomous navigation or docking without establishing
the readiness of an end-to-end port-operational system. Component-level validation and
system-level operational readiness are thus distinct stages of technological development.

The current state of the art can consequently be described as one in which the fundamen-
tal technological capabilities are increasingly available and experimentally demonstrated,
while their integration into reliable, repeatable, and interoperable maritime-port operations
remains uneven. This distinction marks an important transition in the research problem:
further progress depends increasingly on how existing and emerging capabilities are com-
bined, validated, and incorporated into operational systems. The technical and operational
barriers affecting this transition are examined in the following section.

4.2. Integration Barriers and Implications for Maritime-Port Operations

The transition from demonstrated technological capability to reliable maritime-port
deployment is constrained by a combination of navigation, sensing, communication, in-
teroperability, and system-integration challenges. These barriers vary according to the
physical environment and operational application and therefore cannot be reduced to a
single limitation common to all unmanned and autonomous systems.

Navigation and positioning remain particularly critical in confined surface and un-
derwater environments. Harbour manoeuvring, docking, infrastructure inspection, and
submerged surveillance require accurate localisation under conditions that may involve
restricted or unavailable GNSS, structural proximity, dynamic vessel traffic, and variable
environmental conditions. Studies addressing dock-pose estimation, harbour manoeu-
vre control, underwater localisation, and visual place recognition illustrate the range of
technical approaches required to maintain reliable state estimation and autonomous execu-
tion [26,40,50,51]. The evidence therefore indicates that navigation remains a system-specific
integration requirement rather than a universally solved capability.

A second barrier concerns the continuity and robustness of sensing and communication.
Autonomous and unmanned systems increasingly depend on multiple sensors, distributed
information sources, and communication links for mission execution and information deliv-
ery. UAV-supported terminal communications, waterborne ad hoc networks, target-tracking
systems, and cooperative autonomous platforms demonstrate that system performance
increasingly depends on reliable data exchange across distributed components [8,56,81,84].
Communication degradation, obstruction, latency, or loss can consequently affect not only
information transfer but also the performance of navigation, coordination, and higher-level
autonomous functions.

Interoperability constitutes a broader system-level challenge. As maritime-port appli-
cations evolve from isolated vehicles towards cooperative and heterogeneous architectures,
successful performance increasingly depends on the integration of platforms, sensors,
navigation systems, communication networks, data-processing resources, shore infras-
tructure, and operational information systems. Cross-domain sensor deployment, mobile
sensor networks, and BIM-GIS integration illustrate how technical value emerges from
the interaction of multiple components rather than from the vehicle alone [58,61,78]. The
reviewed evidence, however, remains comparatively limited regarding sustained end-to-end
interoperability under repeated operational conditions.

This integration challenge has direct implications for intelligent maritime-port opera-
tions. The principal contribution of unmanned and autonomous systems lies in extending
access to difficult or hazardous areas, increasing sensing coverage, supporting defined
autonomous tasks, and producing operational information that can be incorporated into
monitoring, inspection, safety, security, maintenance, environmental, and coordination
processes. Examples involving infrastructure inspection, hydrographic assessment, tar-
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get tracking, and networked robotic systems demonstrate how unmanned platforms can
become components of wider operational information environments [9,43,56,66,81].

The value of these systems therefore depends less on platform autonomy in isolation
than on the reliability, timeliness, accessibility, and operational relevance of the information
generated. An unmanned system may successfully complete a mission or acquire data
without necessarily producing information that is integrated into an operational workflow.
Conversely, when sensing outputs, analytical results, and autonomous actions are connected
with existing port information and management systems, the potential contribution ex-
tends beyond mission execution towards improved situational awareness, asset assessment,
operational coordination, and decision support.

Decision support must nevertheless be distinguished from autonomous decision-
making and from demonstrated improvements in managerial decision quality. Most studies
in the corpus evaluate sensing, navigation, inspection, monitoring, communication, de-
tection, or autonomous execution rather than the quality of operational decisions made
with and without unmanned-system information. The reviewed evidence therefore sup-
ports a stronger conclusion regarding improved information availability and decision-
support capability than regarding empirically demonstrated improvements in decision-
making accuracy.

The central implication is that the operational value of unmanned and autonomous
systems depends increasingly on successful integration across the complete information
and operational chain. Technical capability alone is insufficient if the resulting data cannot
be reliably acquired, transmitted, processed, interpreted, and incorporated into operational
processes. The principal challenge for maritime-port implementation therefore lies not
simply in developing more capable platforms, but in ensuring that existing and emerging
technologies can operate as reliable, interoperable, and operationally meaningful compo-
nents of integrated port systems.

4.3. Research Gaps, Evidence Limitations, and Future Research Directions

The review identifies a persistent imbalance between technological development and
operational evidence. Although 57 studies reached controlled or field validation, only one
documented operational deployment, and none measured an improvement in decision out-
comes. Unmanned and autonomous systems have demonstrated increasingly sophisticated
capabilities across sensing, inspection, navigation, surveillance, environmental monitoring,
communication, and autonomous mission execution, yet the evidence supporting their
sustained integration into routine maritime-port operations remains comparatively limited.
The principal research challenge is therefore no longer simply to demonstrate that a tech-
nology can perform a specific task, but to establish whether it can perform that task reliably,
repeatedly, and as part of an integrated operational system.

The first research gap concerns repeated validation under realistic maritime-port con-
ditions. Field-based breakwater monitoring, validated UAV rail-track inspection, USV
hydrographic assessment, and autonomous maritime-surveillance trials demonstrate that
real-world validation is already emerging [33,43,48,66]. However, most evidence re-
mains application specific. Future studies should evaluate system performance across
different ports, environmental conditions, traffic densities, infrastructure conﬁgurations,
mission durations, and operational constraints. Reliability, repeatability, availability,
and robustness should be assessed across repeated missions rather than inferred from
isolated demonstrations.

A second gap concerns end-to-end interoperability and system integration. The litera-
ture contains examples of cross-domain sensor deployment, mobile sensor networks, UAV-
supported communications, and digital integration with BIM-GIS environments [ 8,58,61,78].

https://doi.org/10.3390 /jmse14212066


https://doi.org/10.3390/jmse14212066

J. Mar. Sci. Eng. 2026, 14, 2066

32 of 40

Nevertheless, these configurations remain heterogeneous and generally address selected
parts of the operational chain. Future research should therefore examine complete architec-
tures linking unmanned platforms, onboard sensors, navigation and control, communication
networks, analytical processing, shore-based systems, operational databases, and human
operators. Such studies are needed to determine whether individual technical capabilities
can function reliably as components of integrated maritime-port systems.

A third gap relates to operational performance measurement. Technical studies fre-
quently assess navigation accuracy, detection performance, trajectory execution, communi-
cation behaviour, or sensor quality, while fewer quantify the resulting operational benefits.
Comparative evidence, such as the assessment of drone-, ground-, and boat-based harbour
surveys reported by Reis-Filho and Giarrizzo [82], remains relatively uncommon. Future
work should incorporate consistent application-specific indicators such as inspection cover-
age, mission duration, response time, operational availability, human exposure, detection
reliability, cost, resource utilisation, environmental performance, and continuity of informa-
tion delivery. This would allow technological performance to be evaluated in relation to
operational value rather than only component-level performance.

The fourth and most significant gap concerns the transition from operational informa-
tion to measurable decision-support outcomes. The corpus provides substantial evidence
that unmanned and autonomous systems can improve information availability, sensing
coverage, situational awareness, infrastructure-condition assessment, environmental obser-
vation, and autonomous execution. However, comparatively little evidence demonstrates
whether these improvements lead to faster, more consistent, or more accurate operational de-
cisions. Future studies should therefore evaluate not only the technical output of unmanned
systems but also how that information is incorporated into human and organisational deci-
sion processes, including comparisons between conventional and technology-supported
operational scenarios.

These gaps also reveal a broader limitation in the current evidence base: technological
platforms, enabling technologies, operational applications, maturity, integration require-
ments, performance measures, and decision-support contributions are frequently examined
separately. The literature therefore provides substantial knowledge about individual com-
ponents and applications but less guidance on how port operators should systematically
evaluate which combination of platform and technology is appropriate for a particular
operational requirement.

A relevant future research direction is consequently the development and validation
of a structured assessment and implementation model for unmanned and autonomous
systems in maritime-port operations. Such a model could extend the analytical sequence
identified in this review by connecting the following;:

Operational Need — Operating Environment — Platform — Enabling Technologies
— Technical Capability — Application Fit —» Integration Requirements — Operational
Performance — Information Value — Decision-Support Contribution

Within this structure, system selection would not begin with the platform itself, but
with the operational problem to be addressed. Platform and technology choices could then
be evaluated according to their suitability for the physical environment, required sensing or
autonomous capability, maturity level, interoperability requirements, expected operational
performance, and contribution to the information and decision process. Reliability, safety,
robustness, maintainability, interoperability, and validation maturity would act as cross-
cutting assessment dimensions.

Such a model should initially be developed from the technological and operational
evidence identified in systematic reviews and subsequently validated through empirical
studies involving real port environments, operational stakeholders, and multiple use cases.
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Multi-port validation would be particularly valuable because implementation requirements
may differ substantially according to port layout, traffic profile, infrastructure, environ-
mental conditions, and operational priorities. The objective would not be to identify a
universally superior platform, but to provide a structured basis for matching operational
needs with appropriate combinations of autonomous systems and enabling technologies.

Future research should therefore progress simultaneously along two complementary
directions: deeper technological validation of individual and integrated systems, and
development of systematic approaches for evaluating their operational suitability and
implementation. Together, these directions can support the transition from successful
technological demonstrations towards reliable, interoperable, and operationally meaningful
autonomous-system integration in maritime-port environments.

5. Conclusions

This systematic review provides an integrated assessment of the technological devel-
opment, operational applications, and decision-support contribution of unmanned and
autonomous systems in maritime-port environments. Based on 86 studies selected from
1030 Scopus records published between 2010 and 2026, the evidence shows diversification
and convergence rather than replacement of one platform family by another. Validation
remains uneven: 15 studies were conceptual, 14 were simulation-based, 29 were controlled
experiments, 27 were field or port validations, and one documented operational deploy-
ment. Aerial, surface, underwater, remotely operated, and cooperative systems address
different physical environments and increasingly combine sensing, navigation, control,
communication, modelling, and analytical capabilities.

The results confirm that the technological basis of maritime-port autonomous systems
is broader than the vehicle platform itself. Sensing, imaging, and perception constituted the
most widely represented capability family, followed by autonomy, navigation, and control,
while communication and digital integration, modelling and optimisation, and Al-based
analytics provided complementary functions. Operational applications were concentrated
primarily on monitoring and environmental observation, surveillance and security, in-
frastructure inspection, autonomous navigation and manoeuvring, and port-operational
support. Together, these findings demonstrate that autonomous and unmanned systems
are increasingly evolving from isolated robotic platforms towards integrated technological
architectures capable of accessing, sensing, interpreting, and acting within different layers
of the maritime-port environment.

A central finding of the review is the distinction between technological capability and
operational readiness. Several applications have progressed beyond conceptual develop-
ment and simulation to experimental validation, field testing, sea trials, and port-based
demonstrations. However, the available evidence does not demonstrate widespread, rou-
tine, and sustained deployment across maritime-port operations. The principal challenge
identified is therefore no longer simply the availability of technical capability, but the reliable
integration, interoperability, and repeated validation of these capabilities under realistic
operational conditions. Navigation reliability, communication continuity, environmental
robustness, maintainability, system interoperability, and integration with existing port
infrastructures and information systems remain critical elements in this transition.

The review also clarifies how these technologies contribute to operational management.
Their value arises primarily from improving access to operational environments; extending
sensing coverage; automating defined tasks; and generating more timely, structured, and
spatially detailed information. This contribution can be represented through the analytical
sequence identified in the study:
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Platform — Technology — Capability —» Application — Operational Information —
Decision Support

The strongest evidence concerns the progression from platform deployment to opera-
tional information generation. The coding identified 53 studies providing information or
situational awareness; seven supporting vehicle- or mission-level planning and optimisa-
tion; and seven providing explicit recommendations, priorities, allocations, schedules, or
optimised alternatives for operational or managerial decisions. No coded record explic-
itly reported a measured improvement in decision outcomes meeting the DS3 definition.
Unmanned and autonomous systems can support infrastructure-condition assessment, en-
vironmental observation, situational awareness, navigation precision, security monitoring,
and mission-information availability. Their contribution should therefore be understood
more confidently as explicitly reported decision-support capability than as established
evidence of improved managerial decision accuracy.

The scientific contribution of this review lies in connecting research streams that prior
reviews have generally examined within individual platforms or application domains.
Rather than analysing UAVs, USVs, AUVs, ROVs, autonomous vessels, sensors, artificial
intelligence, navigation systems, or inspection applications in isolation, the study compares
platform architecture, enabling technologies, technical capabilities, operational applications,
maturity, information generation, and decision support within a common maritime-port
perspective. This cross-platform synthesis establishes that the platform families are oper-
ationally complementary rather than substitutable; that interoperability, communication
continuity, environmental robustness, and repeated validation are shared constraints; and
that internal vehicle- or mission-level optimisation is evidentially different from recommen-
dations directed to operational or managerial decision makers. These relationships are not
visible when the aerial, surface, underwater, environmental-monitoring, and inspection
literatures are considered separately. Future progress will therefore depend increasingly
on selecting and combining appropriate technologies for specific operational needs and
validating those combinations as complete operational systems.

Accordingly, a major direction for future research is the development and empiri-
cal validation of structured approaches for assessing and implementing unmanned and
autonomous systems in maritime-port operations. Such approaches should begin with
the operational need and operating environment rather than with the platform itself and
should relate platform selection, enabling technologies, technical capability, application
fit, maturity, interoperability requirements, operational performance, information value,
and decision-support contribution. Reliability, safety, robustness, maintainability, and
validation maturity should be considered as cross-cutting dimensions. Multi-port and
multi-application validation will be particularly important to determine whether such ap-
proaches remain effective across different infrastructures, traffic conditions, environmental
contexts, and operational priorities.

The transition towards intelligent maritime-port operations therefore depends not
simply on deploying more autonomous technologies, but on establishing which combina-
tions of platforms, technologies, and capabilities provide reliable operational value within
specific port contexts. Progress from successful technological demonstrations to sustained
operational adoption will require integrated validation of both the technical system and the
operational information and decision processes it is intended to support.
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