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Abstract: In port management, the integration of geographic information systems (GIS) is
essential for geospatial analysis in a complex environment shaped by digitalisation and
energy transition. Although the adoption of GIS and spatial data infrastructures (SDI)
are growing, their use remains with challenges in interoperability and collaborative data
management. This study conducts a systematic review to identify the main publications
from the past 10 years on the use of GIS and SDI in the maritime sector, using the Scopus
and Web of Science databases. The results revealed an annual growth of 8.59% in scientific
publications over the past decade, with a focus on environmental monitoring, machine
learning, and digitalisation. The findings also suggest the limited use of SDI in the mar-
itime sector, reinforcing the need for future research on interoperability and spatial data
integration. Nevertheless, the main trends include the integration of GIS with machine
learning, advanced spatial applications, and artificial intelligence, showing an increasing
focus on sustainability, environmental monitoring, and innovative management systems.

Keywords: geographic information system (GIS); systematic review; maritime-port
management; spatial data infrastructure; sustainability; digitalisation

1. Introduction
Maritime transportation, responsible for over 80% of global trade in 2022, is a strategic

sector that demands constant monitoring of cargo, passenger, and tourism activities by
stakeholders [1]. In the maritime environment, management and control are conducted
through digital port management systems that can integrate information from terrestrial,
maritime, aerial sensors, and satellites. In this context, geographic information systems
(GIS) have been widely used to enhance management systems and collaborative platforms,
increasing port visibility, reliability, and efficiency, and promoting regulatory compliance
and transparency, which results in a competitive advantage [1–3]. GIS is fundamental in
collecting and processing heterogeneous data in real time to optimise operations, monitor
traffic, coastal development, security, and environmental protection. The integration of GIS
in spatial data infrastructures, WebGIS, interactive maps, and monitoring dashboards is
one of the ways to ensure interoperability and transparency among stakeholders.

In the maritime sector, GIS has evolved beyond being just a visualisation resource,
mapping tool, or navigability analysis system. This tool has expanded its capacity to
simultaneously integrate and share multiple resources and heterogeneous data among
several stakeholders [4]. In the literature, GIS has been applied to optimise diverse ar-
eas, such as maritime spatial planning (MSP) to enhance facilities and key asset man-
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agement, navigation safety, environmental protection, combating piracy and terrorism,
and economic efficiency [5–7]. With geospatial analysis tools combined with a compre-
hensive geographic visualisation interface, maritime GIS facilitates port infrastructure
planning, special economic zone administration, and the integration of crucial data, such
as ship tracking [8], navigation routes [9], including decision support systems such as Tur-
boRouter, used for fleet route planning [10], real-time maritime traffic control [11,12],
container monitoring [13–15], security [16,17], maritime ecosystem protection [18,19],
bathymetry [20], weather conditions [21], port management decision making [22,23], and
also through the adoption of new trends such as smartport, greenport, smartberth, and
digital twins [24,25]. With advances in energy transition and digitalisation optimising
stakeholder decision making, maritime GIS enables the simulation of future scenarios,
supporting renewable energy integration projects and carbon footprint management, fun-
damental elements for building smart ports [26,27].

GIS provides comprehensive visualisation of port operations. This includes inventory
control, interface functions, navigation, and analytical activities that help monitor and
optimise logistics and intermodal operations [4]. Monitoring and analysing information in
the maritime context can integrate various data sources through Port Community Systems
(PCS) [28], such as data from AIS (Automatic Identification System) [29], ECDIS (Electronic
Chart Display and Information System) [30], MDA (Maritime Domain Awareness), and
MSIL (Maritime Situational Indication Linkage) [31]. In the online Maritime Information
System (MIS), for example, users can obtain information from several sources, such as Elec-
tronic Navigational Charts (ENC)/Digital Navigational Chart (DNC), C-Map server, Global
Climate Observing System (GCOS), the Global Ocean Observing System (GOOS), and the
Global Terrestrial Observing System (GTOS) [32]. These monitoring systems operate under
the supervision of global entities such as the World Meteorological Organisation (WMO),
UNESCO’s Intergovernmental Oceanographic Commission (IOC), the United Nations
Environment Programme (UNEP), and the International Council for Science (ICSU) [32]. In
this sense, the use of GIS resources to promote transparency in the management of port
activities has emerged as a collective demand, being perceived as an ethical and political
need associated with goals such as responsibility, inclusion, legitimacy, substantiation,
efficient governance, and socially responsible impacts.

The value of geographic information has grown due to advances in remote sensing,
telecommunications, and global positioning systems, which, integrated with the internet,
facilitate the sharing of spatial data in real time or through large central databases [16,33].
In ports, which deal with large volumes of geolocated information, this represents a
challenge in the analysis of large-scale geodata [34]. To manage this complexity, one
solution is to adopt a spatial data infrastructure (SDI), which facilitates efficient access,
use, and management of geospatial data between organisations and users, supporting
decision making and planning [35,36]. Known as marine SDI, this system facilitates data
management, analysis, and interoperability, with web-based functionalities, enabling fast
and accurate decisions by port authorities in real time [37,38]. The digital transition and
Industry 4.0 changes are also putting pressure on ports to digitise themselves in order to face
competitiveness, environmental management, and traffic challenges [39], since everything
that happens in a port is related to a specific geographical location. Despite advances,
port management systems still face difficulties in geospatial integration, especially in
communicating and sharing data in real time, which limits efficient data filtering and
decision making with cartographic tools [40].

Initiatives such as the partnerships between the Port of Rotterdam and Erasmus
University in the SmartPort Rotterdam project [41], the Port of Sines in Portugal and the
University of Évora in the Geographical Identification and Information System—SIIG,
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and Agenda Nexus projects [42,43], as well as actions by the Hamburg Port Authority
with Smartport [44], the optimised management of maritime schedules at the Port of
Tangier [45], and the implementation of Digital Twin to monitor and optimise cargo and
logistics management in the port areas of Barcelona, Algeciras, and Valencia in Spain [46],
demonstrate the growing interest of the port community in driving research and the
development of innovative solutions for digital transformation. These transformations
have introduced new ways of managing port systems, which encompass concepts such as
smart port [47], smart berth [48], and green port [25]. Digital transformation in the maritime
sector encompasses the digitisation of physical assets and their integration with the internet,
using advanced technologies such as blockchain [49], the Internet of Things (IoT) [50],
digital twins [51], and human–machine interfaces and cyber-physical systems (CPS) [52].
These innovations enable real-time visualisation, the automation of port operations, and
quasi-autonomous decision making based on big data analysis [47]. When well managed by
collaborative and marine SDI systems, diverse data can be accessed by a wide range of users.
However, information sharing faces challenges due to the fragmentation and complexity
of marine data and observations at different scales [38]. Despite the advantages of new
technologies, their adoption is not uniform among global ports, reflecting inequalities in
the technological infrastructures of different regions.

In this sense, digitalisation has become a fundamental factor in maintaining and
improving the competitive position of ports in the international scenario. The use of SDI
and GIS in port management systems presents itself as an essential tool to achieve efficiency
and sustainability. This research aims to identify the main publications from the past
10 years on the use of geographic information systems and spatial data infrastructures in
the maritime sector.

The article is structured as follows. Section 2 presents the methodological development
stages of the bibliometric review. Section 3 exposes the research results and discussion
based on analyses performed with bibliometrix and the main scientific findings on the
application of SDI and GIS in the maritime-port sector, including recommendations for
future developments. Finally, Section 4 presents the main conclusions of the study, as well
as perspectives and directions for future research work.

2. Materials and Methods
2.1. Bibliometric Method

To analyse large volumes of data in literature reviews, the bibliometric method has
gained popularity among researchers as an effective tool [53]. The development of bib-
liometric software, such as Bibliometrix (R package), along with access to comprehensive
scientific databases, such as Web of Science (WoS) and Scopus, has enabled more robust
and comprehensive systematic reviews. These tools allow researchers to identify patterns,
trends, and insights more efficiently, as well as to evaluate evidence based on predefined
criteria [54,55]. In other words, the systematic approach allows for the identification of a
broad set of relevant publications and facilitates the careful selection of a subset of papers
that meet specific parameters. In this sense, the analyses derived from this methodology
provide a solid basis for guiding future research, identifying gaps in current knowledge,
and promising areas for further research [55].

The bibliometric analysis was conducted in five main stages that include the defini-
tion of the research questions; search and collection in databases using key terms; analy-
sis of relevant documents; and visualisation and interpretation based on predetermined
criteria [56,57] as shown in Figure 1.
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2.1.1. Step 1: Search Strategy

In bibliometric analysis, the design of the study and the identification of the search
terms are fundamental steps, allowing extensive scientific knowledge to be examined
through qualitative and quantitative analysis without influencing the results [58,59]. In
this context, this methodology was applied to identify relevant keywords and publications
related to the applications of geographic components in the maritime sector.

The systematic review of the databases sought to identify general trends in publications
related to the application of GIS in maritime logistics, management, and port operations, as
well as to identify existing knowledge gaps. One way to develop a bibliometric analysis
is by defining key questions that determine the formulation of the research objective [60].
The questions contribute to appropriate search strategies and concentrate the published
evidence to structure the systematic review.

In this study the key question developed, covering the main aspects of the set of
keywords used in the search across the different databases, was:

• Key question: “In the maritime-port logistics interface, how are spatial data infrastruc-
tures (SDI) and geographic information systems (GIS) integrated into collaborative
geovisualisation platforms?”.

In this systematic review, the key question aims to provide a holistic understanding of
the theoretical and practical aspects and ideas of the application of GIS in the monitoring,
sensing, and analysis of maritime spatial management to support researchers and experts
in identifying future research directions.

2.1.2. Step 2: Data Collection

In this second phase, the scientific databases to be consulted were defined. In the
systematic review process, the scientific databases Web of Science (WoS) from Clarivate
Analytics [61] and Scopus from Elsevier [62] were used. The Web of Science (WoS) and
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Scopus databases were selected for this bibliometric analysis due to their complementary
characteristics [63]. WoS, a pioneer in bibliometric analysis since 1900, stands out for
the scope and impact of its publications [64,65]. Scopus, the largest database of peer-
reviewed abstracts and citations, covers multiple areas of knowledge with more than
20,000 journals [66]. This methodological approach chose to combine both databases for
greater analysis completeness in order to identify research gaps and inform future research,
as recommended [55,67,68].

Based on recent systematic review studies [69–71], a Boolean equation with specific
inclusion criteria was adapted for the filtering process in the databases. To ensure trans-
parency and replicability, the search period was delimited to 10 years, including publica-
tions between 1 January 2014 and 22 December 2024. In addition, the time restriction covers
the most recent and relevant publications on the topic, considering the rapid evolution of
GIS technologies and spatial data infrastructures in the port context. In this period, the
search for publications in WoS was based on the keywords included in the title, abstract,
and keywords of the publications, defined by the advanced search and using the Topic
option (searches title, abstract, keyword plus, and author keyword). The advanced search
in Scopus also respected the same time restriction criteria and was carried out using the
title, abstract, and keywords fields (TITLE-ABS-KEY). The search was delimited to include
only publications from 2014 onwards, applying the filter “AND PUBYEAR AFT 2014” to
the base query.

The systematic identification strategy was developed based on keywords, focusing on
the central research question. In the databases, the identification structure was organised
into four main keyword groups to comprehensively and systematically cover the topic.
The first group focused on geospatial technologies, including fundamental terms such
as spatial data infrastructure and geographic information systems, such as “spatial data
infrastructure”, “marine sdi”, “geogra* information system”, “gis*” or “geospatial data
integration”. The second group addresses the port and maritime context, subdivided into
three categories: main terms related to ports, concepts of smart ports, and specific elements
of port operations such as “seaport”, “port”, “smart”, “green”, “intelligent”, “automated”,
and “port*”, “maritime*”, “logistic*”, “terminal*”, “ship*”, “vessel*”, “berth*”, “container*”.
The third group covered technological aspects, with a focus on interoperability, visualisation
and digital platforms using the keywords “interoperability”, “visualiz*”, “stakeholder*”,
“open data”, “digital*”, “web” and “map”, “service”, “gis”, “based gis”. Finally, the fourth
group covered tools and data, including elements such as “map*”, “dataset”, “tool”, “ais”,
“iot”. This hierarchical organisation allows for a systematic search that combines geospatial,
maritime, technological, and tooling aspects, ensuring the retrieval of publications relevant
to the study of the application of GIS and spatial data infrastructures in seaports. The four
groups were connected by the logical operator AND, ensuring that the publications iden-
tified simultaneously addressed geospatial, maritime, technological, and tooling aspects.
Within each group, the keywords were separated by the logical operator OR, allowing a
variety of related terms to be included, which increased the scope of the search. The use of
asterisks (*) after a keyword made it possible to include variations of the terms to broaden
the scope of the search. This systematic structure contributes to a comprehensive search
of the most relevant publications for the study of the application of GIS and spatial data
infrastructures in seaports.

The first criterion was to select only publications in English, considering its predomi-
nance in international scientific literature and its role as a global scientific language. The
second criterion was limited to including documents classified as ‘article’ and ‘review
article’, as these categories are uniformly available in both databases and represent sub-
stantial, peer-reviewed scientific contributions [72]. In order to refine the results in the
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WOS and Scopus databases, a limitation by research area was applied, excluding fields
not pertinent to maritime GIS and SDI, such as biomedical sciences, medicine, veterinary
science, psychology, and related areas. This process made it possible to concentrate the
analysis on publications effectively related to the scope of the research. The search in the
selected databases identified 687 research works, 399 in WOS and 288 in Scopus (Table 1).
Table 1 shows the Boolean equation and the inclusion criteria applied to each database.

Table 1. Inclusion criteria in the WOS and Scopus.

Screening WOS Scopus

Final Boolean Equation

TS = (((“spatial data infrastructure” OR “marine sdi”
OR “geogra* information system” OR “gis*” OR
“geospatial data integration”) AND (“seaport” OR
“port” OR ((“smart” OR “green” OR “intelligent” OR
“automated “) AND “port*”) OR “maritime*” OR
“logistic*” OR “terminal*” OR “ship*” OR “vessel*”
OR “berth*” OR “container*”) AND
(“interoperability” OR “visualiz*” OR “open data”
OR “digital*” OR (“web” AND (“map” OR “service”
OR “gis” OR “based gis”)) AND (“map*” OR
“dataset” OR “tool” OR “ais” OR “iot”))))

TITLE-ABS-KEY ((“spatial data infrastructure” OR
“marine sdi” OR “geogra* information system” OR
“gis*” OR “geospatial data integration”) AND
(“seaport” OR “port” OR ((“smart” OR “green” OR
“intelligent” OR “automated “) AND “port*”) OR
“maritime*” OR “logistic*” OR “terminal*” OR
“ship*” OR “vessel*” OR “berth*” OR “container*”)
AND (“interoperability” OR “visualiz*” OR
“stakeholder*” OR “open data” OR “digital*” OR
(“web” AND (“map” OR “service” OR “gis” OR
“based gis”)) AND ( “map*” OR “dataset” OR “tool”
OR “ais” OR “iot”))) AND PUBYEAR AFT 2014

Languages English English

Document Types Articles and review article Articles and review article

Research Areas

Environmental Sciences Ecology, Engineering, Water
Resources, Remote Sensing, Computer Science,
Imaging Science Photographic Technology, Science
Technology Other Topics, Meteorology Atmospheric
Sciences, Oceanography, Geography, Transportation,
Marine Freshwater Biology, Biodiversity
Conservation, Energy Fuels, Operations Research
Management Science.

Environmental science, Earth and Planetary Sciences,
Engineering, Agricultural and Biological Sciences,
Computer Science, Energy, Business,
Management and Accounting, Decision
Sciences e Multidisciplinary.

2.1.3. Step 3: Data Analysis

In the third phase of the study, a descriptive bibliometric analysis was carried out on
the 687 publications discovered, with the support of the open-source statistical software
R (version 4.4.2). The files exported in BibTeX format (.bib) were checked for duplicates
(identifying 157 publications) and consolidated into a single database, which was then con-
verted into .xlsx format in RStudio (version 2023.03.1). This compilation and standardisation
of the data made it easier to load and process the Biblioshiny interactive application, which
is available for free via the Bibliometrix package, version 4.1 (http://www.bibliometrix.org,
accessed on 28 December 2024).

The Bibliometrix package is equipped with a set of scientometric tools developed
specifically to identify patterns and perform an initial evaluation and screening of articles
in a bibliometric analysis [73]. The package includes an application developed in Shiny,
which offers a point-and-click graphical interface that provides advanced visualisation
and quantitative analysis capabilities for scientific data, making it easier to understand
trends in a field of research [74,75]. This feature is particularly useful for users interested
in exploring the tool without the need for programming knowledge in the R language.
In the literature, the Biblioshiny application is widely used in bibliometric studies due to
its usability, agility, and ability to analyse large volumes of data, overcoming traditional
manual review methods [76–81].

In this study, a total of 530 documents were imported into the Biblioshiny application
for analysis. The main metrics evaluated were used to answer the research questions
in a global way through the main information, annual scientific production, keyword
co-occurrence networks, citation networks, production by country, thematic maps, and

http://www.bibliometrix.org
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thematic evolution maps [82]. The integration of these methodological tools made it
possible to systematically visualise the scientific panorama, revealing not only the current
scenario but also the main aspects of research and emerging challenges in the application
of geographic components in the maritime sector.

Although Biblioshiny helps to filter articles based on initial criteria, the refinement
and final selection of articles for inclusion in a systematic review usually require more
detailed manual analysis. This is because the Biblioshiny application requires complete
sets of mandatory metadata from the Web of Science (WoS) or Scopus [83]. Files exported
from reference managers, such as .bib, .ris, .csv, and .txt, are not compatible with the
tool due to the lack of metadata standardisation, which generates execution errors and
makes more detailed analyses of publications impossible [83]. To this end, the database of
530 documents was imported into the Zotero 7.0.7 reference manager.

In systematic review articles, several authors use the Preferred Reporting Items for
Systematic reviews and Meta-Analysis (PRISMA) [84], due to its clear structure and ease of
application, especially for the careful selection of articles to be included in the review [83].
In this study, we adapted the PRISMA methodology to answer the key research question
presented in Section 2.1.1 In this sense, the systematic review and meta-analysis in scoping
reviews (PRISMA-SCR) methodology was applied to carry out a robust search of the
database [85,86]. The application of the search strategy resulted in a sample of 78 scientific
articles. In addition, three complementary sources from the websites of international
organisations were consulted to support the analysis. The steps carried out in PRISMA-
SCR allow future research to be replicated and updated [87], as shown in the PRISMA-SCR
flowchart (Figure 2).
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2.1.4. Data Visualisation

The integration of these methodological tools enabled a systematic visualisation of
the scientific landscape, revealing not only the current scenario but also the main research
statistics and trends and emerging challenges in the application of geographic components
in the maritime-port sector. Based on the systematic review studies carried out by [88–90],
using Bibliometrix, the metadata were extracted from the database to analyse various
aspects of the literature. Due to its efficient statistical algorithms and integrated visualisa-
tion features, this tool was used to the interpretation of the research field in question [56].
The key information obtained includes data types, document content, authors and their
collaborations, and document types. The number of documents and citations per year
proved valuable in identifying research progress in our field of study and determining the
most relevant journals in the subject area.

The methodology also consists of identifying knowledge structures through visuali-
sation techniques such as word clouds, thematic maps, tree maps, three-field maps, and
network analysis. For the keyword analysis using tree maps and word clouds, the choice
of author keywords was preferred as they represent the terms that researchers considered
most relevant and representative of their work. The analysis of international collaborations
between authors was crucial in identifying the main research hubs and understanding
how research on this topic is distributed globally. Based on a geographic file generated
by the R package biblioshiny, the mapping of these collaboration networks enabled the
visualisation of not only the number of publications per country but also the connections
established between different nations, revealing the most influential centers and strategic
partnerships in the topic of scientific production.

Finally, an analysis of key themes and trends throughout the studied decade was
conducted. Following the methodology described by [91–93], thematic maps were gener-
ated to visualise research topics. These maps are constructed as bi-dimensional graphs
based on two fundamental parameters: centrality and density. Centrality, expressed on
the x-axis-horizontal, denotes the level of engagement of a particular cluster of networks
compared to other clusters, thus showing the importance of the research topic. Density
measures the intensity within a cluster network as an indication of the developing stage of
the subject, and it is plotted on the vertical axis (y). These two dimensions give important
insights about each cluster’s significance and cohesion [91]. In the thematic map, each
topic cluster is represented by a bubble with a distinct color, whose size corresponds to the
number of word occurrences in the cluster. The thematic map can be divided into quad-
rants to indicate the stage and characteristic research theme [93]. The first quadrant (Q1) is
considered the central and developed, which becomes the motor themes that are defined as
high centrality and density. These refer to research topics that are already established in the
field. The second quadrant (Q2), described as niche themes (peripheral and developed),
includes papers studying issues where emerging promising questions for research need to
be flagged as potential motor themes in the future or as transfer points between networks
of different yet connected forms. The third quadrant (Q3) includes areas pertaining to a
topic already established in the literature (basic themes) and periphery, and the fourth
quadrant (Q4) identifies topics that are newly emerging or alternatively declining in the
field of research [92].

2.1.5. Step 4. Interpretation

The concluding phase needs a comprehensive interpretation of the bibliometric find-
ings. The data processing unveiled thematic structures, chronological patterns, and knowl-
edge clusters within the investigated field. The identification of these structures facilitated
the delineation of the principal themes of the scholarly works, the emergence of topics that
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signify novel research frontiers, and the evolutionary pathways illustrating the progression
of themes over time [94].

The interpretation combines quantitative bibliometric indicators with targeted qual-
itative analysis. While computational methodologies facilitated the preliminary data
extraction and processing throughout stages 2–4, the conclusive analysis demands human
expertise to effectively contextualise the findings. This interpretative effort transcended
mere numerical metrics, aiming to comprehend the conceptual interconnections among
several thematic clusters, as well as the identification of potential deficiencies and avenues
for future research opportunities.

3. Results and Discussion
3.1. Bibliometric Analysis

In this section are presented the main results and it is discussion of the bibliometric
analysis which covered four fundamental aspects: (1) the descriptive statistics of pub-
lications, providing an overview of the dataset; with the evolution of annual scientific
production, indicating the temporal trends of publication and the distribution of articles
by scientific journals, identifying the main dissemination vehicles; (2) authors’ keywords;
(3) the global distribution of publications and the visualisation of international collaboration
networks between countries, highlighting the main research centres and their interactions;
and (4) the thematic evolution of the research field, revealing the main trends and changes
in the areas of interest over time.

3.1.1. Descriptive Bibliometric Analysis

A descriptive analysis of the 530 documents published between 2014 and 2024 revealed
a significant growth trend in scientific production in the field of GIS applications, techniques,
and tools in the maritime-port sector. Table 2 shows an increase in scientific production
with an average annual growth rate of 8.59%, reflecting the interest and relevance of GIS
technologies in the maritime sector.

Table 2. Main information elaborated using the Bibliometrix and Biblioshiny R packages.

Type
Description Results

Main information about data

Period Years of publication 2014:2024
Sources (Journals, Books, etc) Frequency distribution of sources as journals 279
Documents Total number of documents 530
Annual Growth Rate % Average number of annual growth 8.59
Document Average Age Average age of the document 5.14
Average citations per doc Average total number of citations per document 28.65

Document contents

Keywords Plus (ID) Total number of phrases that frequently appear in the title of an
article’s references 2429

Author’s Keywords (DE) Total number of keywords 2194

Authors

Authors Total number of authors 2205
Authors of single-authored docs Number of single authors per article 26

Authors collaboration

Single-authored docs Number of documents written by a single author 26
Co-Authors per Doc Average number of co-authors in each document 4.72
International co-authorships % Average number of international co-authorships 24.72

Document types

Article Number of articles 514
Article; early access Number of early access articles 6
Review Number of review articles 10
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3.1.2. Distribution of Annual Documents and Citations

In this study, the 530 documents found were distributed among 514 articles (89.7%),
10 reviews (2.9%), and 6 early access (1.7%). The analysis revealed 2205 researchers involved
in scientific production, with a Collaboration Index (CI) of 4.83 authors per jointly authored
or co-authored article, showing a strong preference for collaborative work over individual
publications. International partnerships accounted for 24.72% of collaborations, showing
significant transnational cooperation in the development of maritime GIS research. Over
the course of ten years, there has been an upward trend in scientific production in the
area, with an annual average of 48.82 publications, reaching a peak of 68 documents in the
2021–2022 biennium. The significant growth in scientific publications over the last decade
highlights the growing importance of integrating GIS into maritime-port management.
This evolution has provided significant advances not only for the scientific community
but also for various sectors of the port complex, providing a solid scientific basis for the
development of public policies and technological innovations in the sector.

In terms of academic impact, in 2016 it stood out with the highest citation average of
16.1, followed by a significant decline in subsequent years, reaching just 2.0 citations in
2023 and 0.6 in 2024. The reduction in citation averages can be attributed to the specificity
of the area of study, considering that the integration of GIS in port and maritime envi-
ronments constitutes a highly specialised domain at the intersection between geospatial
technologies and port operations. The intrinsic complexity of the sector requires expertise
in both geographic systems and port operations, the barriers to accessing port data, often
considered strategic or confidential by port authorities, the concentration of research in a
few centers specializing in maritime studies, and the limited number of professionals work-
ing simultaneously in the areas of geotechnology and port management. This represents a
significant barrier to the development of comprehensive research in this field. These factors
can restrict the number of researchers and institutions capable of developing studies in this
area. This challenge highlights the importance of new research that can fill this knowledge
gap. Figure 3 illustrates the evolution of annual scientific publications and the average
citation of articles per year.
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3.1.3. Most Influential Journals

In this study, the five most relevant journals accounted for 47.8% of the publications
among the 20 leading scientific journals analysed. Remote Sensing, specializing in remote
sensing and terrestrial observation, coastal monitoring (15.2%); Environmental Earth Sci-
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ences, focused on earth sciences and environmental impacts (9.8%); ISPRS International
Journal of Geo-Information, dedicated to geographic information systems and geomatics
(8.7%); Natural Hazards, focused on studies of risks and natural disasters (8.2%); and Sus-
tainability, with an emphasis on sustainable development and environmental management
(6.0%), were the journals with the highest frequency and importance. Figure 4 shows the dis-
tribution of the number of documents published among the top 20 peer-reviewed journals.
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3.1.4. Authors’ Keywords

This section presents an analysis of the correlations between keywords per author
extracted from databases on geographic information systems in the maritime-port sector.
Mapping these keywords made it possible to identify the main research trends in the area,
reveal possible research gaps, and point to future research. For a more meaningful analysis,
synonymous keywords were grouped together; for example, the keyword “gis” encom-
passed the group of terms “geographic information”, “geographic information systems”,
“geographic information system”, “geographic information system (gis)”, “geographic
information systems (gis)”, “qgis”, “ppgis”, “arcgis”, “geographical information system”,
and “geographical information systems”. The list of synonyms was imported in .txt format
into Bibliometrix’s Text Editing option panel. This standardisation was essential to avoid
terminological dispersion, allowing similar or related terms to be identified and categorised.
This grouping facilitated an understanding of the trends and thematic relations addressed
in the literature.

GIS appeared as a central axis in the tree map of the 20 most frequent keywords used
by authors, considering the grouping of synonyms into a single keyword. Among the
most mentioned keywords are “gis”, “remote sensing”, and “machine learning”, which
together account for 47% of the occurrences in the literature analysed. The keyword
“stakeholder” is in 14th place (2%), while “seaport”, “optimization”, “public participation”,
“environmental protection”, and “internet” occupy the last five positions with an occurrence
of 1%, respectively (Figure 5). In this search for publications related to the use of spatial
data infrastructures in the maritime-port sector, we found a low relevance of this keyword,
which was not identified in any publication considered significant.
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The overall analysis of the 530 documents using the authors’ keyword cloud reveals
the significant application of GIS in the maritime port context (Figure 6). The size of the
font in the word cloud is directly related to the frequency of use of the terms, with the most
frequently used words appearing in larger fonts. The most prominent term was GIS in
four key areas, such as spatial analysis, environmental monitoring, remote sensing, and
data management.
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In both Figures 5 and 6, the absence of synonyms related to the keyword “SDI” reveals
the low frequency of these keywords in the database [95]. In this context, the keyword
“remote sensing”, which encompasses image analysis techniques such as satellites, LiDAR,
and digital elevation models, can be used for detecting ships, monitoring maritime pollu-
tion, and classifying images. The “spatial analysis” grouping highlights the application
of spatial planning and cartography, which includes web mapping (WebGIS) and spatial
forecasting, allowing an integrated approach to geographical analysis.

The “machine learning” group focuses on advanced techniques such as artificial neural
networks (ANN), random forest (RF), and deep learning, which are essential for predictive
analysis and the automation of complex big data analysis processes. The keyword “ana-
lytical methods” includes algorithms, such as the analytical hierarchy process (AHP) and
fuzzy logic, often used in numerical modelling and quantitative analysis. The “evaluation
methods” keywords group includes methods such as validation by receiver operating
characteristic (ROC) curves, cross-validation, and bivariate models, guaranteeing greater
precision in analysis and forecasts. These methods are particularly useful in “environmental
monitoring” studies, which address issues such as climate change, coastal erosion, and
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ecosystem monitoring, as well as linking to “environmental protection” strategies focused
on biodiversity conservation and water quality management.

In the “risk assessment” field, the studies focus on risk assessments associated with
landslides, coastal hazards, and susceptibility to natural disasters, while the “sustainabil-
ity” cluster explores topics such as renewable energy, circular economy, and sustainable
development, highlighting green solutions in the maritime-port sector. The “stakeholder”
group highlights the importance of information management and decision support to
engage different stakeholders in maritime projects. In the technological sphere, the “big
data” and “digital” group addresses topics such as digital twins, IoT, and data mining,
driving technological innovation in the sector. The keywords in the “data visualization”
group focus on the presentation of information through 3D visualisations and localisation,
improving the interpretation of complex data. The “management system” keyword cluster
discusses the use of integrated systems and technologies such as cloud computing for
process management and decision support, especially in maritime contexts. The “internet”
keyword group connects digital applications and website selection, while the “maritime”
grouping encompasses maritime spatial planning, safety, and accidents, emphasizing the
impact of sea level changes and the importance of bathymetry. Finally, the “seaports” group
directly addresses port infrastructure, logistics, and the management of ports and terminals,
which are fundamental to global maritime trade.

3.1.5. Mapping Scientific Collaboration Between Countries

The analysis of the geographical distribution of the 530 publications was based on
data from the countries’ scientific production, which presents the frequency of publications
by country. This methodology measures the number of “author appearances by country
affiliation”, resulting in a sum of frequencies greater than the total number of items in
the collection [83]. In this context, China, the United States, and India lead the scientific
production in GIS applied to the maritime sector, with a publication frequency of 336, 236,
and 145, respectively. The results show that these three nations represent 50.7% of the
frequency of scientific production among the 20 most productive countries, establishing
themselves as research hubs in the sector. Developed countries dominate the ranking,
indicating that they have greater investment in research on the application of GIS to the
maritime-port sector. Figure 7 presents the frequency of scientific production by country
and the collaboration and networking map within the scope of our study.
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In the assessment of the social structure of publications, the global collaboration map
revealed significant patterns of scientific interaction. This map displays connection lines
that represent the link between two or more countries, indicating the state of collaboration
between them [73]. The scale of cooperation is represented by the thickness of the line and
different shades of blue, with darker shades indicating stronger cooperation and lighter
shades indicating weaker collaboration [73]. In this case, the study results revealed the
level of international collaboration among countries, with China (73), the USA (51), and
India (48) exhibiting the highest collaboration rates, represented by a darker blue colour.
This is evidenced by their substantial number of publications involving multiple countries.
In contrast, Australia (48), South Korea (41), Iran (41), Spain (18), and Malaysia (7) are
among the countries with medium shades of blue. The rest of the countries with frequencies
of less than seven collaborative publications corresponded to lighter shades of blue. On the
other hand, countries with a greyer colour did not exhibit collaborations in the publications
analysed (Figure 7).

3.1.6. Evolution of the Main Themes and Trends

In the thematic evolution, no relevant publications were identified regarding the use
of SDI in the integration of GIS in maritime-port management. However, GIS applications
in the maritime-port sector were mapped using a Sankey diagram, which illustrates the
evolution of keywords in studies related to the sector between 2014 and 2024 (Figure 8).
The analysis in the Bibliometrix software was segmented into four key periods using
three cut-off points: 2018, 2020, and 2022. In addition, the standard parameters used
were a word count of 250 words, a minimum frequency of five occurrences per thousand
documents, weighting based on the inclusion index per occurrence, a minimum weight
of 0.1, assignment of three labels per group, and implementation of the WalkTrap algorithm
for clustering [96].
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Over a period of 10 years, certain themes have shown a tendency to merge, evolve
into sub-themes, or, in some cases, lose relevance over time. During the 2014–2018 period,
predominant terms included “gis”, “stakeholder”, “analytical methods”, “management
system”, “big data”, and “spatial analysis”, indicating an initial focus on integrating spatial
analysis tools and data management, with attention to stakeholders and large-scale data
analysis. Between 2019 and 2020, themes such as “gis”, “spatial analysis”, and “analytical
methods” became more consolidated, while new terms like “maritime” and “digital”
emerged, suggesting greater specialisation in the maritime sector and the adoption of
digital technologies. This period was also marked by the intensification of digitalisation
in the maritime domain, expanding the use of emerging technologies such as IoT and
digital twins, representing a pivotal moment in technological transfer and supporting
spatial planning and safety practices [45,48]. From 2021 to 2022, themes merged into the
core topics of “gis” and “spatial analysis”, while in 2023–2024, they subdivided, with
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“stakeholders”, “data visualisation”, and “sustainability” emerging as key areas of interest.
This reflects a growing concern for data visualisation and sustainability in the sector. The
term “sustainability” has emerged as an evolving priority in this latest period, addressing
the paradigm shift towards more sustainable practices in the sector, as demonstrated by
the energy transition and the development of green and smart ports. Additionally, the
term “stakeholders” has reinforced the importance of information management and the
engagement of multiple actors in decision-making processes.

In Figure 9, we present a strategic diagram illustrating the evolution of research topics
within the scope of the study (2014–2024). The analysis was conducted by applying a
clustering algorithm to the authors’ keyword network, enabling the identification and
characterisation of the main themes in the field [96]. To enhance the comprehension of
the thematic map featuring time segments, an analysis of the three predominant terms
within each map grouping was conducted, allowing for more accessible interpretation of
the keyword patterns and their temporal evolution [97]. The strategic diagram positions
the topics based on their importance (centrality) and their level of development (density)
in the thematic network.
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The thematic map visually organises topics and keywords into four quadrants: Q1
(motor themes—top right), Q2 (niche themes—top left), Q3 (basic themes—bottom right),
and Q4 (emerging or declining themes—bottom left). In Q1, influential and well-developed
themes within the studied context are characterised by high relevance and high density.
Topics such as “gis”, “spatial analysis”, and “management system” play a central role in
research and show strong interconnections with other themes. Q2 consists of clusters with
high density but lower relevance compared to the other quadrants. Keywords such as
“accessibility”, “geographic”, “interoperability”, “environmental protection”, and “stake-
holder” stand out in this section. These themes indicate well-explored areas with a certain
level of development but have not yet achieved significant impact or centrality within the
overall study context. This suggests that, while they are important and hold considerable
potential, they still lack greater integration or recognition to become more relevant in the
maritime sector.

In Q3, the cluster with the terms “remote sensing”, “artificial intelligence”, and “risk
assessment” is close to the border with the upper right quadrant (Motor Theme), indicating
a transition between consolidated and emerging themes. The large size of this cluster’s bub-
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ble suggests that these areas are gaining relevance and density, standing out as promising
technologies and methodologies for the sector, driving innovation and advanced applica-
tions in the maritime-port sector. The “analytical methods”, “environmental monitoring”,
and “maritime” clusters indicate that these areas are recognised as important but still
need further development and integration with emerging technologies to achieve a more
significant impact on the maritime-port sector. The evolution of these themes can be driven
by the adoption of advanced technologies and integration with clusters that are already
transitioning to the motor quadrant.

Finally, in Q4, the “evaluation methods” indicated that although it has a relatively
low density, it has moderate relevance. “Evaluation methods” are recognised as important
in the context of the study but have not yet been widely explored or developed. This
cluster indicates that this topic has the potential to gain greater prominence in the future,
especially if there is an increase in the application of artificial intelligence in the maritime
sector. Although the term ‘interoperability’ appears in Q2 and could be related to IDS,
the absence of IDS in the figure suggests that this term has not been widely cited for the
integration of GIS in the maritime-port sector, highlighting a possible gap in the literature
or in its adoption.

3.2. PRISMA Analysis

In this section, it is presented the detailed analysis of the articles identified by the use
of the PRISMA methodology.

3.2.1. Spatial Data Infrastructures (SDI) in the Maritime-Port Sector

Sarabia-Jácome et al. [28] presented the Seaport Data Space (SDS), developed based
on the Industrial Data Space (IDS) reference architecture model in the port of Valencia,
Spain. The SDS provided secure communication between port stakeholders, overcoming
limitations of traditional Electronic Data Interchange (EDI) systems and Port Community
Systems (PCS). In it is architecture, technologies such as the software PostGIS, the Python
package pandas, and the JavaScript library Leaflet enabled the integration and visualisation
of geographical data. The results demonstrate significant improvements in coordination
between stakeholders, reduction of operational costs, reuse of information and optimisation
of ship transit time [28]. Although this literature represents a significant advance in the
joint implementation of SDI and GIS, it was one of the few studies that most closely aligned
with the objectives of the present review. To expand this analysis, the research conducted
in Greece is explored, where the application of SDI along the coast represented an efficient
alternative solution for the organisation and for the distribution of geospatial information
through the Web [98]. In this context, the stakeholders obtain access to high-quality spatial
data through a customised open-source platform on marine and coastal activities [98].
Furthermore, another approach in Greece, based on marine spatial planning (MSP) using
the SMEP (Smart Marine Ecosystem-based Planning) method, integrates SDI to promote
more dynamic and participatory marine governance [99]. The researchers developed a
Marine SDI with practical implementation guidelines, where GIS played a crucial role in
the management and analysis of the spatial data. Within the SDI framework, GIS was
essential for managing and analysing spatial data, ensuring interoperability to apply the
International Hydrographic Organisation’s (IHO) S-100 data model [99]. These works
highlight the strategic importance of SDIs in the maritime-port sector, demonstrating how
the integration of technologies such as GIS and standards like the IHO’s S-100 can optimise
geospatial data management, promote participatory governance, and expand access to
critical information for decision making.
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The relevance of SDIs in the maritime context can also be observed in several studies
on marine spatial data (marine SDI), in which the European Union’s Infrastructure for
Spatial Information in the European Union (INSPIRE Directive) was applied. These studies
analysed, for example, the detection of Ireland’s MSP [100], the effectiveness of the INSPIRE
Directive in sharing marine data that support MSP [101], the risks and vulnerability of
coastal regions to hurricanes [102], water chemistry in European maritime basins [103], and
mapping of underwater cultural heritage [104]. Additionally, research explored the adapta-
tion of the SDI concept, proposed by the INSPIRE directive, for maritime navigation [105].
In this scenario, GIS played an essential role in managing spatial information, contributing
to navigation safety and efficiency. A relevant example was the comparative analysis
of geoportals from Poland (Geoportal 2) and Italy (Il Nuovo Visualizzatore-Geoportale
Nazionale), which, despite the geoportals having good technical, organisational and legal
quality, the authors face challenges such as fragmentation and lack of data harmonisation,
limiting full interoperability in the European SDI [106]. Another case of Marine SDI imple-
mentation was in Croatia, developed in compliance with INSPIRE, which offers access to
high-quality marine spatial data via geoportal [35]. This study proposed a methodology for
prioritising thematic data (hydrographic, oceanographic, maritime and biological) within
the SDI, reinforcing the importance of stakeholder engagement to align the system with
user needs and ensure its effectiveness [35].

Marine SDI has emerged as a fundamental strategic approach for the integration and
management of geospatial data, based on international policies and standards such as
INSPIRE, United Nations Guide for Global Geospatial Information Management Standards
(UNGGIM), and Open Geospatial Consortium (OGC). The successful implementation of
SDI crucially depends on the harmonisation of protocols, active stakeholder involvement,
and the adoption of advanced technological platforms that enable the sharing and analysis
of high-quality geographic information across different sectors and regions. Despite its rele-
vance, this study identified a scarcity of publications specifically addressing the integration
between SDI and GIS in port management, based on the types of geographic datasets and
priority functionalities for interoperability among stakeholders such as port authorities,
concessionaires, and the external public.

3.2.2. GIS in the Maritime-Port Sector

The global maritime sector faces complex challenges, which include issues ranging
from traffic control, security, and geopolitical concerns to human rights and maritime pollu-
tion. In this context, the use of advanced technologies, such as GIS, has been fundamental
for the management and monitoring of these issues. In the case of maritime traffic monitor-
ing at the Port of Yeosu, South Korea, a pilot software “V-REMO” was developed based on
ship movement analysis using one of the existing approaches in GIScience, the RElative
MOtion (REMO) approach, for the visualisation of results on two-dimensional electronic
navigation charts [107]. GIS was fundamental in visualising ship movement patterns and
providing effective support to the maritime traffic control system [107]. In another study,
the Ship Navigation Information Service System (SNISS), GIS was also used as a real-time
visualisation platform for the Northeast Passage (NEP) Route in the Arctic [108]. Using
a 3D GIS platform and Big Earth Data (an earth observation data platform) in Cesium
software, SNISS provides intelligent and interactive navigation analyses, processing sea ice
and weather data in real time to optimise routes [108].

In the field of maritime safety, Chou et al. [109] analysed the integration of AIS data,
GIS, and e-chart (electronic maritime navigation chart) to identify the main causes of
maritime accidents in the port of Kaohsiung, Taiwan. The study showed that the synergy
of the three systems was efficient in revealing that most accidents occurred within the
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port’s jurisdiction area [109]. Studies conducted in China show that a GIS-based intelligent
algorithm optimised maritime traffic safety in the Bohai Sea, calculating relative positions
and probabilities of encounters between ships. This system, based on a traffic simulation
model, allows efficient management of maritime transport through scenario analysis [110].
Spatial analysis of data from the Global Integrated Shipping Information System (GISIS)
was also used to assess maritime accidents between 2010 and 2019, applying advanced
techniques such as density mapping and hotspot analysis [111].

In conflict contexts, QGIS was used as a visual tool to assess the impact of war on
the Al Hudaydah container terminal in Yemen, revealing the lack of reliable information
in some ports for monitoring port activities [112]. Additionally, AIS and GIS data were
useful for mapping the movement of fishing ships in Taiwan, aiming to identify situations
of forced labour and labour abuses [113].

In the environmental area, several studies explore the application of remote detection
techniques in identifying and tracking different types of maritime pollution. These studies
range from monitoring pollutant gas plumes from ships [114–117], through the detection
of oil spills on navigation routes [118–120] and garbage islands [121,122], to ocean water
quality [123,124]. GIS-based models were developed to mitigate the impact of shipping
emissions on dugong habitats in the Strait of Malacca and to assess pollution risks and
simulate sustainable navigation scenarios [125]. Based on the Ship Emission Scenario
Simulation Model (SESSM), which integrated AIS data, ship emission models, and GIS, they
were also essential for real-time spatial analysis and estimating emissions from maritime
traffic at the port of Keelung, Taiwan [126].

Based on these studies, GIS has played a fundamental role in driving energy transition
and promoting sustainability in the maritime sector, offering detailed analyses on moni-
toring, risk prevention, and improving safety in the maritime-port sector, as well as the
environmental impacts of port activity and maritime logistics. Through advanced mod-
elling and spatial analysis techniques, GIS enables the development of mitigation strategies,
providing stakeholders with a valuable decision-making tool for environmental impact
analysis and sustainability projections. GIS thus becomes a fundamental tool in guiding in-
vestments in clean technologies, green infrastructure, and low-carbon operational practices
in the complex maritime logistics ecosystem.

3.2.3. Web Tools for Geospatial Data Sharing

At the maritime-port interface, various studies have explored innovative solutions to
visualise, manipulate, and manage spatial data in response to the digitalisation of maritime
information, with emphasis on web-based tools that integrate stakeholders in shared
data ecosystems. In coastal planning, the integration of communities and stakeholders in
environmental and urban decisions has been accomplished through Public Participation GIS
systems (PPGIS). In Norway, an online PPGIS facilitates public participation in aquaculture
management [127], whilst in Australia (Kimberley), the system identifies coastal areas
vulnerable to climate change and prioritises conservation zones [128]. In the Gulf of Mexico,
PPGIS assists in raising awareness about environmental risks and developing adaptive
strategies [129]. In Naples, its integration with the InterACT methodology optimised
port-city planning, offering the port authority a collaborative platform with intuitive
spatial visualisation, capable of combining cultural preservation and strategic decision
making [130]. Kalyvas et al. [131] conducted a study to gather official sources of 19 classes
of online maritime geospatial data, whose free accessibility (96.3% of the datasets) reflects
the demand for transparency and collaboration in the sector. The study identified several
main applications, such as support for the maritime industry, environmental monitoring,
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ship tracking, nautical weather forecasting, navigation aid systems, port information, and
naval cartographic data.

SeaCharts is an open-source Python API designed for accessible and simplified vi-
sualisation and manipulation of Electronic Nautical Charts (ENC) along the Norwegian
coast [132]. The API allows programmable access to spatial data, improving autonomous
navigation and decision making by optimising GIS functionalities. SeaCharts offers 2D
functionalities such as polygon manipulation in-depth data, interactive control and simu-
lation (route planning, collision prevention and risk analysis) and route optimisation for
autonomous and remotely controlled ships [132]. Additionally, a GIS system was used
to manage electronic navigation service data, based on the IHO S-100 model. This plat-
form efficiently organises and shares large volumes of geographical data between ships
and land facilities, optimising performance through indexed data collections for internal
stakeholders [133]. Based on specialised solutions for nautical data manipulation, such
as SeaCharts and systems based on the S-100 model, WebGIS platforms have emerged as
strategic tools to democratise access to geospatial information in the maritime sector.

WebGIS has also been widely used in the maritime context as platforms for sharing
geographical information. These platforms use web technology for communication be-
tween a server and a client, offering an interface that allows users to visualise, integrate,
process, and analyse geospatial data [134]. With the use of interactive maps, different
users and organisations can share geographical data through computers, browsers, or web
applications [135,136]. WebGIS can be developed on various platforms, such as ArcGIS
Online, Carto, Mapbox, and GIS Cloud [137]. Several official websites of international port
authorities have made these platforms available to external stakeholders, providing access
to detailed interactive maps about the port area and activities, as is the case with Ports of
Paraná (Brazil) [138], Hamburg (Germany) [139], and Oslo (Norway) [140]. An additional
example is Greece, which has a WebGIS application developed in ArcGIS, integrated with
an electronic awareness platform for ship emergencies (ES.AVE), aiming to alert the pub-
lic on land about maritime pollution [141]. In Poland, the marine cadastre was entirely
composed of geographical data, which were integrated and disseminated through the
GeoServer server [142]. These examples highlight the growing importance of WebGIS as a
strategic tool for the efficient sharing of geographical information in the maritime sector,
promoting more collaborative and informed management of port and maritime activities.

Other work carried out by Fernández et al. [143] and Fernández et al. [144] stands out
as pioneering contributions to the integration of GIS in port data management platforms.
The integration of WebGIS with open-source computer architecture was essential for opti-
mising various operations, such as real-time monitoring of operations, data visualisation,
management of large volumes of information, and strategic decision support [143]. An
example of this is the GIS integrated into the Future Internet Platform (FIWARE) at the Port
of Las Palmas de Gran Canaria, which uses Big Data and IoT to optimise data management
and improve operational decisions. The SmartPort, developed with FIWARE, uses the
Glob3 Mobile (G3M) framework for interactive three-dimensional visualisation of real-time
port data [144]. Additionally, Markris et al. [145] developed an operational forecasting
platform (OFP) in WebGIS (Accu-Waves) to monitor and predict waves and sea conditions
in 50 international ports. The platform offers interactive GIS maps accessible to ships, with
forecasts updated every three hours and a three-day forecast for port basins [145]. These
examples illustrate how the integration of web tools in the port sector not only enhances
the visualisation and analysis of geospatial data but also contributes to more dynamic and
efficient port management. However, despite the advantages, these platforms may present
limitations, such as unstable versions, limited support, high costs, restricted access, and
challenges related to visualisation quality and ease of use.
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3.2.4. Implementation of Digital Technologies and Artificial Intelligence Models

In the integration of GIS into the port sector, DTs and IoT have improved efficiency,
automation, and interconnectivity in the maritime sector and have played a fundamental
role in improving operational efficiency, process automation and intelligent connectiv-
ity, promoting a more dynamic and interconnected port environment. In the context
of Industry 4.0, DTs enable the transformation of physical systems into detailed digi-
tal models, which, when combined with simulators and machine learning (ML), allow
for the prediction of failures and optimisation of operations in container terminals and
ports [46,146]. IoT has been widely applied in Maritime Monitoring Systems (MMS), op-
timising naval traffic management in exclusive economic zones (EEZ) [147], as well as
enabling satellite communication for monitoring and tracking refrigerated containers [148]
and contributing to risk analysis, vulnerability identification, and security enhancement
in port environments [149,150]. Recent studies have reviewed the impact of IoT in the
maritime sector and concluded that the Fourth Industrial Revolution, driven by IoT, AI,
big data analytics, and cloud Computing, has reshaped this industry [149–151]. In this
context, the integration of GIS with these technologies enables near real-time analysis of
large volumes of spatial data, enhancing port management through more precise forecasts,
process automation, and pattern detection. This advancement results in greater information
security, operation optimisation, improved interoperability, and increasing integration of
AI and ML, boosting efficiency and automation in the sector [152].

With the advancement of AI, machine learning models are gaining reliability among
stakeholders, as they are tools capable of processing and analysing different types of data
and interacting with various devices (interoperability) in a port environment [153]. ML is
capable of processing large volumes of data and multiple variables simultaneously, based
on learning, making it an essential tool for spatial data analysis [154]. In the maritime-port
sector, machine learning (ML) has been employed, especially when considering the growing
challenges in logistics data management and modelling, security, and sustainability faced
by modern ports. In the literature, ML has established itself as a tool that offers innovative
solutions to analyse complexity in management and significant opportunities to optimise
productivity, operational efficiency, and sustainability [155]. When integrated with GIS,
these technologies have shown to be a trend in various areas of port operations. Table 3
presents several studies that have applied GIS alongside machine learning, highlighting
the role of advanced computational techniques in optimising port operations, demand
forecasting, maritime risk assessment, and enhancing supply chain management.
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Table 3. Studies on GIS and machine learning in maritime logistics, focusing on port optimisation, forecasting, and risk assessment.

Study Objective [Reference] Models Used Key Findings and Impact

Investigate the logistical dynamics and competitiveness
of major Indian ports in container transportation [156].

Decision tree model with advanced GIS techniques to map the
hinterland port structure and dynamics.

Accuracy of 75.7% (error 0.243), identifying inter-port competition in
three dimensions: spatial distribution, cargo diversity, and shipment
variations. Reveals strategic connections between production
centers and logistics infrastructure.

Forecast demand and productivity at Dongjiakou Port,
China [157].

Grey model and principal component analysis to predict
throughput from 2021 to 2025.

High accuracy with deviations within ±5% until 2018. Significant
deviation (23.07%) in 2020 due to COVID-19. The grey model
demonstrated robustness and forecasts 72.9 million tons of cargo for
2025. GIS and spatial autocorrelation analysis link port growth to
economic development.

Predict port congestion in Shanghai, Singapore, and
Ningbo [158].

Deep learning model, long short-term memory (LSTM), an
advanced variant of recurrent neural network (RNN), and AIS
data, tested across four scenarios.

Shanghai exhibited the highest accuracy (RMSE < 6.26; MAE < 3.62),
demonstrating that incorporating data from other ports improves
long-term forecasting.

Intelligent decision support systems within the Brisbane
Port PCS (Australia) [159].

Geoprocessing in ArcGIS, Tabu Search algorithm, and
reinforcement learning in a multi-agent system for logistics
optimisation.

Cost reduction of >50% when all agents adhere to the solution. PCS
web integration optimizes the container supply chain in the
port hinterland.

Ship trajectory prediction to prevent collisions in the
Juan de Fuca/Georgia Strait (USA) [160].

Point-based similarity search prediction (PSSP),
trajectory-based similarity search prediction (TSSP), and
trajectory-based similarity search prediction (TSSPL) models
using LSTM to dynamically predict spatial distances.

TSSPL model reduced prediction error by up to 55.8% (for
10 to 40 min intervals), improving accuracy by leveraging
LSTM-estimated spatial distances.

Monitoring and classification of navigation patterns in
the Changhua Wind Farm Channel [161].

GIS integrated with machine learning algorithms logistic
regression (LR), decision tree (DT), K-nearest neighbor (KNN),
linear discriminant analysis (LDA), naive gaussian bayes
(GNB), support vector machines (SVM), random forest (RF),
and Xtreme gradient boosting (XGBoost).

XGBoost and RF achieved 97% accuracy in detecting anomalous
navigation behaviors, demonstrating the effectiveness of machine
learning in maritime analytics.

Short-term prediction of dry bulk cargo movement at
Port Hedland, Australia [162].

LSTM-based models: LSTM-Base (weekly cargo fluctuations in
similar ports) and LSTM-AIS (observed data at Hedland)

AIS-integrated LSTM improved accuracy (MAPE: 10.7%,
RMSE: 1.36) over baseline model (MAPE: 15.6%, RMSE: 1.88). GIS
played a key role in processing ship position data using Geohash.

Maritime traffic assessment using optical and radar data,
integrated into WebGIS and OSIRIS system [163]. RF classification using OpenSARShip dataset (Sentinel-1) Overall accuracy: 64%. Balanced accuracy per class: bulk

carriers 0.70, cargo ships 0.76, container ships 0.86, tankers 0.70.

Development of an online real-time maritime traffic
prediction system in the Gulf Intracoastal Waterway,
Texas [164].

LSTM model
Model implemented in a user interface, achieving high predictive
performance (R2 = 0.99, MAE = 0.0046). Further integration of
advanced ML techniques can enhance predictive capabilities.
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Table 3. Cont.

Study Objective [Reference] Models Used Key Findings and Impact

Maritime collision prediction and risk analysis [165].
RF algorithms for predicting critical passing distances under
multiple conditions (Puget Sound, Washington—Vancouver
Island)

RF validation model fit: R2 = 0.69.

Annual vessel accident and grounding prediction in the
UK [166].

GIS-based spatial risk models using LR, SVM, XGBoost,
and RF

RF achieved high accuracy (93%), excelling in collision risk
identification for commercial and recreational ships.

Spatial maritime risk modelling using DGGS for ship
grounding prediction in the US [167]. RF algorithm

RF effectively estimated high-risk grounding locations (R2 = 0.55,
MSE = 0.002). GIS-generated risk maps supported
mitigation strategies.

Maritime accident prediction using GIS-based analysis in
Fujian Sea [168].

RF, Adaboost, GBDT, Stacking model, LSTM, convolutional
neural network (CNN), SVM

GIS analysed AIS spatial distribution and accident patterns.
Classification accuracy: RF (0.77), Adaboost (0.75), GBDT (0.77),
Stacking (0.77).

Predictive models for ship safety monitoring during
Atlantic hurricane season (US) [169].

Historical incident, ship traffic, geographic, and metocean data
integrated via DGGS; models: LR, SVM, RF, XGBoost,
stochastic gradient descent (SGD)—optimized SVM,
multi-layer perception (MLP)

RF had the highest accuracy (0.99) and lowest false positives (7), but
lowest recall (0.29), missing many positive cases.

Marine ecosystem monitoring via ML-based oil spill
detection in the Persian Gulf [170]. SAR image classification (Sentinel-1) using SVM, RF, CNN RF classifier achieved high accuracy: 99.81% (kappa 0.99) in training,

86.01% (kappa 0.69) in testing, proving model robustness.

Supply chain dynamics analysis in Vietnam using
advanced ML simulation [171].

GIS-integrated artificial neural networks (ANNs), converting
geospatial data for supply chain analysis

ANN3 showed superior performance (RMSPE: 16.1%, MPE: 1.15%,
MAPE: 7.03%), confirming effectiveness in fuel consumption
prediction and sustainable navigation.
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The integration of technologies such as GIS, predictive models, machine learning, and
remote sensing has proven to be fundamental for resolving challenges in the maritime-port
sector. The combination of these technologies allows for the prediction of congestion,
optimisation of logistical flows, and development of customised solutions for green and
sustainable ports, considering local specificities [157]. Additionally, the use of models
such as LSTM for congestion forecasting facilitates operational planning, optimises in-
frastructure, and reduced costs [158]. GIS also improves logistical resilience, enabling the
visualisation of disruptions and vulnerability analysis, which contributes to faster and more
effective decisions [172]. GIS also improves logistical resilience, enabling the visualisation
of disruptions and vulnerability analysis, which contributes to faster and more effective
decisions [172]. Despite the advances, studies on the integrated implementation of GIS
across all sectors involved in the strategic and operational planning of maritime ports are
still lacking.

3.2.5. Challenges and Trends in Maritime GIS

The implementation of SDI and GIS in the maritime sector varies according to the
stage of digital transition and planning of each port, resulting in uneven technological
adoption [173]. In Greece, the main challenge in the marine SDI was in building common
understanding, consensus, and partnerships among stakeholders in the integration of ma-
rine information and data. Furthermore, difficulties with the integration of heterogeneous
data in different formats (printed and digital copies), fragmented and with different degrees
of quality (description and accuracy), and the dispersion of data across various institutions
caused delays and difficulties in data availability [98]. The absence of standard models
and procedures in geospatial data acquisition, coupled with the lack of adequate metadata,
the impact of the pandemic, and long data homogenisation processes, also hindered the
implementation of marine SDI [98].

The effective implementation of GIS depends on access to robust databases, especially
for handling real-time data such as storage, modelling, analysis and visualisation [33].
This implementation faces challenges due to the fact that GIS architectures are tradition-
ally optimised for static data, making their adaptation to dynamic phenomena more
complex [174,175]. The implementation of GIS in dynamic environments, such as port mon-
itoring, presents specific challenges such as the complexity in representing and analysing
multidimensional data in real time, integration of heterogeneous information from different
sensors with varied formats and protocols, and scalability limitations in processing large
volumes of data. Additionally, hardware and software restrictions impact infrastructure
costs and requirements, whilst interoperability problems and the need for technical training
hinder its adoption [143]. In 3D route analysis, difficulties were also faced in integrating
sea ice data in irregular grids, which cannot be displayed directly on 3D GIS platforms
such as Cesium software [108]. The diversity of formats and resolutions of these data made
analysis and visualisation more complex, whilst the high processing required by Big Earth
Data imposed significant barriers to real-time navigation. Additionally, 2D maps proved
to be inadequate for the Arctic due to area distortions and navigation difficulties. In this
challenging context, the 3D GIS of the SNISS platform was essential to optimise routes
with cloud computing support [108], demonstrating that three-dimensional solutions can
overcome some of the limitations inherent to traditional two-dimensional systems.

In commercial platforms such as ArcGIS Server, GeoMedia and WebMap, data interop-
erability continues to be a significant obstacle due to the diversity of geospatial models and
representations [176]. Effective information sharing in the maritime-port sector is hindered
by a combination of complex factors such as lack of knowledge about existing datasets,
intellectual property issues, pricing, and deficiencies in the structuring and availability



Sustainability 2025, 17, 3386 24 of 34

of metadata [150]. These limitations are intensified by incompatibility between different
technological systems, the absence of institutional incentives, organisational barriers such
as resistance to change and the lack of adequate guidelines for integrating different types of
data. Gourmelon et al. [177] emphasise that the integration of GIS with traditional maritime
monitoring systems requires a complete redesign to improve operational efficiency and
meet contemporary demands. This transformation is necessary in big data management and
in the development of dynamic and interactive platforms that can respond in real time to
the needs of the maritime-port sector. Despite these obstacles, when properly implemented,
this integration allows corporate data to be converted into georeferenced layers, enabling
sophisticated spatial analyses such as identification of distribution patterns, proximity
analyses and scenario modelling in interactive digital maps. This approach transforms the
way organisations and stakeholders visualise and interpret their strategic information.

These limitations manifest themselves in various practical applications. Fernández et al. [144],
when developing a big data management platform with FIWARE, identified limitations in
reliability, scalability and data processing speed to support the user interface. Similarly,
in maritime traffic simulation modelling, the intelligent GIS-based algorithm for finding
ships, which required a computationally intensive process with slow execution, limited the
application in scenarios requiring fast responses [110]. In another application involving
container terminals, GIS presented limitations in the availability and quality of input data,
such as high-resolution satellite images and precise navigation information for capturing
the mobility and content of cargo [112]. In this study, GIS was primarily restricted to spatial
occupation analysis, allowing geographical comparisons but not enabling direct analyses
in terms of TEUs (Twenty-foot Equivalent Units), a fundamental metric for efficient man-
agement of port terminals. In addition to technical challenges in terms of data protection,
the integration of geospatial technologies faces critical cybersecurity challenges, especially
in international contexts where systems with artificial intelligence operate under different
regulatory jurisdictions. Vulnerabilities include breaches in communication systems and
sensor manipulation, a situation aggravated by the lack of unified legal standards for
cross-border autonomous operations [178]. This scenario requires urgent solutions on three
fronts, such as international regulatory harmonisation, strengthening of cybersecurity and
development of resilient infrastructure to mitigate emerging risks [178].

Environmental analysis in the maritime sector requires qualified professionals to
manage the complexity of geospatial data integration, particularly given technological limi-
tations and the need for accurate and up-to-date information. In environmental monitoring,
challenges include obtaining reliable geospatial data and assessing the impact of nitrogen
dioxide (NO2) emissions from the maritime sector, which is hindered by the scarcity of
monitoring stations, especially in remote areas [114]. Additionally, ship emissions analysis
faces obstacles such as the need for specialised technical training, the unavailability of
updated data, and the limitations of GIS in considering dynamic factors like operational
costs and real-time weather conditions [126]. Similarly, Sentinel-1 SAR-based monitoring
has demonstrated limitations, as although it is effective in detecting oil spills, its accuracy
is reduced in adverse conditions such as fog and darkness, requiring complementary data
sources such as maritime traffic information [179].

Despite advancements in the integration of GIS into maritime data management sys-
tems, the complexity of maritime information systems still hinders improvements in data
analysis quality, security, and adaptation to technological innovations. There are limitations
in areas such as accessibility, visualisation, and spatial data manipulation, as well as a lack
of up-to-date and reliable information to support critical decision making in the sector. The
integration of efficient SDI and GIS is essential for expanding access to and the use of large
volumes of data, yet the literature shows little application in the port sector, particularly in
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the development of collaborative and integrative software for information transparency
among stakeholders, a crucial element for coordinated and efficient operations. Further-
more, legal and operational restrictions limit the effectiveness of these tools, highlighting
the need for technological and methodological advancements to optimise the monitoring
of maritime activities in an increasingly complex regulatory environment.

3.2.6. Future Perspectives of GIS in the Maritime-Port Sector

The literature review highlights the challenges in managing maritime information
systems, particularly regarding data quality, interoperability, and security, as well as adap-
tation to technological innovations. While SDIs and GIS are essential tools for efficiently
managing large volumes of data, there remains a significant gap in the development of
integrated and collaborative solutions that promote transparency and information sharing
among various stakeholders in the maritime-port sector.

Future trends point towards the development of tools more aligned with the sector’s
needs, aiming not only to enhance port management efficiency but also to drive a com-
prehensive digital transformation in the logistics and transport industries. This progress
extends beyond operational optimisation, contributing to environmental sustainability by
enabling more efficient processes and data-driven decision making, which are essential for
the sector’s modernisation and global competitiveness.

In this context, the integration of multi-criteria analysis (MCA) into decision support
systems emerges as a strategic approach for improving marine SDI planning and increas-
ing stakeholder engagement [101,109]. MCA allows for the simultaneous assessment of
multiple factors, optimising planning quality and ensuring that data are more useful for
all parties involved. As nearly all stakeholders are also data producers, adopting this
method aims to maximise the operational efficiency of marine SDIs at all stages of devel-
opment, ensuring greater coherence in information management. Additionally, studies
indicate advancements in data transfer rates and the usability of GIS systems, as well as
the implementation of predictive solutions and automated control, leveraging existing data
infrastructures [144].

In the maritime-port context, the enhancement of tools such as PPGIS for public
participation, intelligent algorithms for maritime traffic management, and models for envi-
ronmental monitoring represent promising fields. However, challenges remain, including
high computational time, issues related to scale and spatial resolution, and the need to
improve data reliability, particularly in complex scenarios involving security and con-
flicts. When visualising multiple simultaneous ship movements, maritime traffic control
operators must interpret data through clear and intuitive visual representations, which
are essential for quick and accurate decision making. Although AIS data are available in
real time, its integration with GIS, meteorological, and tidal information could enrich the
understanding of navigation conditions and maritime safety [107].

This study identified that integrating GIS with emerging technologies, such as artificial
intelligence and machine learning, can enhance pattern detection, risk prediction, and route
optimisation, always considering ethical and cybersecurity aspects in the collection and
processing of maritime geospatial data. Although the currently available data are not yet
sufficient to fully support European MSP processes, the application of INSPIRE is expected
to strengthen data interoperability in the coming years [101]. The integration of MSP plans
through national SDIs could improve planning coordination and minimise issues related to
data updating and consistency [101].

Another growing trend is the integration of GIS into management platforms, aligning
with the energy and digital transition that is fundamentally transforming the maritime-
port sector. This development strengthens the creation of innovative solutions that meet
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stakeholder needs, driving operational efficiency, safety, and decision making with envi-
ronmental sustainability in the logistics, transport, and mobility sectors. This evolution
represents not only an incremental improvement but a paradigm shift in how geospatial
data are utilised to optimise processes and promote more sustainable practices in the global
maritime industry.

4. Conclusions
The bibliometric analysis, conducted based on scientific articles from the past decade

on GIS and SDI in the maritime-port sector, provided a comprehensive overview of the
main areas of geospatial data application in the maritime-port sector. The statistics extracted
using bibliometrix revealed an annual growth rate of 8.59%, demonstrating an upward
trend in the adoption of geospatial technologies for risk analysis, operational efficiency,
and sustainable planning in the sector.

The thematic map analysis revealed that topics such as “GIS”, “spatial analysis”, and
“management systems” are highly relevant and well developed in the maritime-port sector,
playing a central role in research. Meanwhile, topics such as “accessibility”, “interoper-
ability”, and “environmental protection” show potential but still lack greater integration
and impact in the sector. Emerging technologies such as “remote sensing”, “artificial
intelligence”, and “risk assessment” are on the rise and are expected to become drivers of
innovation. However, assessment methods, although recognised, are still underexplored,
suggesting future opportunities, especially with the advancement of artificial intelligence.
Furthermore, the absence of the term “SDI” in the map suggests a possible gap in the
literature or its practical adoption in the maritime-port sector, reinforcing the need for
future research on interoperability and spatial data integration.

The bibliometric analysis revealed that, despite its strategic relevance, implementation
of the Marine SDI remains limited, especially in relation to its potential for interoperability
and integrated data analysis. GIS has been underused, being employed mainly for visuali-
sation and monitoring, with few studies exploring its integration into collaborative data
management platforms. Although it is essential for various applications in the maritime
industry, such as ship monitoring, global accidents and impact assessments, the potential
of GIS is not yet being fully utilised in port data management systems.

In future research, the authors intend to take a more comprehensive approach to
geospatial data management and information sharing between stakeholders in ports. In-
terviews with Port Authority representatives and experts in the field will be conducted in
order to investigate how geographic information is managed and which data are prioritised
in internal port management systems. The proposal aims to understand the different
hierarchical levels of visualisation of geographical components, both for the general public
and for internal port stakeholders. In this context, port websites will also be analysed as
initial points of access to information for external stakeholders, allowing an in-depth inves-
tigation into how these digital platforms can be used strategically to promote institutional
transparency. This approach shows great potential for optimising port asset management,
expanding levels of organisational transparency and contributing to port digital transition
analyses. It also supports environmental sustainability strategies and maximises value for
stakeholders and society in general.
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