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Preface

This collection of research articles covers innovative methods in and solutions to current

challenges aimed at improving the efficiency and safety of maritime operations. Motivated by

the urgent need for improved navigational safety, efficient port logistics, and robust cybersecurity

measures, this collection promotes a deeper understanding of these critical issues among researchers,

practitioners, and policymakers; yet, at the same time, it is available to a broad audience, including

marine engineers, naval architects, and maritime security professionals, providing valuable insights

that inform both academic discourse and practical applications in the current environment. I want

to thank the authors for their expertise and dedication and the reviewers for their critical insights,

which have enriched the quality of the articles. I would also like to thank the editorial team for their

support throughout the publication. I invite readers to engage with the research findings presented

here and hope they will inspire further

Marko Perkovic

Guest Editor
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Abstract: Considerable technological progress has been made in ship handling and mooring in recent
years, especially progress generated by the needs imposed by the introduction of ever larger ships.
These advancements exploit the economic scale and environmental efficiency of larger vessels, but
also present unique challenges, particularly in narrow waterways and harbour approaches. Precise
navigation in these environments requires highly accurate hydrographic measurements, high-quality
electronic charts, and advanced navigation systems, such as modern electronic chart display and
information systems (ECDIS). Safe and efficient port operations also depend on the optimised al-
location of port resources and comprehensive queuing strategies. Modern ships are increasingly
susceptible to interference with Global Navigation Satellite Systems (GNSS) and Automatic Iden-
tification Systems (AIS), necessitating the development of resilient technologies and procedures to
ensure navigational safety. In addition, climate change is exacerbating the challenges of ship handling
in ports, as larger vessels are particularly vulnerable to sudden gusts of wind and have difficulty
maintaining their position in the quay in strong crosswinds. Training and simulation are crucial to
overcoming these challenges. Ship-handling simulators are invaluable for training purposes, but
development is still needed to accurately simulate tilt and lean effects, especially when ships are
sailing in narrow channels with following currents and changing winds. Improving the accuracy
of these simulators will improve the preparation of seafarers for real-life conditions and ultimately
contribute to safer and more efficient ship operations.

1. Introduction

The increasing size of vessels has significantly heightened the complexity of maritime
navigation, particularly in narrow canals and port approaches [1]. These challenges include
the manoeuvrability of large ships, the limited space available in constrained waterways,
and the potential for significant economic and environmental repercussions in the event of
an accident [2]. Large ships require more space to turn and to slow down. The interaction
with the canal or harbour walls can create additional hydrodynamic effects, such as suction
and squatting, which complicate navigation [3]. Furthermore, berthing large vessels
is a critical challenge that requires precise coordination and control. The size of these
vessels means they have a larger windage area, making them more susceptible to wind
forces [4]. Additionally, tidal currents and other hydrodynamic effects can complicate
berthing operations. The limited space in ports designed for smaller vessels exacerbates
these issues, leading to increased risks of collision and grounding. Recent high-profile
incidents highlight the difficulties in handling large container vessels. In March 2021, the
Ever Given, a 400 m long container ship, was grounded in the Suez Canal, blocking one of
the world’s most vital maritime routes for six days [5]. This incident resulted in significant
economic losses and disruptions to global supply chains. Another notable incident occurred
in January 2022 when the container vessel Milano Bridge collided with a crane at the Port
of Busan, causing extensive damage to the container terminal and the vessel [6]. These
incidents underscore the need for enhanced navigational technologies, improved training
for ship handlers, and better infrastructure to accommodate the growing size of vessels.

To mitigate these challenges, several measures can be recommended; these include
implementing more sophisticated navigational aids, such as real-time monitoring sys-
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tems and automated docking technologies, upgrading port facilities to handle larger
vessels, utilising more robust berthing systems, investing in advanced simulation technol-
ogy for training pilots and skippers to improve their ability to navigate large vessels in
constrained environments.

2. Contemporary Challenges in Navigability and Mooring

The safe and efficient handling of large vessels is a major challenge, especially when
navigating in narrow channels (without tug assistance), in shallow waters, when approach-
ing ports, when positioning along quays, and remaining safely at berth in unfavourable
weather conditions. Ports often struggle to provide safe berths for large vessels exposed to
strong winds, surges and passing vessels and are often equipped with undersized bollards
and fenders. Precision positioning systems have evolved significantly, especially since the
Panama Canal mandated precision navigation sensors for all large vessels. Pilots around
the world now use high-precision equipment that is often superior to on-board systems.
Onboard equipment can be less reliable due to questionable gyrocompass-derived courses
and GNSS positions that are inaccurately aligned with the ship’s Consistent Common
Reference Point (CCRP). Given the availability of precision equipment on large vessels,
minimal investment is required to use it outside Panama—primarily a portable display and
licensing of electronic charts in critical areas are all that is required, which are relatively
low-cost solutions compared to the risks. However, even modern portable pilot units (PPU)
operating in real-time kinematic (RTK) mode are susceptible to technical errors such as
multipath interference and intentional jamming. Multipath interference occurs when GNSS
signals reflect off surfaces such as buildings, cranes, or other structures before reaching the
receiver, resulting in inaccurate position calculations [7]. To overcome the limitations of
GNSS-based systems and mitigate the multipath effects, researchers emphasise the need
for LiDAR measurements as a complementary technology (Contributions 1 and 14). LiDAR
scanners provide precise distance measurements between the vessel and the berth and offer
a reliable alternative in areas where GNSS-based systems are affected by multipath effects
or intentional interference. The researchers in [8] have developed an interface in which
numerical data measured by two distance-measuring devices mounted on a large ship
are visualised by a 3D model of Rviz to facilitate the docking of the ship for all associated
structures and actors, such as the quay, the pilot, and tug operators. This integration of
technologies can significantly improve the accuracy and safety of vessel positioning during
the berthing process.

The maritime sector is increasingly vulnerable to cyber threats that can severely com-
promise security, disrupt operations and compromise data security [9–12]. This research
looks at the pervasive cyber threats facing the industry. Specifically, it highlights vulnera-
bilities in satellite and GNSS systems, which are essential for navigation, and radio-based
AIS systems, which are used to identify and track vessels. These vulnerabilities can be ex-
ploited to manipulate ship positions or transmit false information, leading to navigational
hazards and security breaches. To counter these threats, this study highlights the urgent
need for robust cybersecurity strategies and technologies, including preventative measures,
advanced detection and response systems, and resilient recovery plans to ensure the safety
and integrity of maritime operations.

In relation to navigability, maritime autonomous surface ships (MASS) represent a
significant advancement in marine technology, offering improved safety, efficiency, and
sustainability in maritime operations. The development of MASS involves sophisticated
navigation systems, AI integration, and rigorous testing to ensure reliability and safety.
The gradual market adoption of MASS is driven by regulatory support, technological ad-
vancements, and the growing demand for innovative maritime solutions, paving the way
for a transformative impact on the global shipping industry. Addressing these challenges
through innovative methodologies, interdisciplinary collaborations, and continuous re-
search efforts is essential for the enhancement of the safety and security of MASS operations
and the effective mitigation of collision risks. Collision risk analysis faces key challenges
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identified in the existing literature [13–16], including the scarcity of historical data on
accidents, human factors such as coding errors and inadequate interfaces, cybersecurity
risks such as hacking and communication failures, complex system interactions, uncer-
tainty in autonomous operations and environmental conditions, and evolving regulatory
frameworks [17]. These challenges underscore the need for advanced methodologies to
address human errors, cybersecurity threats, system complexities, uncertain data, and
regulatory compliance in collision risk assessments for MASS, emphasising the impor-
tance of interdisciplinary approaches and continuous research efforts to enhance safety
and security in autonomous maritime operations. State-of-the-art methods include the
expert scoring approach based on fuzzy values to gather expert opinions, the noisy-OR
Technique for calculating conditional probabilities in Bayesian networks, the innovative
FTA-FBN model combining fault tree analysis and Bayesian networks for quantitative risk
assessment, the utilisation of machine learning algorithms, and the development of new
quantitative risk analysis models to address factors like equipment failure, cyber threats,
adverse environmental conditions, and even human factors.

The need for evolution of vessel traffic service (VTS) based on the maritime traffic
management (STM) vision is critical as maritime systems become increasingly complex and
the demand for real-time vessel traffic management increases exponentially. Future VTS
systems will require sophisticated data-driven solutions to process large amounts of data
from onboard sensors, AIS, radar and weather systems. Key functions include improving
operational efficiency and safety, predictive risk management, route optimisation, abnormal
behaviour detection, and compliance monitoring [18]. Integrating advanced technologies
such as AI, machine learning, and high-speed computing will enable next-generation
VTS to support fully automated ports and provide real-time data analytics and secure
communication over maritime 5G. With the increasing proliferation of autonomous surface
vessels, developing advanced VTMS will be essential for safe navigation and efficient traffic
management [19].

3. Published Articles

This collection of 15 scientific articles comprehensively explores various critical as-
pects of the maritime industry. Among these papers, two specifically tackle the intricate
challenges of docking increasingly larger ships in confined harbour basins. These studies
delve into innovative technical solutions, such as integrating AIS data with lidar measure-
ments and implementing reference points to enhance the efficiency and safety of docking
operations. Furthermore, a detailed analysis of the cognitive load experienced by marine
pilots during the demanding process of docking large vessels in severe weather condi-
tions sheds light on the human factors involved in maritime navigation. Additionally,
a study focusing on the impact of added mass on loading flexible dolphins underscores
the importance of considering structural dynamics in mooring infrastructure design. The
research on berth allocation and the quay crane allocation problem offers valuable insights
into optimising port logistics and resource utilisation. Despite the rapid technological
advancements in the maritime sector, the enduring relevance of paper navigational charts
is emphasised in a study highlighting that traditional charts will not be entirely replaced
despite the mandatory implementation of ECDIS in 2018. Traditional maritime practices
are further explored in a study investigating the use of magnetic compasses on ships and
the determination of residual deviation, showcasing the continued importance of funda-
mental navigation tools. Other notable papers in the collection address diverse topics
such as the influence of sloping banks on manoeuvring large vessels, the design of port
approaches using simulation-based methods, the utilisation of ECDIS for passage plan-
ning with a focus on the zone of confidence impact on cross-track limit determination,
the performance of satellite-based correction services for precise hydrographic surveying,
collision avoidance modelling employing fuzzy methodology, and an approach to accident
reconstruction based on real-world cases. This diverse array of research contributes signif-
icantly to enhancing our understanding of critical maritime operations, safety protocols,
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and technological advancements, ultimately shaping the maritime industry’s future. The
keywords connecting all 15 papers are the following: ship handling; docking and mooring;
precise navigation systems; ECDIS; hydrographic measurements; GNSS and AIS interfer-
ence; bank effects and squat effects; anti-collision; port resource allocation; maritime safety;
accident reconstruction.

Author Contributions

This Special Issue begins conceptually with an article addressing the complexities of
docking increasingly larger ships in confined harbour basins (Contribution 1); this study
focuses on technical solutions to enhance operational efficiency and safety. The contribution
lies in providing innovative approaches to tackle the unique challenges of large vessels
manoeuvring in restricted spaces, ultimately improving port operations and navigation
safety. The use of laser systems for distance measurement and speed control of ships as
well as for controlling angles of attack is well known in the tanker industry. Implementing
the distance measurement system is relatively simple, as the tankers always berth in the
same position, i.e., the ship’s manifold, which is located in the middle part of the ship and
is always aligned with the terminal’s connecting arms. The middle part of the ship’s hull
is always on the wall side, which means that the lasers are directed towards the parallel
part of the hull, as this simplifies all calculations and layout drawings. For container
ships, however, the situation is more complicated: there is no exact fixed location for the
ship’s berthing point; if the measuring devices are on the shore, the distances between the
shore and the final position of the ship are small (possibly below the expected minimum
offset), and if the lidars are mounted on the STS crane, they are subject to movement,
as they must be outside the bow and stern as the ship approaches, yet at the same time
away from the ship’s wings. The measurements must be very accurate, because with a
400 m long ship, even a small error in the angle of attack can lead to a completely wrong
perception of the situation and a collision with the STS crane. As the ship’s position
in the longitudinal direction is very difficult or impossible to determine with lidar in
the transverse direction, the authors initially proposed and developed the integration of
lidar measurements with AIS data, a system tested in the Port of Koper. An additional
docking setup was developed and implemented in the port of Świnoujście, where 3D
LiDAR technology is utilised. Scanning the bow, stern, and sides of the ship provides
vessel layout, position, and orientation without GNSS positioning and AIS dimensioning.
By utilising advanced algorithms (Random Sample Consensus—RANSC) and real-time
data processing, the information regarding the vessel’s orientation, minimum distances
to the ship’s side, berth, and bow/stern ramp, as well as wind data, calculated velocities,
and heading, is presented to the pilots through an onboard application. The designed
application communicates with a server via an LTE internet connection, providing real-time
updates and essential data for the pilots to make informed decisions during the docking
process of the Ro-Pax vessel.

Another vessel-independent berthing assistant system was developed using reference
points (Contribution 14), the approach suggested by marine pilots. The system defines a
Berthing Support Area (BSA) within which safe berthing is provided, and this area contains
reference points for perpendicular distance measurements at arbitrary positions. The
system includes at least three reference points per ship length, evenly distributed along
the quay to track a vessel’s bow and stern (based on Lidar measurements), allowing for
monitoring of the Rate of Turn (ROT) during the entire berthing process, even with steeper
and uncommon berthing angles. In this case, instead of the individual LiDAR spot reflection
echoes (which are handled in the sensors firmware), it calculates the perpendicular distance
and approach speed from the quay to a vessel’s hull based on a set of LiDAR spots. Based
on the working principle of LiDAR, the first echo is used as the output distance. Changes
in the distance are used to calculate a vessels’ velocity and acceleration relative to the quay.
Additionally, it provides data not only to the vessel’s pilot but also to the tug masters,
improving coordination between the vessel and tugboats while assisting the vessel when
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necessary, and providing warnings for high approach speeds or high rates of turn. The BSA
was implemented at a berth in Wilhelmshaven, and a test campaign verified that the system
meets pilot-derived requirements and complies with IMO Resolution A.915(22) [20].

This edition contains an additional article on the mooring of ships, in particular
tankers, to flexible mooring dolphins (Contribution 8). This study raises the critical question
of how additional mass during mooring affects a particular type of ship. The research
aims to understand the dynamics and loads that flexible dolphins are subjected to as shock
absorbers during the mooring process by investigating the hydrodynamic effects of the
ship. The key achievements of the study include simplifying the mathematical model by
approaching the zero-frequency limit and focusing on pure rocking motions in a three-
dimensional study using the strip theory approach. The study also uses conformal mapping
with Lewis mapping for the ship geometry to analyse the flow around the ship. The study
definitively contributes to improving the safety and efficiency of mooring operations for
different types and sizes of tankers by emphasising the importance of considering the effects
of additional mass and provides a theoretical framework for estimating these effects using
advanced hydrodynamic modelling techniques, thus improving the overall understanding
of ship–anchorage interactions. The author concludes that the values of added mass are
very high and must always be taken into account in the load analysis of flexible dolphins,
which is particularly important when increasingly large tankers call at existing terminals
whose dolphins are already severely deteriorated. The berthing forces must be known and,
if necessary, controlled by the docking system described above.

The exact positioning of the ship is undoubtedly important, but so is the accuracy of
the hydrographic measurements. Contribution 2 deals with the accuracy and performance
of satellite-based correction services, particularly Trimble PP-RTX technology and GNSS
virtual reference stations for hydrographic surveying. This study aims to assess how these
techniques meet the minimum standards for hydrographic surveys set by the International
Hydrographic Organization (IHO). A three-hour session in Sharm Obhur used the hy-
drographic vessel KAU to achieve this goal. A variety of equipment was used during
the data collection, including the Trimble SPS855 GNSS receiver at the base station, the
Kongsberg EM 712 multibeam echosounder for bathymetry data collection, the Valeport
sound velocity profiler for sound velocity measurements, and the Applanix POS MV for
position and orientation solutions. Real-time PP-RTX corrections were used during the
session. In addition, virtual GNSS reference station (VRS) data were generated using the
Kingdom of Saudi Arabia’s Continuous Operation Reference Station (KSA-CORS) network.
The study results include evidence that both the PP-RTX and VRS methods meet the IHO
minimum standards for hydrographic survey tasks, with THU and TVU values within
the acceptable range at a 95% confidence level. Statistical analysis of the differences in the
seabed surface underpins the accuracy and reliability of these methods for hydrographic
survey applications.

The next paper (Contribution 3) is a review study, which ties in with the previously
processed bathymetric data and discusses electronic maps, the ECDIS system, and navi-
gation. In particular, the effects of the zone of confidence (ZOC) on the determination of
the safety parameter Cross Track Limit (XTL) in electronic chart displays and information
systems (ECDIS) for voyage planning are examined. Maritime safety can be improved
by understanding how the quality of chart survey data affects the determination of XTL
values, which play a crucial role in determining the safe distance between a vessel and
potential hazards. The review involved evaluating the navigational procedures of different
shipping companies to identify variations in XTL determination practices and the potential
risks associated with subjective XTL settings. Through a detailed analysis of the XTL
determination practices of different shipping companies, the research aims to define a
method for determining the XTL that is consistent with predefined criteria and improves
the situational awareness of navigators. The results reveal significant differences in XTL
reporting practices, emphasise the importance of accurate XTL values to avoid navigational
risks, and provide insights that should lead to improvements in the training process for
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interpreting safety parameters on ECDIS screens. The methodology used in the study
includes a thorough review of the existing literature on ECDIS safety parameters and
voyage planning, an analysis of groundings related to the underutilisation of XTL, and a
survey of shipping professionals to collect data on the practice of XTL determination. The
authors suggest that the actual determination of XTL by experienced navigators provides
material for future research to analyse the established routine among mariners. A detailed
understanding of the interpretation of safety parameters by navigators has the potential to
change and improve the training process.

The content of Contribution 4 profiles the stress of officers on watch during simulated
navigation tasks, focusing on collision avoidance manoeuvres. The goal of this research
was to quantify stress and cognitive load using biometric markers such as pupil diameter,
heart rate, electrodermal activity (EDA), and wrist acceleration. By collecting and analysing
this physiological data, the researchers aimed to understand how high cognitive load and
stress can affect the decision-making and performance of shipmasters, potentially leading
to navigational errors and accidents at sea. This study highlights the importance of devel-
oping a mathematically based model that uses machine learning algorithms to accurately
identify and quantify cognitive workload. The results of this study provide insights into
participants’ cognitive processes and the psychophysical states of the participants and
lay the foundations for future large-scale experiments to further validate the results and
develop practical applications to improve safety at sea. The methods used in the study
included a combination of quantitative and qualitative approaches supported by machine
learning algorithms to analyse the biometric data collected during the simulation.

Contribution 5 examines the cybersecurity landscape in the maritime sector, particularly
on the vulnerabilities and risks associated with satellite navigation systems such as AIS
and GNSS, especially GPS, as one of the most commonly used constellations in maritime
transportation. This paper aims to raise awareness of the potential cyber threats to the
maritime industry and provide insights into practical research on an AIS spoofing event,
such as that analysed near the island of Elba. The paper’s accomplishments include
identifying the main cyber challenges in maritime shipping, emphasising the need for
improved cybersecurity measures, and formulating recommendations to improve the
security of shipping systems. The authors conducted a systematic literature search for
documented guidelines to achieve these goals. Databases such as Scopus, Web of Science,
and Google Scholar were searched for relevant documents on cyber and cyber security in
shipping. This article suggests that manufacturers can improve the cybersecurity of their
products in the maritime industry by taking several important steps. First, it emphasises
the importance of changing attitudes toward cybersecurity and devoting more attention
and resources to this critical aspect of maritime operations. Manufacturers are advised
to focus on improving the security features of their ship systems to avoid vulnerabilities
that could be exploited by cybercriminals. In addition, this article recommends conducting
training and refresher courses for ship crews to ensure they are equipped to deal effectively
with cyber security challenges. Contingency plans for worst-case scenarios should be in
place and alternative modes of operation should be considered to maintain safe and reliable
operations in an insecure cyber environment. In addition to this, the article highlights
the need for manufacturers to work with national defence forces to explore alternative
positioning, navigation and timing (PNT) systems that can complement GPS or serve as a
backup to reduce reliance on a single vulnerable system.

The main objective of Contribution 6 was to investigate the impact of the introduction
of electronic chart display and information systems (ECDIS) on the skills and preferences
of navigators, particularly in comparison to traditional paper nautical charts (PNC), with a
focus on improving navigational safety in shipping. The researchers analysed navigators’
opinions on ECDIS and PNC, identified potential challenges in transitioning from PNC to
ECDIS, and suggested ways to improve cybersecurity and safety in shipping. Navigators’
acceptance and understanding of ECDIS is crucial in ensuring safe navigation practices. If
navigators positively evaluate and master ECDIS, this can lead to better situational aware-
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ness, better decision making and more efficient route planning, ultimately contributing to
safer navigation. On the other hand, errors, misinterpretation of data, and potential safety
risks can occur during navigation if navigators have a negative opinion or are not suffi-
ciently trained in the use of ECDIS. The research used a combination of methods, including
international questionnaires to gather feedback from officers and other stakeholders and a
human–machine interface (HMI) survey. These tools provided valuable insights into seafar-
ers’ experiences, preferences and challenges in using ECDIS and ultimately contributed to
developing training processes, curriculum improvements, and practical recommendations
for the maritime industry.

It is well known that ship collisions are still one of the main causes of total losses and
loss of life at sea. In this context, a multi-parametric ship collision avoidance decision model
using fuzzy logic is proposed in Contribution 7 to improve collision avoidance planning
in maritime navigation. This paper presents an improved decision model that uses fuzzy
logic to calculate heading changes based on four parameters, improving the current tool for
trial manoeuvres in ARPA radar systems. The advantage of fuzzy logic lies in generating
decisions based on imprecise data that mathematical notation cannot describe because
the data are expressed in language. Fuzzy logic imitates the human way of thinking,
which can solve complex tasks that can also be subject to major uncertainties. The model
is designed to consider both the avoidance direction and the minimum course change
according to the COLREG rules, thus ensuring safe overtaking distances and efficient
manoeuvring sequences. The authors used a database of correct solutions from manual
radar recordings to develop the fuzzy parameters and rules, presenting a novel approach
to collision avoidance decision-making. The study applies methods based on fuzzy logic
to enable complex decision-making in uncertain and dynamic maritime environments,
ultimately contributing to improved navigation practices and reduced collision risks at sea.

This time, with Contribution 9, the fuzzy approach was presented to enhance logistics
at the quay, presenting a fuzzy optimisation model that deals with the berth assignment
problem (BAP) and the quay crane assignment problem (QCAP) in multiple quays, consid-
ering the uncertainty of ship arrival times. Quay utilisation can be improved by efficiently
allocating berths and cranes to arriving ships, considering imprecise arrival times repre-
sented by triangular fuzzy numbers. The main outcome of the research is developing a
robust berthing plan that accounts for both early and late arrivals while efficiently allocating
resources such as quay cranes. The model was implemented using the CPLEX solver, a
powerful optimisation tool that allowed researchers to quickly obtain optimal solutions for
minor instances. However, the behaviour was undefined for ‘medium’ instances, and for
‘large’ instances, no solutions were found within the given processing time. This suggests
the model may have scalability issues with more vessels and complex scenarios, leading to
computational challenges and potentially longer processing times.

In modern electronic navigation, which can easily be disturbed and distorted, knowl-
edge of traditional navigation methods and aids has regained importance. The main
purpose of Contribution 10 is to analyse the cyber challenges faced by maritime navigation,
focusing on the importance of the magnetic compass as an aid despite the proliferation of
electronic compasses and satellite systems. This paper aims to show that the magnetic com-
pass needs to be regularly adjusted and compensated to ensure its reliability under different
conditions. The researchers conducted a study that included practical compensations of the
magnetic compass at sea and a survey of navigation officers to gain insights into the current
use and requirements for proper use. Methods used in the study included closed-ended
questionnaires with predefined single-choice answers to categorise respondents’ profiles
and collect data on their knowledge and practices related to magnetic compass deviation
verification and compensation. The survey was distributed online to 320 navigation offi-
cers, with 123 responses collected and verified through face-to-face interviews or email
correspondence with a select 10% of respondents. Using this methodology, the paper
provides insights and recommendations to improve the compensation and use of magnetic
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compasses in maritime navigation to address the cyber challenges associated with modern
navigation technologies.

Another aspect of this Special Issue concerns the design of ports and waterways. The
main objective of Contribution 11 is to demonstrate the effectiveness of real-time simulation
methods for ship manoeuvres in planning port approaches, focusing on the modernised
port of Ustka in Poland. This study aimed to determine the optimal approach and break-
water solution for a general cargo ship, considering various parameters such as ship
dimensions, propulsion systems, waterway safety parameters and navigational conditions.
By using simulation methods, the study successfully determines the safety conditions for
port operations, including manoeuvring procedures when entering, berthing, casting off,
and turning, for different types of ships. The main achievement of the work is that it demon-
strates how simulation methods can streamline the design process, reduce time-consuming
testing and improve the overall efficiency of port infrastructure development. This study
introduces a two-stage methodology, including the innovative “soft-bank” approach, to
speed up the research while maintaining the accuracy of the results. The authors used
simulation software and a limited-task simulator to conduct multiple simulation experi-
ments under different hydrometeorological conditions to ensure the statistical variability
and reliability of results. By following a systematic approach and considering factors
such as ship size limitations and port infrastructure constraints, this study provides valu-
able insights for optimising port-planning strategies and improving navigational safety in
port operations.

This Special Issue’s theme is also directly related to shipping and handling many ships
on canals and in other restricted areas. The highly publicised Ever Given disaster, which
brought one of the most important flows of goods in maritime traffic to a standstill for a
whole week, also occurred during this period. In this paper, the researchers (Contribution
12) analysed the effects of embankments on the trajectory of container ships. They proposed
minimum distances that could reduce the forces acting on the embankments, ultimately
reducing the risk of ships running aground and increasing the safety of shipping traffic. This
study focuses on the influence of sloping banks, addressing a critical aspect of navigation
in narrow waterways such as the Suez Canal, where bank effects can significantly influence
vessel behaviour. Using simulation tools (Full Mission Navigation Simulator) and methods,
the study assessed the impact of bank effects on vessel trajectories and suggested specific
distances that could help minimise these effects, which in turn contributes to improved
safety measures in navigation. Specifically, a container ship model was used, representing
a 347 m long and 43 m wide ship with a draught of 14 m. The fairway was inclined at a
ratio of 1:4 to simulate the banks of the Suez Canal, with the canal depths set to 1.2 and
1.5 times the ship’s draught. The simulations focused on one side of the fairway, as the ship
only approached one side of the canal. The weather, sea conditions, and sea current were
set to zero to isolate the effects of the sloping banks. The distance from the shore (d) was
varied from 50 m to 10 m at 10 m intervals, and three different speeds were tested: 10, 7.5,
and 5 knots. During the simulations, the steering was set to networked autopilot mode
with track control. The rocking force caused by different shore types at different vessel
speeds and distances from the shore was analysed, and it was found that the rocking force
increased with higher vessel speed and steeper shore inclinations. It was confirmed that
the maximum rocking force occurred at a smaller distance from sloping shores compared
to vertical shores, indicating the importance of the distance under the keel in mitigating the
effects of shores on the ship’s trajectory.

The last original article in this Special Issue deals with accident analysis. In Contri-
bution 13, a specific incident on a city ferry in the port of Świnoujście is analysed using a
modified causal model. This paper develops guidelines for improving the safety of ferry
crossing and evaluating the accident analysis model used. The study’s achievements in-
clude uncovering a communication problem between stakeholders that complicates safety
improvement models and providing insights into broader issues related to organisational
management and design flaws in complex socio-technical systems such as maritime trans-
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port. Various calculations were conducted in the research, including determining anchor
holding force coefficients, calculating anchor holding forces using classical and modified
relationships, analysing load forces of chains by ships, assessing anchor stability through
friction coefficients, estimating aerodynamic and hydrodynamic forces from wind and
current, evaluating emergency engine thrust, and analysing forces on ships with increasing
chain length and wind speed to recommend optimal anchoring practices. Using causal
models enables a comprehensive understanding of the factors contributing to accidents,
including human error, organisational management problems, and design flaws. By ad-
dressing these causes through improved accident investigation techniques, the research
provides valuable insights that should lead to improved safety measures in maritime trans-
portation systems. Implementing the findings and recommendations from this study can
help prevent similar accidents in the future, ultimately leading to a safer and more secure
maritime environment.

The last article (Contribution 15) belongs to the category of review articles that provides
a comprehensive overview of the factors that influence the manoeuvrability of ships in
difficult conditions, such as shallow and narrow waters. The authors investigated predic-
tion methods and model development strategies that can improve the understanding and
prediction of vessel performance in these environments. This goal was achieved through
a thorough literature review and analysis of relevant studies from Scopus, WOS, and Sci
Direct databases. The authors followed a systematic approach according to PRISMA guide-
lines, which included steps such as identification of research studies, screening, assessment
of eligibility and detailed analysis of selected studies. Various tools and methods were
used, including bibliometric analysis, visualisation of keyword networks and assessment
of research studies based on credibility, substantive relevance, and research validity. The
review discusses various prediction methods and model development strategies, starting
with the captive model testing method, in which tests are conducted in controlled environ-
ments such as towing tanks to measure the rocking force and yaw moment, which provide
insight into the hydrodynamic forces acting on the ship. It also explains the computational
fluid dynamics (CFD) method of simulating the flow around the hull, rudder, and propeller,
which allows for the prediction of hydrodynamic forces and ship behaviour under different
conditions. Finally, it describes system identification techniques that analyse data from
ship trials or model tests to determine the mathematical models that best represent the
manoeuvring behaviour of the ship. By fitting mathematical models to experimental data,
researchers can predict the ship’s response to various steering inputs and environmental
conditions to better understand the ship‘s manoeuvrability. These methods contribute to
improving ship design, operational procedures, and safety measures in difficult waters. In
addition, the authors emphasise the importance of bridge simulator training as a mandatory
program for seafarer training to improve the understanding of ship manoeuvring, both for
crewed ships and maritime autonomous surface ships (MASS).

4. Outlook Research

Climate change and the impact of ships on global warming are important issues today.
Engine manufacturers and ship owners are working diligently to introduce clean fuels. In
this transition phase, reducing propulsion power is an effective solution [21]. To support
these efforts, the IMO has introduced the Energy Efficiency Index (IEEX) for existing ships,
which aims to reduce pollution through the shaft power limiter (SHaPoLi), or engine power
through a limiter (EPL) [22]. The EPL solution is relatively simple and inexpensive and
causes minimal disruption to vessel operations; it is a mechanical stopper for limiting
the fuel index. The IMO has even stipulated that the power limitation system can be
overridden if necessary to ensure the safety of the ship and crew. This override must,
however, trigger an alarm and be recorded in the vessel’s Onboard Management Manual
(OMM). Furthermore, the vessel’s flag state (or its representative) and the relevant port
authority must be notified immediately. However, in the real world, some EPLs cannot be
easily removed (mechanically controlled engines), as seen in some installation photographs
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(Figure 1), raising concerns about whether skippers have sufficient power when needed.
New ships are already fitted with engines of significantly lower power, larger propellers
that turn more slowly to make propulsion more efficient, and smaller rudders.

Figure 1. Engine power limiter of a mechanically driven type engine (changing a set of governor’s
fuel index).

Pilots in the Suez and elsewhere have complained of insufficient jet speed at the rudder,
highlighting the need for a power boost (kick) when entering zones of bank effect. This sce-
nario requires further research into manoeuvring in difficult conditions, such as crosswinds,
currents, and narrow winding channels, especially for less manoeuvrable ships.

Figure 2 illustrates the standard maximum continuous rating (SMCR) of engines
installed on container ships up to 10,000 TEU (green polygon), along with projections
for larger mother ships during the short-term development of container vessels up to
14,500 TEU (orange), and eventually up to 18,000 TEU (red) [22]. It also shows that modern
vessels exceeding 20,000 TEU (such as the Ever Given) are powered by engines with less
than 60,000 kW, which is comparable to the engine size of ships built 10 years earlier, whose
capacity (expressed in TEU) was approximately three times smaller, as indicated by the
dashed arrow.

The following equation gives an estimate of the speed of the efflux velocity Vo as a
function of the applied engine power (P), the diameter of the propeller Dp and the density
of the sea [23]. The lower the propulsion power and the larger the propeller, the lower the
velocity of the jet inflowing to the rudder, which leads to a ship‘s reduced manoeuvrability:

Vo = 1.48

(
P

ρwD2
p

) 1
3

(1)
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Figure 2. Main engine propulsion power vs. vessel size expressed in TEU.

Maritime simulators are ideal for training in crisis procedures and general ship man-
agement. With recent power failures and accidents involving large ships, especially
those with high-voltage systems, more investment is needed in fully integrated simulator
training, including simulators for ship handling, engineering, and possibly VTS (Vessel
Traffic Services).

Research into introducing new electronic charts and modernising ECDIS is also highly
topical. The transition from existing ECDIS systems to the new S-100 ECDIS, as called for
in Resolution MSC.530(106) [24], risks incompatibilities, technical upgrades, data interop-
erability issues, training needs, and compliance issues. Ensuring seamless compatibility,
technical readiness, data consistency, adequate training, and regulatory compliance is
critical to mitigating these risks and successfully transitioning to the updated electronic
chart display and information systems.

The slow uptake of e-navigation services should also be mentioned. Technological
solutions (VDES) for the transmission of extended data volumes are already available and
software solutions both on the side of VTS centres and on the side of ships’ ECDIS systems
allow the implementation of maritime traffic management (STM), which undoubtedly
contributes to greater safety at sea and more efficient operation of shipping companies. The
communication system is also more resistant to intentional interference, a daily occurrence
with AIS systems today.

Maritime safety is also highly questionable concerning illegal oil transhipment; the
dark fleet operates virtually without restrictions, and jamming and spoofing of GNSS
signals is commonplace and poses a major security threat. The maritime pilots in Suez
are virtually without GNSS support, solutions are being sought, and a highly accurate
ground-based timing system should be considered to support technological applications
and provide services when space-based signals are unavailable.

Finally, the recent attacks by Yemen‘s Ansarallah, or Houthi, fighters should be men-
tioned, as they have significantly impaired maritime safety, especially in the Red Sea. Since
November last year (2023), the Houthis have intensified their campaign against commercial
shipping, attacking dozens of vessels believed to be either bound for Israel or in any way
associated with Israel. These actions have caused significant disruption to global trade
routes with major shipping companies [25]. The Houthis attack ships using a variety of
methods, including rockets, drones, mines, and boats loaded with explosives. Researchers
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can contribute some insights and innovations to improve security, such as developing AI
tools for detection, exploring satellite-based surveillance, and developing risk assessment
models, but without diplomatic efforts to resolve the conflict in Palestine/Israel coupled
with international support to rebuild and stabilise the region, the incentives for such attacks
will only increase.
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10. Androjna, A.; Belev, B.; Pavic, I.; Perkovič, M. Determining Residual Deviation and Analysis of
the Current Use of the Magnetic Compass. J. Mar. Sci. Eng. 2021, 9, 204. https://doi.org/10.339
0/jmse9020204.

11. Łazuga, K.; Quý, N.M.; Gucma, L. Cost-Effective Design of Port Approaches Using Simulation
Methods Based on the Example of a Modernized Port in the Ustka. J. Mar. Sci. Eng. 2021, 9, 211.
https://doi.org/10.3390/jmse9020211.

12. Baric, M.; Mohovic, R.; Mohovic, D.; Pavic, V. The Simulation of Sloped Bank Effect Influence on
Container Ship Trajectory. J. Mar. Sci. Eng. 2021, 9, 1283. https://doi.org/10.3390/jmse9111283.

13. Gucma, L.; Androjna, A.; Łazuga, K.; Vidmar, P.; Perkovič, M. Reconstructing Maritime Inci-
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Abstract: The berthing of an ultra large ship is always a difficult issue and becomes yet more complex
when vessels must be handled in restricted manoeuvring areas of limited depth, exposed to a forceful
crosswind, or manoeuvring in a strong current, or all three. The final approaching manoeuvre
and precise positioning is particularly demanding at container terminals where many STS cranes
are located along the quay, seriously limiting margin for error in the process of mooring a ship,
especially when the cranes are located nearby a bridge wing or at the very edge of the pier. In order
to avoid collisions, the final manoeuvre (side-push) must be fully controlled; the ship’s orientation
must be parallel with the quay while maintaining the minimum lateral approaching velocity without
significantly shifting the vessel longitudinally. The mooring of a Ro-Ro vessel is occasionally even
more challenging: a precise docking manoeuvre is normally executed without any towing assistance.
In this paper low cost laser-based berthing and docking systems developed for the ports of Koper
and Swinousce are presented and several berthing manoeuvres are analysed and compared with the
most commonly used GNSS-based navigational aid system portable pilot units (PPU).

Keywords: container ship; precise positioning; portable pilot unit; gyro error; container terminal;
berthing and docking; LiDAR scanner; STS crane

1. Introduction

Every port represents its own set of challenges to provide safe navigable waterways along with
properly designed harbour approach channels [1]; adequate basin area available for manoeuvring and
wharf approaching [2]; and guaranteeing completely safe berthing for particular ships for the duration
of their stay [3]. Adverse weather can render even a well-designed mooring facility unsafe, but as
long as the ship can safely leave the port or is carefully monitored while moored, such a port may
still be considered safe. Ordinary good navigation and seamanship will not render a port unsafe [4].
This paper focuses on near shore vessel positioning required for safe berthing or docking, as well
as monitoring vessels moored alongside. In berthing and unberthing situational awareness in the
surrounding area is essential for the pilots and masters in order to take appropriate actions especially
at the final manoeuvring stage where the speed of approach, distance, and angle of attack must be
precisely determined. At the end, every vessel meets the berthing wharf, transferring a significant
amount of energy, mostly depending on the ship’s speed and its displacement tonnage [5]. It is obvious
that the approaching speed must be controlled to avoid damaging the ship’s hull, fenders, and other
elements of berthing infrastructure.

According to the British Standard [6], risk reduction measures can consist of equipment installed
on board the ship or at the berth. Such equipment could be either installed at shore with display units
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visible from the ship’s bridge, or Portable Pilot Units (PPU) used on board the ship [7]. Various levels of
awareness can be obtained from a PPU, which is currently used in many ports. It is a computer-based
system that a pilot brings onboard a vessel to use as a decision-support tool for navigation, docking
procedures or lock entry [8]. The unit is interfaced with either vessel positioning and heading sensors,
or it may have its own advanced sensors providing centimetre position accuracy (less than 2 cm RMS
when L1/L2 RTK GNSS service is available) and heading precision up to 0.01 deg. An advanced
system is commonly used at LNG terminals and when other sensitive operations like the handling of
very large vessels, narrow passages, side-by-side mooring and locking are involved in the process.
PPU systems are definitely useful and highly recommended for pilots when handling vessels in the
“ballistic” manoeuvring phase and during the final “side-pushing” or “positioning” phase when the
elements of global satellite-aided positioning system (GNSS) are not obstructed and when the pilot has
enough time to properly set-up the advanced PPU system; i.e., fill in receiving antenna positions (in
body fixed coordinate system) and identifying the ships gyro heading offset, if possible.

At some locations, such as the port of Koper, the approaching and berthing pilotage phase is
extremely short, so there often is not enough time to set-up an advanced PPU system (pilots sometimes
execute more than 10 manoeuvres in their 12 h shift). Even so the GNSS satellite signal may be
obstructed or redirected in certain navigational areas, thus consequently ordinary PPU based on
ship’s Automatic Identification System (AIS) does not always provide reliable data. Precise vessel
position, transversal speed, and vessel-approaching angle are of great importance for safely berthing
large container vessels particularly when inadequate fenders await and ship-to-shore (STS) cranes
are near. The greatest pressure currently on ports is “Scale Enlargement,” a euphemism for the
incessantly increasing size of vessels along with the extreme pressure put on ports to accommodate this
phenomenon. The rapid increase in ship sizes forces ports into a state of virtually constant adjustment.
Container vessels are the best example of ships that grow faster than ports [9,10]. As early as 2004 an
article warned of berthing challenges that would arise with ever bigger container ships; two particular
challenges would be that they become more difficult to handle, and, worse, it would be difficult, at
times impossible, to see the side of the quay once up close [11].

In recent years the cargo throughput in the port of Koper has averaged an annual growth of
8% with container growth as much as 16% yearly without an increase in the number of vessel calls.
Management of this throughput was made possible by dredging activities and pier extension, allowing
for the reception of larger vessels. Figure 1a depicts the evolution of the size of container ships calling
at Koper in the last decade. The size doubles whether expressing deadweight tonnage (DWT) or Gross
Tonnage (GT). When one of the larger vessels is alongside even minor yawing or list can cause contact
with STS cranes, with catastrophic results. The extremely small gap between ship and crane is evident
from Figure 1b.

  
(a) (b) 

Figure 1. Evolution of the size of container ships calling at Koper (a) and ship-to-shore (STS) crane
close proximity (b).

16



J. Mar. Sci. Eng. 2020, 8, 346

The largest cranes, necessary for the largest vessels, must be fitted on the extant rails, which were
designed, originally, to provide a safe distance between the vessels and cranes. This is not speculative,
as one can see from the disastrous events of Figure 2 and Table 1, all occurring in 2019. Each of these
collisions had a major impact on the port, aside from the already significant cost of replacing the
damaged cranes. The port, at least near the incident, closes, the replacement can take up to a year, and
of course operators may find an alternative port in the meantime.

 
          (a) (b) (c) 

Figure 2. Container ship/crane collisions (a) with bow; (b) stern and (c) ships’ bridge wing.

Table 1. Container ship/crane accidents in 2019.

Date and Location Vessel Name and Capacity/Size Accident Description

2019/01/28, Vancouver, C/S “Ever Summit”, 78612 dwt,
7024 TEU, 300 × 42.9 m

Berthing: while a ship was pushed alongside
the dock the stern struck the crane located at
the edge of the terminal; the force of impact

knocked the crane rails off the quay, after which
the crane collapsed onto the ship.

2019/02/03, Port of
Shuwaikh, Kuwait,

C/S “Belgian Express”, 25775
dwt, 1794 TEU, 179.8 × 27.6 m

Departure: while leaving the berth the vessel
collided with the gantry crane.

2019/06/07, Hai Pong,
Container Terminal,

Vietnam

C/S “Nagoya Express”, 103646
dwt, 8749 TEU, 335 × 42 m

Departure: while unmooring, the vessel
collided with a gantry crane that did not

collapse but was critically damaged.

2019/07/14, Terminal
Petikemas Semarang in

Indonesia

C/S “Soul of Luck” 21519 dwt,
1642 TEU, 168.1 × 27.2 m

Berthing: a feeder vessel approached at a high
angle and hit the gantry crane with its bow - the

crane collapsed.

2019/12/09, Antwerp,
DP World Terminal

C/S “APL Mexico City”, 115024
dwt, 9326 TEU, 328.2 × 45.2 m

Mooring breakaway: vessel drifted as her
mooring broke due to strong wind,

unsuccessful towing assistance, vessel’s bridge
wing hit the STS crane (unmanned), which

collapsed and destroyed the quay.

During the last decade, the development of ship sizes of Ro-Ro/Ro-Pax vessels and the scale
enlargement of product tankers have also been problematic. As the vessel sizes and amount of
traffics increases, safe and efficient berthing becomes more challenging worldwide. Among the many
incidents in recent years, in the port of Koper in 2017 a Ro-Ro vessel, having moored then broken away,
crashed into the bulk terminal, knocking over a crane, seriously damaging the pier (100 meters had to
be replaced).

The worst of this type of accident occurred just as this paper was being finalized (on 6 April 2020
in Busan port). Due to an uncontrollable high-speed, the container ship "Milano Bridge" collided with
an entire strip of container cranes on the dock. Only one of the six gantry cranes remained functional
after the accident. As possible causes, the investigators cited not only speed, but also a shorter reaction
time after turning, insufficient power from tugs due to the high forward speed and lack of effect of the
bow thrusters. The crew had not taken into account the fact that the ship was empty and was sailing
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with a partially submerged rudder, nor had they sufficiently considered the local weather conditions
and, on top of all that, the pilot panicked as the ship approached the dock. Given the extraordinary
cost of the cranes, the economic impact requires no elaboration.

2. Berthing Aid System, Development and Some Applications

2.1. An Historic Overview

The need for berthing support systems first emerged in the oil and gas industry. With increasing
size and complexity of tankers, the owners had to pay more attention to potential risk factors
when planning to handle larger ships, preventing possible damage to both jetties and ships, and,
of course, preventing environmental pollution (along with insurance and demurrage). In the early
1970s the first mooring load monitoring system was developed in Norway, based on strain-gauged
load measuring pins installed into the quick release hooks to measure the tension in the mooring
line [12]. The first real docking and monitoring system integrated with sonar-based speed of approach
measurement, environmental and meteorological sensors, was designed in 1990 [12]. At almost the
same time developments in the measurement of speed of approach were tending to favour radar-based
applications-ultrasonic systems had a problem with surrounding water and fouling of the ships’ hull.
The radar also had some difficulties [11], not being a focused sensing device, backscattering data must
be filtered and any changes in surroundings like a moved or moving crane would require additional
filtering, a software upgrade. Finally, with the development of eye-safe lasers more accurate and reliable
berthing and docking measurements in all weather conditions were made possible. Comparison of
ultrasound, radar and laser diode ranging systems using a dedicated scale is presented in Table 2,
considering: range, power, dependability of weather, beam size, method of measurement, refresh
rate, price and lifetime. Ultrasound can be eliminated, and both radar and laser ranging solutions are
capable of being used in berthing and docking systems. A laser-based ranging system is not subject to
weather; the most significant problem theoretically is reflectivity of the measured object (the vessel in
this case). With radar a microwave is reflected by the flat surfaces and the method of measurement
used here−frequency modulated continuous wave (FMCW)–provides a very reliable solution with the
same antenna for received and transmitted signals. The pulse system used in the lasers is resistant to
external interferences and usually is coded. The FMCW method used in radars is very rugged and not
affected by interference. Because of the range factor, radar is not used to their full potential; lasers
have better flexibility. Another consideration is that radar is approximately 5 times more expensive
than laser.

Table 2. Comparison of methods.

Parameter
Ranging Method

Laser Diode Radar Ultrasounds

Range to 300 m to 2 km to 10 m
Emission power 10 mW (laser) 10 mW (96 GHz) 1W (sound)

Beam Very narrow (<2 deg) Narrow (<5 deg) Wide (>5 deg)
Weather dependability Low Very Low Significant

Price Average Very High Low
Method of measurement FMCW Pulse Continuous-interrupted

Refresh rate 0.1 kHz 1 kHz 0.001 kHz
Lifetime Average Average High

Another advancement is the integration of the ranging system with others, like positioning,
environmental, and PPU. Among others a non-commercial alternative has been provided by a laser
measurement system integrated with a high precision positioning pilot navigation docking system
(PNDS), which was proposed for the docking of LNG vessels [13]. A low-cost integrated laser
ranging and berthing system integrated with meteorological and oceanographical data (MetOcean)
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was developed for the safe passage through the narrow winding channel and the final berthing of
large vessels calling at the container terminal in the port of Koper [14] (the precise descriptions apply
to the methods used at the port of Koper; others may, for instance, place the LiDARs in different
strategic locations). Installing ranging devices on moving STS cranes is more complicated compared
to jetty installation, where sensors are at fixed positions. When a container vessel is berthing, STS
cranes are tied down to the wharf structure (wharf anchorage) at s known position, so the exact LiDAR
positions are always known. LiDARs and processing units are located on the STS (ship to shore) crane,
just above the wheels or about at 2 m height (Figure 3). For the sake of accuracy, while the vessel
is approaching, the STS crane (one with LDS units) shall be located wherever the vessel’s outline is
parallel. The parallel body of the vessel hull can be found at the middle part and can be as much as
60% of the vessel length. The equipment used for measurements is a combination of different sensors
and modules that are remotely controlled by pilots through specific user interfaces.

  
(a) (b) 

Figure 3. Laser ranging and berthing system (a) port of Koper installation, (b) communication protocol.

The list of equipment is shown in Table 3. In order to extend laser diode lifetimes, devices are
powered on demand. The laser distance meters in the docking system provide 2 cm accuracy for
distances up to 300 m, while the ranging sensor provides 1.5 cm accuracy up to 400 m. All anemometers
are able to measure wind velocities in three directions between 0 and 65 m/s, which is sufficient in
the area of interest. Measurement can be provided at a sample rate of 20 Hz. The resolution of the
ultrasonic tidal sensor is 1 cm.

Table 3. Comparison of methods.

Device Model Application

Laser Distance Meter (diode based) Riegl LD90 Ranging sensor
Laser Distance Meter (diode based) Jenoptik LDM301 Docking system

ZigBee to SIO module Digi XBEE-PRO XBP24 For remote tidal sensor data transm.
Utrasonic Distance Meter MaxBotix XL-MaxSonar WR1 For tide measurement

Ultrasonic 3D anemometer Gill WindMaster PRO Wind velocity measurement
Ultrasonic 2D anemometer Gill WindObserver 65 Wind velocity measurement

2.2. Some Applications

The berthing aid or docking system measures the precise distance from which lateral speed and
orientation of an approaching vessel is calculated in real time. Even though this system can monitor
vessel movement only when it is allied with the jetty (i.e., when both laser beams are reflected from
the parallel part of vessel hull called parallel body), it still provides invaluable information to the
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captain or pilot when berthing a ship. Additionally, such a system can be used as a vessel drift warning
system, identifying uncontrolled vessel movements caused by passing vessels that cause ship-to-ship
interaction, or when a ship is moved by strong winds or currents. Furthermore, the entire docking
operation is thus recorded, and the data can be used to evaluate potential incidents.

In order to measure the longitudinal position of an approaching vessel, the laser system must be
integrated with the vessel’s AIS system, providing GNSS data and the ships’ heading information.
When precise front-end docking is required (Ro-Ro), a differential GNSS system which provides
centimetre accuracy can be used along with 3D laser scanning devices.

Data gained from the berthing aid system are additionally applied for the development of
new port design recommendations and standards; i.e., researchers have been investigating different
methods of fender design. Sakakibara and Kubo [15] used a docking sonar system and found actual
berthing conditions that were not in line with those used for design purposes. They have presented
a measurement of pressure on pneumatic fenders; Metzger et al. [16] conducted a similar study
based on using ultrasonic distance sensors calculating vessel kinematics and analysing pressure on
fenders. Yamse et al. [17] analysed more than 2500 instances of berthing velocities in various conditions
(14 terminals in 6 countries) and found that their results did not fit the Brolsma curve [18] used as
a standard for designing fenders based on vessel velocity, displacement tonnage, and navigational
conditions. One of the most important discoveries [17] is that winds blowing under 10 m/s do not
contribute to the increase in berthing velocity. At winds under 10 m/s the berthing velocity depends
solely on the ship and its port assistance. They found that there is no need to divide ports and
berthing velocities into five groups; Rather they have grouped berthing velocities in types A and B,
based on operator experience and environmental conditions (Table 4). Ueda [19] statistically analysed
laser-based measured berthing velocities-obtained at different container terminals located in Japan
and elsewhere in East Asia. Large vessel berthing impact was analysed by Hein [20] where vessel
kinematics was measured with radar-based systems, while Roubus et al. [21] and Kirbiš et al. [22] used
a laser-based system. Berthing velocities are relatively low in the port of Koper, as fairly indicated in
the study. Berthing velocities are significantly lower even for group A, where excellent operators are
handling vessels in temperate MetOcean conditions.

Table 4. Berthing velocities.

Berthing Velocity

Port of Koper Study [22] Various Ports [17]
Large Container Ships Group A Group B

Angle of Attack
(deg)

Berthing Velocity
(cm/s)

Berthing Velocity
(cm/s)

Average 0.48 3.05 3.9–5.4 6.7–9.3
95% (2δ) Confidence value 1.74 7.21 7.7–11.3 14.1–16.9
99% (3δ) Confidence value 2.26 8.96 9.4–16.0 19.3–23.8

In the scope of unmanned navigation, which is still solving a variety of technical problems, largely
to do with automation [23], the laser ranging and berthing system is one of the core subsystems of
autonomous surface vessels required for collision avoidance [24,25].

3. Performance: Comparison Between the Pilot Navigation System and LiDAR

3.1. System Structures and Measurements

Pilot navigation systems are sometimes seen as alternatives to the pier-mounted laser and radar
systems. Suppliers claim superior accuracy in terms of positioning, heading and rate of turn (ROT)
measurements. The systems, however, mostly rely on non-RTK capable GNSS receivers that are
vulnerable to disturbances of satellite signals. It was assumed that even under normal conditions,
the reliability of such systems could be compromised in some cases, especially if the geometry of the

20



J. Mar. Sci. Eng. 2020, 8, 346

structures in the area is such that it could cause multipath signal travel. Therefore, a comparison of
different systems’ performances for berthing applications was carried out. In order to carry out such a
comparison, AIS logs from the pilot navigation systems and from ships were decoded using special
purpose Python scripts in conjunction with Libais library. The event timestamps are from the pilot
navigation systems that have time synchronization through the GNSS. For laser measurements, NTP
time synchronization on logging computers was used in order to obtain correct measurement time.

When the ship’s fixed GNSS position data was analysed, AIVDO/AIVDM designated messages
were used; And when the pilot navigation system was used as a positioning source, the supplemental
GPGGA message was used to obtain positions and custom HEHDT and HEROT vendor specific
messages were used for heading and rate of turn.

All measurements were resampled and aligned for comparison using the Pandas Python processing
library. In Figure 4a an overview of measurement equipment positions is shown. Several LIDARs
were evaluated, from high frequency low end model (HS) with ±50 mm accuracy to higher precision
crane-mounted (JEL, JER) ±20 mm accuracy, and also high-precision (HP) with ±1 mm accuracy that
was used as a reference to compare all other sensors. Two Jenoptik LDS301 units were mounted on
a crane at a fixed distance and used to determine the orientation relative to the quay and fenders.
During the testing, an additional LiDAR was used (Riegel), (parameters in Table 5). Distance d was
measured, unknown variable in the test case. In order to compare the accuracy of pilot navigation
systems with LIDARs, it was necessary to calculate the position of the ship’s edge from the AIS and
GNSS data. AIS and GNSS positions are in the form of geographical latitude and longitude converted
into a local coordinate system that converted positions into distance units (meters). The ship’s GNSS

position is shown as the point Pg(xg,yg). The vector
→
Os is a unit vector representing ship orientation

and is calculated from the heading data.

→
Os =

(
cos
(
π/2−ψg

)
, sin
(
π/2−ψg

))
(1)

Vector, perpendicular to the ship orientation is

→
Op =

(
cos
(
−ψg
)
, sin
(
−ψg
))

(2)

They are used to obtain points P1 and P2 on the ship’s edge facing the pier

→
P1 =

→
Pg + h

→
Op (3)

and P2 a translation of s meters along
→
Os direction is calculated

→
P2 =

→
P1 + s

→
Os (4)

 
(a) (b) 

Figure 4. Measurement equipment setup and ship data (a), measured distance d versus time (b).
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Table 5. LIDAR parameters.

Laser Rangefinder Model Abbr.
Range

(m)
Accuracy

(mm)
Sampling Frequency

(Output) (Hz)
Wavelength

(nm)

Riegl LD90 Riegl 150
1000 * ±15 1 905

Jenoptik LDM301 JEL
JER

300
3000 * ±20 100 905

Foresight FST-B200 HS 200 ±50 200 905
Foresight FST-100M HP 100 ±1 10 635

* (Retro-Reflective targets).

Once the points P1(x1,y1) and P2(x2,y2) are obtained, equations for the line defining the ship’s
edge are obtained. The distance d is obtained by calculating the distance between the obtained line
and the LiDAR positions perpendicular to the pier.

In Figure 5a, it can be seen that as the vessel is tugged closer to the pier that measured distances
between different sensors are minimized. However, the pilot navigation system data is apparently
showing unrealistic changes in positions due to suspected multipath problems, at least from positions
recorded in the log. The errors when the vessel position was supposed to be constant (after 20:26) were
about 5 meters. However, a comparison between the pilot navigation system and ship’s own GNSS
receiver reveals that the ship’s receiver performs significantly worse, which is shown in Figure 5a.

  
(a) (b) 

Figure 5. Comparison of LIDAR reference, ship and pilot navigation system (a) and distance errors of
ship GPS, pilot navigation system and worst LIDAR (b).

To determine errors shown in Figure 5b, the differences between the range obtained from ship
GNSS, pilot navigation system, the worst and best LiDAR as references are shown. Even the worst,
low-cost LiDAR is orders of magnitude more precise than common pilot navigation systems, especially
in the areas affected by the multipath disturbances. However, with the pilot navigation system,
position error was mostly within 5 m while the ship GNSS yielded far worse results, even though it has
antennas placed at much more favourable locations than portable pilot systems. In order to illustrate
the quantification of the measurement results presented in Figure 5, Root Mean Square Error (RMSE)
and maximum absolute errors recorded are shown in Table 6. The results indicate significant errors in
the GNSS-based systems in the vicinity of the overhead cranes and the strong benefit of using even
low-end LIDAR (relative errors calculated at 5 m). The results suggest that it would be beneficial to
augment the GNSS data using local LiDAR measurements in order to obtain more accurate position
during the docking procedures.
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Table 6. Comparison of positioning errors.

Sensor RMSE (cm) Max Error (cm) Mean Relative Error (%) Max Relative Error (%)

HS LiDAR 28 73 2 14

Pilot Navigation 355 969 25 189

AIS 406 1553 31 307

3.2. Fusion of AIS, PPU and LiDAR Measurements

Fusion of the AIS position data and local measurements taken with LiDARs or radars mounted in
the dock would be beneficial for pilots during docking procedures. This way LiDAR precision and
reliability would be combined with AIS data, which provides longitudinal positioning along the pier
(Figure 6). The calculation is done using the UTM coordinate system. Location of lasers onshore is
given by points (x01,y01) and (x02, y02). Coordinates of the vessel’s port side parallel body are given by

xi = x0i + disinα , yi = y0i − dicosα, i = 1, 2 (5)

where di is offset of the LiDARs and the angle a represents the orientation of the pier

α = arctan
y02 − y01

x02 − x01
(6)

 
(a) (b) 

Figure 6. Fusion of GNSS and LiDAR measurements, model (a), final positioning (b).

Coordinates of the GNSS antenna on the ship, which is where AIS position data is obtained from,
are (xa, ha) in the ship’s relative coordinate system, which is the right side coordinate system with its
origin in ship’s centre, where x axis is directed from stern to bow. The location of the AIS transmitter
from the left side parallel body is

h =
B
2
+ ha (7)

Approximate GNSS coordinates transmitted by the ship over the AIS are
(
x̃g, ỹg

)
and heading is

ψ̃g. The obtained approximate ship coordinates will be used in the following calculation. The equation
defining the starboard side parallel body edge of the vessel is

y = kx + n (8)

where coefficient k and intersection n are calculated from points determined by the LiDAR
measurements.

k =
y2 − y1

x2 − y1
and n = y1 − kx1. (9)
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The precise GNSS antenna line is obtained from LiDAR-measured ship edge Equation (8) by
translating a distance h towards the centre, obtaining the line

y = kx + n− h
√

1 + k2 (10)

Since precise GNSS antenna line is obtained from LiDAR measurements, longitudinal position of
the vessel must be determined from the AIS data by projecting the GNSS coordinates (xg,yg) on the line
specified by the Equation (10), obtaining

xg =
x̃g+k(ỹg−n+h

√
1+k2)

1+k2 and

yg =
kx̃g+n+k2 ỹg−h

√
1+k2

1+k2 .
(11)

This way we obtain the projected coordinates on the line specified by quay-mounted LIDARs,
where xg and yg are relative coordinates from a reference point on the quay. They are calculated from
approximate values of the corresponding coordinates obtained from the GNSS receiver x̃g and ỹg.
The k and n are the projection line coefficient and intersection and h is the offset of the ship GNSS
antenna position from the side edge. The process is illustrated in the Figure 6. The ship heading is
obtained by

ψ =
π
2
− arctan(k) (12)

The centre of the ship is therefore at the following point

xc = xg − xacosψ+ hasinψ,
yc = yg − xasinψ− hacosψ.

(13)

This way the ship’s position and orientation are obtained by merging the accurate LiDAR
measurements of ship to pier distances and longitudinal position from GNSS obtained AIS data.

Figure 6b depicts the real interface of data fusion. The actual berthing of Maersk Herrera: The bold
line is the outline of the vessel measured by lasers; The thin line is that obtained by the PPU. The PPU
takes the position from the ship’s GNNS while the orientation of the ship is additionally filtered by
the PPU (parameters in Table 7). As the data suggests, the position of the ship is quite good, but the
orientation is insufficiently prepared for berthing. Extensive analysis of berthing led us to discover that
aside from multipath disturbances, the greatest problem is the tendency for gyro error to be greater
than the maximum IMO standards of what should be accepted. The orientation is attributable to gyro
error; and for a ship that size, such an orientation error could mean a deviation of up to ten meters
from where the pilot and captain think the bow of the vessel is.

Table 7. Automatic Identification System (AIS) and global satellite-aided positioning system (GNSS)
receiver features.

GNSS Data Source Abbr. Position/Orientation Accuracy Type

Ship’s GNSS AIS variable depending on the vessel age and type

SafePilot CAT ROT PN 0.1 deg heading pilot navigation system

SafePilot CAT I PN1 0.7 m RMS pilot navigation system

3.3. PPU: Limitation of the GNSS and Ship’s GYRO

Marine pilots in the Port of Koper have observed sudden jumps of the vessel or tug in certain
areas, on their monitoring equipment. The effect may well be related to the presence at least of two
types of reflective objects in the surroundings: port cranes and the surface of the sea [26]. In order to
apply the variance model, a strong correlation must exist between the satellite elevation angle and
the GNSS signal quality. But variance models become inefficient when observations are affected by
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multipath, signal diffraction and receiver characteristics. For measurements collected under non-ideal
observational conditions, direct signal quality measures such as signal-to-noise ratio (SNR) based
variance models can be more appropriate for assessing the quality of GNSS observations. Furthermore,
pseudorange multipath error mitigation methods exist (e.g., [27]), but they are not yet widely applied
in the commercial maritime fleet.

The behaviour of the navigation solution and consequently its accuracy is subjected to a
combination of diffuse forward scattering and fluctuations of very low frequency [28]. Secondary
path signals with longer propagation time distort the amplitude and phase of the direct-path signals.
As a consequence, the code ranges are more susceptible to multipath than carrier phases. Since the
signals received from lower-elevated satellites are more prone to multipath (elevation-dependent
weighting concept), observing the elevations of the satellites in view may contribute to a realistic model.
But modelling of the propagation situation, e.g., [29] (p. 156), in the case of the port of Koper is based on
navigational solution reports from vessels’ AIS data. The crucial knowledge regarding which satellites
were actually included in the determination of navigational solutions when anomalous behaviour
occurs is missing. In the absence of signal quality monitoring, but assuming that no interfering
in-band signals were affecting the navigation solution, a decision was made that spatial distribution of
anomalous changes of navigational solutions would be mapped from the reports, and not from the
GNSS satellite-receiver tracks.

A collection of AIS Class A messages, contains data: time, latitude, longitude, heading, Rate of
Turn, Course over Ground, Speed over Ground. Data were preliminarily analysed without flags for
the differential correction status (corrected, uncorrected), Position Accuracy (high <=, low > 10 m) and
RAIM (in use, not in use).

The following figure, Figure 7a,b present the reported positions of two vessels. Green dots
represent positions with speed corresponding to SOG, while blue lines represent anomalous events of
rate of position exceeding SOG by more than twice.

  
(a) (b) 

Figure 7. Anomalous parts of the tug’s Zeus track (a) and container ship Murat K track (b) as observed
in AIS messages from September 1-24 2019, Port of Koper, coordinate system D96 (UTM).

The gyrocompass is an indispensable navigational instrument which should determine the
direction of the ship’s heading in relation to geographic (true) north. Various systems on board ship are
under the control of the Master Gyro; the gyrocompass system transmits information to the Steering
Console, RADAR, ECDIS, AIS, GNSS, VDR, GMDSS equipment, and other equipment or systems
as required, such as PPU. The accuracy of predicted position can be significantly affected upon the
occurrence of gyrocompass errors, especially during berthing manoeuvres. According to performance
standards IMO A.424(XI), gyro error should not exceed 0.75 × secant latitude and the root mean square
value of the differences between individual heading indications, and the mean should be less than
0.25◦ × secant latitude. Gyro settling error can be estimated from the orientation of a moored ship
alongside a quay. A long-term study involving the collection of AIS data from the container terminal,
where larger ships are assumed to be constantly moored parallel with the quay, provided 56 berthing
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events at berth 7 at port of Koper for our evaluation. The average observed absolute gyrocompass
error equalled 1.4◦, with a standard deviation of 1.1◦, significantly higher than IMO standards. There is
no reason to believe that this is not generally the case involving the gyrocompass.

4. Advanced Integrated LiDAR Based Docking System Specifically for Ro-Pax

4.1. Layout

To extend the capabilities of a positioning system based on laser distance measurements, an
extended system based on laser scanners has been proposed. A test version of such a system has been
implemented at a terminal ferry in the port of Świnoujście, Poland. It consists of two 3D LiDAR sensors
located in such a way that bow/stern and the sides of the ship can be scanned at any time during the
berthing/unberthing manoeuvre. LiDARs specification is given in Table 8 and the full architecture
of the system is presented in Figure 8 and consists of laser scanners, two CCTV cameras, server, AIS
receiver, anemometer, power system and data network.

Table 8. LiDARs specification (outdoor use).

Laser Class 1 (IEC 60825-1:2014, EN 60825-1:2014)

Aperture angle Horizontal 85◦ (working range with 4 measuring planes, 25◦ extension
of working range with 2 measuring planes to a total of 110◦), vertical 3.2◦

Scanning frequency 12.5 Hz . . . 50 Hz

Angular resolution 0.125◦, 0.25◦, 0.5◦

Working range 0.5 m . . . 300 m

Scanning range at 10% remission 50 m

Amount of evaluated echoes 3

Detectable object shape Almost any

Systematic error ± 300 mm

Statistical error 100 mm

Integrated application Field evaluation

Number of field sets 16 fields

Simultaneous evaluation cases 16

Ambient operating temperature −40 ◦C + 70 ◦C

 
(a) (b) 

Figure 8. Ferry post no 1 in Świnoujście port and the location of the system devices: 1, 2—laser scanners,
3—anemometer and camera, 4—camera, AIS receiver, server (a), photo taken by C.Aszkiełowicz.
System diagram (b).
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The data from the system are provided by on-board tablets which communicate with a server
hosted application via LTE internet connection. Such an approach makes it simple to update and extend
the application remotely, without the need to access the end users’ devices. The application provides
information about the ship’s outline in relation to the berth, together with minimum distances: ship’s
side, berth and ship’s bow/stern ramp. It also provides wind data, calculated velocities (longitudinal
and transversals) and calculated heading.

4.2. Positioning, Velocity Determination and Ship Orientation Algorithm

Since it is impossible to establish the exact geometry of the hull and the actual draft of a ship using
only two LiDARs, the system has been adapted for two specific ferries that use the berth on a daily
basis. For each ship a family of outline shapes has been prepared, taking into consideration expected
changes in draft. The positioning algorithm, after reading data points from both LiDARs, performs the
following operations (Figure 9a):

1) Removes points identified as berth points (based on (x,y) coordinates)
2) Removes isolated points, i.e., points that do not have any neighbouring points in a 5 m radius
3) Approximates ship’s side-line using the RANSAC algorithm
4) Removes outliers
5) Estimates ship’s side using the Least Square Method (LMS)
6) Removes false points, e.g., points from seagulls flying low, inside the scanner’s range
7) Finds the best estimation for ship’s stern/bow
8) Returns best fit of ship’s position.

The position of the ship’s stern/bow is estimated by minimizing the sum of squares of distances
between points and the ship’s outline. This operation is repeated no less than 100 times (until the result
does not improve by more than 0.00001). In Figure 10, the ship’s sideline is illustrated, along with the
points that were used to determine it. The points that are detected by the individual LiDAR are drawn
in corresponding colours, in red and blue.

The RANSAC algorithm is used specifically to estimate the best line that fits points acquired by
both LiDARs by minimizing a monotonically increasing function of the absolute values of the signed
error for each point:

eM(d; Θ) =
Θ1x1 + Θ2x2 + Θ3√

Θ2
1 + Θ2

2

(14)

The exact implementation of the RANSAC algorithm, based on [30], performs the following steps:

1) Selects two points randomly.
2) Solves in regard to the line parameters.
3) Determines how many points from the set of all points fit with a tolerance of 0.15 m.
4) If less than 70 percent of all points exceeds the assumed tolerance, repeats steps 1–3 but not more

than 1000 times.
5) Otherwise, terminate the algorithm.

After the RANSAC algorithm is terminated a set of points located not more than 0.2/0.5 m
(depending on the given ship) is selected. This set is used to re-estimate the line using the Least Square
Method. The ship’s state obtained from RANSAC is base position and course vector (xi, yi, Ki); it is
transformed in every time step into velocities (vx, vy, ω). In this case the filtering and tracking itself is
performed by algorithm based on a very simple and robust exponential smoothing by Holt method
with Pegels’ multiplicative trend and additional damping (Figure 9b) [31]. The applied algorithm
allows the estimation of the location of the ship’s gravity centre and course in the next time step (xi+1,
yi+1, Ki+1), the ship’s velocities in 3 degrees of freedom (vx, vy, ω), and the future (predicted) ship

27



J. Mar. Sci. Eng. 2020, 8, 346

parameters given up to 3 min (ship tendency). The smoothing is done in separate steps for all three
parameters (vx, vy, ω) according to the following formula:

Xt(m) = StR
ϕ
t

St =∝ Xt + (1− ∝)(St−1Rϕt−1)

Rt = γ
(

St
St−1

)
+ (1− γ)Rϕt−1

(15)

where:
α,γ—smoothing coefficient,
φ—dampening coefficient,
Xt(m)—estimated parameter.

The values of smoothing coefficients (α,γ, φ) have been estimated based on the real time
simulation trials for Ro-Pax ferries where minimum values of mean square errors were found for all
estimated values.

 

        

                  

 

                    

          

      (b) 

 

 
                    (a)                    (c) 

Figure 9. Algorithm for ship’s position estimation (a); estimation and smoothing algorithm for course
and velocities (b) with processed ship’s true heading (c).
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Figure 10. Estimation of ship’s position from LIDARs measurements.

4.3. Verification of the System’s Performance

During the stage of system development, the verification of system performance and algorithm
accuracy was based on the comparison between the position calculated by the system and the position
reported by the AIS system. A system of cameras was utilized as well to visually evaluate the stages of
the manoeuvre and ship’s dynamics. All comparisons were made using the developer version of the
application. The first stage of the verification was based on a comparison between the position reported
by the AIS system (GNSS position) and the position calculated by the PNDS algorithm. Due to the
number of AIS messages, equal to around 6 messages per minute, only positions at the time of a new
message were compared.

The point for which the AIS position is reported was evaluated statistically by measuring and
analysing the position of the ferry when it was moored. For both ships it was evaluated as the point
located on the longitudinal symmetry axis, 153 m from the aft perpendiculars for the Cracovia ferry
and 140 m from the aft perpendicular for the Mazovia ferry. The observed position deviation for
the estimated AIS points is equal to 0.82 ± 0.40 m. An example of values reported by the AIS and
calculated by PNDS system are shown by Figure 11 (Ais R-heading, in relation to the north, Scan R-
heading in relation to the berth; check both green and blue frames). Taking into consideration the lack
of detailed information about the location of CCRP on both ships, delays during transmission, and
the reception of AIS messages and the general accuracy of the GNSS system, the observed position
accuracy may be acknowledged as very high and in accordance with PNDS system assumptions.

4.4. Verification of the System Under Real Conditions

The PNDS system was installed on two ferries. In both cases a tablet docking station was
installed in accordance with the recommendations and requirements of the captains. Each captain
was fully informed about the functionality and restrictions of the system and was trained to use it.
Two developers took part in a first voyage after the installation to check the performance of the system
and answer any question the captains might have. Because of differences in cargo operations the ferries
approach their berth in different ways.

The Mazovia ferry moves to the southern part of the berth, enters the turning circle located next to
the Basen Bałtycki, rotates and approaches the berth moving north, parallel to the berth. The general
average approach is shown in Figure 12a. The Cracovia ferry reduces velocity to 0–1 knot and using
thrusters approaches parallel to the berth. At the last stage, the ship corrects location along the berth
(Figure 12b).

Longitudinal speed, lateral speed, and angular speed are calculated directly form changes of
position and rotation of the ship’s outline in time. The application of kinematic equations and an
exponential filter gives the basis for an assumption that the accuracy of speed indication directly
depends on how often and how accurate the system calculates course and position. Independently
from the above assumption, a set of comparisons during manoeuvres was conducted.
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Figure 11. Test application prepared for the purpose of verification of pilot navigation docking system
(PNDS) system and comparison of position reported AIS and calculated by PNDS system (green and
blue frames).

  
(a) (b) 

Figure 12. Mazovia ferry longitudinal approach (a), Cracovia ferry in transversal approach (b).

All comparisons included recording speed values from on board equipment (like log and
gyrocompass) and values from the PNDS system. Because the PNDS system can calculate the speed
only when the ship is in range of both laser scanners, the time when the comparison could be made
was only a few minutes during each manoeuvre. In 72% of randomly chosen moments linear velocities
shown by on-board equipment did not differ by a more than 15%. In the case of angular speed,
the average difference was± 1.5 degree/min. It was noted during those test that the on board equipment
that is used during manoeuvres displays longitudinal and lateral speeds with an accuracy of 0.1 knots
(Figure 13a), while the PNDS systems displays those values with an accuracy of 0.01 knots (Figure 13b).
Thus, the PNDS system provides more accurate data.
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(a) (b) 

Figure 13. Comparison of speed and tendency of the Cracovia ferry during berth approaching: data
available through ship’s conning station (a), and PNDS (b).

Values of distances calculated by the system were verified with the use of a standard, handheld
laser distance meter when the ships were moored. Due to the opened bow door on the Mazovia ferry
it was not possible to measure an exact distance between the ramp and the ship’s outline (Figure 14a).
For the Cracovia ferry the calculated distance from the ramp to the stern differed by a margin of 15 cm
when compared to manual measurements. Such a difference is acceptable as per system assumptions.
Figure 14b,c shows ship’s side measurements.

  
(a) (b) (c) 

Figure 14. Location of the m/f Mazovia bow in relation to the ramp during cargo operations on Ferry
post no 1 (a). Location of the m/f Mazovia side in relation to the berth. Laser scanner, shore fender
and ship’s bumper are visible. The system reports correct distance between the ship and fenders (b).
Location of the m/f Cracovia side in relations to the berth. Laser scanner, shore fender and ship’s
bumper are visible. The system reports incorrect distance between the ship and fenders (c).

Regarding the distance between the berth and sides of the ferries, the maximum observed
difference was over 90 centimetres. Two main factors responsible for such a difference were identified:

(1) Documentation of both ferries does not represent the accurate shape of the external hull-just
the general layout and the shape of a theoretical outline at deck levels. This data was used to create
hypothetical ship outlines that are used for the system during calculations.

(2) On both ferries the external hull has an extruded bumper throughout its length. This bumper
is the point of direct contact between the ship and the fender. Without the information about current
ship’s draft and the shape of the external hull it is not possible to evaluate whether the laser scanner
measures the distance to the side of ship or to the bumper.
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This can lead to a situation where the ship is in contact with the fender, but the laser scanner
measures the distance to the ship’s side, so the system reports the distance of around 0.5 m. Because of
this, the system does not report exact distances between 0 and 0.5 m Instead it shows that the distance
is less than 0.5 m.

5. Conclusions

Experts in maritime commerce rightly lament the dangerous speed of growth of vessels, particularly
in the container business. However, in one instance a great deal of expense and an increasing threat
has been solved at an extremely low cost. The laser-based berthing and docking system is the safest
means of ensuring the integrity of the berthing and docking process (the system installed at the port of
Koper has been operating without failure or degradation for five years at the moment of this writing).
PPU is perhaps good enough when obstructions like cranes do not exist, but where they do, their
accuracy is not sufficiently reliable. Where PPU appears good enough, a laser-based system is an
inexpensive means of even safer berthing and if nothing else should be made available for purposes
of redundancy. A novel way of fusing GNSS positioning data with LIDAR measurements has been
proposed. The benefit of such a system is the combination of ship GNSS longitudinal position with its
lesser accuracy with the high-precision lateral positioning, thus minimizing the risk of collision.

The loss of a crane, which we have been using as our worst case scenario, is catastrophic for a port
even without death and injury—the expense is immense, and the time to repair the area of a fallen
crane and the replacement of it is considerable. There have been numerous ship-to-crane collisions
resulting in damage measured in millions of Euros, and a lidar-based system is significantly less than
1 percent of likely damage in the case of a single accident. The only limitation in regard to the system
is the impossibility of spreading the lasers far enough apart at, for instance, container terminals to be
absolutely certain of the orientation of the ship to the quay.

For the needs of Ro-Ros, which require the most precise docking, an advanced integrated docking
system was developed based on 3D scanners combined with the PPU system, finally providing a
working solution to the problem of the need for clear outlines of vessels both laterally and longitudinally
as they approach the pier.
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List of Acronyms

AIS Automatic Identification System

AIVDO/AIVDM
NMEA AIS sentence format, where; AI–Mobile AIS station; VDO–AIS VHF Data-link
Own-vessel report; VDM-AIS VHF Data-link Message

C/S Container Ship
CCRP Consistent Common Reference Point
CCTV Closed-Circuit Television Camera
DWT Deadweight Tonnage
ECDIS Electronic Chart Display and Information System
FMCW Frequency Modulated Continuous Wave
GMDSS Global Maritime Distress and Safety System
GNSS Global Navigation Satellite System
GT Gross Tonnage
HEHDT/HEROT Vendor specific messages where; HDT–True Heading Data; ROT–Rate of Turn
IMO International Maritime Organization
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LDS Laser Docking Sensor or System
LiDAR Light Detection and Ranging
LMS Least Square Method
LNG Liquefied Natural Gas
LTE Long-Term Evolution
MetOcean Meteorology and Oceanography

NMEA
National Marine Electronics Association; tandard for data interchange in marine
navigation systems

NTP Network Time Protocol
PNDS Pilot Navigation and Docking System
PPU/PN Portable Pilot Unit/Pilot Navigation Sistem
RADAR Radio Detecting And Ranging
RAIM Receiver autonomous integrity monitoring
RANSAC Random sample consensus
Ro-Pax Roll-On-Roll-Off-Passenger-ship/ferry
Ro-Ro Roll-On/Roll-Off
ROT Rete of Turn
RTK Real-Time Kinematic
SNR Signal-to-Noise Ratio
SOG Speed Over Ground
STS Ship to Shore
TEU Twenty-Foot Equivalent Units
UTM Universal Transverse Mercator
VDR Voyage Data Recorder
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Abstract: The aim of this paper is to assess the performance of satellite-based correction service,
Trimble PP-RTX, and Virtual Reference Stations (VRS) for bathymetry determination, and check how
far these techniques meet the minimum standards of the International Hydrography Organization
(IHO) for hydrographic surveys. To this end, a three-hour duration session was conducted at Sharm
Obhur using KAU-Hydrography 1 vessel. This session includes Global Navigation Satellite System
(GNSS) data at the base station using Trimble SPS855 GNSS receiver, multibeam records using
Kongsberg EM 712 multibeam echo sounder, sound velocity profile using Valeport’s sound velocity
profiler, Applanix POS MV measurements, and real-time PP-RTX corrections. Moreover, the VRS
GNSS data was generated using Kingdom of Saudi Arabia Continuous Operation Reference Station
network (KSA-CORS). It is shown that the Total Horizontal Uncertainty (THU) and Total Vertical
Uncertainty (TVU) of the PP-RTX technique are 5.50 cm and 5.90 cm, respectively, which meets the
IHO minimum standards for all survey orders at 95% confidence level. The THU and TVU of the
VRS technique, on the other hand, are 5.75 cm and 7.05 cm at 95% confidence level, respectively.
These values meet the IHO standards for all survey orders as well. Statistical analysis of the seabed
surface differences showed a −0.07 cm average difference between the PP-RTX seabed surface and
the reference seabed surface with a standard deviation of 3.60 cm. However, the average difference
between the VRS-based seabed surface and the reference seabed surface is −0.03 cm and a standard
deviation of 3.61 cm.

Keywords: IHO; virtual reference station; bathymetry; hydrographic surveying

1. Introduction

Safe marine navigation requires an accurate bathymetry determination. Typically, differential
carrier-phased-based Global Navigation Satellite System (GNSS) techniques are used in high-accuracy
surveying applications. These techniques inherit their high accuracy from the fact that both the GNSS
base and rover receivers are close and share the same errors and biases [1]. The shorter the baseline is,
the more there is similarity of errors and biases at both stations. As such, the effects of orbital errors,
ionospheric, and tropospheric errors are significantly reduced by forming differenced observables [2].
However, as the baseline length increases, the errors at the reference and the rover receivers become
less correlated and they would not cancel out sufficiently through differencing [3]. This leads to
unsuccessful fixing for the ambiguity parameters, which in turn deteriorates the positioning accuracy [4].
Therefore, it is very important to have short baselines, by using reference base station close to the
rover. To overcome the baseline length limitation, both global commercial satellite correction services,
e.g., Trimble CenterPoint RTX (Real Time eXtended) and Virtual reference station (VRS) represent
good alternatives.
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1.1. Trimble PP-RTX Technique

Trimble CenterPoint RTX technology utilizes real time GNSS data from globally distributed
network of tracking stations to generate Trimble RTX corrections. Such corrections include precise
satellite orbits, satellite clock corrections, and observation biases for any location on the earth at a rate
of 1 Hz [5]. The corrections are then delivered to subscribers via a set of geostationary satellites or
by the internet [6,7]. The mathematical models for corrections generation are out of the scope of this
paper and may be found in detailed elsewhere [8]. According to a previous study [9], the horizontal
accuracy of Trimble RTX service ranges from 2.00–50.00 cm root mean square (RMS), depending on the
subscription level, and the vertical accuracy is 5.00 cm. However, an initialization time of 1–20 min is
required depending on the subscription level.

PP-RTX is a high accuracy post processed RTX-aided inertial processing method that utilizes the
precise corrections derived from Trimble RTX. This technique has been developed and implemented
in Position and Orientation System Post-Processing Package Mobile Mapping Suite (POSPac MMS)
to enable cm level positioning for mobile mapping without the need for a reference station. Figure 1
shows the PP-RTX implementation in POSPac MMS [10].

Figure 1. PP-RTX implementation in POSPac MMS [10].

The PP-RTX is available 1 h after data collection and horizontal and vertical accuracies are less
than 3.00 cm and 6.00 cm, respectively. To reach full accuracy, mission duration of about 30 min is
required for standard PP-RTX [10].

1.2. VRS Principles

Virtual reference station (VRS) is one of main important solutions for high precision real-time
kinematic (RTK) applications [11]. The idea is to utilize real observations from an existing network
of multiple reference stations to generate observations at a specific location of a nonexisting station,
i.e., a virtual station [2]. In this case, VRS data will be used as if they were collected from a normal local
reference station [12]. Hence, neither special data format nor software changes in the rover receiver are
required to use the VRS approach [13].

In general, the data from at least three reference stations surrounding the VRS is used to calculate
the measurements at the VRS. Figure 2 shows an example of three reference stations (R1, R2, and R3)
with VRS denoted as V and rover receiver indicated as r. Coordinates of the reference stations are
known and fixed. However, the position of the VRS is assumed as the approximate position of the
rover receiver to assure that short baselines are formed.
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Figure 2. Network of reference stations (R1, R2, R3), virtual station (V), and rover receiver (r).

The general form of the mathematical models of the carrier-phase observables can be written as
follows [14]:

Φ(t) = ρ (t) + cdts
r(t) + λNs

r + Δs
r(t) (1)

where, Φ(t) is the carrier-phase measurements at specific time t, scaled to distance (m); dts
r = [dtr − dts]

represents the difference between receiver clock error dtr and satellite clock error dts;λ is the carrier-phase
wavelength; Ns

r is the carrier-phase ambiguity integer number; c is the speed of light in vacuum (m/sec);
ρ is the true geometric distance between satellite antenna phase center and receiver antenna phase

center at reception time (m); Δs
r = ΔTrop + ΔIono + ΔOrbit is the summation of the slant tropospheric

delay ΔTrop, ionospheric delay ΔIono and orbital error ΔOrbit.
Since the reference stations coordinates are known, baselines of the reference network can be

solved and the carrier-phase ambiguities can be determined. The results of reference network
processing include the residual error for all reference stations and at each processed epoch
Δs

r(R1, t), Δs
r(R2, t) and Δs

r(R3, t). Denoting R for reference station and V for virtual reference station,
Equation (1) can be written for both reference and virtual reference stations, as follows:

Φ(R, t) = ρ (R, t) + cdts
r(R, t) + λNs

r(R) + Δs
r(R, t) (2)

Φ(V, t) = ρ (V, t) + cdts
r(V, t) + λNs

r(V) + Δs
r(V, t) (3)

Differencing Equations (2) and (3) leads to:

Φ(V, t) −Φ(R, t) = ρ (V, t) − ρ (R, t) + c[dts
r(V, t) − dts

r(R, t)] + λ[Ns
r(V) −Ns

r(R)] + Δs
r(V, t) − Δs

r(R, t) (4)

The observations at reference stations Φ(R, t) are measured, i.e., known. The true geometric
range between satellite antenna phase center and both reference and virtual antenna phase center(
ρ (R, t) and ρ (V, t)

)
are known, because the coordinates of both stations are known. The receiver

and satellite clock difference (dts
r(V, t) and dts

r(R, t)) can be eliminated by differencing. The ambiguity
terms (Ns

r(V) and Ns
r(R)) and errors at reference stations Δs

r(R, t) are resolved by network processing
solution. Thus, Equation (4) can be written as:

Φ(V, t) = Φ(R, t) + ρ (V, t) − ρ (R, t) + Δs
r(V, t) (5)

From Equation (5), we can notice that the only unknown to estimate the observations at VRS is
the error term Δs

r(V, t). Many interpolation techniques can be used to compute the corrections at the
VRS location from the errors estimated at the reference stations. Linear combination model (LCM) was
proposed previously [15] to model the orbital error ΔOrbit, ionospheric delay ΔIono, slant tropospheric
delay ΔTrop, and to significantly reduce the effect of multipath and observation noise. The results
showed a 100% success rate of carrier phase ambiguity resolution for every epoch. The distance-based
linear interpolation method (DIM) was introduced by researchers [16] to estimate the ionospheric
correction at a rover station, based on its distances from a network of reference stations. Further
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improvement to DIM was introduced by other researchers [17], taking into account the spatial correlation
of regional differential ionosphere delays using differential distance and elevation parameters, defined
on a single-layer ionosphere shell at an altitude of 350 km [18]. Linear interpolation method (LIM)
was developed by other investigators [19,20] to produce a regional ionospheric correction model
epoch-by-epoch and satellite-by-satellite, using dual-frequency phase observations from at least three
GPS reference stations. In addition to ionospheric error, researchers [21] extended LIM method to
estimate distance-dependent tropospheric and orbital errors at rover station using network of reference
stations. To consider the spatial correlation of the combined corrections across network of reference
stations, researchers [22] introduced low-order surface model (LSM). The coefficients of LSM can be
estimated using least squares adjustment of the data collected at the reference stations. In addition
to all the previously mentioned methods, least squares collocation method (LCM) can be used to
interpolate distance-dependent errors at rover stations, using such errors at reference stations [23].
The performance of all models discussed in this section is similar [18].

KSA Reference Network

Kingdom of Saudi Arabia continuous operation reference station network (KSA-CORS) includes
more than 200 GNSS stations. All stations are occupied with high end geodetic GNSS receivers.
High rate GNSS data can be obtained from the web site of the general commission for survey (GCS)
https://ksacors.gcs.gov.sa. KSA-CORS is used to generate 1 Hz GNSS data at a virtual location in the
study area, which is denoted as VBase station (the VRS is chosen at the same location as the physical
base station to maintain the same satellite geometry). Figure 3 shows the KSA-CORS network and the
study area location is shown at the red dot.

 

Figure 3. Saudi Arabia continuous operation reference station network (KSA-CORS).

The main objective of this paper is to evaluate the performance of satellite-based correction service,
e.g., Trimble PP-RTX, and VRS techniques for bathymetry determination, and assess how far these
techniques meet the minimum IHO standards for hydrographic surveys.
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2. Field Test

KAU-Hydrography 1 vessel, Figure 4, was used to carry out a hydrographic surveying session
of 3 h duration at Sharm Obhur where the Faculty of Maritime Studies (FMS) is located. The base
station was setup on the rooftop of FMS main building using Trimble SPS855 GNSS receiver. Figure 5
shows the surveying lines and the base station location during the field test. The distance between
the base station and the vessel was within 2.0 km. Kongsberg EM 712 multibeam echo sounder was
used for bathymetry data collection. Valeport’s sound velocity profiler (SVP) was used to measure und
velocity, temperature, and pressure through water layers. To obtain a robust and accurate position
and orientation solution, Applanix POS MV was used to blend GNSS data with angular rate and
acceleration data from an IMU and heading from GNSS Azimuth Measurement System (GAMS).

 

Figure 4. KAU-hydrography 1 vessel.

Figure 5. Survey lines and base station location.
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3. Data Processing and Results

Applanix POSPac MMS software was used to process GNSS data from the real base station and
POS MV data to generate the smoothed best estimate of trajectory (SBET) file. The SBET generated
using the real base station is used as a reference in this study. A second SBET file was generated using
the PP-RTX corrections, while a third SBET was generated using the VBase GNSS data. Both PP-RTX
and VBase trajectories were compared with the reference trajectory. Figure 6 shows the easting,
northing, and up difference between Base and PP-RTX trajectories. Additionally, Figure 7 shows the
differences between the Base and VBase trajectories.

 

Figure 6. Easting, northing, and up errors of the PP-RTX trajectory.

 

Figure 7. Easting, northing, and up errors of the VBase trajectory.
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To evaluate whether the PP-RTX and VBase solutions satisfy the IHO’s hydrographic surveys
minimum standards, both the total horizontal uncertainty (THU) and the total vertical uncertainty
(TVU) of both solutions were computed at 95% confidence level, as follows [24]:

THU2D
95% = 2.44

√√√√√√√√√√√√√√√√√√∑n
i=1

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝N̂Base − N̂ PP−RTX
VBase

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
2

i

+

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝ÊBase − Ê PP−RTX
VBase

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
2

i
n

(6)

TVU1D
95% = 1.96

√√√√√√√√√√√√√√√√√√∑n
i=1

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝ÛBase − Û PP−RTX
VBase

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
2

i
n

(7)

where THU2D
95% represents the total 2D horizontal uncertainty of northing and easting position

error at 95% confidence level; N̂Base, ÊBase are the northing and easting coordinates of the real
Base-based trajectory(the reference solution), respectively; N̂PP−RTX, ÊPP−RTX are the northing and
easting coordinates of the PP-RTX-based trajectory; N̂VBase, ÊVBase are the northing and easting
coordinates of the VBase-based trajectory; n is the total number of epochs; TVU1D

95% represents the total
1D vertical uncertainty of the Up component at 95% confidence level.

Typically, the expected accuracy (RMS) using single base station is 0.8 mm + 1 PPM (part per
million) for the horizontal component and 15 mm + 1 PPM for the vertical component [10]. That means
that for a 2.0-km baseline, at one sigma level, 1.0 cm and 1.7 cm RMS is expected for horizonal and
vertical components, respectively. Such accuracy must be considered and added to Equations (6) and
(7) to compute THU and TVU at 95% confidence level. Table 1 summarizes the THU and TVU values
at 95% confidence level estimated for both the PP-RTX and the VBase solutions.

Table 1. Total horizontal uncertainty (THU) and total vertical uncertainty (TVU) of the PP-RTX and
VBase solutions estimated at 95% confidence level.

PP-RTX VBase

THU (cm) 5.50 5.75

TVU (cm) 5.90 7.05

Table 1 shows that both PP-RTX and VBase systems deliver comparable accuracies. Tables 2 and 3,
on the other hand, show the IHO minimum standards for hydrographic surveys. The values of THU
and TVU in these tables are estimated as follows [25]:

THU = const. + % of depth (8)

TVU = ±
√

a2 + (b× d)2 (9)

where a represents that portion of the uncertainty that does not vary with depth; b is a coefficient which
represents that portion of the uncertainty that varies with depth; and d is the depth. The depth values
used in Tables 2 and 3 are 40 m for special order survey and 100 m for other survey orders.
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Table 2. International Hydrography Organization (IHO) minimum standards for hydrographic surveys
(THU) [25].

Survey Order Special 1a 1b 2

Constant [m] 2 5 5 20

Varible
[% of depth] 0 5 5 10

THU (m) 2 10 10 30

Table 3. IHO Minimum standards for hydrographic surveys (TVU) [25].

Survey Order Special 1a 1b 2

Constant (a) [m] 0.25 0.50 0.50 1.00

Varible (b)
[% of depth] 0.75 1.30 1.30 2.30

TVU (m) 0.39 1.39 1.39 2.51

Comparing THU and TVU of both techniques from Table 1 with the minimum IHO standards in
Tables 2 and 3, it is clear that both PP-RTX and VBase techniques meet the IHO minimum standards
for all survey orders at 95% confidence level. To further investigate the difference between the surface
generated using the PP-RTX technique and VBase technique, Caris HIPS and SIPS 11.00 was used to
process the multibeam data and generate three gridded surfaces at a resolution of 0.50 m. Figure 8
shows the bathymetry of the survey area estimated using the first SBET file (the reference surface).

Figure 8. Bathymetry of the survey area using real base station.

The main difference between the three surfaces is the source of the SBET file estimated earlier.
Thus, at the end, we have the reference surface, the PP-RTX-based surface, and the VBase-based surface.
Both PP-RTX surface and VBase surface are then compared with the reference surface using Caris
HIPS and SIPS. Figure 9 shows the differences between the PP-RTX surface and the reference surface.
Figure 10, on the other hand, shows the difference between the VBase surface and the reference surface.

42



J. Mar. Sci. Eng. 2020, 8, 542

Figure 9. Difference between the PP-RTX-based surface and the reference surface.

Figure 10. Difference between the VBase-based surface and the reference surface.

Figures 9 and 10 show that the main differences between the PP-RTX-based surface, the VBase
surface, and the reference surface are at the channel edges beams. This is because of the slope is
higher at channel edges and any horizontal shift in position will cause a significant change in depth.
However, these differences are not significant and meet the IHO special order hydrographic survey
standards. Table 4 summarizes the statistical analysis of the PP-RTX and VBase surface differences
with the reference surface. Moreover, Figure 11 illustrates the statistical results of the PP-RTX and
VBase surface differences.

43



J. Mar. Sci. Eng. 2020, 8, 542

Table 4. Statistical analysis of surface differences.

PP-RTX VBase

Minimum (m) −3.82 −4.76

Maximum (m) 4.56 4.57

Mean (cm) −0.07 −0.03

Standard Deviation (cm) 3.60 3.61

Total Count 1,375,305 1,375,213

Figure 11. Histogram of the PP-RTX and VBase surface difference.

Table 4, illustrating a statistical analysis of the seabed surface differences, shows a −0.07 cm
average difference between the PP-RTX seabed surface and the reference seabed surface with a standard
deviation of 3.60 cm. However, the average difference between the VBase seabed surface and the
reference seabed surface is −0.03 cm and a standard deviation of 3.61 cm. It is clear from Table 4 and
Figure 11 that both PP-RTX and VBase techniques could provide very accurate comparable results
without the need for an existing real base station in the survey area.

4. Conclusions

This study aimed to evaluate the performance of a satellite-based correction service, e.g., Trimble
PP-RTX, and a virtual GNSS reference station for bathymetry determination and assess how far these
techniques meet the minimum IHO standards for hydrographic surveys. A three-hour duration session
was conducted at Sharm Obhur using KAU-Hydrography 1 vessel. This session included GNSS data
at a base station using Trimble SPS855 GNSS receiver, multibeam records using Kongsberg EM 712
multibeam echo sounder, sound velocity profile using Valeport’s sound velocity profiler, Applanix
POS MV measurements, and real-time PP-RTX corrections.

Our results showed that THU and TVU of the PP-RTX technique are 5.50 cm and 5.90 cm at
95% confidence level, respectively. The THU and TVU of the VBase technique, on the other hand,
are 5.75 cm and 7.05 cm at 95% confidence level, respectively. These results mean that both the PP-RTX
and VBase techniques meet the IHO minimum standards of all hydrographic survey orders. Statistical
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analysis of the seabed surface differences showed a −0.07 cm average difference between the PP-RTX
seabed surface and the reference seabed surface with a standard deviation of 3.6 cm. However,
the average difference between the VBase seabed surface and the reference seabed surface is −0.03 cm
and a standard deviation of 3.61 cm. From this study, we can conclude that both PP-RTX and VBase
techniques meet the IHO standards for different hydrographic survey orders without the need for
an existing real base station in the survey area.
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Miho Kristić 1,*, Srd̄an Žuškin 2,*, David Brčić 2 and Sanjin Valčić 2
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Abstract: The technology breakthrough that Electronic Chart Display and Information System (ECDIS)
has brought to modern navigation has the capability to improve the safety of navigation. This could
be achieved only when the capabilities of the system are known by an end-user. Cross Track Limit
(XTL) is an ECDIS safety parameter, set by the navigator, which enhances the navigational task
automation in the function of workload reduction. Determination of factors affecting the value of
XTL safety parameter, with special consideration to chart data reliability, is elaborated in this paper.
Chart data reliability depends on the quality of chart survey data, which in many cases are outdated
and unreliable. Analysis of past research on this subject is used to define the factors affecting XTL.
Practices of different shipping companies with regards to XTL are analyzed and compared in order
to confirm if there is a uniform practice between them. Nevertheless, shipping companies have a
different or no practice of obtaining XTL, which allows the navigator to define safety parameters by a
subjective opinion. In this paper, method of XTL determination for a specific vessel is suggested,
considering previously defined factors. Finally, crucial influence of survey data to the safety of
navigation is presented in this study.

Keywords: Electronic Chart Display and Information System; Zone of Confidence; passage planning;
route validation; safety parameters

1. Introduction

The implementation of ECDIS on board ships has brought changes in navigational procedures
that have particularly affected navigator’s routines with regards to preparing and executing a voyage.
Preparation and execution of voyage are of vital importance for the safety of life at sea, navigational
safety, and pollution prevention [1]. As a result of the abovementioned changes, there are still some
problems that could pose a threat to navigational ventures, including proper handling with the ECDIS
system, previous knowledge, and interpretation. New tools require additional level of knowledge
and understanding [2,3]. The determination of parameters defining safety margins in the system
is proposed in this paper. The Cross Track Limit (XTL) could be described as the minimum safety
corridor along the navigational route which is defined by end user. Meanwhile, the Cross Track
Distance (XTD) usually represents the XTL value or individual max cross track distance for each
route leg. Furthermore, Cross Track Error (XTE) alarm will be triggered when the vessel deviation
from the route plan is larger than the set XTL value. However, the XTL value and determination
methods are still not regulated, which could mislead the navigator. Simultaneously, the XTL calculation
method is rarely prescribed from companies’ internal navigational procedures in accordance with
the International Safety Management Code (ISM Code). Meanwhile, in case of missing navigational
procedures, the value will be determined by the navigator. Theoretical knowledge of safety parameters
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and their adjustment are essential for navigation safety. In order to properly and adequately set the
XTL parameter, the user must be able to know its value, as well as the affecting factors. When these
prerequisites are satisfied, the user can create the route and validate it.

The aim of the research is to define the effect of chart accuracy and other factors on the determination
of the XTL value and suggest XTL determination method. The research is based on analyses of previous
studies and recommendations on factors affecting value of the XTL. The influence of navigational
chart accuracy represented by Category of Zones of Confidence (CATZOC) which is assigned to the
geographical areas to indicate whether data meets the minimum set for criteria is expressed by Zone of
Confidence (ZOC) value which is one of the main factors for positional and depth accuracy of the chart
survey. The ZOC value directly reflects the depth accuracy for safety depth or UKC determination
(vertical value) and position accuracy (horizontal value) for XTL determination. These two parameters
are significant ECDIS minimum safety settings which need to be proper set by end-user. Furthermore,
navigational procedures from a few different international shipping companies were evaluated in
order to identify procedures’ similarities. Research of several shipping companies’ ECDIS navigational
procedures reveals that, although describing same procedures, there are still notable differences in
practice [4]. In this paper different approaches to the XTL determination were identified, showing
significant differences, which can potentially lead a vessel towards danger, causing marine accidents,
such as grounding or pollution. The XTL is primarily safety tool in the ECDIS system. Its role to keep a
vessel on safe distance from navigational dangers depends on navigator’s knowledge given the proper
setting of safety parameters. Although ECDIS offers great safety tools not limited solely to the XTL,
if not properly used or understood it could become danger to safety of navigation.

The previous research chapter refers to general ECDIS features, providing relevant information
for the research, including previous research for Zone of Confidence (ZOC) impact together with Cross
Track Limit Determination. Furthermore, in the next chapter the research methodology is based on
general consideration of Passage Planning with respect of Cross Track Limit parameter together with
discussion of XTL determination among the different shipping companies. The results have been
shown significant differences in XTL determination. Due to findings, the aim of the research is to define
method of XTL determination for one of the significant ECDIS safety parameter which is suggested
according to the pre-defined criteria. In the conclusion chapter, summarized findings are presented in
order to raise situational awareness and detailed understanding of navigators’ interpretation of safety
parameters together with educational process improvement.

2. Previous Research

Setting of safety parameters is not a novelty in a long history of navigation. Modern
day’s navigation, which ECDIS is a part of, includes large number of pre-set safety parameters.
These parameters tend to increase safety of navigation and automatize some tasks. It is elaborated
by several authors that correct use of ECDIS can only be achieved if the end-user understands safety
settings and alarms, but also correctly interprets information on the ECDIS display [2,3]. Safety settings
that are set by the user himself have great significance for the navigational safety [5]. These settings
must be defined for each leg, and includes safety contour, safety depth, shallow contour, deep contour,
XTL, and look-ahead settings [6]. Setting of the XTL is part of basic passage planning settings by
the end-user on ECDIS system. It has a major impact on safety of navigation, as it defines safety
distance between the vessel and potential hazards. Furthermore, it is important to find the proper value
determination which will consider all the significant factors. Small or insufficient value of XTL will
cause navigational hazards which are close to the route to pass undetected; meanwhile, if oversized it
will create a huge number of alarms [7]. Relative terms are not acceptable in safe navigation; therefore,
the XTL parameter must be exact.

Well investigated and analyzed grounding of m/t Ovit in September 2013 among other factors
was caused by poor passage planning and no usage of the XTL safety parameter at all [8,9]. Official
investigation of grounding of vessel “Nova Cura” on 20th April 2016 on her voyage from Eregli on the
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Black Sea (Turkey) to Aliaga (Turkey) reveals interesting facts. Vessel run aground on shallows that
were wrongly shown on Electronic Navigational Charts (ENC) by 0.2 nautical miles northerly of actual
position. Due to unfamiliarity with the CATZOC concept, the crew were not aware that significant
errors could be present on the ENC. As a result, a poorly set XTL value leads to the vessel grounding [10].
Another investigation of the incident highlighted importance of adequate XTL setting and revealed
serious deficiencies in passage planning and execution [11]. The ro-ro ferry Commodore Clipper’s
route was planned too close to a charted hazard, at the area that is well known by lower quality of
survey data. Unfortunately, the quality of survey was not considered during passage planning process
and was a contributing factor to this accident. Theoretical knowledge for ECDIS minimum safety
parameters setting at the beginning relies on educational standards from the International Maritime
Organization (IMO) model Courses [12]. These standards are cornerstone for setting ECDIS safety
awareness and reduce the vessel incidents caused from poor ECDIS handling.

Chart accuracy is one of the most relevant factors affecting safety of navigation. At the time before
the ECDIS system, navigators were using source diagram data on the Paper Navigational Chart (PNC)
that was providing survey data accuracy. Unfortunately, this data was mainly showing survey age
without chart quality information (Figure 1).

 

Figure 1. Source diagram data on Paper Navigational Charts (PNC) [13].

From the source diagram data user could only assume data quality depending on the year of the
survey, so navigation officers and masters were mostly passing on safe distance from the obstructions,
which depended on many factors and their experience. Chart data strongly depends on used survey
hydrographic technique. Older survey data could have significant errors. According to Mariners’
guide to accuracy of ENC (IHO S-67), survey vessels were able to use satellite-based navigation system
for survey purpose only from 1990’s, with an accuracy in the range from 2 to 20 m. It was shore-based
electronic positioning that was used by survey vessels from late 1940’s until 1990’s with accuracy from
20 to 100 m. Before this, the accuracy was even worse, as survey vessels used prominent marks on the
shore and sextant for measuring horizontal angles in order to find a position, so accuracy of survey
was about 50–500 m. If the survey was conducted offshore, it could be based on celestial navigation
only, so position accuracy was no better than 1 to 2 nautical miles, and sometimes even worse [14].

Figure 2 shows that even nowadays on the ENC chart is visible that the CATZOC for the area of
Cape Romanzof is still unassessed category like on the Paper Navigational Charts on Figure 1.
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Figure 2. Category of Zones of Confidence (CATZOC) on Electronic Navigational Charts (ENC)
chart [13].

Navigational charts contain mixture of data from different surveys throughout many years
with different methods that are connected to form a single chart. Details and interpretation of data
quality was varied between hydrographic offices, so International Hydrographic Organization (IHO)
developed a new international system, the ZOC system, that will be used by all countries within S-57
Electronic Navigational Charts [14].

Today, Electronic Navigational Charts use the ZOC system to explain the survey quality [15].
The survey quality is based on typical survey characteristics together with used technique of sounding.
The system consists of six categories, starting from most reliable to unassessed, graphically presented
on electronic navigational chart with respective symbol (Table 1). These CATZOC categories are
shown in Table 1 together with graphically presentation on ENC, position accuracy and typical
survey characteristics. The ‘M_QUAL’ quality information layer within ENC contains CATZOC as
a mandatory attribute, as well as other optional ‘M_QUAL’ attributes, such as Positional Accuracy
(POSACC) and Sounding Accuracy (SOUACC).

Table 1. Position accuracy within the CATZOC [14].

ZOC Graphically Presentation on ENC Position Accuracy Typical Survey Characteristics

A1 ±5m + 5% depth

Controlled systematic survey high position and
depth accuracy achieved using Differential Global

Positioning System (DGPS) or a minimum three high
quality Lines Of Position (LOP) and a multibeam,

channel or mechanical sweep system.

A2

 

±20 m

Controlled systematic survey achieving position and
depth accuracy less than ZOC A1 and using a
modern survey echosounder and a sonar or

mechanical sweep system.

B

 

±50 m

Controlled systematic survey achieving similar
depth but lesser position than ZOC A2 and using a

modern survey echosounder but no sonar or
mechanical sweep system.

C ±500 m Low accuracy survey or data collected on an
opportunity basis such as soundings on passage.

D worse than ZOC C Poor quality data or data that cannot be quality
assessed due to lack of information.

U Unassessed—The quality of the bathymetric data has yet to be assessed.

Additionally, attributes Survey date—start (SURSTA), Survey date—end (SUREND) and Technique
of sounding measurement (TECSOU) are used to indicate the dates of the survey and the technique
of sounding [15]. Furthermore, the use of Satellite Derived Bathymetry (SDB) technology is found
mostly accurate to derive depths from remote sensed (RS) data to address crucial aspect of sounding in
function of navigation safety [16].
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Position accuracy of navigation hazards as reefs, shallow water, etc., affected by previous bottom
surveys is shown in Table 1. It means that underwater hazards can be closer to vessel’s route planning
than we assume. Nowadays, navigators must be used to rely on navigation charts with the fact
that data on charts are sometimes unreliable. Illustration of such an uncertainty is shown in Table 2,
which contain analysis of 14 million square kilometers of coastal ENC.

Table 2. Distribution of CATZOC in coastal ENC [14].

Category
Area Percentage of
English Channel

Area Percentage of
Singapore & Malacca Strait

Area Percentage of
World’s Coastal ENC

Confidence

A1 3.6% 1.4% 0.7% Very Good

A2 9.4% 0.2% 1.0% Very Good

B 62.9% 2.5% 30.5% Good

C 21.3% 76.2% 21.8% Fair

D 2.8% 1.1% 20.5% Low

U 0.0% 18.5% 25.4% Low

A disturbing fact is that 45.9% of world’s coastal ENC has a low confidence of bathymetric
data, and less than 2% of coastal waters have very good level of confidence. Situation beyond
coastal waters is even worse, with most ocean waters having CATZOC C, D or U [15]. In addition,
almost all Electronic Navigational Charts are provided with chart uncertainty depiction of the used
chart data [17]. Furthermore, a new study in Sopot also shows that the bathymetric data in ENCs
are outdated with significant depth and position discrepancies from the actual results of bathymetric
measurements carried out [18]. Furthermore, a significant gap has been investigating from The
Canadian Hydrographic Service (CHS) in the Canadian Arctic by using remote sensing techniques
(Satellite-Derived Bathymetry (SDB)) to support hydrographic applications [19,20]. In addition, CHS
currently has 32% of the Northern Marine Transportation Corridors (NMTC) and only 6% of Canadian
Arctic navigational water adequately surveyed to the modern standards [21,22]. According to the
study in US waters, only 44% has been surveyed, but only 18% with proper new sounding method
without discrepancies in bathymetry. Furthermore, for detailed survey remaining area in US waters by
using nowadays method to the modern standards would take 12 million linear nautical miles of survey
or approximately 177 years of a single platform by running constantly at typical surveyed speed [23].
Despite that, the automated identification of discrepancies between ENCs and surveyed area could be
identified by using of an automatic algorithm for fast gap determination [24].

Meanwhile, the hydrographic survey frequency is mainly influenced by the country government
financial means due to complex and costly procedures [25]. Despite the significant coast, the survey
frequency is also very important in the area where seabed is constantly changing. Recently, the General
Bathymetric Chart of the Oceans (GEBCO) released these Multi-Beam Echo-sounder Systems (MBES)
datasets, preprocessed and processed with Computer Aided Resource Information System (CARIS).
The steep slopes and the rough sand or mud seafloor possibly affect the integrity of the acquired raw
data in this chosen method for the area of Arabian Gulf [26].

Detailed knowledge of bathymetry is increasingly important for navigation safety, given the
ever-decreasing safety margins for both surface and underwater operations [27]. Furthermore,
the importance of CATZOC data for XTL value determination is recognized by other sources [14,28].
According to the American Practical Navigator, during passage planning process the navigator should
check the quality of bathymetric data using CATZOC in order to assist safe distance determination from
navigational hazards. The XTL of each leg during the voyage can be adjusted considering navigational
areas from open sea to confined waters. The navigator also must consider other factors in order to plan
for worst case scenario.
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Among other factors, safety value for collision avoidance possibility should be considered as the
additional external factor [29]. Furthermore, XTL determination should be considered according to the
Master’s decision [30]. Accordingly recommended relevant settings for Passage Planning and Route
Monitoring on Very Large Crude Carrier (VLCC) are given in Table 3.

Table 3. Recommended Cross Track Limit XTL settings for Very Large Crude Carrier (VLCC) [30].

Navigational Area
Minimum XTL Settings

Port Starboard

harbour and confined water 0.25 NM 0.25 NM

coastal navigation 0.5 NM 0.5 NM

open sea navigation 1 NM 1 NM

The defined division of the navigational areas (Confined, Coastal, and Open sea area) is used in
this paper relating to the different company procedures. According to [31], the XTL is defined by the
end-user to port and starboard side of the planned route; however, it can differ at each leg. Considering
the frequency of changing the safety parameters during the voyage monitoring, XTL value resultant
will change as well. This means that, on a long voyage, there will be several different XTL values
throughout the voyage plan.

3. General Consideration of Passage Planning with Respect to Cross Track Limit Parameter

The navigational process can be divided into four components: appraisal, detailed voyage
planning, voyage plan execution, and the vessel monitoring in the implementation plan [1]. During
the voyage planning process, the navigator selects best route verifying ship’s constraints against route
constraints or hazards [32]. Navigational hazards inside safety corridor bounded by the XTL will be
automatically detected during the route validation process. This process forms final part of passage
planning process. The ECDIS system allows operator to easily input value of the XTL for each leg
of the route during passage planning. Furthermore, it is possible to unsymmetrically adjust the XTL
value, i.e., the value of port and starboard side of the XTL can be different (Figure 3). Voyage plan is set
with different XTL determination value for each leg by using ECDIS model Japan Radio Company
JAN 9201 in this study.

 

Figure 3. Electronic Chart Display and Information System (ECDIS) display with the part of planned
route on model Japan Radio Company—JAN 9201.
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Route validation is final part of route planning process. It is an automatic route scan, initiated by
navigator at the end of passage planning. Dangers on both sides of route to the width of the XTL are
scanned, and alarm is initiated when a danger is detected. Finally, at the end of the scanning process,
the list of hazards will be generated. This will be used by the user to correct and modify a route to
safely pass from departure to arrival point. Another importance of the XTL is active role during the
voyage execution. In a case when a vessel exits pre-set XTL, Cross Track Error alarm will inform user
for the necessity to return to the safe waters. The XTE alarm is the requirement of the International
Maritime Organization (IMO) resolution, once when XTL is exceeded [33,34]. The IHO publication S-67
gives an example of minimum distance calculation from potential hazard. Furthermore, an example
presents a situation where underwater reef is marked on navigational chart where ZOC is equal to A2,
vessel’s maximum breadth is 30 m, Global Navigation Satellite System (GNSS) positioning accuracy is
15 m, and vessel’s orientation/motion increase additional 5 m. This example illustrates how to set the
safe distance from underwater hazards where the vessel should avoid hazard at distance at least 55 m
(Table 4).

Table 4. Minimum distance from hazard [14].

chart accuracy 20 m

half vessel’s beam 15 m

GNSS accuracy 15 m

vessel’s orientation/motion 5 m

total offset 55 m

This is an example of minimum distance from hazard, where grounding or other accident should
not occur, but in this case, vessel will still pass extremely close to the danger. The significant factors for
safe distance calculation in order to determine safer XTL value in function of increasing navigation
safety and raising situational awareness are used in this paper.

4. Determination of the XTL Value Among the Different Shipping Companies

The potential problem lies in different XTL determination among the different shipping companies.
Furthermore, some companies have defined minimal values of the XTL for different stages of voyage,
while others provide safety factors to be considered. Unfortunately, some shipping companies do
not provide any guidance to shipboard crew with regards to the XTL, nor any other safety parameter.
In this paper, the analyzed shipowner companies vary from fleet size to the type of vessels.

Shipping company “A” is large shipping company having different type of vessels including but
not limited to Very Large Crude Oil Carriers (VLCC) and Liquefied Natural Gas Carriers (LNGC).
After Company “A” Ship Management system (SMS) navigational procedure analysis it was found that
the company has defined minimum values of the XTL with regards to navigational area as in Table 5.

Table 5. XTL values with regards to navigational area according to Ship Management System (SMS)
company “A”.

Navigational Area
Minimum XTL Settings

Port Starboard

within ports and confined water 0.03 NM–0.1
NM

0.03 NM–0.1
NM

coastal navigation 0.5 NM 0.5 NM

open sea navigation 1 NM 1 NM
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Shipping company “B” has a large passenger’s vessels fleet, and within its company SMS (Safety
Management System) there is a guidance to define the XTL. According to the guidance, the XTL
should be set to maximum allowable, considering the closest shore, grounding, isolated danger or any
other navigational hazard. Shipping company “C” has a fleet of bulk carriers. It has no procedure
whatsoever to calculate the XTL, nor mentions it in the company SMS. In this case the value of the XTL
is decided by the master or officer of the watch (OOW) that oversees passage planning. It is solely
depending on knowledge and experience of the operator but is not regulated by shipowner company’s
internal acts. It is important to draw a conclusion and identify advantages and disadvantages from the
presented shipping companies’ practices. Company “A” practice provide default minimum values
which in some cases could be insufficient. It is not clear what factors were considered when creating
minimum required values of the XTL. As factors to be considered are not known by the user, it is
hard to adapt the XTL to different circumstances of the passage plan. The operator should set the
maximum XTL with regards to prevailing situation but avoid creating numerous alarms. Company
“B” in its navigational procedures explains factors that user should consider when deciding the XTL
value. The value of CATZOC and vessel’s position accuracy is not considered, so this practice could be
described as incomplete. Finally, company “C” does not provide any guidance. This is an example of
bad practice, as obviously company’s procedures are not adapted to modern navigation procedures.
Furthermore, it is not in line with ISM Code which requests from shipping companies to provide
procedures and instructions that will ensure safety of vessel, crew and marine environment [35].

5. Determination of the XTL Value in the ECDIS System with Case Study

In order to correctly determine the XTL, identification of all influential factors is required.
Recommendations from previous researches were considered while creating appropriate solution.
Determination factors for minimum distance determination from navigational hazard were used in this
paper, with addition of navigational area safety allowance. Navigational area safety allowance serves
as a safety buffer, in order to allow vessel to pass on safe distance from hazard. Navigational area is
defined through the company SMS navigational procedures. According to analyses various shipowner
companies, differences has been notice in navigational area defining. For one of the companies,
navigational areas are based on basically two navigational areas for safety settings determination in
ECDIS system: open and coastal area; meanwhile, other companies established three navigational
areas. The safety buffer value from company SMS is used directly from the currently navigational
area according to vessel’s position. Mostly used common division of three navigational areas on
harbor/confined, coastal and open sea is used in order to reflect different navigational circumstances
in disparate navigable waters. Accordingly, factors that must be considered are: CATZOC accuracy
of bathymetric data, vessel’s beam, own position accuracy, navigational area safety allowance and
vessel’s orientation safety allowance due to environmental effects and course change. When all above
mentioned factors are considered, the following Equation (1) is created:

XTL = dzoc + db + dpos + dna + dso (m) (1)

where dzoc = ZOC position accuracy; db = half vessel’s beam; dpos = own position accuracy; dna =

navigational area safety allowance; dso = vessel’s orientation safety allowance. The suggested equation
allows definition of XTL for different circumstances. Therefore, the XTL values corresponding to
different legs of voyage could be calculated and used during passage planning appraisal process and
passage monitoring. In the following example, a vessel with length over all 280 m and breadth 43 m on
specific route was considered for the case study. With regards to ZOC position accuracy, reference
depths required for calculation of ZOC A1 position accuracy should be taken from navigational charts
covering desired route. Furthermore, in this example used reference depths are 30 m (Harbor and
confined waters), 50 m (Coastal navigation), and 200 m (Open Sea). Position accuracy for ZOC D is
not exact, and according to ZOC system it is worse than zone C. Correspondingly XTL for harbor
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and confined waters in ZOC D was not calculated, as passing confined water on such accuracy is not
advisable. Own vessel position accuracy obtained by GNSS is 15 m according to IHO S-67 sample.
Accuracy of Global Positioning System (GPS) can be even better; as modern GPS receivers have been
achieving horizontal accuracy of 3 m for 95% of the time [36]. Navigational area safety allowance
considering different circumstances in each area are defined by master’s experience or company
SMS. According to the good guidance from chosen shipping companies in the study, safety value
of navigational area safety allowance corresponds to 50 m for Harbor and confined waters, 0,5 NM
(926 m) for Coastal navigation, and 1 NM (1852 m) for Open Sea area. Vessel’s orientation safety
allowance could be calculated by using modified formula for increment of ship’s path due to vessel’s
turn [37]. Formula was modified to reflect the fact that XTL divide a path on two corridors, port and
starboard side of the planned route. This value can be determined according to equation:

dso = (LOA × sin α)/2 (2)

where LOA = Length Over All and α = drift angle. In the following case study, vessel’s orientation
safety allowance was calculated for 20◦ of drift, giving resultant of 48 m. Finally, based on all mentioned
safety parameters, a following table as a case study is created for reference ship and used reference
depths for different navigational areas (Table 6).

Table 6. Example of XTL determination (m).

Navigational Areas
ZOC

db dpos dna dso
XTL Value

A1 A2 B C D A1 A2 B C D

harbor & confined waters 6.5 20 50 500 >500 21.5 15 50 48 141 154.5 184.5 634.5 N/A

coastal navigation 7.5 20 50 500 >500 21.5 15 926 48 1018 1031 1061 1511 >1511

open sea 15 20 50 500 >500 21.5 15 1852 48 1952 1957 1987 2437 >2437

According to suggested formula, XTL value is strongly affected by the position accuracy of
bathymetric data. Results obtained for ZOC A1, A2 and B are very similar to values suggested by
shipping company “A” and also in specific research [30] for Coastal/Open sea part. However, the results
for ZOC C and D are well above comparable values in previous researches and ECDIS procedures
by shipping companies. This is especially important considering previously noted accidents that
happened while passing area well known by low confidence of survey data. Such differences of the
XTL value in poorly surveyed area can make difference in safe passage of vessel or its grounding.
Furthermore, the calculated XTL value in this research paper is acceptable from practical point of
view. Consequently, its usage will not evoke numerous alarms and discourage navigator to use
adequate setting.

Furthermore, precise XTL determination could be very significant for Vessel Traffic Services in
maritime traffic monitoring for timely warning in case of impending danger. In [38], the decision
support system is developed for route exchange. The exchange route segments should also take into
consideration the suggested formula for XTL determination value for each vessel.

Safety of navigation must be priority in passage planning, considering all accessible information
and identifying all hazards on navigational venture. Notably, value of the XTL is very dynamic,
frequently changing as vessel is passing through more or less congested waters depending on reliability
of the survey data. By recognizing that fact, in cases where there is more than one CATZOC category
on the voyage leg, the one with the worst position accuracy should be chosen as relevant for the XTL
determination. Other option is to split voyage leg in more segments by inserting additional waypoints
at transition from one ZOC to another.
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6. Conclusions

The implementation of new tools on board requires new skills and knowledge from the navigator.
The XTL is designed as the basic safety tool in passage planning. Its role is to increase safety of
navigation, by scanning the route during route validation process, and ensure choice of optimal route
with regards to navigational hazards. That target can be achieved only when safety parameters are
properly defined by the end user. Incorrectly defined parameters can lead to unwanted events such
as grounding.

After having analyzed shipping companies’ practice, the guidance for the XTL determination
differs and are not precise. This allows different and possible incorrect interpretations by the navigator.
Such a wrong interpretation of safety parameter setting had caused grounding accident, which was
presented in chapter containing previous researches. The importance of CATZOC data study prior and
during passage planning process is stressed as critical factor. Charts covering many parts of the world
contain survey data that are old and, in some cases, unreliable. Errors caused by unreliable survey
data are significant and must be considered. Using previous studies and common practice by shipping
companies, the equation for the XTL determination in the ECDIS system for particular size of vessel is
suggested in this paper. Integration of suggested equation in passage planning process has an ability
to increase safety on navigation, as paramount target. Finally, the objective of this paper is to increase
the awareness of ECDIS users with regards to position accuracy of navigational charts and its effect to
navigational tools, especially the XTL. It is sometimes unexpected that information behind modern
technology could be from 19th century. Passage planning is complex process where all information
relevant to the voyage should be considered in order to perform safe voyage plan. Use of ZOC system
provides additional information to the user and increase safety awareness during passage planning
and execution of passage as well in order to avoid collision.

The actual setting of the XTL by experienced navigators represents material for future research,
in order to analyze established routine among seafarers. A detailed understanding of navigators’
interpretation of safety parameters, has a potential to change and improve educational process.
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Abstract: This paper is intended to give an overview of the experiments to evaluate the cognitive
load of the officer on watch (OOW) during a collision avoidance maneuver in a full-mission simulator.
The main goal is to investigate the possibilities of recording the biometric parameters of an OOW
during a simulated collision avoidance maneuver. Potentially dangerous navigation errors known as
human erroneous action (HEA) are induced by excessive cognitive load. Despite modern navigational
aids on the ship’s bridge, investigators of maritime incidents typically link the reason for incidents at
sea with human factors, including high cognitive load. During the experimental tasks on the bridge,
the biometric parameters of the OOW are recorded. Statistical tools are used to visualize the data and
evaluate the cognitive load of the OOW. Biometric peaks of the OOW typically occur either during the
collision avoidance maneuver or when the OOW has been exposed to disturbing factors that increase
reaction time and cause potentially dangerous navigation. Assessing the cognitive load of OOWs in
the simulator is challenging for several reasons: e.g., the environmental conditions of the simulator,
the type of task to be simulated, and even the type of sensor used. After careful study of the available
literature, an original experimental design using non-invasive biometric sensors is proposed.

Keywords: cognitive load; human factor; human erroneous action; marine simulator; disturbing
factor; stress

1. Introduction

In recent years, the trend of the officer on watch’s (OOW’s) cognitive research has risen. As a result
of a literature study in the maritime field, the experiments conducted during actual ships’ operation
are challenging due to uncontrolled environment parameters, like strong sunlight [1] or unexpected
traffic situation [2], which is likely to affect the results. During the research, it has become apparent that
the training and cognitive load research are rarely conducted experimentally by exposing participants
to marine simulators’ safe environment ([3], Tables 1–3). Despite the aim to contribute maritime
safety, the simulator and technical equipment have limitations. Thus the generalization of the OOW’s
cognitive load recorded in the simulator, with the cognitive load during actual ships’ maneuvering,
is not always an easy task.

Nevertheless, the simulation is the safest way to expose the stakeholders to simulated danger
without risking the collision, losing property, and marine pollution. The observed high cognitive
load during experiments’ is induced by simulated traffic or weather conditions or additional tasks
of the OOW (e.g., n-back test) [4]. According to the analysis of maritime accidents in the merchant
navy [5], 75% of the incidents are caused by HEA (human erroneous action), mainly due to the high
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cognitive load of the OOW. Despite the most modern electronic navigation equipment integrated with
a modern ship’s bridge, the OOW remains responsible for positioning and decision making during
navigation and berthing [6,7]. In the available studies dealing with the cognitive load research on the
ship’s bridge, the OOWs’ cognitive load is typically correlated with working (practical) experience.
Studies, where the comparison between experienced officers vs. trainees [8] or students vs. experienced
officers [9] reports, experienced participants perform specified tasks better. The findings are consistent
with the theory of information processing in working memory [10]. As work has an impact on both
human safety and health [11], the recommendation regarding workload is included in the International
Maritime Organization (IMO) conventions [12,13], which proposed recommendations for the working
environment and working hours to avoid high cognitive load generally, and thus HEA [14].

The goal of this paper is to investigate the impact of the distraction on the observed biometrical
parameters. The cognitive load increases when certain situations occur; distractions such as fire alarms,
dangerous overtaking of a ship, or modern distractions like checking social media websites, occupy the
working memory, which cannot process all available navigational information at once, resulting in a
longer response time. In a collision avoidance maneuver, even under normal circumstances, the OOW
has but a limited amount of time available, so any increase in reaction time due to high cognitive load
will result in a potentially dangerous HEA, resulting in minor failures, misunderstandings, major errors
and even direct rule violations [14]. Cognitive load studies using the nautical simulator as a test
environment are summarized in Section 2—Materials and Methods. The direct assessment reflects
available maritime studies that have observed stress hormone levels or analyzed brain wave intensities
to assess workload directly. Indirect approaches typically use eye tracker data, heart rate, or response
time values to analyze an OOW’s workload. For method comparison, studies from a road traffic area
are also considered [7,15]. A preliminary testing proposal based on the literature study is described
in Section 3, where OOW’s biometric parameter measurement was conducted. By measuring pupil
diameter, heart rate, blood pulse, electrodermal activity, wrist acceleration, the biometric equipment’s
connectivity is tested, together with the visualization of the complex biometric results to assess the
influence of the disturbance factor. In Section 4, the conclusion is delineated, highlighting future
research directions of the full experimental design for quantifying the cognitive load of OOWs during
their navigation tasks.

2. Materials and Methods

2.1. Related Work

In this section, a decision on the most suitable methods of cognitive load measurement will be
described as well as the typical experimental design. According to the available literature, two approaches
for collecting an OOW’s biometry are typically conducted: direct, and indirect (Table 1).

Table 1. Biometrical data collecting.

Direct Approach Indirect Approach

Brain waves intensity (EEG) Heart rate
Stress hormone rate (Cortisol) Electro-Dermal Activity

- Pupil diameter
Electrocardiogram (ECG)

- Body acceleration

The advantage of a direct approach is that it yields a more in-depth view of the cognitive
process. Brain wave intensity measurements with an electroencephalograph (EEG) observe brain
activity and extract cognitive load data in real-time. The challenge with using this method is the
difficulty of interpretation of the recorded EEG brain wave signals due to the noise in the raw data.
Nevertheless, this method provides insight into the mind process, from which the cognitive load [4]
and psycho-physical state (emotions) [16] of the participants can be understood. Noise in the raw

60



J. Mar. Sci. Eng. 2020, 8, 775

data is induced by invasive multi-wire sensors; and procedures in which sampling of the participant’s
stress hormone cortisol [8] was found disturbing and stressful, affecting the clarity of the final results.
Comparison of the direct approach cognitive load studies involving a nautical simulator is challenging
due to different research aims and different sensors used in the experiments (Table 2). Considering this
fact and with a careful study of the available literature, a less invasive approach was proposed in our
experiment. On the other hand, processing raw data with the machine learning (ML) support vector
method [15] and the spectral decompositions method [2,4], was found useful in the post-processing
phase, including data mining.

Table 2. Direct workload assessment.

PAPER Main 2018 Liu 2017 Miklody 2017

Environment Simulator Simulator Simulator
Task Maneuvering Overtaking Maneuvering
Aim Stress Emotions Workload

Sensor Cortisol EEG EEG
Questionnaire Nasa TLX Profile Profile
Statistical tool ANOVA - -

Processing raw data - Support vector ML Spectral decompositions ML
Reason for cognitive load Weather Traffic Weather, n-back test

Sensors in the indirect approach are less invasive. Thus, noise in raw data due to wearable sensors is
typically lower compared with expected with EEG or with the stress hormone level method. According
to the available studies (Table 3), many different body markers support the indirect approach—e.g.,
reaction time [9], heart rate (HR), electro-dermal activity (EDA), electro-cardio graph (ECG), [17–19],
pupil diameter, [1,20,21], and acceleration of the body’s extremities. Even when measured indirectly,
they can achieve a high degree of accuracy of up to 90%, indicating a level of cognitive load validated
in several experiments tailored for key operators of different modes of transport [15]. As shown in
Table 3, cognitive research in the maritime field in recent years has different aims, although a common
denominator is based on cognitive research. In these studies, typically, eye-tracking glasses are used
to reduce the disturbance factor caused by classical-type wired biometrical sensors. Eye-tracking
manufacturers also provide high-tech software based on ML classifiers, which helps us gain additional
information on cognitive load by data post-processing.

Table 3. Indirect approach of cognitive load assessment.

PAPER Kim 2005 DiNocera 2015 Hareide 2019 Fredman 2018

Environment Simulator Simulator Navy Ship On-Road
Task Awareness Navigation High speed Car driving
Aim Decision-time Workload Visual attention Workload
Sensor Timer Eye-tracker Eye-tracker Camera
Questionnaire Profile Nasa-TLX Profile Profile
Statistical tool t-test ANOVA Average Classifier
Processing raw data Custom SW Toby-Studio TobyPro2 ConvNet
Reason for cognitive load Traffic Traffic High speed n-back test

PAPER Saus 2012 Orlandi 2018 Kim 2007 Arenius 2010

Environment Simulator Simulator Simulator Simulator
Task Navigation Berthing Navigation Navigation
Aim Awareness Workload Performance Human error
Sensor ECG EEG, ECG ECG Eye-tracker
Questionnaire Personality test NASA TLX NASA-TLX Interview
Statistical tool Regression ANOVA - -
Processing raw data rMSSD *, Interplt. * MatLab t-test -
Reason for Cog. load Traffic Familiarity Alcohol Emotions

* root mean of the squared successive differences, interpolation.

After the presented papers were carefully studied, it was decided to collect biometrical data with
pupil diameter, heart rate, EDA, and wrist acceleration.
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2.2. The Current Experiment

For the current experiment (Figure 1), five captains volunteered to participate. They were,
on average, 48 years old and had 20.5 years of navigation experience. The primary source for data
collecting are observables from biometrical sensors. The simulated ship’s bridge log-files and data from
interviews (questionnaire) are secondary sources of data. By comparing participants’ experimental
and control phases, the preliminary analyses and visualization of the biometrical data are performed
(Figure 2). Like a computer processor, more tasks in the OOWs’ working memory (during navigation)
cause higher cognitive load and consequently prolong reaction times, which may eventually lead to a
potentially dangerous situation [10].

 

Figure 1. Full mission simulator: Experienced participant during collision avoidance in the traffic
separation zone wearing pupil-diameter sensor and wrist multi-sensor.

The experiment is carried out in the full mission marine simulator, Wärtsilä’s TechSim5000,
where the navigation bridge’s design is comparable to that of the latest merchant ships. Four video
projectors provide a 170◦ forward viewing angle during the voyage simulation, ensuring a high
degree of realism. Side and aft views are afforded by LCD monitors on port and starboard bridge
wings with a visual angle and zoom option. Environment conditions within the bridge simulator are
recorded by a temperature sensor, humidity sensor, noise sensor, an illuminance sensor to measure
light conditions and provide the same testing conditions for all the participants. There is only one
OOW on the bridge during the simulation, to control the cognitive load-sharing effect, which typically
appears in multi-participant’s experiments [16]. Navigational tasks, devised by experienced captains,
are designed for the northern Adriatic traffic separation zone [22,23]. The task is divided into two
groups, easy and hard; each consists of 15 min of navigation. The easy task aims to collect reference
biometrical observables (control phase). Hard navigation (experimental phase) consists of collision
avoidance in the traffic separation zone, where several ships’ routes cross when they head to the ports
of Koper, Trieste, and Monfalcone. During the hard task, the OOW has experienced the disturbance
factor—the fire alarm’s sound—simulating a fire in the engine room. The aim is to determine if and
how the alarm’s sound affects the volunteering OOW’s biometrical markers (and cognitive process)
during the navigational task. More details on the participants are further explained in Section 3.
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2.3. Raw Data Sampling

For biometrical data recordings, participants wear two sets of sensors: on the head and the wrist.
Head-mounted “Pupil-Core” eye-tracking glasses measure average pupil-diameter, and the Empatica
E4 wristband measures multiple parameters as presented on Table 4. Ship’s parameters, e.g., ship’s
speed, the telegraph position, rudder position, ship’s heading, and engine RPM, are recorded in the
simulator’s log file and at the end of the simulation extracted as a CSV-file. As per Table 4, the sampling
rate of each sensor is different due to the Nyquist rate, wherein the sampling frequency is twice the
maximum frequency of the signal being sampled, which prevents loss of the information.

Table 4. Sensor’s sampling rate.

Type of Parameter Manufacturer Sampling Rate

PUPIL DIAMETER (mm) PUPIL CORE 200 Hz
EDA (μS) EMPATICA 4 Hz

BVP EMPATICA 64 Hz
SHIPS’ PARAMETERS WäRTSILä 10 Hz
HEART RATE (BPM) EMPATICA 1 Hz

ACCELERATION (m/s2) EMPATICA 32 Hz
TEMPERATURE (◦C) EMPATICA 4 Hz

3. Results

3.1. Experimental Procedure

The quantification of the human factor has been the subject of research in all transport sectors for
many years (Tables 2 and 3). This particular study was launched last year when EMSA issued a report
which found that 75% of marine accidents are caused by human factors [5]. Human factor deficiencies
include lack of competence, inadequate supervision, inattention, and certain states of working memory
of the OOW. The working memory in our brain consists of two parts from an engineer’s point of
view. The first part performs logical and cognitive operations. The second part is a limited temporary
memory in which data from our body sensors is stored before the cognitive part processes it. Thus,
cognitive load is a term that describes the mental effort involved in processing information. Mental
effort causes typical biometric changes that can be measured [10].

The following study is an attempt to measure the rate of biometrical changes caused by mental
effort during a simulated navigational task, the connectivity of the biometrical equipment, the impact
of the chosen disturbance factor, and the visualization of the complex biometrical results. The aim is to
isolate the weak points of the proposed experimental design before engaging in a full-scale experiment.

Each of the participants was given the same instruction before the experiment. The first simulation
is collision avoidance under normal (typical) conditions, and the second simulation is affected by
the disturbance factor (sound of fire alarm). In the particular experiment, the large amount of data
was not obtained by a large number of participants, but by a wide scale of biometrical markers
acquired on the small (N = 5) homogeneous sample of experienced OOW. For the determination of
the change in the cognitive process in the working memory, we assume that a statistically significant
change in biometric markers (e.g., heart rate and EDA) indicates the state of cognitive load of the
OOW [10]. As seen in Figure 2, during the collision avoidance simulation, multiple data are processed
in the brain (e.g., target distance, CPA, TCPA, speed, and course, etc.). After the disturbance factor is
added, the cognitive process in working memory becomes high. Thus, the OOWs’ reaction becomes
significantly different than under the standard (control) conditions. The described negative effect
reduces the time for collision avoidance, which is limited even in normal conditions. When the OOW
is facing a lack of collision avoidance time, and with the appearance of the disturbance factor, typical
measurable biometrical changes occur (Figure 3). Increased average values of the observables in the
time when the disturbance factor is involved increase the pressures of the cognitive load. According to
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the literature study, invasive methods typically cause noise in the results. Consequently, we pay special
attention to the selection of the least invasive wireless sensor devices. The environmental conditions
(e.g., temperature, humidity, noise level, and light conditions) have a great influence on the biometric
readings; therefore, they are controlled during the task. This means that the environmental parameters
of the simulator are the same for all participants. The room temperature is set to 23 ◦C, the humidity to
38%, the noise level is 45 dB with a peak value of 75 dB during the alarm.

Figure 2. Information saturation with disturbance factor cause typical change of biomarkers.

3.2. Results

The typical data from the biometrical sensors (Figure 3) shows the moment where disturbance
factor occur between T1 and T2. Again, the disturbance factor is the sound of the fire alarm with
its red rotating light. Biometrical values in the demanding phase become higher compared with the
control phase. We experienced issues if the right-handed participants wear the accelerometer on the
left wrist. More accurate readings from the sensor are recorded when the accelerometer was on the
working wrist. The average HR rate of participants in the test phase is significantly higher compared to
navigation in the control phase. Blood volume pulse (BVP) shows higher values during the disturbance
factor interval. The more the blood-vessels expand (vasodilation), the higher is the amplitude of
the signal, which implies the brain’s high cognitive process. The heart rate (HR) is denoted by the
distance between the peaks (the Inter-Beat Interval (IBI)). However, the analysis of the individual
biometric reaction shows that the participants vary in the degrees of reaction recorded by the biometric
data. The differences seem to correspond to the level of experience of the individual participants in
their profession. From the literature study, we assume that the biometric response is related to the
personality of the participant (openness, conscientiousness, extraversion, comfort, and neuroticism),
including a potentially post-traumatic stress response that occurred when the participant confronted
with a situation remembers the dangerous experience from reality [10].

In the current experiment, we faced an unexpected challenge with pupil diameter measurement.
Participants with correction glasses could not wear an eye-tracking sensor at the same time. Thus this
part of the experiment was excluded from this research.

3.3. Post Processing and Data Visualization

In the post-processing phase, the log files from sensors are resampled, synchronized, and processed
with Excel, E4-Connect firmware, and Python. This phase aims to visualize the complex biometrical
results that determine the influence of the disturbance factors on the cognitive load. After the
simulation starts, the navigational task begins, and the participant takes control over the ship’s bridge
(Figure 4). The moment of processing the available navigation information in the memory of the
OOW from simulated bridge instruments causes the jump of biometric signals EDA, HR, and BVP,
which indicate a high cognitive load. The acceleration of the wrist is high, which is indicated by the
detection of the moving hand on the radar screen and on the electronic chart ECDIS. The biometrics
during the disturbance factor (Figure 5) shows higher values during all disturbance factor sequences.
An interesting observation is the gap of the BVP pulse shortly after the initiation of the disturbance
factor. The gap indicates an expectation due to real-life experience that the alarm is not essential [24]
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and will be silenced shortly, or that the participant’s working memory dismissing this sound as likely
a false alarm [25]. That is not the same as ignoring an alarm but is yet another variable that likely,
at times, affects the behavior of people in perilous situations. Responding to impending unexpected
disasters, there is also a tendency toward disbelief that affects certain human personality types.

Figure 3. Biometric parameters during the typical simulation: EDA—Electro-Dermal activity,
BVP—Blood-Volume pulse, HR—Heart-Rate. T0—Beginning of the collision avoidance scenario,
T1—The moment when the disturbance factor occurs, T2—Disturbance factor stops, T3—Secondar0079
collision avoidance (easy task), T4—Simulation ends.

 

Figure 4. Biometric parameters when simulation starts. EDA—Electro-Dermal activity,
BVP—Blood-Volume pulse, ACCELER—wrist acceleration, HR—Heart-Rate, TEMP—body
temperature. In approximately 500 ms after the stimulants (start of the simulation), the biometrical
parameters show significant response.

The EDA observation confirms the assumptions from the literature that participants have a
measurable response to stress. In our case, collision avoidance and noise of the disturbance factor are
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reasons for stress and cause changes in skin conductance, so that the EDA varies (Figure 5). The data
on the acceleration diagram shows the movement of the participant’s wrist. The higher intensity and
amplitude are observed at the moment of actual collision avoidance when the participant’s wrist jumps
quickly from one navigational instrument to another to avoid the dangerous obstacle safely.

4. Discussion

In typical cognitive load studies, including those conducted in a nautical simulator (Tables 2
and 3), the experimental design is based on the OOW’s biometrical markers’ readings. The authors
face challenges regarding the experimental design and type of sensors used. The major shortcoming
of the studies where the N is relatively small, in our case N = 5, the generalization of the results
is not applicable. However, the particular experiment was not intended to include large numbers
of participants. Instead, we assessed a small homogeneous sample of OOW with a wide scale of
biometrical markers to indicate a broad spectrum of biological and behavioral responses to the task
estimate tendencies that are likely to occur during the workload; studies with a larger number of
selected markers are awaiting further research. The advantage of this proposed experimental method
is applying modern wirelessly monitored sensors to achieve a relatively non-invasive approach,
where pupil diameter BVP, EDA, and HR ratio as biometrical indicators for assessing the cognitive
load are recorded. Non-invasive methods have the advantage of eliminating the biometric reaction
caused by wearing a sensor, influencing the results. Unfortunately, at the beginning of the experiment,
we found that most volunteers wore glasses. Participants with correction glasses could not, at the
same time, wear an eye-tracking sensor. After we equipped the OOW with an eye-tracking sensor only
and without the participant’s correction glasses, the participants could not clearly see the navigation
monitors. The conclusion was that even before starting the experiment, the OOW’s biometry showed
stress and indicate a high cognitive load. Consequently, the pupil-diameter measurement was excluded
from the current experiment.

The current test shows a conspicuous difference in the average values of the biometrical markers
between timelines in Figure 4, where disturbance factors occur. Readings of the parameters EDA
and HR show higher average values when disturbance factors occur, which is promising for further
research. The participants’ self-evaluation reveals that the fire alarm’s sound as a disturbance factor
evoked a stress response, which affected the cognitive load during the collision avoidance maneuver
and, consequently, the HEA (Figure 2). The assumption is that the mentioned fact is more evident in
participants which in his career facing dangerous situations onboard which indicate to post-traumatic
response, as explained to the participants during the self-evaluation interview.

Statistically, the distance between the upper and lower quartiles represents the interquartile range
(IQR). The box plot visualization (Figure 6) shows a five-digit summary from bottom to top: the
minimum line, the 1st (25%) quartile, the sample median, the 3rd (75%) quartile, and the maximum
line. The dots below the minimum and above the maximum represent the samples that exceed the 1.5
of the IQR range either below the 1st quartile or above the 3rd quartile.

Observation of the HR rate (Figure 5) reveals a comparable participant’s HR pattern during the
collision avoidance (CA) task, with a median 79.05 BPM, which we assume is a typical condition.
With disturbance factor simulation (DF), the HR median rises to 84.65 BPM compare to the CA
task. What is interesting is the appearance of the outliers. There are two explanations for them.
First, we consider whether there is a sensor issue or some similar hardware problem. If the pattern
repeats, we consider the second explanation, which is the participants’ characteristics. In the interview,
participants confirmed that dangerous situations experienced on board in the past explained HR
extremes (outliers) seen on the DF-P1 and DF-P5 (Figure 6). At zero visibility task (ZVT), the safety of
navigation depends only on navigation instruments. We assume that the brain’s cognitive process
will increase due to the saturation of the working memory. The median, in this case, rises to 92 BPM,
which indicates a higher cognitive load due to the lack of visibility.
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Figure 5. Biometric parameters during disturbance factor. EDA—Electro-Dermal activity,
BVP—Blood-Volume pulse, ACC—wrist acceleration, HR—Heart-Rate. T0—beginning of the primary
disturbance factor, T1—end of the primary disturbance factor, T2 beginning of the secondary disturbance
factor, T3—end of the secondary disturbance factor.

The aim of the experiment was to determine the appearance of stress and high cognitive load
with the biometrical markers. The composite of the biometrical data is a promising approach to the
OOWs’ cognitive load quantification, although to develop a mathematical-based model of the machine
learning algorithm, which recognizes an OOWs’ high workload, enough biometrical sample data
(training data) must be provided. Thus, a full-scale experiment will be conducted.

 

Figure 6. HR parameters during 20 min simulated navigational task. CA—collision avoidance task,
ZVT—zero visibility task, DF—Disturbing factor task, P—participant.

5. Conclusions

This study attempts to represent a cross-section of the cognitive load measurement during a
simulated navigational task with an experimental proposal. The simulated navigational task is
approaching the pilot station trough the northern Adriatic traffic separation zone with moderate traffic
density. The experiment assumes that the OOW’s biometrical parameters change when the OOW faces
a disturbance factor—the sound of a fire alarm—during collision avoidance. The disturbance factor in
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on real ships takes many forms; e.g., all sorts of navigational alarms and environmental conditions to
the latest disturbance factor in the form of distraction from surfing on social media sites. For the present
experiment, we chose an alarm indicating a fire in the engine room, which, we assumed, would induce
stress and raise the cognitive load of experienced participants. The BVP, HR, and EDA are primary
biometrical observables collected from a multi-sensor wristband on the OOW’s wrist. The experiment
reveals measurable biometrical responses, and even with a limited number of biometrical sensors
indicates the state of stress and high cognitive load. The median of HR during collision avoidance
at normal conditions is 79.05 BPM. At disturbance factor simulation, the HR rises for 5.6% to the
84.65 BPM. The highest rate, as expected, is at zero visibility task, where HR raised for 13.67% to
92 BPM. The results are encouraging for future research into cognitive load quantification.

We are aware that the present sample is small and generalization at this phase of the experiment
is challenging. Additionally, the results (and temptation for generalization) can be attributed to
the homogenous sample, where participants share a similar response due to navigational challenge.
The methods were chosen on purpose. We aimed to test a wide range of biometric markers so that
studies in the future can further elaborate on those that have previously proved useful. Thus, for a
full-scale experiment, we prepare a combined quantitative/qualitative approach supported with a
machine learning algorithm that will be developed to recognize the state of cognitive load of the
participant during the simulation. The next step would be to transfer measurement into reality.
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Abstract: This paper provides a close investigation into the landscape of both cyber threats and actual
incidents in the maritime sector, identifying the cyber trends and challenges as they relate to safe
navigation and marine shipping. As an important subset of cyber threats that impact many maritime
systems, the vulnerabilities of satellite navigation systems, in particular the Global Positioning
System (GPS), receive special attention. For this article, a systematic literature review was conducted,
complemented by the research and analysis of a specific spoofing event. Analyzing available resources,
we might summarize that a shift in mind-set is essential to direct more attention and resources
toward cybersecurity as well as the necessity for manufacturers to improve the cybersecurity of their
products, as shipping systems currently remain vulnerable to cybercriminals. There is a need for
multiple positioning, navigation, and timing (PNT) systems onboard maritime vessels to complement
GPS-only navigation. The use of multiple satellite navigation constellations, public as well as private,
in combination with the terrestrial components of an enhanced LOng-RAnge Navigation (eLoran)
system and ports’ laser-based aid system for berthing and docking should provide the shipping
industry with the direly needed increased protection from cyber-attackers for the foreseeable future.

Keywords: maritime cyber; cybersecurity; the safety of navigation; shipboard systems; GPS jamming
and spoofing

1. Introduction

Today’s global maritime sector depends increasingly on digitalization, integration of operations,
and automation. New opportunities arise—and cyber threats emerge. Cyber technologies have
become essential, even critical, not just to the operation and management of numerous systems and
processes onboard ships and in ports, but also for the safety, security, and protection of the ship,
the crew, the cargo, and the marine environment. These technologies have integrated IT (Information
Technology) and OT (Operational Technology) onboard ships through networking and connectivity to
the internet [1–6]. In the World Economic Forum’s Global Risks Report 2020, cyberattacks on critical
infrastructure with a reference to shipping are rated the fifth top risk in 2020 [1]. According to Rizika [2]:
“Cyber–attacks on the maritime industry’s OT systems have increased by 900% over the last three
years. There were 50 significant OT hacks reported in 2017, rising to 120 in 2018 and more than 300
in the previous year. This year will probably end with more than 500 major cybersecurity breaches,
with substantially more going unreported”. When deliberate disruptions are discovered, there are
many incentives to keep that information quiet, mainly because of the maritime industry not being
eager to reveal the weaknesses and vulnerabilities of their products or services.

Safety has always been a critical driver in regulations of maritime operations; and now that
navigation systems have been increasingly reliant on cyber technologies to improve the effectiveness
and safety of navigation, a need for safeguarding shipping from cyber threats has arisen [3–21].
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Therefore, the International Maritime Organization (IMO) has already taken action and given ship
owners and executives until 2021 to include cyber risk management into ship safety protocols. Owners
run the risk of having ships detained if they have not included cybersecurity in the International Safety
Management Code (ISM Code) on safety management onboard ships by 1 January 2021 [22,23].

The IT security system is known as cybersecurity. In contrast, the security system of the OT system
is known as cyber safety, although both form part of the concept of cybersecurity [22]. Cybersecurity
can be defined in brief as the “preservation of confidentiality, integrity and availability of information
in the Cyberspace” [24]. However, the longer definition by the International Telecommunication Union
(ITU) better reflects the wide scope: “Cybersecurity is the collection of tools, policies, security concepts,
security safeguards, guidelines, risk management approaches, actions, training, best practices, assurance
and technologies that can be used to protect the cyber environment and organization and user’s
assets. Organization and user’s assets include connected computing devices, personnel, infrastructure,
applications, services, telecommunications systems, and the totality of transmitted and/or stored
information in the cyber environment” [25]. Indeed, “cybersecurity combines a multiplicity of
disciplines from the technical to behavioural and cultural” [26].

Within this definition, ‘cyber environment’ comprises the interconnected networks of both IT
and cyber-physical systems utilizing electronic, computer-based, and wireless systems, including
the information, services, social, and business functions that exist only in cyberspace. On a ship,
the computer-based systems will comprise a range of information technology components (for example,
personal computers (PCs), laptops, tablet devices, servers, and networking components such as
routers and switches) and operational technology (for example, control systems, sensors, actuators,
radar) [27–29]. Current shipboard control systems contain significant levels of automation to perform
complex functions such as navigation and propulsion control. The purpose of employing automated
systems has been to reduce cost and improve performance. While automation offers excellent benefits,
it also introduces a set of corresponding cybersecurity-related risks [22,30,31].

The global maritime industry systems depend on satellite navigation, especially GPS. Of particular
concern is the relative ease [32] by which these systems can be jammed (through denial of reception by
a competing signal) or spoofed (through deliberate introduction of a false signal). Satellite navigation
is a vital part of a wide variety of the shipboard, port, and even oil rig systems [22,32–39], including
the Automatic Identification System (AIS) that is vital for navigation safety [40].

This article is a close investigation of the landscape of both cyber threats and actual incidents in
the maritime sector. Furthermore, it discusses the risks, the motives and likely entities behind the
threats, and the impacts of an attack that can range far beyond the company being attacked. Finally,
it recommends how cybersecurity could be improved in the maritime sector over time, and hopefully
it might inspire further research work.

The paper is organized as follows: Section 2 describes the methodology, Section 3 presents an
analysis of the cybersecurity landscape in the maritime sector and practical research into an AIS spoofing
event. Section 4 discusses significant findings and provides some recommendation, and Section 5
contains a summary and conclusions.

2. Methodology

A systematic literature review was conducted, based on and structured according to documented
guidelines [41–43] through which a comprehensive, explicit, reproducible, and implicit idiosyncratic
method of data collection is followed. This method consists of ten steps that can be grouped into three
main phases:

(1) Planning the review: The planning phase focused on defining a review question to guide the
search: “What are the effects of cyberattacks and cybersecurity in the maritime domain?”

(2) Conducting a review: In the search phase, the relevant research databases, the keywords to be
used during these searches, and the proper timeframe for the resulting documents to be included
were identified. Data for the study were available in the databases such as Scopus, Web of Science,
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Google Scholar, and open sources. The search keywords were determined from a knowledge
domain analysis around the concept of “maritime cyber”. The two main knowledge domains
to be scanned were identified as “maritime cyber” and “cybersecurity”. After the broad initial
literature search, explicit inclusion and exclusion criteria—i.e., refined selection (e.g., document
type, themes, research area) to identify relevant documents for this analysis—were applied. The
documents were analyzed and synthesized according to contexts, methodological approaches,
and outcomes. Our final list consisted of 171 documents (76 articles, 52 peer-reviewed journal
papers, and 43 reports by specialized agencies) that covered the area of “maritime cyber”, ranging
from 2016 to 2020. While the results of this article are novel, a few earlier studies on this topic
were also taken into account as references.

(3) Reporting and dissemination: In the next section, we report on our findings from the
literature review.

The specific aspect of AIS/GPS spoofing is reinforced by an analysis in Chapter 3 by the Faculty of
Maritime Studies and Transport, the University of Ljubljana, research and analysis [44] regarding a
particular AIS spoofing event at Elba Island at the end of 2019.

3. Findings

This chapter demonstrates the unique challenges of maritime cybersecurity that include the issues
with securing vessels at sea and the shore-based infrastructure supporting this industry. It presents
findings of some of the possible cyberattack trajectories on maritime-related systems for navigation,
propulsion, and cargo. Despite recent headlines in the media regarding the effects of cyberattacks in
the maritime domain, there still seems to be a lack of understanding of cyber incidents on marine
navigation systems [6]. To understand the current research being done, it is essential to apprehend its
background, the working of the internet, its liabilities, and the methods which can be used to initiate
attacks on the system [45]. Until 2010, the majority of cyberattacks were driven by an attempt to
obtain personal or financial data. The nature of cyber is changing, and today, the maritime sector is
experiencing highly sophisticated and complex attacks seeking to take the reins of its industrial control
systems that are designed to be closed to the outer world [46].

3.1. Regulatory Framework—Global

The maritime cybersecurity legal issues are complex [40]. In 2017, the International Maritime
Organization (IMO) adopted resolution MSC.428(98) on Maritime Cyber Risk Management in Safety
Management System (SMS) [47]. The resolution stated that an approved SMS should take into account
cyber risk management following the objectives and functional requirements of the International Safety
Management Code (ISM Code) [48]. It further encourages administrations to ensure that cyber risks
are appropriately addressed in safety management systems no later than the first annual verification
of the company’s Document of Compliance after 1 January 2021. IMO also developed guidelines on
maritime cyber risk management that provide high-level recommendations on maritime cyber risk
management to safeguard shipping from current and emerging cyber threats and vulnerabilities. These
guidelines highlighted that effective cyber risk management should start at the senior management
level [49]. Aligned with both IMO documents, the Guidelines on Cyber Security Onboard Ships
were made to provide practical recommendations on maritime cyber risk management covering
both cybersecurity and cyber safety [50]. In addition, IMO is preparing, in collaboration with
the International Electrotechnical Commission (IEC), a new standard for maritime navigation and
radio-communication equipment and systems: IEC 63,154 “Cybersecurity—General Requirements,
Methods of Testing and Required Test Results” [3,51].
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3.2. Regulatory Framework and Policy Priorities—EU

The 2013 EU cyber strategy aims to safeguard the EU’s core values in cyberspace in light of the
rapidly increasing growth of cyberspace and the threats to it. A safe cyberspace is essential to the
digital single market that the EU sees as a vehicle for increased prosperity. Goals of the 2013 cyber
strategy are increased resilience, decimated cybercrime, development of cyber defense policies and
capabilities, increased EU autonomy in industrial resources for cybersecurity, and the fostering of a
coherent international policy [52]. An EU Directive of 2013 seeks to legally criminalize cyberattacks
and cybercrime [53].

The 2016 NIS directive [54,55] requires that EU Member States are adequately equipped to
deal with cyber incidents—e.g., by Computer Security Incident Response Teams (CSIRT)—and that
businesses in vital and ICT-dependent sectors that provide essential services take appropriate security
measures. Information exchange and operational cooperation are required. The directive specifies
operators of essential services for the maritime sector: passenger and freight water transport; ports
and their facilities and operating entities; and vessel traffic services.

The EU has set up specialized entities such as the European Union Agency for Cybersecurity
(ENISA), the European Cyber Crime Centre (EC3) at Europol, and the Computer Emergency Response
Team (CERT-EU) [56], as well as launching initiatives to increase cybersecurity in various critical sectors.
In particular, the Information Sharing and Analysis Centres (ISAC) are intended to be trusted entities to
foster information sharing and good practices about physical and cyber threats and their mitigation [57].
The US also uses ISACs, as well as Information Sharing and Analysis Organizations (ISAO), based
on US government regulations, to share cyber threat information between various stakeholders [58],
while the maritime sector has three (MPS-ISAO, Maritime ISAC, maritime transportation system
(MTS)-ISAC). However, in Europe the maritime sector lags behind in creating ISACs [57]. The
European Cyber Security Organisation (ECSO) represents the counterpart to the European Commission
for the Implementation of the Cyber Security Contractual Public–Private Partnership (cPPP). Their
recent report on the transportation sector [59] aims to take a holistic approach of the implications of
cybersecurity on the transport sector as a whole, but also treats the maritime sector separately. It notes
that information sharing in the maritime sector falls dramatically short, and recommends the creation
of a safe, confidential, and anonymous reporting center for the maritime sector.

The 2017 Joint Communication on Resilience, Deterrence and Defence [60] proposes, among other
things, greater resilience, strategic autonomy, more skills, and a security by design approach.

The 2019 EU Cybersecurity Act [61] sets new objectives and tasks for ENISA as a prime tool to
implement cybersecurity in the EU, and provides a framework for the establishment of European
cybersecurity certification schemes for digital products, services, and processes.

Specifically for maritime, the 2014 European Union Maritime Security Strategy [62] recognizes
cyber as one of the risks in the maritime domain. Its 2014 Action Plan [63] contains five actions on
cyber, and its 2018 revised Action Plan [64] contains six. Progress reports [65–67] provide details on
the implementation of these actions in the EU maritime sector, including work on risk assessments,
response capacity, exercises, workshops, and working groups. ENISA has published studies dedicated
to the maritime sector [68,69].

Most recently, the EU Security Union Strategy for 2020–2025 [70] notes that cyberattacks and
cybercrime continue to rise. It calls for a whole-of-society approach to security, with sector-specific
initiatives to tackle the specific risks faced by critical infrastructures such as in transport and maritime.
The latest conclusions of the Council of the EU [71] underline that cybersecurity remains a shared
responsibility of all players, and continue to call for improved cyber resilience, more effective responses
to cyberattacks, further development of cybersecurity standards and ICT certification schemes, more
cybersecurity research, and innovation capabilities to autonomously secure the EU economy and
critical infrastructures.
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The development of 5G is expected to boost connectivity, with significant impacts on the maritime
sector. The cybersecurity of 5G will be essential, and the recent communication “Secure 5G deployment
in the EU—Implementing the EU toolbox” [72] offers references and guidelines.

3.3. Cyber Trends and Challenges

This chapter presents findings of some of the possible cyberattack trajectories on maritime-related
systems for navigation, propulsion, and cargo, as well as shore-based systems. It has identified some
areas where a special targeted effort is required to ensure cyber and information security [73].

3.3.1. Types of Cyberattack

There may be nothing new about the need for ships to deliver cargo or patrol their country’s coasts.
However, the threats they are increasingly likely to encounter, invisible to any telescope, might place
the maritime sector in uncharted waters [74]. According to Jones et al. [75], current threat implications
of maritime-based cyberattacks include business disruption, financial loss, damage to reputation,
damage to goods and environment, incident response cost, and fines or legal issues. For example,
attackers could manipulate passenger lists, perform illegal activities (transports), breach sensitive
cargo transports, cause engines failures, shut down vessels, or otherwise manipulate onboard control
systems [74,76]. Bansal et al. [45] categorized the risks associated with an attack into three dependent
factors: threats (who is attacking), vulnerabilities (the weaknesses they are attacking), and impacts
(what the attack does).

There is a variety of methods that exist for those who seek to target the shipping industry [74,77]:

• Extortion/ransomware for allowing the vessel/port to restore operations;
• Digital piracy by shutting down the vessel/port;
• Espionage for gaining sensitive information that can be used by the competition;
• Defamation/litigation by causing ISPS Code noncompliance/delaying the vessel/causing disruption;
• Subversion of the supply chain;
• Terrorism;
• (H)Activism for conveying a message.

In the Danish Cyber and Information Security Strategy for the maritime sector, 2019–2022 [73],
it is assessed that the general cyber threat is directed against maritime commercial businesses and
does not currently pose a direct threat to maritime operations. The strategy on one side considers
that the threat from cyber espionage and cybercriminals against the maritime sector is very high. In
contrast, on the other side, it evaluates the threat from destructive cyberattacks, cyber activism, and
cyber terrorism as low.

In the maritime domain, a rise in spear-phishing of vessels at sea has been noted. The BIMCO
survey [78] presented several incidents where malicious software was introduced to ship systems
unintentionally, often by third parties, to check or even update specific bridge equipment. Although
the malware significantly degraded functionality of the onboard computer system, no essential vessel
control system had been impacted [79]. Consequently, BIMCO’s survey [78] shows that maritime
companies are increasingly not only assessing their own systems and work practices in a bid to
limit the likelihood of an attack but are also assessing the risk introduced across their supply chain.
Respondents have also noted that a company’s staff was its greatest cyber vulnerability; therefore,
many cybersecurity measures remain firmly focused on reducing human error.

3.3.2. Ships Suffer Cyberattack

Ship onboard systems are susceptible to a cyberattack. There are reports [6,32,33,44,46,75,77,79–93]
in which significant weaknesses of these systems have been identified. Modern technologies have
integrated IT (Information Technology) and OT (Operational Technology) onboard ships through
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networking and connectivity to the internet [2,22,27,94–96]. However, there is no real segregation
between the IT and OT networks. Any person can come in on the OT side and penetrate the IT side. We
are seeing this now. Our analysis showed that there were many reports issued regarding anonymous
hackers trying to disrupt ships’ electronics/computers or to steal sensitive information. The impact of
these kinds of attacks could be enormous. It has been noted that successful IT network hacks have
their origins in the initial penetration of the OT system [2,22]. To gain remote access to the IT or OT
systems, the satellite, 4G, or Wi-Fi connections of the vessel have to be breached [22,27,32].

Concerning security, time is a complicating factor. Technological vulnerability and its exposure
change significantly during the lifetime of a vessel. The IT and OT will need dedicated technical
improvements over time. The maintenance on IT and OT systems must be aligned with their dock-time,
of course, or appropriate remote access management should be in place to ensure that only the vendor
is able to perform updates [14].

According to the analysis in [73], there are three prevalent cyber and information security risks
related to the maritime sector in general:

• Lack of timely response to technical vulnerabilities: A technology gap is identified between the IT
and on ships and land-based systems. Land-based systems are usually better updated than the
equivalent ship-based systems [97], which are, therefore, more susceptible to cyberattacks.

• No process in place for upgrades: There is a risk if the upgrading process of OT equipment does
not match the standards associated with IT technologies.

• Securing critical systems: The potential consequences of a targeted attack to databases and
registers based on older technology are lack of data integrity, loss of reputation, and a potential
financial loss.

Two different experiments conducted by Svilicic et al. [98] and Hareide [6] demonstrated that
cyberattacks against integrated navigational systems (INS), usually considered as an offline system,
are relatively easily achievable. Disconnection from the internet prevents outside threats; however,
the vulnerabilities arising from the unmaintained operating system could also be triggered by inside
actors (the ship’s crew), either unintentionally or maliciously. With the INS connection to the internet,
the cyber threats would rise to a critical level, demanding instant action [3].

According to the BIMCO survey [93], the most vulnerable systems onboard ships are positioning
systems (GPS, AIS, Radar), ECDIS, engine control, and monitoring. Like AIS, GPS for civilian use is
not encrypted or authenticated, and each has been identified as potentially vulnerable to attack.

ECDIS can be compromised in order to modify files and insert malicious content [6,99]. An ECDIS
compromise can take over the whole INS or display the vessel in a false position. A cyberattack can
mislead a ship as, for example, in 2016 when two naval ships were misdirected in the Persian Gulf [100].
Another example happened in February 2017. Cybercriminals reportedly took control of the navigation
systems of a German-owned 8250 TEU container vessel. The crew attempted to regain control and had
to bring IT experts on board to solve the situation. The case serves as a “pre-warning” about hackers’
abilities to gain control over the vessels to carry out, for instance, kidnap and ransom [101,102].

Another potential cyberspace vulnerability is the Voyage Data Recorder (VDR), from its connection
to other ship systems that links to online services through satellite communications. However, the risks
related to VDR weaknesses is, according to Kala [86], marginal, since VDRs do not directly control the
movement of a vessel.

3.3.3. Offices Onshore

After the devastating cyber incident in June 2017 when the NotPetya malware attack, originating
in Ukraine, infected the IT systems of the shipping giant Maersk and forced the company to shut
down all devices and handle all operations manually, shipping offices onshore have realized that the
shipping industry is not immune to cybercrime. Maersk was not explicitly targeted, and thus it was
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rather collateral damage. The attack resulted in significant interruptions to Maersk’s operations and
terminals worldwide, costing them up to USD 300 million [6,77,79,103].

Another wake-up call for the maritime industry were two major cyber incidents reported in
2018. The first happened in July 2018 when COSCO Shipping Lines fell victim to a cyberattack. The
company’s internet connection was disrupted within its offices in the Americas. After activation of
COSCO’s contingency plans, operations were back to normal after five days. Being aware of what
happened to Maersk, they had taken proactive steps to minimize their risk of a cyberattack. The second
incident occurred in October 2018 when the Australia-based ferry and defense shipbuilder Austal was
hit by a cyberattack that penetrated their data management systems. The attackers managed to steal
internal data and offered some of it for sale on the dark web in an apparent extortion attempt [103].

Carnival Corporation was the latest to fall victim to a ransomware attack on its IT systems
in August 2020. The cybercriminals managed to download certain data files related to guests and
employees’ personal data, which could result in potential claims from guests, employees, shareholders,
or regulatory agencies [104].

According to Hannemann [103], there are three key takeaways from these three cyberattacks. The
first is related to IT hygiene, which is key to fighting cybercrime—a need to shift people’s mind-set
towards IT security. Second, every shipping manager needs to approach cybersecurity as an integral
part of overall safety management. Response and recovery plans should be in place, updated, and
tested frequently. Third, there is no zero cyber risk environment today, since new cyber threats and
vulnerabilities are constantly emerging. Despite all precautions, vulnerabilities remain in the systems
and networks, and attackers are constantly trying to find new tools to break through cyber defenses.

3.3.4. Ports, Terminals, and Supply Chains

Ports are an integral node of maritime transportation and the land transport chain. They rely on
information from both shipping lines and land-side logistics companies. The lack of clear standards
and requirements addressing critical maritime infrastructure demonstrates a compelling need for
standardized policies for assessing, containing, and mitigating cyber risks. Legacy IT systems and an
expanding Internet of Things (IoT) contribute to making ports vulnerable [105]. Roughly half, only,
of the world’s shipping ports understand or are aware of their problems and vulnerabilities concerning
cybersecurity [59]. As valves in global economic arteries, the port infrastructures’ protection against
cyber risks is an absolute imperative [97].

As for this infrastructure, critical systems (ship’s cargo handling, container tracking) may be
penetrated, as occurred in the port of Antwerp where hackers gained access to the port’s terminal
operating system and trafficked drugs [77]. Hackers working with drug-smuggling criminals infiltrated
the computerized cargo tracking system to identify the shipping containers in which consignments
of drugs had been hidden. The gang then drove the containers from the port, retrieved the drugs,
and covered their tracks. The criminal activity continued for two years from June 2011, until it was
stopped by investigative authorities [46,75].

Another example is the hacking into the Port of San Francisco when their Electronic Information
System “moved” the port in cyberspace twenty miles north, which became problematic in the foggy
weather [106].

The analysis showed that successful cyber penetration into the port infrastructure information
system allows attackers movement or the theft of illicit cargo. This system is vulnerable and it is easy
to see how it can be exploited by cybercriminals that will continue to do the unexpected [7,107]. We
can be certain that the nature of attacks of this sort will evolve [46,73].

Aids to Navigation (AtoN) are an integral and critical part of marine infrastructure. Traditionally
AtoNs have been physical objects such as lighthouses, buoys, and beacons. The introduction of virtual
AtoNs that appear on AIS INS displays via the AIS communication system is an achievement of the
modern digital era. Though still under development, virtual AtoNs play a vital role in enhancing
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navigational safety. The AIS system is not as secure as it should be and can, therefore, be disrupted by
malignant action.

3.3.5. Jamming and Spoofing

This chapter presents the vulnerability of the Global Navigation Satellite System (GNSS) to
jamming and spoofing activities of state and non-state actors that can cause significant damage to
major economies and everyday consumers alike. GNSS refers to a space-based system such as the
US Global Positioning System (GPS/NAVSTAR—a military capability which civilian use), Russia’s
Global Navigation Satellite System (GLONASS), the European Union’s Galileo System (a civil project
intended for civil government and commercial use), and China’s Beidou Navigation Satellite System.
In addition, there are regional systems such as India’s Navigation Indian Constellation (NavIC) and
Japan’s Quazi-Zenith Satellite System (QZSS).

GNSS Jamming is the deliberate transmission of signals on frequencies used by GNSS in an effort to
prevent receivers from locking-on to authentic GNSS Signals. GNSS jamming requires relatively little
technical knowledge and can be conducted by merely drowning out genuine signals with random or
disruptive noise. GNSS Spoofing refers to the transmission of simulated false GNSS satellite ephemeris
and timing information which coerces the victim receiver into calculating incorrect positioning and,
in some cases, timing information [108–110]. GNSS spoofing is quite different from GNSS jamming.
While navigation systems sound alarms when they recognize jammers, spoofing systems create false
signals that confuse even state-of-the-art GNSS systems, leading to more severe consequences. To
mitigate most of the vulnerabilities of one navigational system, it is recommended to use more of
them [3].

The threat of GNSS spoofing has been known to the maritime industry for years. In 2017,
the incident at Gelendzhik Airport received attention in international media. At least 20 vessels in the
vicinity of the Black Sea Novorossiysk Commercial Sea Port reported that their AIS traces erroneously
showed their position as Gelendzhik Airport, around 32 km inland. There were a large number of
vessels involved, and all of the ships’ tracking systems placed them in the same nonsensical location.
That led to informed speculation that the incident could be attributed to one of the space superpower
states’ testing of satellite navigation spoofing technology. Whether it was as part of its electronic
warfare arsenal or they were simply using it as an anti-drone measure for very VIP protection, it is
somewhat suggestive that it was GNSS spoofing of defense development inflicted on a civilian scenario.

In his research, Bergman [87] has found ships in various parts of the world reporting locations
thousands of miles away and circling at precisely 20 knots. It is unclear if these errors were the result
of the ships’ AIS system or some fault or influence on GPS receivers, a real mystery of some form of
GPS interference.

In another event, in July 2019, a British oil tanker, the Stena Impero, was seized by Iranian forces
after being spoofed to cause the vessel to shift its course into Iranian waters. As a consequence, the
vessel, cargo, and the crew had become more than pawns in a geopolitical war [111]. Many of the
shipping companies operating ships in the region have also instructed their vessels to transit Hormuz
only at high speed and during the daylight hours. Nevertheless, we should not forget that one-third of
the world’s seaborne oil—some 17 million barrels per day—passes through the strait, making it one of
the most important oil trading routes in the world.

AIS is a critical safety system designed to provide a ship’s position and course to neighboring
ships to prevent collision [3]. The manipulation of the AIS system that was observed not long ago,
on 3 December 2019, as illustrated in Figure 1, might have been spoofing.

An Italian AIS base station experienced a ship-spoofing situation near Elba Island that was visible
in the European Maritime Safety Agency (EMSA) Maritime Application, SSN Ecosystem GUI [89]. The
first investigation provided by the Italian Coast Guard indicated 870 different vessels were created at
two different moments (13:13 and 13:28) with a duration of 3 min in the first transmission and 2 min
in the second. All the tracks appeared in an area of 28 × 21 nautical miles between Elba Island and
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Corsica with different routes and speeds, rendering the monitoring of the maritime traffic in the area
impossible and impacting real vessel transmissions.

Figure 1. Automatic Identification System (AIS) spoofing analysis near Elba Island.

At the Faculty of Maritime Studies and Transport, University of Ljubljana, we have thoroughly
investigated the situation to support EMSA’s analysis and found 3742 fake ships (861 false tracks
with MMSI 24480XXXX) that generated together 5133 reports, as illustrated in Figure 1. By using the
European Marine Observation and Data Network (EMODnet) method [112], a traffic density map
(TDM) is created by using ship positioning data collected from Terrestrial and Satellite AIS data sources,
the maritime infrastructure, and the SafeSeaNet Ecosystem Graphical Interface (SEG) application. It
showed, according to Perkovič [44], shipping density of up to 45 ships/km2. The analyses pointed out
that the AIS spoofing generator was located in the Elba Island area and that spoofing was conducted
by a transmitter tuned onto AIS channel A, occupying around 54% of the available slots. Data were
further processed to see whether it affected traffic safety. Only one vessel can be seen to have deviated
slightly, although it cannot be proven that the change in course was due to the spoofing.

As evident through such examples, deliberate disruptions have affected shipping in international
waters and engaged in innocent passage through territorial waters. Disorders to GNSS-enabled
positioning and navigation have therefore become a global phenomenon, and to tackle a global
problem, the GNSS community requires a global solution [35].

Another concern of the satnav community is related to the risks of being covertly tracked and of
being exposed to malware through a satellite communication channel. The two-way communication
that some GNSS systems now offer opens up that possibility. These risks have in particular been
discussed in connection with the now officially operational BeiDou system [90,91].

3.3.6. Autonomous Ship

Remotely piloted and even more so autonomous marine vessels are going to revolutionize
maritime operations and will be undoubtedly more vulnerable to cyberattacks [66,67]. Navigation
issues and cyber risks should be taken into serious consideration by IMO when creating rules for
autonomous shipping. It is expected that the maritime attack surface will continue to expand and
autonomous ships will form a prominent piece of the future maritime landscape, underscoring the
growing reliance on interconnected information systems [74,113].
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3.3.7. Cyber and Social Media

Analysis has shown that there is a need to consider the impact of social media on the crew’s life at
sea. The usage of social networking services can unintentionally cause many problems, such as the
leakage of information on confidential shipping matters, diffusion of marine accident information,
and the exposure of personal private information or photos [114]. Communication and socialization
with the outside world, particularly with friends and family has become commonplace for the modern
seafarer. From the perspective of the human element, cyber wellness is a critical component of their
overall health and personal well-being. However, with that privilege also comes the responsibility
to protect oneself and ensure that the ship’s safety and security are not compromised. These shared
objectives are achieved by employing good personal cybersecurity practices [115].

3.3.8. Hybrid Threats

In recent years, the West and the world’s democratic societies have become increasingly exposed to
hybrid threats. Hybrid threats are multi-faceted subversive or coercive activities that aim to undermine
a state, frustrate its decision making processes, erode the trust in its institutions, stay below a threshold
of detectability, and remain difficult to attribute. A threat is hybrid if it is part of a concerted set of
mutually reinforcing actions. Hybrid threat campaigns are long-term and of varying intensity over
time [70,116]. As a critical domain for economy, resources, trade, transport, security, and defense, the
maritime domain, including ports, finds itself a target of hybrid threats [105]. The fact that much of
the (maritime) critical infrastructure is privately owned complicates the construction of a strong and
coordinated response to hybrid threats [117,118].

Cyberattacks are one of the main vectors of hybrid threats [117,119], and GNSS spoofing would
also seem to be an attractive attack vector [118]. Foreign direct investments to gain ownership of
critical infrastructure or technology (e.g., ports, hardware and software companies that supply the
maritime industry) are part of the arsenal [119,120].

Since 2016, the EU and NATO have been cooperating on hybrid threats and cybersecurity [121],
with these two topics prominently figuring in a common set of proposals [122,123]. In relation to that
cooperation, the European Centre of Excellence for Countering Hybrid Threats (Hybrid CoE) was set
up in April 2017 in Helsinki to encourage strategic dialogue and carry out research and analysis on
hybrid threats [124]. To this end, common exercises and workshops are carried out [125]. Following a
closer look at hybrid threats versus sea lines of communication, the Hybrid CoE recently published a
Handbook on Maritime Hybrid Threats [126].

Due to their low-level and dispersed nature, hybrid threats can only be fully recognized by
bringing together the information about occurrences of disruptions that individually may seem minor
but are part of a larger whole, thereby creating situational awareness [70]. The sharing of information
on disruptions is therefore crucial, just like it is the case for cyberattacks outside the hybrid context.
For adequate business continuity, operators should develop a resilience against hybrid attacks. The
EU plans to identify sectoral hybrid resilience baselines [70]—one sector would be the maritime.
Sectorial approaches, including maritime, are proposed in several other EU policies [127,128]. Risk
analysis and enhancing of the overall resilience of EU critical maritime infrastructure with regard to
cyber and hybrid threats, among others, are slated for action in the updated EU Maritime Security
Strategy Action Plan [64]. A proper defense against hybrid threats requires all-of-society awareness
and resilience [118,129,130].

3.3.9. Environmental Pollution

According to research, the side effects of disasters caused by a hacked port system or deluded
onboard ship system could include environmental threats. The key to the security of the waterways
is agility and constant paradigm-shifting to out-manoeuvre those who want to damage or disrupt
the maritime transportation system (MTS) [69,131]. One might expect that cybercriminals, terrorists,
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and rogue states will, at some point, begin holding the environment to ransom—cyber-induced
environmental pollution [2]. It is a possible scenario that hackers would over-ride ship systems in
ports, open valves and initiate leaks, or dump hazardous materials, ballast water, fuel, or oil.

4. Discussion

Analyzing available resources, we may summarize that there are severe consequences posed by
cybersecurity risks, ranging from ship accidents caused by hacking e-Navigation to massive operational
and economic disruption, to a port or shipping companies’ activities and business. Cybercrime is a
growing threat to the shipping industry that may have severe repercussions, as the Maersk, COSCO,
Austal, Carnival, and other incidents have demonstrated. The present security situation in regard
to hybrid threats further exposes the risk. As per BIMCO [78], it is not a question of whether an
organization will be affected by a cybersecurity incident, but of when. Perhaps the organization has
already been affected without knowing it. It is the connectedness of multiple and diverse systems that
exacerbates the cyber risks, and connectivity will only continue to increase—e.g., with the introduction
of the Internet of Things (IoT) and 5G in the maritime domain [59,67,132]. Therefore, maintaining
the operational safety of these systems is of paramount importance. There continue to be numerous
advancements in the field of hardware and software network security with which cyber administrators
need to keep up. Though with the increased demand of the internet, it is only going to become more
difficult; therefore, IT managers of maritime specialty may become necessities.

The maritime sector has always focused on safety and security issues, such as aspects of seafarer
safety, transport, and cargo security. Now, the essence of navigational safety and maritime security
include building a significant security culture which needs to be developed even further to include
the cyber and information security domain, maritime cybersecurity. Maritime cybersecurity includes
people, technologies, and processes capable of preventing cyber and information security breaches [73].
Hareide et al. [6] and Fitton et al. [133] note that maritime cybersecurity can be understood as a
part of maritime security concerned with the protection from cyber threats of all aspects of maritime
cyber systems that should include technology, information, and the human factor to understand and
mitigate cyberattacks. Hasratyan et al. [59] mention the new concept of ‘cyber seaworthiness’ recently
introduced in the shipping insurance industry.

Following the BIMCO 2020 survey [78], we found that there is room for improvement in regard to
the human factor in maritime cybersecurity training that is seen by many as the first line of defense
against the most common cyber incidents. The survey is quite encouraging, as 88% of respondents
indicated that their company offers some sort of cybersecurity training; however, improvement is
necessary, as only 22% of respondents received high-quality training. A 2020 ECSO report estimates
that the maritime industry lacks 50,000 to 100,000 trained people in the cyber field [59]. It is a fact
that cybersecurity training and awareness are paramount to the maritime industry. People need to be
aware of the threats they encounter, not only on work IT systems but to their private devices as well.
Training courses, refreshers, and adequate software protection should be offered and modified to fit
the crews’ needs. The crew on the ships might rotate quite often, meaning that seafarers potentially
often use systems they are unfamiliar with, which might increase the potential for human error.

It was noted, concerning technology and information, that a shift in mind-set is essential to direct more
attention and resources toward cybersecurity [134–136]. In the event of the worst scenario, appropriate
contingency plans should be in place. Such plans should also include the use of alternative modes to
ensure safe and reliable operations in the cyber non-secure environment [75,137]. Manufacturers should
also improve the cybersecurity of their products, not leaving critical shipping systems vulnerable to
cybercriminals [60].

National defense forces are already in the hunt for alternate position, navigating, and timing
(PNT) systems (to GPS) within two years. Even though military commanders would prefer equipment
that does not need to rely on GPS because their current systems are increasingly being jammed or
spoofed, the costly GPS III program is going to be developed in the USA. It will be designed to include
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improved anti-jam features, including the higher-fidelity M-Code signal for military users only [81]. In
the meantime, the US Air Force is looking for solutions that could provide alternative signal sources
that might even be from a non-US GNSS system. Lockheed U-2 high altitude reconnaissance jet pilots
wear GPS-enabled smartwatches (Garmin D2 Charlie) for navigation backup in case their GNSS signal
becomes unavailable [80]. Watches are capable of receiving multiple navigation signals including GPS,
GLONASS, and BeiDou. Indeed, the combination of multiple GNSS systems in a smart receiver makes
spoofing much more difficult, and now that Galileo is available worldwide, it is already used in over a
billion smartphones [138]. The questions we might be asking here are

• Is it not a bit unusual that a superpower state does not have its alternative navigation system for
their own defense forces in order not to rely on the signal sources of their rivals?

• Would it not be wise to develop and put into practice GPS-enabled smartwatches for mariners in
case their GPS signal onboard becomes unavailable?

• Is there any viable non-GNSS alternative or backup system for vulnerable GPS navigation?

At this stage, we might find an answer only to the third question. IMO recognizes the need
for multiple PNT systems onboard maritime vessels. However, there has been no widely available
substitute system for GPS navigation, although, now Galileo is becoming a viable alternative. IMO has
developed the e-Navigation concept to increase maritime safety and security via means of electronic
navigation, based on (at least) two different independent sources of the PNT system to make it robust
and fail-safe. The most viable terrestrial system providing PNT services that meets IMO’s requirements
an enhancement of LOng-RAnge Navigation (LORAN)—eLoran. Not precisely as accurate as GPS,
it can provide sub-5 m (in the Netherlands) to sub-10 m (in the United Kingdom) horizontal positioning
accuracy. It meets the availability, integrity, and continuity performance requirements for maritime
harbor entrance and approach manoeuvres, aviation non-precision instrument approaches, land-mobile
vehicle navigation, and location-based services [83–85].

Galileo offers the Public Regulated Service (PRS) which is encrypted to protect against
spoofing [139]. However, that is only available for use by authorities. However, in the near future,
it will offer (free) Open Service Navigation Message Authentication (OS NMA) that will provide a low
level of protection against spoofing, and a (paid) Commercial Authentication Service (CAS) that is
encrypted like PRS—but for commercial use—while also providing higher accuracy [140].

Perkovic et al. [37–39] presented an impressive laser-based aid system for berthing and docking
that is providing accuracy within 2 cm even when the GNSS satellite signal is obstructed by Ship
to Shore (STS) cranes, or redirected. This system could be one of the core subsystems required for
collision avoidance [141,142] of autonomous surface vessels, which still require solutions for a variety
of technical problems [113].

The answer to the third question could eventually come about by a public–private partnership.
Humphreys [143] predicts that companies such as Elon Musk’s SpaceX and Amazon’s Project Kuiper,
maintaining networks with hundreds of low-Earth-orbit satellites, will eventually become a vital
component of the GNSS ecosystem. The new GNSS will pick up the slack in the event of malfunctions
or attacks.

5. Conclusions

To summarize, the importance of cybersecurity has been recognized, and there will be a series
of new cybersecurity openings in the future through which hackers can attack if systems are not
adequately protected. It is expected that cybersecurity challenges will expand as autonomous ships
will form a prominent piece of the future maritime landscape, underscoring the growing reliance on
interconnected information systems [74]. New, unexpected circumstances may lead to increased cyber
risks, as the year 2020 is now seeing with COVID-19, with reports of 400 percent increase in attempted
hacks since February 2020 [144]. Moreover, the global security landscape that gives rise to hybrid
threats is not expected to improve soon.
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The maritime industry has shown that it is neither immune to cyberattacks nor completely
prepared to combat the risks involved in using some obsolete or modern digital systems. Maintaining
seaworthiness given the impact of digital technologies requires robust cybersecurity policy/strategies,
cyber-secure maritime technology, a shift in mind-set, and new insurance offers that specifically cover
maritime cyber risks. A modest beginning is to have the right people on board and have established
trust between maritime stakeholders. A company under attack must have the confidence to share the
information with others in the sector, allowing them to bolster their defenses.

GNSS signals are indispensable to safe and efficient navigation and are an integral component
of maritime operations. To interfere with them jeopardizes maritime safety and security at sea. This
paper demonstrates the GNSS vulnerabilities that impact many maritime systems. The use of multiple
GNSS constellations (public and private), intelligent processing on the receiver side, and encrypted
signals will in the near future provide increased robust defense against jamming and spoofing. The
paper also recommends that the maritime community implement an eLoran system as a terrestrial
augmentation to space-based GNSS capabilities. Terrestrial signals could be coded and authenticated,
further increasing security and, subsequently, safeguarding GNSS satellites by making them less
attractive targets. Locally, the positioning systems can be complemented by the harbor’s laser-based
aid system for berthing and docking, so that the regional shipping industry can be better protected
from cyberattacks for the foreseeable future. As presented, building resilience against cybercriminals
is a never-ending battle.
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List of Acronyms

AtoN Aids to Navigation
AIS Automatic Identification System
BeiDou China’s BeiDou Navigation Satellite System
CERT-EU Computer Emergency Response Team
cPPP contractual Public-Private Partnership
CSIRT Computer Security Incident Response Teams
ECDIS Electronic Chart Display and Information System
EC3 European Cyber Crime Centre at Europol
eLORAN Enhanced LOng-RAnge Navigation
EMODnet European Marine Observation and Data Network
EMSA European Maritime Safety Agency
ENISA European Union Agency for Cybersecurity
ECSO European Cyber Security Organisation
Galileo European Union’s GNSS
GLONASS Russia’s Global Navigation Satellite System
GNC Guidance, Navigation and Control
GNSS Global Navigation Satellite System
GPS, GPS/NAVSTAR Global Positioning System (USA’s GNSS)
Hybrid CoE European Centre of Excellence for Countering Hybrid Threats
IEC International Electrotechnical Commission
IMO International Maritime Organization
INS Integrated Navigational System
IoT Internet of Things
ISAC Information Sharing and Analysis Centres

82



J. Mar. Sci. Eng. 2020, 8, 776

ISAO Information Sharing and Analysis Organizations
ISM Code International Safety Management Code
IT Information Technology
ITU International Telecommunication Union
LORAN LOng-RAnge Navigation
MSC Maritime Safety Committee
MTS Maritime Transportation System
NavIC India’s Navigation Indian Constellation
OT Operational Technology
PC Personal Computer
PNT Positioning, Navigation and Timing
QZSS Japan’s Quazi-Zenith Satellite System
SCADA Supervisory Control And Data Acquisition
SEG SafeSeaNet Ecosystem Graphical Interface
SMS Safety Management System
SOLAS Safety Of Life At Sea
SSN Ecosystem GUI The SafeSeaNet Ecosystem Graphical User Interface (GUI)
STS Ship to Shore
TDM Traffic Density Mapping
TEU Twenty-foot equivalent unit
VDR Voyage Data Recorder
VIP Very Important Persons
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Abstract: The global maritime digitalization reflects on navigation and paperless vessels with Paper
Navigational Charts (PNC) nowadays superseded by Electronic Chart Display and Information
System (ECDIS). Considering the system implementation and its acceptance as a sole navigational
means, opinions of navigators differ. Although the ECDIS mandatory implementation ended in
2018, some navigators have been still favouring PNCs, pointing out their advantages over ECDIS
navigation. These standpoints may have an impact on the safety of navigation in terms of acceptance,
interpretation, and understanding of the system as well as on conflict of standpoints of decisive
navigational ranks, the latter reason being found as one of the real problems. The presented study
has focused on a specific period, soon after the transitional period completion, aiming to determine
the views of traditional navigation advocates, their arguments in the present maritime navigation
paperless era and to identify potential problems emerging from the conflict of two navigational means.
The research has induced two independent, internationally distributed questionnaires, dedicated
to navigational ranks. The first survey has referred to the period from 2012 to 2018, marking the
transition to ECDIS navigation. The second survey was conducted after the implementation period
completion date. The answers were analysed and discussed from the navigational ranks’ perspective,
considering their competitiveness and the level of ECDIS education. The research results have
indicated and confirmed that PNCs could not entirely be ruled out, at least at this stage. Besides
definitive questionnaire answers, the findings have been supported with categorised comments as
interpreted from the first survey questionnaire results. The paper aims to present the future of the
PNCs, including possibilities of fusion with modern means. The proposed suggestions have been
directed towards the benefits of maritime navigation safety, referring especially to disagreement
between navigational ranks in terms of particular means acceptance.

Keywords: maritime navigation; electronic chart display and information system; paper navigational
charts; electronic navigational charts; ECDIS EHO

1. Introduction

Acceptance of new technology is simply a generation problem, and it is only fairly related to
navigational safety. —Unknown reviewer

The tangible development of the electronic chart systems started almost four decades ago. In the
1980s, International Hydrographic Organization (IHO) created a digital data exchange committee that
laid down the foundation of the future electronic chart systems, thus enabling the beginning of a long
process of PNC digitisation. One of the essential dates was 1st of July 2012, marking the beginning of
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the transitional period and the time when the ECDIS system was officially recognized as a system that
meets chart carriage requirements. The transitional period lasted for six consecutive years, after which
it became a mandatory navigational aid for most International Convention for the Safety of Life at Sea
(SOLAS) vessels [1].

In the wake of global maritime digitalisation, traditional navigational means and the role of PNCs
still appear to occupy an inevitable role. Besides recognised system- and data-centred ECDIS issues,
the reasons for retaining PNCs include the feedback of navigators as central system stakeholders.
The standpoints and views differ depending on experience, rank, and navigator’s engagement with the
system. To determine viewpoints and the way modern navigators perceive PNCs in the paperless era,
the authors conducted two independent segments of research. The first survey was conducted in the
period from the year 2014 to 1st of July 2018, the date of the completion of the transitional period for
most SOLAS vessels. A second research was conducted after this date in the same year. Both researches
were internationally distributed among the eligible maritime navigational ranks. The answers were
analysed, summarized, and subsequently presented. Both expected and debatable findings emerged
from the research. The latter, together with the provided observations, represented the motivation for
further activities.

This paper is structured as follows. After the brief introduction on the topic, general features
on paper and Electronic Navigational Charts (ENCs) have been presented, with an emphasis on the
possible future outcomes of PNCs. Previously related research achievements are summarized, both on
the research topic and the system in general. In the methodology chapter, the utilized system of research
methods has been described. Research results have been presented subsequently and discussed in the
following section. Based on previous findings and current research results, a rudimentary safety-related
model has been defined, providing insight into potential system-related threats and possible risks
which can be still considered to work in favour of traditional means. The paper concludes with
summarized findings and desired future research.

2. Background and Previous Research

The SOLAS Convention requires installation of one ECDIS system on board vessels engaged in
international voyages, other than non-tanker cargo ships with a gross tonnage of less than 10,000 built
before 1st of July 2013. [1]. As a back-up arrangement imposed by carriage requirements, the following
means have been recognized: (i) an Appropriate folio of PNCs (APC); (ii) autonomous system equipped
with an independent emergency power supply; and iii) chart Radar [2–4].

The advantages of ECDIS navigation over traditional means can be summarized as workload
reduction; task automation; and, as stated by the International Maritime Organization [5], the system
usage contributing to the safety of navigation, particularly referring to predefinition and settings
of safety parameters. Contrary to benefits, the system has been considered as a nonautonomous,
still dependent on external factors such as sensors and hydrographic data, and prone to failures,
malfunctions, and inability of proper performance nevertheless the root cause. The proper education
and the lack of knowledge have been further recognised as drawbacks. This current-state pros and
cons outcome, together with the desired path towards navigational safety have been the motivation for
the research and for the results obtained and presented in continuation.

For ECDIS to be accepted as a system which meets charts carriage requirements, the following
conditions have to be met: (i) the system has to be type-approved. (ii) it is necessary to employ
up-to-date ENCs; (iii) the system software has to be maintained and compatible with the latest IHO
standards; and, (iv) the system needs to have adequate and independent back-up arrangements [3,5–9].

During the ECDIS transitional period, several issues regarding the system have been recognized [10],
although the current scientific collection of findings has been relatively scarce. The analyses of
ECDIS-related accidents have emphasized the need for a more efficient system operation [11,12].

The previously conducted surveys and research results on justification of the system have indicated
potential problems on different levels, generally related to the system, installation, maintenance,
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positioning, handling, navigation, insufficient operator’s knowledge, ENCs production, displayed
chart symbols without their features, etc. [10,13–15].

The summarized problems and difficulties (Figure 1) [13] have served as a further step towards
the research. An overview of the existing ECDIS-related training has suggested some potential
improvements in the training for deck officers, as well as in the increase of operational awareness [16–18].

 
Figure 1. Summarized Electronic Chart Display and Information System (ECDIS)-related issues adapted
and modified from [13].

There is no evidence that the system will be better accepted if system operators are more
experienced seafarers [19]. Considering the particular navigational rank engagement and interaction
with the system, a continuous need to adopt ECDIS Education and Training (EET) for an individual
rank has appeared. The risks of overreliance, lack of situational awareness, and other subtle problems
should not be disregarded [13,15,20].

The navigator has to be aware of the system limitations and should always cross-check displayed
information on the ECDIS with available and suitable sources [21] due to the risk that the safety
of navigation is compromised by infrequently utilizing basic safety settings [22,23]. Furthermore,
lack of standardization of the system settings, display, functions, and terminology among system
manufacturers has showed a negative impact on the safety of navigation [24]. In Figure 2, a share
of answers [20] referring to opinions on advantages of both navigational means has been presented,
with the justification of opinions related to the main features.

To prepare for the future of PNCs, some critical issues on the subject have been introduced to the
IHO and hydrographic offices [25]. The National Oceanographic and Atmospheric Association (NOAA)
has already announced the end of the production of traditional PNCs and of the implementation of
an online application, which will provide the users with an option to create their own, custom made
charts [26].

Hydrographic offices have been considering whether to reduce or altogether discontinue the
printing of the PNCs. As a consequence, even for ECDIS back-up arrangements, the world will not be
covered entirely with PNCs. Concerning the ENCs world coverage and their features [27], the quality
of the ENC data, in particular the depth hydrographic information, may vary, given that the source
of surveys is mostly the same as on PNCs. There are approximately 75% of the navigable waters
covered with ENCs where seafarers need to exercise caution or a high degree of caution due to the
possible existence of uncharted dangers for navigation [25,28,29]. Recent efforts to provide a valuable
voyage-planning tool for the vessels operating in the Arctic waters [29] has highlighted the importance
of a proper ENC coverage, especially in the remote areas.

Inevitable reduction in the PNCs’ production and the mandatory transfer to electronic means
have been further problem-addressing points of the research.
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Figure 2. Counts (x-axis) of feature comments (y-axis) on advantages (lower image: system supporters)
and drawbacks (upper image: traditional supporters) of ECDIS navigation compared with traditional
means adopted and modified from [20].

3. Research Methodology

The research methodology has used two interrelated, separated parts: (i) the segment of ECDIS
Experience, Handling, and Opinion (EHO) research and the (ii) Human Machine Interface (HMI) survey.

The ECDIS EHO research has started in the first years of the implementation period to improve
educational processes and to develop an appropriate curriculum to increase the level of knowledge
of the Officers of the Watch (OOW), being the true system end-users. One of the research tools has
been an international questionnaire consisting of introductory and topic-related questions, providing
feedback received from navigational ranks and, to a lesser extent, from apprentice officers and other
system stakeholders.

The previous research results and findings have yielded several scientific, educational and practical
contributions, reflecting, among other things, in educational process improvements [13,16,18–20,22–24].
Recognized key observations have served as an additional factor for the proposed study. While the
distribution and analysis of the questionnaire ended on 1st of July 2018, the research continued further
in different segments. On November 2018, the HMI survey was distributed to the international maritime
professionals, containing 19 introductory and topic-related questions. Representing a continuation of
the research, a dedicated online survey was distributed to the navigational ranks who have obtained the
Generic ECDIS certificate at least. The concept of the ECDIS EHO survey methodology has been presented
in Figure 3, with the HMI segment added as well as incorporated after the implementation period.
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Figure 3. The concept of the ECDIS Experience, Handling, and Opinion (EHO) methodology with the
Human Machine Interface (HMI) segment adapted, modified, and complemented on the basis of [5].

The subject of this research has been the opinion and the mindset of current navigational ranks,
which have had the opportunity to work with both types of the navigational means. The research has
focused on eligible navigational ranks: masters, staff captains, chief officers, safety officers, 1st officers
navigation, second officers, and the third officers. The following introductory questions have been
used in both the surveys to categorise the respondents’ profiles:

• rank,
• working experience,
• holding the ECDIS Generic Training Certificate, and
• holding the type specific/ECDIS manufacturer-approved equipment-specific training.

The following topic-related questions from EHO and HMI segments/questionnaires have been
analysed, with the EHO part providing a possibility of accompanying comments to possible
YES/NO answers:

• Do you agree with the withdrawal of paper charts from service if certain conditions are met regarding the
ECDIS system, i.e., there is no further obligation to possess the same? You can explain the YES/NO answer
if you want to. (abbreviated further as Q1 EHO),

• Do you think that it is still necessary to keep navigational paper charts after implementation of the mandatory
ECDIS system? (abbreviated further as Q2 HMI).

At this point, the collected answers have been regrouped in the main research categories’,
containing introductory and topic-related questions, i.e., their responses.

Respondents have been categorized according to navigational ranks, years of sea experience,
and ECDIS-related certificates’ holders. Summarized results have been given for the Q1 EHO and Q2
HMI questions. The EHO segment comments have been categorised and discussed in the respective
section. The obtained results, analysis, and discussion have been presented as follows.
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4. Results

A total of 402 maritime active seafarers have taken part in the research, with the working experience
ranging from one to more than 20 years.

The ECDIS EHO survey (Figure 4) has included answers from 269 respondents: 100 masters, 8 staff
captains, 77 chief officers, 4 safety officers, 67 second officers, and 13 third officers. As for their active
working experience, 5 categories have been defined: (i) the 6% respondents have had less than 5 years
of working experience, (ii) 14% have had 5 to 10 years of experience, (iii) 40% have had experience
from 10 to 20 years, (iv) 40% of respondents have had from 10 to 20 years of working experience,
and (v) 37% of respondents have had more than 20 years of working experience. The remaining 3%
have not specified this answer.

Figure 4. Navigational ranks of ECDIS EHO participants (left) and their sea experience (in years) (right).
Source: Authors.

The HMI survey (Figure 5) has included answers from 133 respondents: 44 masters, 10 staff
captains, 35 chief officers, 10 1st officers navigation, 23 second officers, 8 third officers, and 3 undefined
respondents. Active working experience of the participants has been divided into five categories:
respondents with less than five years of working experience (12%), respondents from 5 to 10 years of
working experience (27%), respondents from 10 to 15 years of working experience (27%), respondents
from 15 to 20 years of working experience (15%), and respondents with more than 20 years of working
experience (19%).

Figure 5. Navigational ranks of HMI participants (left) and their sea experience (in years) (right).
Source: Authors.
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During the transitional period, it has been noted that the generic ECDIS certification from the
participants in the ECDIS EHO survey has increased from 61% to 100% in the HMI survey. The type-specific
(familiarization) ECDIS training certification has risen from 47% in the ECDIS EHO survey to 90% in the
HMI survey, as shown in Figure 6.

Figure 6. Presentation of answers referring to the possession of the generic training certificate,
type-specific training certificate, and both certificates according to EHO (left) and HMI survey (right)
results. Source: Authors.

The ECDIS EHO participants have had an option to specify the system model on which they
had attended the certification course. Transas has been the most commonly utilized system for the
generic training certification, while for the type-specific training certification, SAM Electronics was the
prevailing one.

The total share of answers on (Q1 EHO) and (Q2 HMI) is shown in Figure 7, together with the
trend of the respondents’ opinions. In the EHO research, there have been a few cases where participants
have not given an answer, thus making a 4% share of all responses. In general, more than half (52%) of
the respondents have agreed with the paper chart withdrawal from service if certain conditions have
been met regarding the ECDIS system (ECDIS EHO). In comparison, almost 73% of the HMI survey
participants have agreed to the PNC removal. There has been a positive, increasing trend for more
than 20% in favour of the PNC removal after the mandatory ECDIS implementation.

 

Figure 7. ECDIS EHO participants’ opinions regarding Paper Navigational Chart (PNC) removal (left),
the trend of affirmative PNC removal answers (centre), and HMI participants’ opinions regarding the
necessity of the PNCs (right). Source: Authors.

97



J. Mar. Sci. Eng. 2020, 8, 842

Despite all efforts, system modernization, professional certifications, training, and hands-on
experience of the participants, there has still been a considerable share of the respondents (27%) who
have favoured PNCs and traditional means of navigation and their opinions cannot be ruled out.

5. Further Analyses and Discussion: Towards the Unwanted Chain of Errors Avoidance

As a technical achievement, the ECDIS has been conventionally accepted as a primary navigational
means, having brought many benefits to seafarers. Generally speaking, this fact has been expected.
Nevertheless, it would be reasonable to elaborate on the opinions of the seafarers from both the
researches who have favoured PNCs and traditional navigational means. There is a division of
seafarers [30], as to whether they have developed their navigational skills before or after the electronic
means have taken place globally, requiring their roles and working experience to be considered.
The overall results have been subsequently analysed by years and participants’ rank.

A first analysis has been made on the basis of the questionnaire submission year. The results in
terms of three answering options (yes/no/no answer) have been plotted using a 100% stacked column
chart (Figure 8). This allowed comparison of the percentage of contribution for each category, showing
that the most significant share on the PNC removal was in 2018, equal to more than 65%.

 

Year  2014 2015 2016 2017 2018 
Yes 49 33 24 9 26 
No 37 44 18 7 12 

Na * 2 1 5 1 1 
* No answer 

 
 
 
 
 

Figure 8. ECDIS EHO survey participants’ opinions regarding PNC removal divided by years.
Source: Authors.

The second analysis regarded both the navigational rank and the questionnaire submission year
(Table 1 and Figure 9, respectively).

Figure 9. ECDIS EHO participants’ opinions regarding PNC removal divided by years and rank
(Q1: Do you agree with the fact of the withdrawal of the paper charts from the service if certain
conditions are met regarding the ECDIS system, i.e., there is no further obligation to possess the same?)
Source: Authors.
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Table 1. ECDIS EHO participants’ opinions regarding PNC removal divided by years and rank.

Year 2014 2015 2016 2017 2018 2014 2015 2016 2017 2018

Yes 8 14 13 4 4 1 0 1 0 2
No 19 19 8 4 4 1 1 0 0 2

No answer 1 0 2 0 0 0 0 0 0 0

Rank Master Staff Captain

Year 2014 2015 2016 2017 2018 2014 2015 2016 2017 2018

Yes 19 8 5 0 9 0 0 0 0 1
No 8 13 8 3 1 0 2 0 0 1

No answer 0 0 3 0 0 0 0 0 0 0

Rank Chief Officer Safety Officer

Year 2014 2015 2016 2017 2018 2014 2015 2016 2017 2018

Yes 17 10 5 5 7 4 1 0 0 3
No 9 7 2 0 4 0 2 0 0 0

No answer 0 0 0 0 1 1 1 0 1 0

Rank Second Officer Third Officer

Source: Authors.

When comparing years 2014 and 2018, an even opinion or slight increase among all navigational
ranks, with an exception of second officers, has been noted regarding the favouring of electronic
navigation means, as opposed to traditional navigation. When analysing the first six months of the
year 2018 (EHO) and the time frame before mandatory system implementation, there were still 50%
of the masters, who have not agreed with the PNC removal. Staff captains and safety officers were
equally divided (50%). A 90% of the chief officers and a significant share of the second officers (42%)
did not agree with the PNCs withdrawal from the service. Although represented in a relatively small
share, the results indicated that 100% of the third officers would like to withdraw the PNCs.

The general percentage of answers on Q2 HMI regarding the navigational rank is shown in
Figure 10. The relative share of two possible answers (yes/no) has been provided by each participant’s
rank. Approximately 60% of masters, staff captains, and third officers would like to withdraw PNCs
from the service after the mandatory system implementation. The majority of the second officers
(78%) and chief officers (86%), as well as all of the 1st officers navigation share the same opinion.
The exception have been unspecified participants (2%).

 

Rank  Yes No 
Master 27 17 

Staff Captain 6 4 
Chief Officer 30 5 

1st Officer 
Navigation 

10 0 

Second 
Officer 

18 5 

Third Officer 5 3 
Rank not 
specified 

1 2 

Figure 10. HMI survey participants’ opinions regarding PNC removal (Q2: Do you think that it is still
necessary to keep navigational paper charts after implementation of the mandatory ECDIS system?).
Source: Authors.
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Masters and staff captains have favoured the PNC removal for an additional 10%, while there
has been approximately 20% of the increase of the second officers who share the same opinions
(in 2018, as derived from both surveys). There has also been a 4% decrease in opinions of the chief
officers (from 90% to 86%), and 38% of the third officers who have favoured the PNC removal after
the mandatory system implementation. The total share of the answers from participants who have
supported the PNC removal decreased from 100% to 62%. Since the individual results have not been
totally uniform, more specific research should be conducted, providing a larger, and therefore, more
representative samples of participants’ categories. So far and it is, generally speaking, logical, the senior
ranks have been mostly more reluctant to discontinuation of the PNCs usage, as opposed to junior
officers. The latter have been in total consensus about the PNCs’ complete removal from the service.
Another consequential and perhaps underrated question has emerged or, rather to say, it has been
confirmed: To what extent will the traditional supporters ignore the usage and the features of the
system as a result of their standpoints regarding the non-acceptance, or even resistance to the means?
Although seemingly negligible, this issue refers to the desired synergy between traditional and system
supporters, i.e., their ability for joint and successful achievement of safe navigation.

Several potential issues and uncertainties can be identified on the basis of these results. The categorized
issues have been shown in Figure 11. In their nature, they can be divided in two major groups: (i) system
and data problems (grey coloured rectangles and orange arrows) and (ii) operational (navigator’s)
issues (blue coloured rectangles and orange arrows). Both can individually lead to potential precarious
and difficult situations (red coloured rectangle), e.g., overreliance as a navigator’s problem, or the
ENC information quality as a data problem leading to difficulties or risks in system handling and the
execution of navigation tasks.

 

Figure 11. The model of ENC cause-and-effect chain of adverse events. Source: Authors.

A combination of (i) (grey coloured arrows) and (ii) (blue coloured arrows) has been pointed out
(red arrowed colour) as a most unwanted scenario, i.e., an operator with a low level of knowledge
experiencing a system problem. As for discrepancies in the system acceptance, they could lead to
intentional non-usage of the system and its features, nevertheless its role. This, unwanted chain of
errors leading to potential hazards has been found, especially in this instant of time, to pose a serious
threat to the navigation venture.
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Subsequent findings can be elaborated as follows:

• the trend of digital means’ acceptance has increased, as expected,
• even though the system has been generally accepted among the end-users, there have still been

specific issues which the system users have been pointing out, with similar key points confirmed
by the respective organisations,

• like any other technical instrument, the system is prone to failures, what has been expectedly
recognised by the end-users,

• the system users have identified the handling-independent problem of the ENC coverage,
• the ENC updates are dependent on satellite communication systems and internet availability,
• the quality of the displayed ENC information differs, depending on their depth accuracy level,
• in certain instances, the PNCs can offer a better overview of some navigable waters (coastal

navigation, port approaches) due to their size,
• besides handling the system and familiarizing with, it is necessary to obtain, gain, and maintain a

certain level of knowledge and skills to operate with the system properly,
• a problem of overreliance can emerge in terms of exaggerated confidence in the system,
• there are still OOWs without system-approved equipment specific training.
• opinions regarding PNC removal from the service widely differs between research participants,
• a recognized and justified need to incorporate traditional navigational means with modern

navigational means to contribute to the safety of navigation has appeared.

Modern technology has speeded up the process of navigation planning, and facilitated easier
monitoring of the vessel’s movement and navigation. Even though most of the respondents agreed
about the PNC removal, it would be prudent not to disregard suggestions from traditional navigation
advocates. According to the presented analyses, a minimum set of PNCs should be kept on board as a
back-up arrangement in a case of emergency as a worst-case scenario, especially when taking into
consideration the ECDIS EHO participants’ legitimate comments and concerns about issues on the
system. Those have been addressed not only as system crash downs, screen freeze, and issues related
to system and ENC updates but also as the announcements of certain hydrographic offices regarding
the PNCs removal from the service [26]. There has been more than one-fourth of the respondents—after
the transitional period completion—who have still been favouring the PNCs. As for navigational
charts, the potential problem is standing in front of the considerable number of modern seafarers who
have still been stranded in the traditional navigation era.

6. Conclusions

Digital navigation is replacing traditional means. Paperless navigation relies on present and future
maritime navigational trends, with integrated navigational systems, e-navigation, and coordinating
cloud data exchanges between vessels and the shore as most common examples.

The research carried out in this paper has focused on the opinions and arguments of eligible
officers as the central stakeholders in the process of the maritime navigation, elaborating their level of
acceptance of new navigational means. This research aimed at addressing potential problems arising
from the transition to electronic charts to improve the safety of navigation. The participants’ answers
have been collected and analysed during and after the transitional period, considering their response
through the survey periods and their current engagement with the ECDIS system.

The results have pointed out measurable differences in opinions on a particular navigational
rank and trends of opinions through five consecutive years. As seen from the navigational ranks’
standpoints, even though there has been a positive, increasing, and finally expected trend regarding the
PNC removal from the service, except for the chief officers, there have still been more than one-fourth
of the research participants who have, in one-way, been favouring the PNCs and traditional navigation
means. Senior navigational ranks and overall commanding officers have still been reasonably reserved
towards new technologies. The reasons can be found in existing system- and chart-related issues
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and insufficient trust in electronic equipment. Here, traditional equipment has been considered as
an irreplaceable support. Apart from technical issues, the updating level of knowledge is essential,
adapted to the particular rank and its actual engagement with the system, rather than relying on
formal, prevalent courses. The research has indirectly confirmed the unwanted possible consequences
of overreliance which could lead to the lack of situational awareness.

The research results brought up the complex matter referring to the particular approach of
navigational ranks of different standpoints and, consequently, their mutual relationship aimed to
provide a safe navigation. The discordance in accepting of navigational means could have a negative
impact on conducting tasks in the ECDIS navigation and the synergy of the bridge team. Further,
the integration of traditional and modern means appears to contribute to the safety of navigation.

The research findings have indicated a need for further analysis of the answers given by particular
respondents’ groups, especially the ranks which have been less represented in the research, e.g.,
the third officers. A further continuation of the research has been planned in order to engage as many
navigational ranks as possible, in order to maintain and improve this feedback mechanism.

In pace of time and of the new generations of seafarers, it is to expect that they will categorically
accept the modern navigation means. However, it has been evident that the PNCs cannot be entirely
discarded. Even though the introduction of the ECDIS has not necessarily implied complete PNCs
withdrawal, it can be assumed that it will happen. With the rise of new chart-creation technologies,
it can be expected that the electronic charts and their appropriate accuracy will further improve.
Nevertheless, it seems that the time has not yet come.
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Abstract: The application of fuzzy logic is an effective approach to a variety of circumstances,
including solutions to maritime anti-collision problems. The article presents an upgrade of the radar
navigation system, in particular, its collision avoidance planning tool, using a decision model that
combines dynamic parameters into one decision—the collision avoidance course. In this paper,
a multi-parametric decision model based on fuzzy logic is proposed. The model calculates course
alteration in a collision avoidance situation. First, the model collects input data of the target vessel
and assesses the collision risk. Using time delay, four parameters are calculated for further processing
as input variables for a fuzzy inference system. Then, the fuzzy logic method is used to calculate
the course alteration, which considers the vessel’s safety domain and International Regulations for
Preventing Collisions at Sea (COLREGs). The special feature of the decision model is its tuning with
the results of the database of correct solutions obtained with the manual radar plotting method.
The validation was carried out with six selected cases simulating encounters with the target vessel in
the open sea from different angles and at any visibility. The results of the case studies have shown
that the decision model computes well in situations where the own vessel is in a give-way position.
In addition, the model provides good results in situations when the target vessel violates COLREG
rules. The collision avoidance planning tool can be automated and serve as a basis for further
implementation of a model that considers the manoeuvrability of the vessels, weather conditions,
and multi-vessel encounter situations.

Keywords: fuzzy logic; decision model; COLREG; collision avoidance

1. Introduction

Decision-making and responsiveness are the navigator’s primary activities in avoiding
collisions at sea. Due to the reduced number of the crew on the bridge, the amount of
information required per person has increased, which adds a burden to the decision-
making process. The decision is also influenced by the traffic situation, weather conditions,
and, finally, the navigator’s experience. Vessel avoidance has additional peculiarity as
the navigator has extensive knowledge of his vessel and limited information of the vessels
in the vicinity, which means that he/she makes decisions in an uncertain environment [1].
The automation of navigation devices has brought a new approach to maritime safety in
maritime affairs and, at the same time, changed the nature of human error [2]. An essential
cognitive aspect of the problem of automation is: How does the human brain process
certain information? How much data is a person able to receive at one time? How should
the information be displayed so that a person can receive it in the correct form and use it
for further decision-making?

The improvement of maritime safety in the 1970s was mainly due to the upgrade
of navigation radar with the Automatic Radar Plotting Aid (ARPA), a support decision-
making tool for collision avoidance at sea. Above all, it shortened the time of collision risk
assessment and increased the navigator’s situation awareness. Although ARPA contains a
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lot of information about vessels in the area and a Trial Manoeuvre tool to simulate collision
avoidance using a time delay command, there are standard limitations and errors that
radars have, especially regarding the processing time of the received signal [3]. According
to the International Maritime Organization (IMO) requirements, the ARPA radar must
display, in one minute and with 95% accuracy, the relative motion (relative course and
speed) and DCPA (Distance to Closest Point of Approach) of the target vessel; within three
minutes, record the overall trend of the target vessel—relative and true course, relative and
true speed, DCPA, and TCPA (Time to Closest Point of Approach). Therefore, it is advisable
to use these data from the Automatic Identification System (AIS) device since they are
updated, on average, every 30 s (depending on the vessels’ speed and course change).
Both ARPA radar and AIS are currently integrated into the Electronic Chart Display and
Information System (ECDIS) and the navigator has a lot of information available on a
single screen. However, the Trial Manoeuvre tool for planning collision avoidance at
sea still requires manual adjustments which, in turn, means extending decision-making
time in a situation that requires a dynamic decision-making process. There are also no
integrated COLREG rules in the system itself, and their application is left to the knowledge
of the person steering the vessel.

To relieve the navigator of the glut of information of today’s technology used onboard
vessels, in 2009, IMO issued a Strategy for the Development and Implementation of E-
Navigation (MSC85-Report, Annexes 20 and 21). The goal of E-Navigation development is
to improve maritime safety by integrating existing and new navigation devices in a struc-
tured manner, simplifying processes to prevent information overload and increase safety
by aggregating information into those which are genuinely relevant for the navigator [4].
The task of the navigation decision system, besides its information function, is to supply
solutions—determination of safe vessel trajectories in the process of collision avoidance.
Decision systems consist of several components, including components for collision risk
assessment and avoidance manoeuvre calculation. Quantitative methods of calculating
the collision risk could primarily include the calculation of the CPA point. As it represents
the distance to the closest point of approach, it is the first indicator of the possibility of
a collision or entry into the area of the safe vessel’s domain. A vessel’s safety domain
is the sea area around the vessel, which must remain free from other vessels and fixed
installations. In some ARPA radars, the PAD method (Predicted Area of Danger) can also
be found to show the collision estimate, which, unlike the CPA method, also takes into
account the dimensions of both vessels, course, and speed [5,6]. Most of the early vessel’s
safety domain developments were created by statistical and analytical methods, and oval
and elliptical shapes predominated. In recent times, however, we find models that change
dynamically according to different navigation situations: vessel size, traffic density, relative
speed, type of navigation situation, weather conditions, visibility, etc. [7,8]. According to
Cockcroft [9], the size of a vessel’s domain cannot be quantified, but it is suggested that
in degraded visibility, this is limited to 2 M. However, it may be lower at low speeds in
heavy traffic, in an overtaking situation, or when the observed vessel is expected to sail aft.
In practice, this area is determined subjectively by the navigator, or it is determined by the
shipowner or another person/institution responsible for it. If there is a risk that another
vessel will enter the vessel’s domain, an appropriate collision avoidance manoeuvre is
required in accordance with the COLREG rules.

Many researchers are engaged in the development of the collision avoidance systems.
Models of research may be divided into three main categories: mathematical models
and algorithms, soft computing (the evolutionary algorithms, neural networks, fuzzy
logic, and expert systems), and a combination of all—a hybrid navigation system [10].
The decision model, which determines the appropriate collision avoidance manoeuvre
based on fuzzy logic, was introduced by several authors, among them Perera [6], who
primarily shed light on situations occurring on the high seas when a vessel is in a critical
position in relation to another vessel and must perform the collision avoidance manoeuvre.
The simulation was tested using MATLAB’s Fuzzy Logic Toolbox using the Mamdani
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fuzzy inference system. In setting rules (144 rules in total), the author specified five input
parameters: the region where the target vessel is located; the relative course of the target;
the level of encounter risk; the distance to the target, and the relative speed of approach.
Based on these parameters, the model decided on the need to change course or speed based
on COLREG rules 13, 14, and 15. In the following article [11], they tried to solve the problem
of avoiding multiple vessels by combining fuzzy logic and the graphical probability model—
Bayesian networks. Later, fewer input parameters were used to find the appropriate
avoidance manoeuvre for the fuzzy inference system: distance to the target vessel, azimuth,
relative course, and speed of approach [12]. Selection of the navigation strategy in traffic
separation scheme, using a decision model based on a fuzzy logic algorithm was proposed
by Wu [13], who analysed the dynamic characteristics of the navigation process. With a
similar fuzzy logic approach the risk of collision with static and moving objects was
calculated [14,15]. Zhuo et al. [16] calculated, in their model, the start time of the manoeuvre
by altering the course by 30◦ in relation to the target vessel at 0.8 nautical miles (M).
A similar approach to collision avoidance was taken by Su et al. [17] who calculated
the position of own vessel to initiate avoidance for different rudder deviations. An attempt
to find the optimal avoidance path was presented by Pietrzykowski [18], where an optimal
control method was used for vessel motion: a multi-stage fuzzy control in combination
with the Dijkstra algorithm for determining the shortest path. Using a combination of
fuzzy logic and neural networks, Liu [19] calculated the direction and magnitude of own
vessel course change and the time at which the alteration began. In doing so, they used
input parameters with different navigation situations (COLREG rules 13, 14, and 15) and
the speed ratio between the own and the target vessel. The vessel’s trajectory in collision
avoidance situations was also the basis for research by Szłapczyński [20], who used the
technique of evolutionary algorithms that allow the navigator to predict the trajectory of
the target vessel and thus plan its manoeuvre. In a congested traffic area, this method
would also allow the VTS (Vessel Traffic System) operator to coordinate the movements of
all vessels. More complex hybrid systems for autonomous navigation were presented by
Lee et al. [21] and Hu [22]. They, in addition to using fuzzy logic, also introduced a Virtual
Force Field (VFF) known in the field of mobile robotics.

In this paper, a collision avoidance decision model is proposed, based on fuzzy logic
which calculates course alteration using four parameters. The model is considered as an
upgrade of the current Trial Manoeuvre tool in ARPA radar, which is used to plan collision
avoidance manoeuvres. The model structure and the rule-based system are built using a
database of correct solutions, obtained by manual radar plotting method. This presents a
novel approach in determining fuzzy parameters and rules. Additionally, two important
segments of collision avoidance are considered in the model:

• the direction of avoidance (in compliance with COLREG rules 8 and 19), and
• the minimum course alteration (in compliance with COLREG rule 8).

The quality of the execution of the avoidance manoeuvre is, thus, not only in achieving
a safe distance for the passage of vessels but also in the process of manoeuvring.

The paper is structured as follows. Section 2 provides a brief introduction to the method-
ology of fuzzy logic; Section 3 describes the design of the decision model in a two-step
sequence, which also represents the originality of this study. Each step is described in more
detail in sub-sections defining input parameters, the fuzzy inference system with its fuzzy
rules and the output decision of the decision model. Section 3 presents six selected case
studies that simulate different navigation situation encounters. In Section 4, the presented
case studies are discussed, followed by the conclusion.

2. Fuzzy Logic Methodology

The literature review presented several methods for calculating the collision avoidance
manoeuvre. The proposed decision model uses fuzzy logic, which belongs to the techniques
of artificial intelligence. The advantage of fuzzy logic is that decisions can be made based
on inaccurate data that cannot be described in mathematical notation because they are
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expressed in words. Zadeh [23] justified the numerical methods of fuzzy logic by claiming
that humans perceive events in their environment inaccurately and without a precise
distribution law. Fuzzy logic thus imitates the human way of thinking, which can solve
complex tasks, although they may also contain a great deal of uncertainty. Other advantages
to using fuzzy logic for a decision model are its ease of use and transparency, which were
two essential features when choosing this technique. Fuzzy computing has also proven to
be a very widespread technique in other areas of transport; some such examples were cited
by Teodorović [24]: solving the problem of vehicle routing, route selection or timetable
optimisation in various transport industries, regulation of traffic lights, etc.

Fuzzy inference system (FIS) is the process of formulating the mapping from a given
input to output using fuzzy logic. It is one of the main elements of the fuzzy logic system.
The FIS type in this paper is “Mamdani”. The use of the IF-THEN rules is organised
with the “AND (min)” and “OR (max)” operators. Therefore, the basic tasks of the fuzzy
inference system (FIS) are fuzzification, fuzzy reasoning and defuzzification. Fuzzification
is a procedure in which the input data is placed in an appropriate set, which is at the same
time a linguistic variable, and the grade of membership is determined. The mathematical
logic theory assumes only correct and incorrect statements; in fuzzy logic, however, an
element belongs to a set with a certain grade of membership (μx). Fuzzy sets have different
shapes; in the literature, triangular and trapezoidal are commonly used, represented by
mathematical notation:

μ(x) =

⎩⎪⎪⎨
⎪⎪⎧ 0, x < x0;

x ‒ x0 
x1 ‒ x0

, x0 ≤ x < x1;

1, x1 ≤ x ≤ x2;
x3 ‒ x
x3 ‒ x2

, x2< x ≤ x3;

0, x ≥ x3.

 (1)

μ(x) = ൞ 1, x < x0;
x1 ‒ x
x1 ‒ x0

, x0 ≤ x ≤ x1;

0, x > x1.

 (2)

μ(x) = ൞ 0, x < x;
x ‒ x
x1 ‒ x0

, x0 ≤ x ≤ x1;

1, x > x1.

 (3)

μM
(x) = ⎩⎪⎨

⎪⎧ x ‒ x0

x1 ‒ x0
, x0 ≤ x ≤ x1;

x2 ‒ x
x2 ‒ x1

, x1 < x ≤ x2

0, x < x0 ali x > x2

 (4)
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Fuzzy reasoning or the process of mapping input data to output decision is performed
with a base of rules formed by IF–THEN conditional statements. Defuzzification is the last
step in FIS and is a conversion of fuzzy output quantities into a crisp output quantity.
For each unit of input and output data, a degree of membership in the corresponding fuzzy
set is assigned. A common mapping is multiple inputs to one output, but there can also
be multiple outputs. The greater their number, the greater the number of fuzzy rules in
the system which, unfortunately, also affects its transparency. The decision model uses
the Mamdani fuzzy inference type. A characteristic of this type is that both inputs and
outputs are interpreted with linguistic variables connected by the fuzzy operators “min”
and “max”. The value of a linguistic variable is also called fuzzy value, which describes
belonging to a certain fuzzy set [25]. Fuzzy logical operators are defined as follows:

• AND (“min”)—fuzzy cross section or conjunction,
• OR (“max”)—fuzzy union or disjunction,
• NOT—fuzzy complement.

The membership function of the output data D has a form (Figure 1):

Figure 1. Graphical interpretation of Mamdani fuzzy inference system [26].

μD(x) =max
n

{
min

[
μAn (ai), μBn (aj), μCn (ak)

]}
, n = 1, 2, 3, . . . , N (5)

which means that the input data are combined with the “min” function:

μA∩B∩C(x) = min [μA(ai), μB(aj), μC(ak)] (6)

and the output data is combined with the “max” function:

μD(x) = max [μD(x1), μD(x2), . . . , μD(xn)] (7)

The latter calculates the sum of all outputs, thus obtaining a shape representing a
fuzzy set of all output data. A commonly used data sharpening method is the “centre of
gravity” method, which is calculated by

x∗ =
∫ ∞

0

x · μD(x) dx
μD(x) dx

. (8)

The input parameters and the output decision, the composition of the fuzzy member-
ship functions for each input and output, and the fuzzy rules that perform the process of
fuzzy reasoning are presented in the following sections.

3. Design of the Proposed Collision Avoidance Model

Avoidance manoeuvre is a process that requires planning and observation of dynamic
navigation situations in an appropriate timeframe. Vessel movement prediction is an
important part of planning, with extrapolation of the vessel’s trajectory within a time delay.
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As on the radar, the navigation situation in the model is presented from the own vessel
perspective. The observed vessel is considered as target vessel. The proposed decision
model calculates the decision using two steps. In step one, the model collects input data of
own and target vessels to assess the collision risk. To predict the target vessel position at
the time of collision avoidance manoeuvre, time delay calculation is used to obtain the new
relative position of a target vessel. At this point four parameters are calculated for further
processing as input variables in a fuzzy inference system. The second step is calculation of
the decision (course alteration), using fuzzy logic methodology.

3.1. FIS Input Parameters Calculation

In this paper the calculation of the appropriate course alteration is influenced by four
dynamic parameters as input variables of the FIS:

1. DCPA—Distance to Closest Point of Approach,
2. AP—Action Point distance to the target vessel,
3. RB—Relative Bearing of a target vessel,
4. Vo—Own vessel Velocity.

To calculate input parameters used in a fuzzy inference system, the predicted position
of a target vessel is calculated using a time delay [27]. A time delay of the navigation
situation is a set of functions that calculate the relative position of the target vessel for
the desired time delay if the course and speed of own and target vessel do not change in
time. This method is called “Static Calculation of a Trial Manoeuvre”. The new relative
position of the target vessel is calculated as follows:

dtN =

∣∣∣∣ XtN

sinωtN

∣∣∣∣ [M], (9)

RB = ωt − Co [◦], (10)

where dtN is the new distance to target vessel, XtN is the new relative position coordinate of
the target vessel, ωtN is a new azimuth of a target vessel, and RB is a new relative bearing
of the target vessel.

Collision risk assessment parameters DCPA and TCPA are calculated with the following [28]:

DCPA =

∣∣∣∣∣
(
Xt · Vry

) − (Yt · Vrx)

Vr

∣∣∣∣∣[M], (11)

TCPA =−
(
Yt · Vry

)
+ (Xt · Vrx)

V2
r

· 60 [min], (12)

where Xt and Yt are relative position coordinates of the target vessel, Vrx and Vry are relative
velocity vector components, and Vr is the relative velocity of the approach (Figure 2).

Figure 2. Graphical representation of the collision risk calculation in a relative coordinate system.
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The AP and RB parameters are time variables, DCPA and V are considered as static
data (assuming both vessels keep speed and course). Since fuzzy reasoning is conditioned
by uncertainty, the velocity of the target vessel, relative velocity of the approach, and TCPA
of the target vessel were not used as input parameters when modelling the fuzzy inference
system since the consideration of the AP parameter nullifies the influence of these variables.

According to fuzzy logic theory, a parameter must be assigned to an appropriate fuzzy
set. In the following sub-sections, parameters are presented in detail, and for each value,
a degree of membership in the corresponding fuzzy set is assigned.

3.1.1. DCPA Parameter

DCPA is a dynamic parameter. If its value is lesser than a predetermined safe vessel
domain, there is a risk of collision with the target vessel or object. Of particular importance
is the position of the CPA (Closest Point of Approach), whether the own vessel will
encounter the target vessel from the starboard side, port side, or through the centre [26].

The position of the CPA affects the size of the course alteration. Different directions
of approach require a different course alteration; a larger alteration is already noticeable
with the difference of the DCPA value +/− 0.3 M. Three trapezoidal membership functions
were created for the DCPA parameter: negative, centre, and positive. Since DCPA data
obtained from navigational devices do not provide information about the position of
the CPA relative to own vessel (Figure 3), the positive or negative value of the DCPA is
determined according to the following rule: if azimuth of the target vessel increases with
time (time of observation), the position of the CPA is “positive” and the DCPA parameter
has a positive value; if the azimuth of the target ship decreases with time, the CPA position
is “negative” and the DCPA parameter has a negative value.

Figure 3. Position of Closest Point of Approach (CPA) for a different relative course of approach.

The following equations represent the DCPA membership functions:

μNegative(d) =

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

0, d < − 1
d

0.2 + 5, −1 ≤ d ≤ −0.8
1, −0.8 ≤ d ≤ −0.3
−0.5 − d

0.2 , −0.3 ≤ d ≤ −0.1
0, d > − 0.1

(13)

μCentre(d) =

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

0, d < − 0.5
d

0.2+ 2.5 −0.5 ≤ d ≤ −0.3
1 −0.3 ≤ d ≤ 0.3
2.5 − d

0.2 0.3 ≤ d ≤ 0.5
0, d > 0.5

(14)
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μPositive(d) =

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

0, d < 0.1
d

0.2 − 0.5, 0.1 ≤ d ≤ 0.3
1 0.3 ≤ d ≤ 0.8
5 − d

0.2 , 0.8 ≤ d ≤ 1
0, d > 1

(15)

These values were chosen since direct collisions are represented by values in the inter-
val of −0.3 and +0.3 M, with a degree of membership equal to 1; for other values up to −0.5
or +0.5, the degree of membership decreases or increases linearly. The trapezoidal shape of
a membership function was chosen because several elements in the individual fuzzy set
represent the core of the membership function, i.e., grade of membership in the fuzzy set
equals 1. This also applies to fuzzy sets for other parameters.

3.1.2. Action Point Parameter

This parameter is a calculated new distance to the target vessel using time delay
simulation in step 2 (dtN). According to Cockcroft [9], there are four stages of a close-
quarters situation: from the moment when there is no risk of collision (stage one) to
the extreme situation when the stand-on vessel is required to take action to avoid collision
(stage four). Intermediate stages are collision avoidance by give-way vessel (stage two) on a
safe passing distance to the stand-on vessel, which is 5 to 8 M on the open sea. This numbers
are also related to visibility of ship lights on open sea according to COLREGs [29]; and
collision avoidance by stand-on vessel, at the maximum distance 2 to 3 M from the give-
way vessel [9]. Some shipowners are very specific in determining the AP. The CMA CGM
safety management system sets the distance 6 M for the navigational situations covered by
COLREG regulations 14 and 15 [30]. In the case of overtaking, the minimum distance to
the observed vessel must be 2 M.

Based on the proposed distances in the literature, three trapezoidal membership
functions were formed describing the distance to the target vessel the moment the own
vessel starts the avoidance manoeuvre:

• Near—covers the area from >0 to 5 M distance, with varying degrees of membership,
• Middle—this area covers a distance between 2.5 and 9 M, with varying degrees of

membership,
• Far—is a fuzzy set for all distances above 6 M taking values between 6 and 7.5 M with

varying degrees of membership.

μNear(d) =

⎧⎪⎨⎪⎩
1 d < 4
5 − d, 4 ≤ d ≤ 5
0, d > 5

(16)

μMiddle(d) =

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

0, d < 2.5
d

1.5 − 1.6, 2.5 ≤ d ≤ 4
1 4 ≤ d ≤ 7.5
6 − d

1.5 , 7.5 ≤ d ≤ 9
0, d > 9

(17)

μFar(d) =

⎧⎪⎨⎪⎩
0, d < 6
d

1.5 − 4, 6 ≤ d ≤ 7.5
1, d > 7.5

(18)

3.1.3. Relative Bearing Parameter

In the decision model, RB is measured in a clockwise direction, 0–360◦. In practice,
an angle of the approaching vessel is rarely expressed in degrees and, rather, in words
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according to general directions onboard (bow, stern, portside, starboard side). Therefore,
the RB as an input parameter of the fuzzy inference system consisting of 8 fuzzy sets with
corresponding trapezoidal membership functions, which are described by the words: Star-
board Bow, Starboard Bow/Beam, Starboard Beam, Starboard Quarter, Stern, Port Quarter,
Port Beam and Port Bow. The following values were adjusted during simulations until
they took the following forms:

μS_Bow(deg) = (0, 0, 60, 70) (19)

μSB/B(deg) = (40, 50, 80, 90) (20)

μS_Beam(deg) = (70, 80, 140, 150) (21)

μSQ(deg) = (120, 130, 180, 190) (22)

μStern(deg) = (160, 170, 220, 230) (23)

μPQ(deg) = (200, 210, 260, 270) (24)

μP_Beam(deg) = (240, 250, 300, 310) (25)

μP_Bow(deg) = (280, 290, 360, 360) (26)

3.1.4. Velocity Parameter

An important parameter that influences the degree of the course alteration is own
vessel’s speed (velocity). The lower it is, the greater the alteration of the course is required
for vessels to meet the safe distance. The velocity parameter consists of three fuzzy sets
with corresponding trapezoidal membership functions:

• Low,
• Normal,
• High.

The fuzzy sets were defined according to a database of correct solutions, where three
different own vessel’s velocities were used: 10, 15, and 20 kn. In the fuzzy set “Low”,
vessels with speeds up to 12 kn were included, such as fishing boats, vessels approaching
harbours, pilot stations, etc. The fuzzy set “Normal” includes vessels with speeds between
8 and 16 kn, which is normally the half ahead or full ahead speed of an average bulk carrier.
“High” includes vessels with speed higher than 16 kn: high speed boats, container ships, etc.
The following values were adjusted during simulations until they took the following forms:

μLow(v) =

⎧⎪⎨⎪⎩
1, v < 8
3 − v

4 , 8 ≤ v ≤ 12
0, v > 12

(27)

μNormal(v) =

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

0, v < 5
v
3 − 1.6 5 ≤ v ≤ 8
1 8 ≤ v ≤ 16
5 − v

4 , 16 ≤ v ≤ 20
0, v > 20

(28)

μHigh(v) =

⎧⎪⎨⎪⎩
0, v < 12
v
4 − 3, 12 ≤ v ≤ 16
1, v > 16

(29)

3.2. Decision Calculation

The most common way of collision avoidance is the alteration of the course. Such a
manoeuvre is also the most appropriate, as COLREG rule 8 dictates:
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“(b) Any alteration of course and/or speed to avoid collision shall, if the circumstances
of the case admit, be large enough to be readily apparent to another vessel observing
visually or by radar; a succession of small alterations of course and/or speed should be
avoided”. [29]

From the interpretation of rule 8, it can be concluded that the manoeuvre must be
noticeable, which is not the case if the speed is reduced by a few knots. In addition,
the uncertainty of a navigator who observes such a manoeuvre from another vessel can
trigger wrong decisions. Cockcroft [9] recommends that the course alteration should be at
least 30◦, but it is a better recommendation that the course be changed in the range of 60 to
90◦. Depending on the position of the target vessel, the course alteration can be made to
the port or starboard side.

The output of the decision model is the alteration of own vessel course in degrees to
the port or starboard side, which is used to calculate the trajectory of the vessel in the process of
Trial Manoeuvre. It is described by nine fuzzy sets with words used in maritime communication:

• Steady,
• Easy to Stbd/Port,
• Mid to Stbd/Port,
• Hard to Stbd/Port,
• Full to Stbd,
• Full Turn.

Fuzzy sets were determined subjectively by authors.

μhP(deg) = (− 120, − 110, − 90, − 80) (30)

μmP(deg) = (− 90, − 80, − 60, − 50) (31)

μeP(deg) = (− 60, − 50, − 30, − 20) (32)

μS(deg) = (− 30, − 20, 0, 10) (33)

μeS(deg) = (0, 10, 30, 40) (34)

μmS(deg) = (30, 40, 70, 80) (35)

μhS(deg) = (70, 80, 110, 120) (36)

μfS(deg) = (110, 120, 150, 160) (37)

μfT(deg) = (150, 160, 360, 360) (38)

The process of mapping the input parameters into the output decision is regulated by a
system of fuzzy rules. Rules were created by observing the results of the database of correct
solutions and the interpretation of COLREG rules 8 and 19. A database of correct solutions
was created by the traditional method of calculating alteration of course, the manual radar
plotting method. Manual radar plotting (Figure 4) is a method in which the azimuth and
range of a signal are measured on a radar screen at time intervals, and the position of
the signal is plotted on a manoeuvring board. By connecting the two points of the observed
signal, the relative and true vector of the signal movement (or of the vessel) and the CPA
point are obtained, which provides essential data for collision risk assessment, DCPA,
and TCPA. By planning a new relative trajectory (considering a desired safety domain) of
the target vessel, the resolution of the vector triangle determines the collision avoidance
course (or speed change) and action point. This method assumes that the target vessel
maintains its current course and speed. Database of correct solutions contains 972 decisions
(course alteration) at different parameters:

• Distance to closest point of approach of the target vessel (0 M, +0.5 M, −0.5 M),
• Relative bearing of the target vessel (0–350◦),
• Action point distance (2, 4, and 6 M),
• Own vessel’s velocity (10, 15, and 20 kn).
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Figure 4. Manual radar plotting [26].

The safety domain for all decisions is 1 M; the relative velocity of approaching in all
situations is 20 kn. Both values were chosen subjectively by the authors. COLREG rules 8
and 19 were implemented in the decisions. Figure 5 shows an excerpt from the database of
correct solutions for the conditions: DCPA of the target vessel is 0 M, action point distance
to target vessel is 6 M at the different relative bearing of an approaching target vessel.
The decision is a course alteration for the three different velocities of each vessel.

Figure 5. Excerpt from the database of correct solutions: green colour indicates a change of course to
the starboard side, and red to the port side, at different parameters.

3.3. Decisions Validation

The decision model was tuned until the results of the fuzzy logic outlined a similar
area under the curve to the results of the database of correct solutions (Figure 6). Full
coverage of graphs was not expected, since fuzzy logic simulates the human way of
reasoning, but it was important to match the results in the RB range from 0 to 110◦, due to
the rule of right (own vessel status: Underway using the engine). Figure 6 shows the results
of both methods. The fuzzy logic graph covers almost the entire surface of the manual
plotting graph, with minor deviations in individual RB areas.

The composition of the fuzzy rules was based on the principle of finding the maximum
value of the “course alteration” for individual areas (in the range of 30 to 40 degrees) of
the relative bearing. A total of 216 rules form IF–THEN statements (Table 1).
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Table 1. IF-THEN statements.

IF DCPA Negative, Positive, Centre
AND AP Near, Middle, Far

AND RB Stbd Bow, Stbd Bow/Beam, Stbd Beam, Stbd Quarter,
Stern, Port Quarter, Port Beam, Port Bow

AND V Low, Normal, High

THEN Course alteration Steady, Easy to port/starboard, Mid to port/starboard,
Hard to port/starboard, Full to starboard, Full turn

Figure 6. Comparison of the results of the database of correct solutions and the results of the fuzzy
inference system.

The fuzzy inference system showed some shortcomings in areas where decisions
change from positive to negative, and vice versa, as a result of COLREG rule 19, which dic-
tates that the vessel which detects by radar alone the presence of another vessel shall avoid
alteration of course towards the target vessel abeam or abaft the beam. Consequently,
the coverage of the graphs in these parts is poorer. This coverage was slightly improved
with the additional fuzzy set of the RB parameter »Starboard Bow/Beam«. A similar
problem was addressed by Perera et al. [31], which softened the sharp boundaries between
the fuzzy sets that were opposing the decisions by adding fuzzy sets that neutralised
the sharp transition between the two opposing decisions.

4. Simulations

The simulations’ aim is to demonstrate the quality of the operation of a multi-
parametric collision avoidance decision model. There are countless possible situations
of encounters at sea; Perera [6] presented, in his article, simulations of encountering a
single vessel from different relative bearings: 63, 30, 106, 1, and 296◦ at distances be-
tween 7 and 14 M. This covered all three navigation situations according to the COLREG
rules—crossing, overtaking, and head-on. A similar simulation was presented by Ni [32],
using multiple generic algorithms and a linear extension algorithm for trajectory planning
for different navigation situations on the open sea, and Nguyen [33], in constrained waters
in a multi-encounter vessel situation. Zhuo [16] simulated an encounter with three vessels
simultaneously located at relative bearings 50, 325, and 2◦ in a crossing and head-on sit-
uation. A similar situation is simulated by Pietrzykowski [18]. Lee et al. [21] considered
crossings from the starboard side direction, concerning its own vessel (approach from
the direction of relative bearing 30–50◦ and 90–140◦), from portside direction (approach
from the direction of relative bearing 300–330◦ and 220–270◦), and overtaking situation.

Another important aspect of collision avoidance at sea is the vessel’s safety domain.
The authors, who solved the problem of avoiding collisions at sea comprehensively, mostly
used a simple radar circle in the model for a safety domain: Zhang [34] determined
the radius of the 1500 m (0.8 M) circle for the safe ship domain, while Pietrzykowski [35]
and Szłapczyński [36] used a 1 M circle in the simulations. Zhuo [16] also considered
the dimensions of his own and observed ship in the size of the circle. Some authors used
simple ellipses, where the size of the large strip was determined by the length of the ship
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(2× the length of the ship) and the small strip by the width of the ship, 2–4× the breadth
of the ship [33,37]. Many authors did not specifically define domain size in decision
models, among them Hwang [38], Perera [6], and Hu [39], or they chose the minimum
encounter distance [8,40–42]. Based on those findings, the minimum vessel’s safety domain
in the presented model is assumed to be 1 nautical mile.

The validation was made using the six selected cases, which simulate encounters with
the target vessel on the open sea from different angles in any visibility: head-on, crossing,
and overtaking situations and different right of way. Observed criterion simulations are
collision avoiding in accordance with COLREG and minimum vessel’s safety domain.
Moreover, since the simulations are focused on the vessel’s navigation on the open sea,
the influence of the navigational behaviour and environmental impacts (wind and currents)
are ignored in the modelling process.

4.1. Application of the Proposed Model, Case Study 1 (Overtaking Encounter)

Following is a detailed explanation of decision model calculation (Tables 2–5). The sim-
ulation tests the fuzzy inference system for the encounter situation with target vessel.
This situation is governed by COLREG rule 14, the “Head-on situation”, rule 8 “Action to
avoid collision”, and rule 19 “Conduct of vessels in restricted visibility”. Both vessels are
power-driven. It is assumed that the target vessel keeps her course and speed.

Table 2. Initial parameters, 0 min.

Own Vessel Target Vessel

C [◦] 340 161
V [kn] 16.5 13
dt [M] - 9.5
ωt [◦] - 341

Table 3. Collision risk assessment.

DCPA [M] 0.09
TCPA [min] 19.32

CPA position positive
RB [◦] 1

Table 4. A new relative position of a target vessel for time delay 11 min.

ωt [◦] 341.7
dt [M] 4.09
RB [◦] 1.739

Table 5. Calculated input parameters for fuzzy inference system (FIS).

DCPA [M] +0.09
AP [M] 4.09
RB [◦] 1.739
V [kn] 16.5

Figure 7 shows a relative movement of the target vessel in a time delay. The next task
is to classify the input parameters into fuzzy sets and calculate the grade of membership.
This process is called fuzzification:

DCPA = +0.09 M

μCentre(d) = 1, if −0.3 ≤ d ≤ 0.3
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Explanation: DCPA +0.09 M belongs to the fuzzy set »Centre« with grade of membership 1.

AP = 4.09 M

μNear(d) = 5 − d, if 4 ≤ d ≤ 5

μNear(d) = 5 − 4.09 = 0.91

μMiddle(d) = 1, if 4 ≤ d ≤ 7.5

Explanation: Distance to target vessel 4.09 M belongs to the fuzzy set »Near«, with grade
of membership 0.91, and fuzzy set »Middle«, with grade of membership 1.

RB = 1.739◦

μS_Bow(deg) = 1, if deg < 60

Explanation: RB 1.739◦ belongs to the fuzzy set »Stbd Bow« with grade of membership 1.

V = 16.5 kn

μNormal(V) = 5 − V/4, if 16 ≤ V ≤ 20

μNormal(V) = 5 − 16.5/4 = 0.875

μHigh(V) = 1, if V > 16

Explanation: Own vessel’s velocity 16.5 kn belongs to the fuzzy set »Normal« with
grade of membership 0.875 and fuzzy set »High« with grade of membership 1.

Figure 7. Graphical representation of the relative movement of the target vessel in a time delay in
the polar coordinate system.

The second task is the activation of the FIS based on fuzzy rules (Table 6). Since in-
put parameters AP and V belong to two fuzzy sets, respectively, four fuzzy rules (Rn)
are activated:

Table 6. Fuzzy rules.

Rules If DCPA and AP and RB and SPEED then Course Alteration

R1 Centre Near S_Bow High Mid to Stbd
R2 Centre Near S_Bow Normal Mid to Stbd
R3 Centre Middle S_Bow High Mid to Stbd
R4 Centre Middle S_Bow Normal Mid to Stbd
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The following is the calculation of the value of each fuzzy rule output with the inter-
section of the fuzzy sets DCPA ∩ AP ∩ RB ∩ V:

Rule 1: μD (x1) = min [1, 0.91, 1, 1] = 0.91

Rule 2: μD (x2) = min [1, 0.91, 1, 0.875] = 0.875

Rule 73: μD (x3) = min [1, 1, 1, 1] = 1

Rule 74: μD (x4) = min [1, 1, 1, 0.875] = 0.875

The union of all outputs is

μD (x) = max [μD (x1), μD (x2), . . . , μD (xn)] = max [0.91, 0.875, 1, 0.875] = 1.

All outputs belong to the fuzzy set »Mid to Stbd«.
The following is the last task in the process, known as defuzzification. It is a process

of calculation of the crisp output, i.e. course alteration. The defuzzification method used
is a centroid method. Figure 8 shows excerpt of mapping input data into output decision
using MATLAB Fuzzy Logic Toolbox.

μmS(deg) =

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

0, deg ≤ 30
deg
10 − 3, 30 ≤ deg ≤ 40

1, 40 ≤ deg ≤ 70
8 − deg

10 , 70 ≤ deg ≤ 80
0, deg ≥ 80

μmS(deg) = 1, if 40 ≤ deg ≤ 70

x∗ =
∫ ∞

0
x − μD(x) dx

μD(x) dx = 1 − 40 + 1 − 70
2 = 55◦

Figure 8. Fuzzy inference procedure using MATLAB Fuzzy Logic Toolbox.

Explanation: The decision model calculates course alteration x* = 55◦, and the new
course for collision avoidance is 35◦. Figure 9 shows a relative movement of the target
vessel after course alteration.

Analysis: Case study 1 shows an encounter with a target vessel approaching from
opposite directions. The decision model assesses the risk of collision by calculating a
DCPA value which is less than the safe ship domain of 1 M according to initial data.
With a time delay of the navigational situation for 11 min, the model calculates the input
parameters of the fuzzy inference system RB and AP. Based on the input parameters, the
fuzzy inference system calculates the course alteration and reassess the risk of a collision.
The model graphically plots the planned trajectory of the target vessel. The new DCPA
of the encounter after course alteration confirms the quality of the calculated avoidance
manoeuvre as it is greater than 1 M (Table 7).
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Figure 9. In the 11th minute, course alteration changes the relative path and velocity of the target.

Table 7. Reassessment of the risks of collision.

DCPA [M] 2.0
TCPA [min] 8.1

Vr [kn] 26.3
Cr [◦] 191

4.2. Case Studies

The functionality of the decision model was tested on different cases; the results of
the simulations are shown in the following tables (Tables 8–13). In all cases, the own
vessel is in a give-way position: case 2 simulates a crossing situation with a target vessel
approaching from starboard bow, case 3 simulates the situation where a target vessel
acts as give-way vessel but violates rule 16 “Action by give-way vessel”, and the own
vessel as a stand-on vessel must perform an action to avoid the collision. Case study 4
simulates the approach situation with the target vessel from RB 274◦. The target, in this
case, is a stand-on vessel (constrained by the draft), the own vessel is a give-way vessel.
The simulation shows the avoidance at about 4 M, the fuzzy logic with the input parameters
calculates a larger course alteration, thus ensuring a meeting at 3.8 M. Case study 5 tests
the response of the fuzzy inference system for the approach situation according to COLREG
rule 13. Case 6 simulates the approach situation with an RB value between 90 and 112.5◦.
The simulation observes the compliance of the model, which considers COLREG rules 8
and 19, which require that the vessel which detects the presence of another vessel by radar
alone must avoid alteration of course towards the target vessel abeam or abaft the beam [29].
The graphical representation of the relative movement of the target vessel for each case
study is shown in Figure 10.

Table 8. Initial data of own vessel.

Case 2 Case 3 Case 4 Case 5 Case 6

Vessel type Power-driven Power-driven Power-driven Power-driven Power-driven
C [◦] 225 303 134 81 359

V [kn] 20 13 10 23 17
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Table 9. Initial data of target vessel.

Case 2 Case 3 Case 4 Case 5 Case 6

Vessel type Power-driven Power-driven Constrained
by draft Power-driven Power-driven

C [◦] 160 313 193 82 330
V [kn] 17 23 21 11 23
dt [M] 8 3.5 7.8 6.7 5
ωt [◦] 270 146 48 80 99

Table 10. Vessel’s encounter information.

Case 2 Case 3 Case 4 Case 5 Case 6

DCPA [M] 0.73 0.03 0.9 0.01 0.49
TCPA [min] 23.85 20.11 25.8 33.49 25.8

CPA position negative positive positive negative negative
RB [◦] 45 203 274 359 100

Navigation
situation Crossing Overtaking Crossing Overtaking Crossing

Table 11. New relative position of a target vessel using time delay.

Case 2 Case 3 Case 4 Case 5 Case 6

TD [min] 6 6 12 20 11
ω [◦] 268.3 146.2 53.6 79.9 94.9
d [M] 6.01 2.46 4.24 2.70 2.9
RB [◦] 43.252 203.2 279.602 358.876 95.9

Table 12. Input parameters and calculated decision.

Case 2 Case 3 Case 4 Case 5 Case 6

DCPA [M] −0.73 0.03 0.90 −0.01 −0.49
AP [M] 6.01 2.46 4.24 2.70 2.90
RB [◦] 43.25 203.22 279.60 358.8 95.89
V [kn] 20 13.00 10.00 23 17.00

Course alteration 47.5 20 60 61.6 −41.7

Table 13. Reassessment of the collision risk.

Case 2 Case 3 Case 4 Case 5 Case 6

DCPA [M] 3.4 1.1 2.8 2.6 2.8
TCPA [min] 9.6 12.7 17.3 −0.2 1.9
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Figure 10. Planned trajectory of the target vessel: (a) case study 2, (b) case study 3, (c) case study 4,
(d) case study 5, (e) case study 6.

5. Discussion

The simulations show the collision avoidance of a target vessel in three different
navigation situations: head-on, crossing, and overtaking, whereby the own vessel has a
give-way obligation. The simulations do not consider the manoeuvring characteristics of
the vessels and are performed in a weather-free environment, eliding, for instance, wind
and ocean currents. The results of the simulations show the decision at a subjectively
determined time delay, but in real-time situations, the officer of the watch (OOW) usually
has a certain timeframe to perform a collision avoidance manoeuvre that meets the desired
safety criteria. For this reason, the quality of the model was also evaluated for different time
delays to determine whether the decision meets the initial requirement of a DCPA value.
We compared the timeframe of correct decisions with TCPA and obtained the percentage
of time the model was still calculating course changes correctly and in accordance with
the boundary conditions.

Case study 1: Course alteration is satisfactorily calculated in a timeframe of 15 min
(see Table 14). After a 15 min time delay, the target vessel is at the distance less than 2 M,
which is also the distance at which the decision model no longer operates according to
the initial conditions.
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Table 14. Course alteration at different time delay, case study 1.

Time Delay [min] AP [M] RB [◦] Course Alteration [◦]

4 7.53 1.15 55.2
6 6.55 1.25 55.2
8 5.57 1.40 55.2
10 4.58 1.60 55.2
12 3.60 1.92 54.9
14 2.62 2.47 55
15 2.13 2.94 55

The graph (Figure 11) represents the DCPA value at different time delays. The figure
shows that the model calculates the proper decisions in the timeframe of 15 min, which is
77% of the total time available from the beginning of the observed situation when TCPA
was calculated, which in simulation case study 1, was 19 min.

Figure 11. Calculated Distance to Closest Point of Approach (DCPA) at different time delays.

Case study 2: Table 15 shows the course alteration decision at different time delays.
The safety condition DCPA (Figure 12) proves that the FIS calculates correct decisions in a
timeframe between 2 and 16 min. With the time delay of 18 min, the course deviation is less
than 30◦, which according to Cockcroft [9], is not considered an appropriate course devia-
tion. In 22 min, the AP of a target vessel is 1 M, and avoidance at this distance poses a high
risk of vessel collision because the DCPA is less than 1 M. The model calculates the correct
decisions in 67% of the total time available from the beginning of the observed situation.

Table 15. Course alteration at different time delay, case study 2.

Time Delay [min] AP [M] RB [◦] Course Alteration [◦]

2 7.34 44.52 40.9
4 6.67 43.95 45.5
6 6.01 43.25 47.5
8 5.34 42.38 49.2
10 4.68 41.26 47.6
12 4.03 39.78 40.2
14 3.37 37.71 36.2
16 2.72 34.66 26.5
18 2.09 29.72 20
20 1.48 20.62 20
22 0.96 0.45 19.5
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Figure 12. Calculated DCPA at different time delays.

Case study 3: In this case, the target vessel is a give-way vessel which violates
the COLREG rules. The result of the avoidance manoeuvre shows that the fuzzy inference
system responds well even in emergencies (Table 16). Figure 13 represents the DCPA
value at different time delays. The model responds well up to 7 min of the time delay,
any alteration of course afterwards would jeopardize the safety of vessels.

Table 16. Course alteration at different time delay, case study 3.

Time Delay [min] AP [M] RB [◦] Course Alteration [◦]

2 3.15 203.06 20
4 2.80 203.13 20
6 2.46 203.22 20
8 2.11 203.34 20
10 1.76 203.51 20

Figure 13. Calculated DCPA at different time delays.

Avoiding a dangerous vessel that violates the COLREG rules is performed in accor-
dance with rules 8 and 19, thus changing the course to the side where there is no target
vessel, in this case, the starboard side. The minimum DCPA condition is not met from
8 min on when the target vessel is at 2.1 M. The calculated change of course does not meet
the criteria of minimum DCPA, so this condition is only partially confirmed. The model
calculates the proper decisions in only 35% of the total time available from the beginning
of the observed situation.

Case study 4: Example of a vessel encounter from the port side. As the target vessel is
a vessel constrained by draft, the own vessel is obliged to avoid it. According to COLREG
rule 8, the model proposed alteration of course to starboard side. The manoeuvre change is
large enough to be detected on the radar. Table 17 shows the course alteration at different
time delays, and Figure 14 shows the DCPA value at different time delays. The results
show that the model responds well from the 2 to the 24 min. In the 24th min of observation,
the distance of the observed vessel is 1.05 M. The model calculates the proper decisions in
89% of the total time available from the beginning of the observed situation.
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Table 17. Course alteration at different time delay, case study 4.

Time Delay [min] AP [M] RB [◦] Course Alteration [◦]

6 6.01 275.9 41
12 4.24 279.6 60
18 2.51 288.33 62.2
24 1.05 326.29 95

Figure 14. Calculated DCPA at different time delays.

Case study 5: In this case, the own vessel is in the position to overtake the target vessel.
According to COLREG rule 13, overtaking is possible in both directions. The model offers
the avoidance decision to starboard. Table 18 shows the calculated course alteration for
different time delays.

Table 18. Course alteration at different time delay, case study 5.

Time Delay [min] AP [M] RB [◦] Course Alteration [◦]

8 5.1 358.9 19.8
12 4.3 358.95 61.7
16 3.5 358.92 61.8
20 2.7 358.88 61.8
24 1.9 358.79 95.5
28 1.1 358.57 95.3

The observed DCPA condition demonstrates that fuzzy reasoning responds appro-
priately in the timeframe between 2 and 28 min. At 28 min (Figure 15), the vessel is at
a distance of 1.1 M, and the model calculates the change of course as 95.3◦, but due to
the distance being too short, the manoeuvre does not reach a safe distance of approach
as the calculated DCPA is 0.9372 M. The appropriate avoidance interval is between 2 and
27 min of time lag. The model calculates the proper decisions in 80% of the total time
available from the beginning of the observed situation.

Figure 15. Calculated DCPA at different time delays.
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Case study 6: The case deals with a meeting situation from abeam. In this case,
the alteration in course towards the target vessel is dangerous. Table 19 shows the calculated
course change to port side at different time delays. The decision is satisfactorily calculated
within the timeframe of 2 to 17 min, as shown in Figure 16. The condition of the vessel’s
safety domain is met at all distances except for less than 1.7 M in the 18th min. The model
calculates the proper decisions in 66% of the total time available from the beginning of
the observed situation.

Table 19. Course alteration at different time delay, case study 6.

Time Delay [min] AP [M] RB [◦] Course Alteration [◦]

2 4.62 99.53 −41.7
4 4.23 98.98 −41.7
6 3.85 98.31 −41.7
8 3.47 97.50 −41.7
10 3.09 96.49 −41.7
12 2.71 95.20 −41.7
14 2.33 93.48 −41.7
16 1.95 91.09 −41.7
17 1.76 89.52 −27.6

Figure 16. Calculated DCPA at different time delays.

When planning a collision avoidance manoeuvre, course alteration is the most com-
mon and effective measure to avoid a close quarters situation, especially on the high seas.
According to COLREG rules, the manoeuvre must be made in good time and should be
clearly visible to other vessels in the vicinity. However, the distance at which vessels should
begin the avoidance manoeuvre, particularly in adverse weather conditions or in restricted
areas, is not quantified, leaving the decision to each individual OOW (officer of the watch).

An important factor to consider is vessel’s manoeuvrability, where the vessel type,
size, and loading condition will affect its turning ability. In addition, external influences,
such as the wind and local currents with their direction and force, affect the movement of
the vessel and, hence, the course alteration, as they can make it difficult for the vessel to
achieve the desired change of direction in the planned time. In particular, a large trim by
the stern can change the vessel’s wind handling characteristics quite significantly. Local
currents also cause the vessel to drift or affect its speed, and their influence depends on
the vessel’s underwater surface exposed to the currents and their direction. In shallow
waters, the turning circles become larger, but the ability to maintain course is better unless
the low speed further affects the vessel’s responsiveness to course alterations. Therefore,
when planning a course alteration, the OOW must consider all effects on the vessel’s
manoeuvrability in order to make an effective and safe manoeuvre in good time and at a
safe distance from the target vessel.

6. Conclusions

The article presents computer predictions of collision avoidance at sea by combining
the traditional method of manual radar plotting with an artificial intelligence method—
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fuzzy logic. The advantage of fuzzy logic is in generating decisions based on inaccurate
data that cannot be described by mathematical notation as they are expressed linguistically.
Fuzzy logic thus imitates the human way of thinking, capable of solving complex tasks,
although they may also contain a great deal of uncertainty. The peculiarity of the decision
model is its tuning with the results of the database of correct solutions obtained by the tra-
ditional method of manual radar plotting. Based on them, the fuzzy sets and fuzzy rules
were formed.

However, there were some shortcomings in model validation: in areas where decisions
change from positive to negative and vice versa, greater errors can occur, and additional
fuzzy sets must be created to reduce these errors. In addition, the validation process of the
fuzzy inference system (fuzzy sets and fuzzy rules) takes a long time before it is able to
make useful decisions.

The multi-parametric collision avoidance decision model uses parameters obtained
based on approaching vessels without considering the vessel’s manoeuvrability and me-
teorological and oceanographic parameters that may additionally influence the choice of
avoidance manoeuvre or the degree of deviation (change of course and/or speed of own
vessel). The simulations also use the marine environment without vertical and/or hori-
zontal constraints (coast, depth); the latter can further influence the choice of avoidance
manoeuvre, especially the direction of avoidance. Further research will focus on avoidance
using vessel speed and a combination of speed change and the course of own vessel as
well as collision avoidance in a multi-vessel situation.

An important segment of further research and testing represents the integration
decision model for all vessels that are included in the navigation situation and, thereby,
to reduce the likelihood of violating the rules of avoidance between participating vessels.
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Abstract: This paper deals with the hydrodynamic effect of the ship on a flexible dolphin during a
mooring manoeuvre. The hydrodynamic effect refers to the change in momentum of the surrounding
fluid, which is defined by the concept of added mass. The main reason for the present study is to
answer the question, “What is the effect of the added mass compared to the mass of the ship during
the mooring procedure for a particular type of ship?” Measured angular frequencies of dolphin
oscillations showed that the mathematical model can be approximated by the zero frequency limit.
This simplifies the problem to some extent. The mooring is a pure rocking motion, and the 3D study
is approximated by the strip theory approach. Moreover, the calculations were performed with
conformal mapping using conformal Lewis mapping for the hull geometry. The fluid flow is assumed
to be non-viscous, non-rotating and incompressible. The results showed that the additional mass
effect must be taken into account when calculating the flexible dolphin loads.

Keywords: added mass; conformal mapping; lewis mapping

1. Introduction

Since the beginning of naval history, ships transporting cargo or people from point
A to point B have required facilities for safe berthing, loading, and unloading at both
points A and B. Over time, ships have grown in size and specialised ships, terminals, and
equipment have been built to handle specific types of cargo, such as liquid bulk, dry bulk,
and containers. For liquid bulk terminals, a jetty is the typical berthing facility. The ship is
usually moored at berths to dedicated breasting dolphins, which may be single-pile flexible
dolphins or multi-pile rigid dolphins with fenders.

The primary objective of this work is to estimate the ship added mass. A typical
situation of this research geometry and motion is shown in Figures 1 and 2. A ship is
moving in a pure sway direction with a constant speed towards the pier. To avoid direct
contact with the infrastructure of the liquid cargo terminal, two flexible dolphins reduce
the speed of the ship and act as two huge shock absorbers. The current cargo terminal was
designed for smaller types of ships, but now larger ships also call at the Port of Koper. As
far as safety is concerned, it is also about the safety of the docking process. In the safety
analysis of the docking manoeuvre, many different factors need to be analysed in order to
get a complete picture of the ship dynamics and the response of the port infrastructure. In
this article, we focus exclusively on the estimation of the added mass for such an operation.

Hydrodynamic modelling of added mass phenomena goes way back to names such
as Green, Stokes, etc. The influence of added mass has been expressed mathematically and
accurately by the expression of the added mass of a sphere. The influence of a free surface
on the added mass for surface piercing bodies began many years later. For a given ship,
it can be determined by an experimental method. However, the experimental method is
limited to a certain condition. To simulate the ship motion, especially in the initial stage of
design, the added mass must be calculated by a theoretical method.
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Figure 1. View of the berth in Port of Koper. The dolphins are to the right and the left from the central
pier-yellow circles on the sea (photo M.Perkovic).

Figure 2. Flexible dolphin mooring with all dimensions. The bottom structure consists of different
layers of material: Stones and mud. A ship with mass M + m22 and velocity V approaches the
mooring. The dolphin is curved by c and the force acting at this moment is F.

The principal for calculating the added mass for surface piercing bodies began with
the work of Ursell [1,2] for a cylindrical cross-section. The mathematical model is based on
the multipole expansion approach and is in some sense restricted to simple cross-sectional
geometries and infinite water depth. The extension of the model to shallow water goes
back to Thorne [3]. An important work by Ursell and co-authors can be found in [4].
The multipole expansion method was later used by many researchers, in particular it is
very attractive for those working in theoretical hydrodynamics. The completely different
approach began with Frank [5], who developed a method for arbitrary cross-sections based
on the integral equation approach. The problem can be solved in the frequency domain,
introducing a linear consideration of all quantities involved. However, the mean drift
forces of order 2nd can only be obtained with the linear solution, e.g., [6]. In addition, Inglis
and Price [7], Newman and Sclavounos [8], and Nakos and Sclavounos [9] are among the
most important studies of this type.

All of the above methods implement the potential flow assumption and completely
neglect viscous effects. The added mass can typically be approximated as not depending
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on viscosity for the particular case of sinusoidal relative motion between the flow and
the object [10]. Similarly, viscous effects are negligible for radiated gravity waves due
to body motion, but the same is not always true for damping. It is known that viscous
damping during roll is typically the most significant viscous effect on the motion of a ship.
Lavrov et al. [11] performed CFD calculations using the Navier-Stokes equations with the
k − ω turbulence model to study the flow in the vicinity of 2D ship sections subjected to
forced rolling motions. They concluded that for the same shapes, a 10–20% difference in
added mass was observed over the entire frequency range compared to results from using
a linear frequency domain potential flow code.

The approach taken in the present study is more in line with the Ursell method,
combined with the Conformal Mapping approach. Lewis [12] proposed the classical
extended Joukowski transformation method, creating the two-parameter Lewis family
of ship-like sections. The family was extended by Landweber and Macagno [13,14] to
include an additional parameter, the second moment of the cross-sectional area about
the horizontal x-axis. Ursell’s approach was used extensively in ship hydrodynamics
by Grim [15], Tasai [16], Porter [17], De Jong [18] and others. Later, Athanassoulis and
co-authors [19–21] extended this approach to unsymmetric sections as well. It should be
noted that the use of only three parameters leads to a quite satisfactory description of ship
sections of conventional hull shapes, as is the case here. This property was exploited, for
example, by Grigoropoulos and Loukakis [22,23] to optimize the hull shape in terms of
the seakeeping.

The problem of determining added mass traditionally falls within the scope of ship
manoeuvrability analysis [24–26]. The manoeuvrability of a ship under various conditions
has been studied by several authors [27–31] and many others. The most complex theories of
manoeuvring and seakeeping involve nonlinear wave loads with higher-order effects [25].
In our case, it is possible to simplify most of the complex theory. Incoming waves are
neglected since the ships sail in mostly closed waters. The measured periods of ship motion
are very small [32], so a common approach is to further simplify the motion at a zero
frequency limit. In this case, only radiated terms are relevant. A similar approach with
experimental setup was also studied in [33,34].

The underlying fluid model is nonviscous, nonrotating, and incompressible to simulate
flow around the hull. The ideal flow is represented by a complex velocity potential for the
channel geometry (the bottom boundary is included in the geometry—Figure 3). Using
the theory of complex functions with conformal mapping, it is possible to solve the flow
problem of a complex geometry in a simplified geometry [35–37]. In this study, a cylindrical
geometry is mapped to a hull geometry using Lewis mapping [12]. The complex velocity
potential is integrated over the simplified geometry to obtain the added mass coefficient.
The strip theory approach [38] simplifies the 3D problem to a set of 2D problems. The
added mass is calculated for three representative ships: Middle Range oil tanker (MR) with
range 25,000 t–55,000 t, Long Range type one oil tanker (LR1) with range 55,000 t–80,000 t
and Long Range type 2 oil tanker (LR2) with range 80,000 t–160,000 t. The analysis of the
under kill clearance (UKC) effect is also studied. For each type of ship, the velocity field is
calculated for 20 different drafts from the summer waterline at the intervals of 0.1 m.
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Figure 3. Description of the computational domain.

2. Formulation of the Problem

The added mass is associated with the change in momentum of the surrounding fluid
over time [24]. If the fluid is ideal (non-viscous and irrotational) and incompressible, then
the fluid is completely described by the complex velocity potential Φ in 2D [39]. Consider
a two-dimensional ideal and incompressible fluid in a bounded geometry Ω bounded
by the water surface (Γw), the bottom (Γb) and the hull (Γs), as shown in Figure 3. In
the (x, y) coordinate system (Figure 3), the velocity potential Φ(xxx, t), where xxx = (x, y) is
a point in domain Ω, for a moving body in an otherwise still fluid can be given by the
differential equation

∂2Φ
∂x2 +

∂2Φ
∂y2 = 0, xxx ∈ Ω (1)

and the boundary conditions

∂Φ
∂y

+ k Φ = 0, xxx ∈ Γw (2a)

nnn · ∇Φ = 0, xxx ∈ Γb (2b)

nnn · ∇Φ = nnn ·VVV, xxx ∈ Γs (2c)

where nnn is the normal unit vector always pointing out of domain Ω and k is a wavenumber
defined by the relation k = ω2/g (infinite depth [26]), where ω is the frequency of the
oscillating body, g is the acceleration due to gravity, and VVV is the velocity of the body.
Furthermore, the velocity potential for the oscillatory phenomena can be written in the form

Φ(xxx, t) = 

(

φ(xxx)e−iωt
)

, (3)

where the potential Φ is split into the temporal (e−iωt) and spatial components (φ(xxx)). It
can be shown that the system (1)–(2) is also valid for φ [26].

In the case we study, the oscillations are very slow (ω � 1), so the boundary
condition (2a) can be simplified to

∂Φ
∂y

= nnn · ∇Φ = 0, xxx ∈ Γw (for k → 0). (4)

Now, the solution φ must satisfy the following system

∂2φ

∂x2 +
∂2φ

∂y2 = 0, xxx ∈ Ω (5a)

nnn · ∇φ = 0, xxx ∈ Γw, Γb (5b)

nnn · ∇φ = nnn ·VVV, xxx ∈ Γs (5c)
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where the boundary notations are shown in Figure 3. The ship moves with velocity V in x
(sway) direction according to the orientation of the coordinate system shown in Figure 3.
The fluid flow can be represented by the potential φ as a moving dipole potential for a
body described by a cylindrical shape [24].

Let us convert the (x, y) coordinate system into the complex notation

z = x + iy, x, y ∈ R, z ∈ C. (6)

Such a representation simplifies the solution procedure. It is always possible to write the
complex velocity potential as the sum of two real-valued functions

Φ(z) = φ(x, y) + iψ(x, y), (7)

where we have the fluid velocity defined as the gradient of the real part of the complex
potential [26]

vvv := ∇
(Φ(z)) = ∇φ(x, y). (8)

The imaginary part of the complex potential ψ(x, y) = (Φ(z)) is known in the literature
as streamlines [24].

The motion of the ship in the sway direction can be represented by a moving complex
dipole velocity potential oriented in the x direction and defined as

Φ(z) :=
A
z

, (9)

where the constant A is the dipole strength that opposes the fluid at the body boundary and
satisfies the nonpenetration boundary condition. The constant A has the unit [m3/s] while
the potential in a dimensional for has unit [m2/s]. The potential (9) does not satisfy the
boundary condition at the bottom Γb (2b) and must be corrected somehow. The potential
correction is done by using dipole images on both sides of the dipole center in y direction
at different positions, which are summed up in an infinite series (method of images [37]).
The resulting series converges to a new dipole potential

Φ(z) =
A
2h

coth
(πz

2h

)
, (10)

which also satisfies the missing boundary condition at Γb (2b), where the distance between
the Γw and Γb equals to h = Hw (Figure 3).

Proposition 1. The real part of the potential (10) is the solution of the system (5). The constant A
is the strength of the dipole potential Φ(z) and is obtained from the body boundary condition (5c)

nnn ·VVV = nnn · ∇φ, xxx ∈ Γb.

Proof. The proof of the proposition 1 is trivial. We need to start with φ = 
(Φ) and
substitute this into the system (5). Since Φ(z) is holomorphic, its real part automatically
satisfies Laplace’s equation. Write the flow velocity vvv = (vx, vy), then the constant A
follows from the body boundary condition (5c) at the point xxx = (1, 0) where the velocity
equals vvv = (V, 0) and the constant A equals

A = V
(2h)2

π
sinh

( π

2h

)2
, (11)

where h is a dimensionless water column height

h =
Hw − T

T
+ 1, (12)
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where discussed parameters are shown in Figure 3. Velocity is a time-dependent quantity
and the potential can be decomposed as

φ = Vφ̃ → dφ

dt
= V̇φ̃, (13)

assuming that the velocity V and potential φ̃ are related to the velocity and potential in the
sway direction [26].

Typical solutions of Equation (10) for variables φ and ψ can be seen in Figures 4–9,
for V = 1 and various h in the case of a cylindrical body geometry. Let us further rewrite
the coordinate system into a more natural one for cylindrical geometry. The transforma-
tion from Cartesian coordinates (x, y) to polar coordinates (ρ, θ) with the notation of the
complex plane is

x =ρ sin θ, y = ρ cos θ, x, y, ρ, θ ∈ R (14a)

z =x + iy = iρ exp(−iθ), z ∈ C (14b)

as can be seen in Figure 3. The geometry of the cylindrical body can be transformed into a
shape similar to the ship-like shape using the conformal mapping w = f (z), preserving
the shape of the complex velocity potential Φ(z) [35]. This fact is used to compute the
hydrodynamic force in the cylindrical geometry Ωc of the flow generated by the ship
geometry Ωs Figure 10.
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Figure 4. Plot of Equation (10) in the form (7). The top plot shows the real part of the complex
potential φ(x, y), the bottom plot shows the imaginary part of the complex potential ψ(x, y) for
velocity V = 1 and channel gap width h = 1.2 for cylindrical geometry Γs with ρ = 1.
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Figure 5. Plot of the Equation (8). The top plot shows the velocity amplitude ‖vvv‖, the bottom plot
shows the velocity vector field for velocity V = 1 and the channel gap of width h = 1.2 for cylindrical
geometry Γs with ρ = 1.
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Figure 6. Plot of the Equation (10) in the form (7). The top plot shows the real part of the complex
potential φ(x, y), the bottom plot shows the imaginary part of the complex potential ψ(x, y) for
velocity V = 1 and channel gap width h = 2.0 for cylindrical geometry Γs with ρ = 1.
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Figure 7. Plot of the Equation (8). The top plot shows the velocity amplitude ‖vvv‖, the bottom plot
shows the velocity vector field for velocity V = 1 and the channel gap of width h = 2.0 for cylindrical
geometry Γs with ρ = 1.
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Figure 8. Plot of the Equation (10) in the form (7). The top plot shows the real part of the complex
potential φ(x, y), the bottom plot shows the imaginary part of the complex potential ψ(x, y) for
velocity V = 1 and channel gap width h = 5.0 for cylindrical geometry Γs with ρ = 1.
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Figure 9. Plot of the Equation (8). The top plot shows the velocity amplitude ‖vvv‖, the bottom plot
shows the velocity vector field for velocity V = 1 and the channel gap of width h = 5.0 for cylindrical
geometry Γs with ρ = 1.
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Ωc Ωs

w = f(z)

z = x+ iy

Φ(z)

w = u+ iv

Φ̃(w) = Φ(f(z))

Figure 10. Conformal mapping w = f (z) of a circular domain Ωc onto a ship-like domain Ωs with
coordinates and velocity complex potentials preserved by the mapping.

One of the most commonly used conformal mappings for ship-like forms is the Lewis
transformation [12], which uses only 3 free parameters a, a1 and a3

w = a
(

z +
a1

z
+

a3

z3

)
, z ∈ C, a, a1, a3 ∈ R, (15)

where a only causes the shape to expand/compress, but does not affect the appearance of
the shape. The free parameters are determined with the basic parameters of the specific
ship cross-section: B—maximal breadth, T—draft and S—area

σs =
S

BT
, (16a)

H =
B

2T
, (16b)

C1 =

(
3 +

4σs

π

)
+

(
1 − 4σs

π

)(
H − 1
H + 1

)2
, (16c)

a =
B
2
(1 + a1 + a3), (16d)

a1 =(1 + a3)
H − 1
H + 1

, (16e)

a3 =
−C1 + 3 +

√
9 − 2C1

C1
. (16f)

Figure 11 and Table 1 show the data used in the present calculations. The ship
constructed from these cross-sections is referred to as the Lewis ship. The hydrodynamic
properties of sway motion for the Lewis ship are shown in Figure 12 for infinite depth and
in Figure 13 for finite depth.

Table 1. Lewis mapping coefficients for MR, LR1 and LR2 oil tanker type with Cb = 0.78 producing
shapes in Figure 11. Only Bk needs to be scaled with β = B/T ratio for different draft calculations.

Section (k) Bk Tk σk L̃k

0 0.8 0.2 0.60 0.05
1 1.2 0.9 0.50 0.05
2 1.6 1.0 0.68 0.05
3 2.0 1.0 0.93 0.05
4 2.0 1.0 0.99 0.60
5 2.0 1.0 0.93 0.05
6 1.8 1.0 0.68 0.05
7 1.2 1.0 0.56 0.05
8 0.3 0.7 0.56 0.05
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Figure 11. Ship cross-sections used in the calculation. The parameters of the cross-section are shown
in Table 1.
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Figure 12. Results for Lewis cross-sections k from Table 1 (Figure 11) for infinite water depth. c(k)22 is
the added mass coefficient, B/T is the ratio of beam/draft cross-section, and Sk is the cross-section
area. The scales on the ordinate are logarithmic for better result representation.
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Figure 13. Results for Lewis ship defined in Table 1 (Figure 11) for infinite water depth. c22 is the
added mass coefficient for the Lewis ship, and B/T is the ratio between beam and draft.

The hydrodynamic force resulting from the time variation of the surrounding fluid is
defined in [24] and is equal to

FFF =− ρ
d
dt

∫
Γs

φ nnn dS

− ρ
∫

Γw∪Γb

(nnn · ∇φ)∇φ dS

+ ρ
1
2

∫
Γw∪Γb

(∇φ · ∇φ) nnn

(17)

In the present study, the integrals over the boundary Γw ∪ Γb are zero, since we are only
interested in the sway component of the motion. Splitting the potential φ into a velocity
part and a space part (13) gives the final form of the hydrodynamic force

FFF = −ρ V̇ V
∫

Γs
φ̃ nnn dS

= −V̇ ρ V c22

= −V̇ m22,

(18)

where V is the displacement of the body, ρ is the fluid density, V̇ is the acceleration of
the body, c22 is added mass coefficient in sway mode, and m22 is the added mass in sway
mode. To calculate the integral over the body surface Γs, we perform the integration for
each cross-section k according to Table 1 and add their contribution to the total added
mass. The coefficient of the added mass for each cross-section k is calculated in the circular
cross-section in space Ωc and transferred to the ship cross-section in space Ωs using the
conformal mapping (15). The integral in (18) is transformed from Ωc to Ωs

c(k)22 =
2
S

∫ π/2

0
φ̃(w) (nnn(w) · eeex)

∣∣∣∣ dw
dz

dz
dθ

∣∣∣∣ dθ, (19)

where w = f (z) is a conformal mapping (15), z = z(ρ, θ) is defined in (14b), eeex is a unit
vector in x (sway) direction in Ωs (Figure 3), and S is the area of the cross-section k. The
integral (19) is computed as a contour integral over the cylinder in the polar coordinates
with radius ρ = 1 and θ ∈ [0, π/2]. The term dw/dz is the Jacobian of the conformal
mapping and dz/dθ follows from the chain rule in the derivative of conformal mapping.
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The potential in (19) is written in dimensionless form. The length scale is scaled by Ti
(specific draft configuration) and the velocity by the ship velocity V according to the
following scheme

x =x̃Ti, y =ỹTi, (20a)

ẋ =ṽxV, ẏ =ṽyV, (20b)

ẍ =ãxV2/Ti, ÿ =ãyV2/Ti. (20c)

The added mass of a cross-section k is given by the cross-section k added mass
coefficient (19) multiplied by the respective water density ρ and volume Vk

m(k)
22 = c(k)22 ρ Vk = c(k)22 ρ (S̃kBTi) (L̃kL), (21)

where S̃k is the dimensionless cross-sectional area and L̃k is the dimensionless cross-
sectional length. For each cross-section k the values for S̃k and L̃k are taken from Table 1,
and for each ship type, the constants B, Ti and L are taken from Table 2. The final added
mass of the ship for the slow sway motion is the sum of all added mass contributions of
the cross-sections k

m22 =
8

∑
k=0

m(k)
22 . (22)

Detailed description of added mass calculation procedure is described in next section.

Table 2. Oil tanker types used in simulation: L = Lbp—length between perpendiculars, B—maximal
breadth, Tmax—draft at summer line, Tmin—minimal draft in simulation, Cb block coefficient. Specific
draft Ti is in the interval [Tmin,Tmax].

Type L [m] B [m] Tmin [m] Tmax [m] Cb

MR 185.0 29.1 8.50 10.50 0.78
LR1 220.0 36.3 10.50 12.50 0.78
LR2 238.0 41.3 12.20 14.20 0.78

3. Results

The ship moves at a relatively slow speed when docked. In this study, the problem’s
formulation contains many reasonable simplifications to obtain results based only on
symbolic derivations. The further simplification of the full 3D problem is based on the
strip theory approach. The first step was to decompose the representative geometry of
the oil tanker into some cross-sections to obtain relevant shape differences. The Levis
map (15) is used to describe different cross-sections. The generated data for each cross-
section describing the shape of the oil tanker are shown in Table 1. The results can be seen
in Figure 11.

In Figures 4–9 are plots of the complex dipole potential (10) for different values of
the water height h, where ρ = 1 and V = 1. The sequence of images for different h shows
the difference between the deep water solution (h >> 1) and the shallow water solution
((h − 1) < 1. The gap effect can be well observed from the intensity of the velocity potential
φ. The maximum value is in the range from 2.5 to 1.2, for water heights from h = 1.2 to
h = 5.0. The magnitude of the velocity in the gap increases with smaller h. The higher
values of φ at the cylinder boudary result in a larger additional mass. The magnitude of
the velocity in the gap is related to the viscous damping. The larger the magnitude of the
velocity in the gap, the smaller the gap width and the stronger the viscous forces act.

Three different representative oil tanker types are studied for the selection of ship
types. The different types show the difference in the added mass in terms of ship size, their
particulars, and UKC distance. The influence of UKC on the added mass was determined
with 20 different ship drafts Ti. In this case, the number of draft subdivisions is not a
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limit, since the calculations for a single geometry are very fast (order of magnitude of
a few seconds). Table 2 gives the main specifications for the different oil tanker types
used in the simulation. All three types have the same block coefficient Cb = 0.78 with the
cross-sectional shapes defined in Table 1 and their particulars defined in Table 2.

To obtain the Lewis cross-sectional forms for various drafts Ti, we only need to
multiply the coefficient Bk in Table 1 by the constant βi

Bk → βiBk, βi =
B/Ti

2
. (23)

The ratio βi is defined as the ratio between the ship’s beam B and the current ship’s
draft Ti and the constant ratio B/T = 2 for the Lewis ship ( Table 1). The values of a given
ship configuration “i” (B/Ti) are calculated from Table 2. The cross-sectional area Sk for a
given configuration i is determined as

Sk = σk βi Bk Tk,

where k = {0, 1, . . . , 8} is the cross-section number and i = {1, 2, 3, 4, . . . , N} is the specific
draft configuration, where N is the number of different draft scenarios for a given tanker
type. In the present case, N was set to 20 to get nice continuous plots. The calculations are
very fast, and it takes about SI 1s to calculate a single draft configuration. One of the main
considerations in the present work was also the speed of the computation, and it could
only be achieved with a semi-analytical approach.

In the previous section, a complete model for calculating the added mass in slow
sway motion was formulated. The model is based on a potential flow theory with linear
boundary conditions (5). For simple geometries, such as the circular one, the solution φ
of (5) is a pulsating dipole with origin at the free surface (10) with constant A defined
in Equation (11). The solution (10) satisfies the PDE system (5) only for a circular body
geometry. The added mass coefficient c22 of a circular geometry can be easily obtained
using the integral (18) for different water heights h. Figure 14 shows the solution for the
added mass coefficient as a function of different dimensionless gap widths (UKC/R). For
this particular case, one obtains the explicit expression for the added mass coefficient

c22(h) =
2
S

∫ π/2

0
φ̃ sin θ dθ

=
4
π

∫ π/2

0


[

2h
π

sinh2
( π

2h

)
coth

( π

2h
z
)]

sin θ dθ,

z → i exp(−iθ)

(24)

c22(h) ≈
[

1
3
+

(
2h
π

)2
]

sinh2 π

2h
, h > 1,

h = 1 + UKC/R,

(25)

where the term coth(x) in the integral function (24) has been expanded into Taylor series
(see [40]). For |z| = 1 the series converges very quickly. Already the first three terms
yield the solution error below 10−3. To obtain the added mass coefficient, the value of
the integral must be divided by the area of the cross-section. In this particular case for a
circular cross-section with unit radius, the value of the area is S = (πR2)/2 = π/2. The
result shown in Figure 14 will be used later when verifying the results of the proposed
method for calculating the added mass of a tanker-type ship.

The average water depth at the liquid terminal in the Port of Koper is approximately
Hw = 14.5 m. The variable h is calculated using Equation (12) for different Lewis shapes
(Table 1) and ship particulars (Table 2) for each draft configuration Ti. If h is known, the
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coefficient of added mass coefficient c22, as defined in Equation (19), can be calculated for
each cross-section k

c(k)22 =
2
S

∫ π/2

0
φ̃(w) (nnn(w) · eeex)

∣∣∣∣ dw
dz

dz
dθ

∣∣∣∣ dθ.

Now each term of the integral is explained in detail. Let us begin with the velocity potential

φ̃(w) = 

[

2h
π

sinh2 π

2h
coth

( π

2h
w
)]

= 

[

2h
π

sinh2 π

2h
coth

( π

2h
a
(

z +
a1

z
+

a3

z3

))]
, z → i exp(−iθ),

=
2h
π

sinh2( π
2h
)

sinh
(

π
2h sin θ

)
cosh

(
π
2h sin θ

)
sin2( π

2h cos θ
)
+ sinh2( π

2h sin θ
)

Next is the Jacobian of the transformation

dw
dz

dz
dθ

= a[a1 exp(i2θ)− 3a3 exp(i4θ) + 1] exp(−iθ)

= a[a1 exp(iθ)− 3a3 exp(i3θ) + exp(−iθ)]

= a[(a1 + 1) cos θ − 3a3 cos 3θ] + ia[(a1 − 1) sin θ − 3a3 sin 3θ].

c22 [%]

U
K
C
/R

[%
]

Added mass coefficient for circle shape (R = 1)

Figure 14. Plot of the solution (25) for the added mass coefficient c22 with respect to the dimensionless
UKC for the solution with circular (Figures 4–9). For the larger UKC, the typical result for the solution
with infinite depth (c22 = 100%) can be seen. UKC is scaled in dimensionless form with the radius of
the circle R and is related to h defined in Equation (25).
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The absolute value of the Jacobian is found using the relation |z| = √
(z)2 +(z)2.
The normal vector is found by

rrr(w) =
dw
dz

dz
dθ

= (rx, ry) = (
(rrr),(rrr)),

ttt(w) =
rrr(w)

|rrr(w)| =
(rx, ry)√

r2
x + r2

y

,

nnn(w) = i ttt(w),

nx = nnn(w) · eeex = 
[nnn(w)],

ny = nnn(w) · eeey = [nnn(w)],

where the vector nnn is written in complex notation, where the xcomponent is equal to the
real part (nx = 
(nnn)) and the ycomponent is equal to the imaginary part (ny = (nnn)). The
last one is the explanation of the cross-sectional area

S = σk βi Bk Tk,

where all the coefficients are taken/calculated form Table 1. The integral is evaluated
numerically using the Gaussian quadrature rule for each cross-section k for a single draft
and tanker-type configuration with arbitrary accuracy.

The cross-sectional added mass coefficient c(k)22 is then multiplied by the corresponding

cross-sectional volume to obtain the cross-sectional added mass m(k)
22 for a given ship type

under various draft conditions. Finally, all cross-sectional masses are summed to obtain
the ship added mass m22 for the sway motion for a given ship type and draft.

Figures 15–17 show the results of calculated ship added mass m22 (Equation (22)) for
all three tanker types MR, LR1 and LR2 for different drafts. The maximum draft is the
draft at the summer load line as given in Table 2. The results show that the added mass
increases with ship draft T (green line) resulting in smaller UKC (blue line). Smaller UKC
causes higher velocity magnitudes in the hull neighbourhood and higher values of the
potential φ at the ship boundary. The effect appears weakly nonlinear and could not be
predicted using crude approximation methods, especially if one is interested in fairly good
estimates of the added mass for a given ship type. In contrast, the added mass relative to
displacement increases almost linearly (red line). The difference in added mass relative
to draft is about 30–45% per 1 meter draft change. Assuming that it is constant over the
entire draft range is not good practice in this case, and the effect of draft should always be
considered in calculations for the flexible mooring problem.
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Figure 15. Results for the added mass m22 of the MR tanker type for different drafts. Labeled
variables are: B/T (green line—left side scale), UKC (blue line—first right side scale), and the
ratio between the added mass and the displacement in percent m22/Disp (red line—second right
side scale).
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Figure 16. Results for the added mass m22 of the LR1 tanker type for different drafts. Labeled
variables are: B/T (green line—left side scale), UKC (blue line—first right side scale), and the
ratio between the added mass and the displacement in percent m22/Disp (red line—second right
side scale).
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Figure 17. Results for the added mass m22 of the LR2 tanker type for different drafts. Labeled
variables are: B/T (green line— left side scale), UKC (blue line—first right side scale), and the
ratio between the added mass and the displacement in percent m22/Disp (red line—second right
side scale).

Figures 18–20 show the same result as in Figures 15–17, but are composed in a different
way. Figure 18 shows the added mass as a function of the B/T ratio. The effect of smaller
UKC is seen in a faster increase of the added mass. The same phenomenon is observed
in Figures 19 and 20. The result shown in Figure 21 is very revealing. The plot shows the
added mass coefficient with respect to the dimensionless UKC. Compared with Figure 14
(dash-dot line), the same trend is observed. There is a difference in the added mass
coefficient c22 between the circular cross-section and the ship-shaped geometry. The
difference is due to the different cross-section shapes. Figure 22 is from Vugts research
published in [33] and clearly shows the dependence on the B/T ratio with respect to the
added mass coefficient c22 for the square cross-section. The larger the B/T ratio is, the
smaller the added coefficient is. In our case, the B/T ratio is in the interval between 2.8
and 3.4 (Figure 18). The results in Figure 22 were obtained for infinite water depth. To
obtain a clear validation of the present results, the same experiment is performed for the
Lewis ship (Table 1) for different B/T ratios. The results are shown in Figure 13 and show
the decay of c22 of the ship-like shape versus the B/T ratio. Comparing the range of the
B/T ratio and the data from Figure 13, the estimate of the added mass coefficient for the
Lewis-type shape lies in the interval c22 ∈ [0.6, 0.73]. For each cross-section k, the results for
the infinitely deep water are shown in Figure 12 for c(k)22 , Sk and B/T (βi = 1). The added
mass coefficients of the ship-shaped cross-section are always smaller than the added mass
coefficients of the circular cross-section. This fact is mostly related to the B/T ratio.
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Figure 18. Results for the added mass m22 of the MR, LR1 and LR2 tanker type with respect to
B/T ratio.
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Figure 19. Results for the added mass m22 of the MR, LR1 and LR2 tanker type with respect to
m22/Disp ratio.
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Figure 20. Results for the added mass m22 of the MR, LR1 and LR2 tanker type with respect to UKC.
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Figure 21. Results for the added mass coefficient c22 = m22/Disp of the MR, LR1 and LR2 tanker
type with respect to UKC/T ratio. Dashed line is the same as in Figure 14.

Figure 22. Results for the added mass coefficient c22 obtained from Vugts [33]. Comparison with
present results can be made with the results of zero frequency case ω = 0.

4. Discussion and Conclusions

The effect of added mass during the berthing manoeuvre was analysed at the liquid
berth in the port of Koper for different types of oil tankers. The formulation of the problem
is based on the theory of ideal incompressible fluid so that the velocity of the surrounding
fluid can be expressed as a complex velocity potential. Measured ship oscillation times
under dolphin loading are long, and the simplification of the zero-frequency limit leads to
the simplification of the free surface boundary condition (longwave approximation). The
described simplifications and the use of complex analysis methods facilitate the calculation
of added mass. One of the missing effects is the viscosity effect. If viscosity were included, it
would complicate the system of equations to such an extent that a symbolic solution would
not be possible, which was the motivation of this study to avoid numerical calculations as
much as possible.

In the present case, the complex velocity potential represents the finite depth situation
to include the effect of under keel clearance (UKC) in the calculations of added mass.
The simplification of 3D calculations into 2D calculations is applied with the strip theory
approach for the zero head velocity. All the described simplifications resulted in a system
of equations that can be solved symbolically. The rather complicated system of equations is
described in Python [41] environment with SymPy [42] module for the symbolic calculations
and can be found in the Zenodo repository [43].

Conformal maps as Lewis map [12] defines a simplified ship geometry with only three
parameters. The geometry is simplified, but the overall shape is very close to that of an oil
tanker. A similar system is discussed in [34]. The results in [34] are very similar to those
in this study for the larger values of UKC/R. The sway motion was also analysed in [33]
and the results are comparable. The computational system is written in complex Python
language form and it is very easy to manipulate with it for a variety of different parameters,
cross-section geometries, ship details, UKC etc.
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The main objective of this study was to accurately estimate the amount of added mass
for certain types of ships docking at the liquid jetty where flexible dolphins are installed.
The information of added mass can now be used in future fatigue analyses of flexible
dolphins. To support a broader analysis, three different ship types are identified as the
representative fleet: MR oil tanker, LR1 oil tanker and LR2 oil tanker. Each class is analysed
under different draft conditions with a constant water height of the port basin in the full
simulation procedure. In the port of Koper, the average tidal range is about 0.5 m. In this
case, the minimum mooring UKC at low tide should always be 10 cm. All these aspects
were included in the analyses to obtain accurate data for the ship added mass.

One of the general aspects of added mass in relation to UKC can be reduced from
the results shown in Figure 21. With a fair degree of confidence, it can be extrapolated to
similar scenarios for different ports and a variety of ships with Cb ≈ 0.8.

The observed added mass is in the range of 100–160% of displacement for MR oil
tanker type, 130–200% of displacement for LR1 oil tanker type and 170–260% of displace-
ment for LR2 oil tanker type. As observed, the values of added mass are very high and
must always be considered in the loading analysis of flexible dolphins.
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Abstract: This work introduces a fuzzy optimization model, which solves in an integrated way the
berth allocation problem (BAP) and the quay crane allocation problem (QCAP). The problem is
solved for multiple quays, considering vessels’ imprecise arrival times. The model optimizes the
use of the quays. The BAP + QCAP, is a NP-hard (Non-deterministic polynomial-time hardness)
combinatorial optimization problem, where the decision to assign available quays for each vessel
adds more complexity. The imprecise vessel arrival times and the decision variables—berth and
departure times—are represented by triangular fuzzy numbers. The model obtains a robust berthing
plan that supports early and late arrivals and also assigns cranes to each berth vessel. The model
was implemented in the CPLEX solver (IBM ILOG CPLEX Optimization Studio); obtaining in a short
time an optimal solution for very small instances. For medium instances, an undefined behavior was
found, where a solution (optimal or not) may be found. For large instances, no solutions were found
during the assigned processing time (60 min). Although the model was applied for n = 2 quays,
it can be adapted to “n” quays. For medium and large instances, the model must be solved with
metaheuristics.

Keywords: berth allocation problem; BAP; quay cranes assignment problem; QCAP; fuzzy optimiza-
tion; fully fuzzy linear programing; combinatorial optimization; robust optimization

1. Introduction

Maritime container terminals (MCTs) are vital elements in the global supply chain.
The essential objective of an MCT is to provide the resources and organization to the
transport of containers between the landside and maritime mediums. In this process, the
MCT must guarantee the best conditions of speed, efficiency, and safety, in accordance with
the environment [1].

Due to the current rise in the global maritime trade, many ports have suffered from
resource constraints, such as space, time, quay cranes, etc. The problems that exist in an
MCT are different. This work addresses the berth allocation problem (BAP) and the quay
crane allocation problem (QCAP). The BAP is a NP-hard (Non-deterministic polynomial-
time hardness) combinatorial optimization problem [2], which involves assigning each
incoming vessel a berth position and arrival time at the quay. On the other hand, the QCAP
tries to assign a number of quay cranes (QC) to each berth vessel, aiming to perform all the
necessary unload or load movements of the containers in the vehicles. The QC are giant
cranes that are mounted on rails, therefore, they cannot break through to each other.

J. Mar. Sci. Eng. 2021, 9, 152. https://doi.org/10.3390/jmse9020152 https://www.mdpi.com/journal/jmse150
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The vessel arrival times are very uncertain, i.e., they can arrive earlier or later than
their expected arrival time. This imprecision depends on several factors, such as: technical
problems, weather conditions (winds, storms), additional terminal visits, or other rea-
sons [3,4]. This has effects over other MCT activities, such as load and unload operations,
negatively impacting the services required by customers. This work assumes the imprecise
arrival times of the vessels, where the arrival is known but the exact time is uncertain, as
this kind of uncertainty (ambiguity) can be modeled with fuzzy logic [5].

In [6], an exhaustive literature review which show a very limited number of reports,
the authors deal with the imprecise times in the BAP + QCAP.

The authors of [7] use discrete event simulation to show that the collaboration between
two MCTs (sharing resources such as berths, quay cranes, and the container yard) can
help reduce uncertainty in arrival time and the number of containers brought in by vessel,
although the authors do not present any mathematical models.

A reactive strategy for the BAP + QCAP with discrete berths is proposed in [8], a
mixed integer linear programming (MILP) model with practical constraints, is formulated
to obtain a basic planning when uncertainty problems appear (deviation of vessels’ arrival
times, deviation of vessels’ loading and unloading operation times, unscheduled vessel
calls, quay breakdowns, etc.), and a moving horizon heuristic is used to obtain good
feasible solutions. Another reactive strategy for the BAP + QCAP is proposed in [9], where
basic planning is obtained through the use of a multi-objective optimization model that
penalizes: the deviations of the vessels from their preferred berthing positions, the delay in
the berthing time in comparison to estimated arrival times, and the delay in departure times
compared to estimated departure times; then, with movable time windows the berthing
plans are updated.

Given that the model we propose is proactive, a review of works on this approach is
made below.

Regarding discrete and dynamic BAP, where a single berth quay is available with
some kind of imprecision present, a fuzzy mixed integer linear programming (MILP) model
was proposed in [10], the imprecise arrival times were represented by triangular fuzzy
numbers; however, this model does not addressed continuous BAP. According to [6], the
design of a continuous model would have a more complicated berthing plan than a discrete
one. Nevertheless, a continuous model has the advantage of better using the quay space.
In [11], a fully fuzzy linear programing (FFLP) model was developed for dynamic and
continuous BAP. The model obtained a robust berthing plan, which supports incidents in
the vessel arrivals. In [12], a MILP model and a genetic algorithm (GA) were created for
dynamic and continuous BAP+QCAP. In the modeling methodology, spaces of times were
added in the vessel departure, which mitigates the effects of imprecision and strengthens
the model’s accuracy.

In the case of BAPs, where vessels can berth in two quays; [13] proposed a MILP
model and a GA. However, imprecision was not included in the problem parameters. On
the other hand, a FFLP model for BAP which addressed the imprecision in the vessel
arrivals was presented in [14]. A MILP model for integrated laycan and berth allocation
and quay crane assignment problem (LBACAP) that considers multiple quays is proposed
in [15].

As far as we know, no models have been developed for the BAP + QCAP which
considers “n” quays and the uncertainty in the arrival times.

In this work, we present a fuzzy optimization model for the BAP + QCAP with two
quays, continuous and dynamic, which considers the vessels’ imprecise arrival times,
meaning they can arrive early or late of an allowed time. The vessels’ imprecise arrival
times are represented by triangular fuzzy numbers. The model optimizes the use of the
quays. In order to analyze the behavior and efficiency, the model is applied to a small,
medium, and large instances respectively.
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2. Materials and Methods

2.1. Fuzzy Arithmetic

Definition 1. Let X be the discourse universe, and a fuzzy set Ã in X is a set of ordered pairs.

Ã =
{(

x,μÃ(x)
)
, x ∈ X

}
(1)

where μÃ : X → [0, 1] is the membership function, which represents the belonging degree of x with
the set Ã.

In this work, fuzzy sets are defined over the real numbers R. A membership function
can be triangular, trapezoidal, sigmoidal, quadratic, etc.

Definition 2. A fuzzy singleton is a fuzzy set with a membership function.

μÃ(x) =
{

1, x ∈ [a − ε, a + ε]
0, x /∈ [a − ε, a + ε]

(2)

where ε is a margin of error. The fuzzy singleton allows the expression of a real number as a fuzzy set.

Definition 3. A fuzzy number is a normal and convex fuzzy set in R.

Definition 4. A triangular fuzzy number is represented by ã = (a1, a2, a3).

Definition 5. A triangular fuzzy number ã = (a1, a2, a3) is positive if and only if a1 > 0.

Definition 6. A real number a can be represented by a fuzzy singleton in the form of a triangular
fuzzy number ã = (a − ε, a, a + ε), where ε is a margin of error.

Definition 7. For two non-negative triangular fuzzy numbers ã = (a1, a2, a3) and b̃ = (b1, b2, b3),
the sum difference and multiplication operations are defined as follows:

ã + b̃ = (a1 + b1, a2 + b2, a3 + b3)
ã − b̃ = (a1 − b3, a2 − b2, a3 − b1)

ã.b̃ = (a1.b1, a2.b2, a3.b3).
(3)

Ordering methods allows us to decide the greater number between two fuzzy numbers
ã and b̃. Fuzzy numbers do not always provide an ordered set as found in real numbers.
Ordering methods in fuzzy numbers have advantages and disadvantages. There are
different ordering methods, depending on the representation: preference, rationality, and
robustness, etc. [16].

In this work, the objective of the fuzzy model optimization is to achieve an ordering
(planning) for the berthing of vessels, therefore, any ordering method that orders fuzzy
numbers could be used. Ordering methods that use intervals to order fuzzy numbers are
not recommended, as they could add more imprecision to the model.

This work utilizes the Yagger First Index [17] ordering method, which is defined below.

Definition 8. Given two triangular fuzzy numbers ã and b̃ alongside the ordering function,

�(ã) =
a1 + a2 + a3

3
(4)

ã ≤ b̃ when, �(ã) ≤ �
(

b̃
)

, Meaning, ã ≤ b̃ when a1 + a2 + a3 ≤ b1 + b2 + b3.
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2.2. Fully Fuzzy Linear Programming (FFLP)

There are different approaches in fuzzy mathematical programming, the classical fuzzy
linear programming methods are used when the parameters are fuzzy; in this work, some
of the decision variables are fuzzy, for this case, the FFLP approach is the most appropriate.

In the FFLP approach, the decision parameters and variables are fuzzy and linear,
respectively. Several solution methods can be applied to the FFLP model [18]. Most of
them convert the fuzzy model into a classic linear programming one. In this work, we use
the method proposed by Nasseri [19].

Given the FFLP problem:

max
n

∑
j=1

C̃jX̃j (5)

Subject to:
n

∑
j=1

ãij x̃j ≤ b̃i , ∀i = 1 . . . m (6)

where the parameters C̃j , ãij , b̃j and the decision variable x̃j are non-negative trian-
gular fuzzy numbers, C̃j =

(
c1j, c2j, c3j

)
, ãij =

(
a1ij, a2ij, a3ij

)
, b̃j = (b1i, b2i, b3i) y

x̃j =
(
x1j, x2j, x3j

)
.

The Nasseri method transforms the previous model into a classic linear program-
ming problem,

max �(
n

∑
j=1

(
c1j, c2j, c3j) (x1j, x2j, x3j

)
) (7)

Subject to:
n

∑
j=1

a1ijx1j ≤ b1i , ∀i = 1 . . . m (8)

n

∑
j=1

a2ijx2j ≤ b2i , ∀i = 1 . . . m (9)

n

∑
j=1

a3ijx3j ≤ b3i , ∀i = 1 . . . m (10)

where � is an ordering function (see Definition 8).

2.3. Problem Description

According to [20], an MCT is a composition of several subsystems integrated into
a single one. This system has physical and information connections with the transport
networks (landside and maritime). The subsystems (see Figure 1) are:

1. The loading–unloading container subsystem, which is responsible for resolving the
maritime interface.

2. The storage container subsystem, which occupies most of the MCT surface.
3. The landside reception and delivery subsystem, which act as gates in the landside for

trucks and/or railways.
4. The internal connection subsystem. To the previous three subsystems, which address

the basic terminal functions, a fourth subsystem must be added, this ensures the
horizontal transport of containers between the previous subsystems.
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Figure 1. MCT subsystems in plant (top image) and elevation (bottom image) [20].

The BAP + QCAP discussed in this work occur in subsystem 1, however any incident
will affect the other subsystems. For example, if a vessel berths outside their scheduled
time, it will cause problems to the assigned cranes, affecting the prepared warehouses for
the containers and the trucks waiting to receive them.

The existence of n quays in the port is assumed, where vessels can berth in any of them.
Arrival time is imprecise, i.e., vessels are allowed to be early or late until a predetermined
time. The BAP focuses on choosing a quay (if any) and the arrival time and position
where each arriving vessel at the MCT must berth. The other problem is the QCAP, which
involves the assigning of a number of quay cranes to each vessel to be handled.

The BAP can be represented in a two-dimensional form (see Figure 2), where the
horizontal axis represents the time and the vertical axis represents the berth length.

Figure 2. Two-dimensional BAP representation.

We consider the following assumptions and limitations:
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Assumptions: The vessel information is previously known, each vessel has a draft
less or equal than the quay, and that the berthing and departure do not consume much
time. Simultaneous berthing is allowed and the safety distance between vessels is not
considered. The number of cranes assigned to the vessels does not change during the
berthing time, once a QC starts a task on a vessel they must complete it without any pause,
all QCs assigned to vessel i have the same working time (tik = hi, ∀k ∈ QC, uik = 1). The
model assigns the berthing place to each vessel, that is, preference zones are not allowed
for berthing a vessel.

Limitations: The quay length must be limited, the available crane number in each
quay is five. There is a safety distance between cranes which must to be maintained (35 m).
The maximum crane number that can be assigned to a vessel is four. The number of crane
movements performed in a given time is 2.5. There must be at least one QC assigned to
each vessel.

In this work we use the following notation, which was taken from [12]:

H: Planning Horizon.

Let be Q the set of existent quays in an MCT, where q ∈ Q is a quay.

QCq: Available cranes at quay q. All QCs perform the same number of movements per unit
time (movsQC), data provided by the MCT.
QC +

iq : The maximum number of QCs assigned to each vessel i at quay q
Lq: Length of quay q.

Let be V a set of vessels which arrive at the port, the data for each vessel i ∈ V is given
by:

ai: Vessel arrival time at port.
li: Vessel length.
ci: Required number of movements to load or unload the containers from the vessel.

The decision variables are:

BMiq: Takes the value of 1 when vessel i berths at quay q, and takes 0 otherwise.
miq: Berthing time of vessel i at quay q. The waiting time (wi) is computed as
(wi = miq − ai)

piq: Position at quay q, where vessel i must berth.
niq: Number of QCs in quay q assigned to vessel i.
uik: Indicates whether k, (which belonging to QCq) works (1) or not (0) on vessel i.

The variables that are deduced from above are:

hi: Vessel handling time i. hi = ci/(niq ∗ movsQC).
tik: Working time of k (belonging to QCq) which is assigned to vessel i.
di: Vessel departure time

(
di = miq + hi

)
.

siq ; eiq: Indices for the first and last QC, on quay q, used in vessel i, respectively.
M: Is a sufficiently large number.

2.4. Fuzzy Optimization Model for the BAP + QCAP with Two Quays

The arrival, berthing, handling, waiting and departure time of each vessel are consid-
ered imprecise (fuzzy), they are denoted by: ã, m̃, h̃, w̃ and d̃ respectively.

Assuming the presence of imprecision in some parameters and decision variables,
the fuzzy optimization model for BAP + QCAP is introduced. This model is based on the
deterministic model developed in [12]. The objective function minimizes the waiting and
handling time for all vessels.

min ∑
i∈V

(
w̃i + h̃i

)
(11)

Subject to:
∑q∈Q BMiq = 1 , ∀i ∈ V , ∀q ∈ Q (12)
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m̃iq ≥ ãi , ∀i ∈ V, ∀q ∈ Q (13)

w̃i + ãi = m̃iq , ∀i ∈ V, ∀q ∈ Q (14)

d̃i = m̃iq + h̃i , ∀i ∈ V, ∀q ∈ Q (15)

piq + li ≤ Lq , ∀i ∈ V, ∀q ∈ Q (16)

niq = ∑
k∈QCq

uik , ∀i ∈ V, ∀k ∈ QCq, ∀q ∈ Q (17)

1 ≤ niq ≤ QC +
iq , ∀i ∈ V, ∀q ∈ Q (18)

1 ≤ siq , eiq ≤ ∣∣QCq
∣∣ , ∀i ∈ V, ∀q ∈ Q (19)

siq ≥ eiq , ∀i ∈ V, ∀q ∈ Q (20)

niq = eiq − siq + 1 , ∀i ∈ V, ∀q ∈ Q (21)

∑
k∈QCq

tink ∗ movQC ≥ ci , ∀i ∈ V, ∀q ∈ Q (22)

h̃i = maxk∈QCq tik , ∀i ∈ V, ∀q ∈ Q (23)

tik − M ∗ uik ≤ 0 , ∀i ∈ V, ∀k ∈ QCq, ∀q ∈ Q (24)

h̃i − M(1 − uik)− tik ≤ 0 , ∀i ∈ V, ∀k ∈ QCq, ∀q ∈ Q (25)

uik + ujk + zx
ijq < 2 , ∀i, j ∈ V , i �= j, ∀k ∈ QCq, ∀q ∈ Q (26)

M(1 − uik) +
(
eiq − k

) ≥ 0 , ∀i ∈ V, ∀k ∈ QCq, ∀q ∈ Q (27)

M(1 − uik) +
(
k − siq

) ≥ 0 , ∀i ∈ V, ∀k ∈ QCq, ∀q ∈ Q (28)

piq + li ≤ pjq + M
(

1 − zx
ij

)
, ∀i, j ∈ V, i �= j, ∀q ∈ Q (29)

eiq + 1 ≤ sjq + M
(

1 − zx
ijq

)
, ∀i ∈ V, i �= j, ∀q ∈ Q (30)

d̃i ≤ m̃jq + M
(

1 − zy
ijq

)
, ∀i ∈ V, i �= j, ∀q ∈ Q (31)

m̃iq + h̃i ≤ H , ∀i ∈ V, ∀q ∈ Q (32)

zx
ijq + zx

jiq + zy
ijq + zy

jiq ≥ 1 , ∀i, j ∈ V, i �= j, ∀q ∈ Q (33)

zx
ijq, zy

ijq ∈ {0, 1} , ∀i, j ∈ V, i �= j, ∀q ∈ Q (34)

There are two auxiliary variables: zx
ijq is a decision variable that indicates whether the

vessel i is located to the left of vessel j at quay (zx
ijq = 1), while zy

ijq indicates that vessel i
berths before vessel j in time, at quay q (zx

ijq = 1) (see restriction 34).
Constraint (12), assigns each vessel to a quay q. Constrain (13), indicates that all

vessels can berth once they arrive at the port. Constraints (14) and (15) set the waiting and
departure times for vessel i, according with the berthing time. Constraint (16) ensures the
berth position of vessel i does not exceed the length of the quay q.

Constraints (17)–(21) assign a number of working QCs at quay q for vessel i. Constraint (22)
sets the minimum handling time required to load or unload containers, according with the
assigned number of QCs to vessel i. Constraint (23) assigns the handling time to vessel i.
Constraint (24) ensures that unassigned QCs have a value of tik = 0. Constraint (25) forces
the assigned QCs in vessel i to work the same number of hours. Constraint (26) prevents a
QC from being assigned to different vessels at the same time. Constraints (27) and (28) force
QCs to be contiguously assigned (from si to ei) at quay q. Constraint (29) takes into account
the safety distance. Constraint (30) prevents a vessel from using a QC which breaks through
other QCs. Constraint (31) prevents vessel j from berthing at the quay, while vessel i is still
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berthed at the same quay. Constraint (32) indicates that the berthing and handling time for
vessel i must not exceed the planning horizon (H). Finally, constraint (33) establishes the
relationship between each pair of vessels.

2.5. Fuzzy Optimization Model Solution

It is assumed that, in the fuzzy optimization model from Section 2.4, the imprecision times
related with the vessel operations: arrival, berthing, handling, and departure, are represented
by the triangular fuzzy numbers ã = (a1, a2, a3), m̃ = (m1, m2, m3), h̃ = (h1, h2, h3),
and d̃ = (d1, d2, d3), respectively. h̃, is considered a fuzzy singleton; also, if the model
parameters are linear, the model is a FFLP.

The method used to transform the FFLP model into a classic linear programming model
requires the application of fuzzy arithmetic operations; restrictions (25), (31), and (32) show
such operations between fuzzy and real numbers, in order to perform such operations,
real numbers are considered to be fuzzy singletons (See Definition 6), for example, in
constraint (31),

d̃i ≤ m̃jq + M
(

1 − zy
ijq

)
Is transformed into,

(d1i, d2i, d3i) ≤
(
m1jq, m2jq, m3jq

)
+ M

(
(1, 1, 1)−

(
zy

ijq, zy
ijq, zy

ijq

))
Simplifying,

(d1i, d2i, d3i) ≤
(

m1jq + M
(

1 − zy
ijq

)
, m2jq +

(
1 − zy

ijq

)
, m3jq +

(
1 − zy

ijq

))
As indicated in the Nasseri method (see Section 2.2), operations between fuzzy num-

bers which involve sum, difference, and multiplication operations, are performed in the
FFLP model; an ordering method is applied to the objective function, in this case, the First
Yagger Index is used (see Definition 8), obtaining the following MILP model.

min ∑
i∈V

1
3
(
(m1iq − a3i + h1i

)
+
(
m2iq − a2i + h2i

)
+ (m3iq − a1i + h3i)) (35)

Subject to:
∑q∈Q BMiq = 1 , ∀i ∈ V , ∀q ∈ Q (36)

m1iq ≥ a1i , m2iq ≥ a2i , m3iq ≥ a3i , ∀i ∈ V, ∀q ∈ Q (37)

m3iq ≥ m2iq , m2iq ≥ m1iq , ∀i ∈ V, ∀q ∈ Q (38)

w1i + a1i = m1iq, w2i + a2i = m2iq , w3i + a3i = m3iq , ∀i ∈ V, ∀q ∈ Q (39)

d1i = m1iq + h1i , d2i = m2iq + h2i , d3i = m3iq + h3i , ∀i ∈ V, ∀q ∈ Q (40)

piq + li ≤ Lq , ∀i ∈ V, ∀q ∈ Q (41)

niq = ∑
k∈QCq

ũik , ∀i ∈ V, ∀k ∈ QCq, ∀q ∈ Q (42)

1 ≤ niq ≤ QC +
iq , ∀i ∈ V, ∀q ∈ Q (43)

1 ≤ siq , eiq ≤ ∣∣QCq
∣∣ , ∀i ∈ V, ∀q ∈ Q (44)

siq ≥ eiq , ∀i ∈ V, ∀q ∈ Q (45)

niq = ẽiq − s̃iq + 1 , ∀i ∈ V, ∀q ∈ Q (46)

∑
k∈QCq

tink ∗ movQC ≥ ci , ∀i ∈ V, ∀q ∈ Q (47)
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h1i = maxk∈QCq tik , h2i = maxk∈QCq tik , h3i = maxk∈QCq tik , ∀i ∈ V, ∀q ∈ Q (48)

tik − M ∗ uik ≤ 0 , ∀i ∈ V, ∀k ∈ QCq, ∀q ∈ Q (49)

h1i − M(1 − uik)− tik ≤ 0 , ∀i ∈ V, ∀k ∈ QCq, ∀q ∈ Q (50)

h2i − M(1 − uik)− tik ≤ 0 , ∀i ∈ V, ∀k ∈ QCq, ∀q ∈ Q (51)

h3i − M(1 − uik)− tik ≤ 0 , ∀i ∈ V, ∀k ∈ QCq, ∀q ∈ Q (52)

uik + ujk + zx
ijq < 2 , ∀i, j ∈ V , i �= j, ∀k ∈ QCq, ∀q ∈ Q (53)

M(1 − uik) +
(
eiq − k

) ≥ 0 , ∀i ∈ V, ∀k ∈ QCq, ∀q ∈ Q (54)

M(1 − uik) +
(
k − siq

) ≥ 0 , ∀i ∈ V, ∀k ∈ QCq, ∀q ∈ Q (55)

piq + li ≤ pjq + M
(

1 − zx
ij

)
, ∀i, j ∈ V, i �= j, ∀q ∈ Q (56)

eiq + 1 ≤ sjq + M
(

1 − zx
ijq

)
, ∀i ∈ V, i �= j, ∀q ∈ Q (57)

d1i ≤ m1jq + M
(

1 − zy
ijq

)
, ∀i ∈ V, i �= j, ∀q ∈ Q (58)

d2i ≤ m2jq + M
(

1 − zy
ijq

)
, ∀i ∈ V, i �= j, ∀q ∈ Q (59)

d3i ≤ m3jq + M
(

1 − zy
ijq

)
, ∀i ∈ V, i �= j, ∀q ∈ Q (60)

m1iq + h1i ≤ H , m2iq + h2i ≤ H , m3iq + h3i ≤ H , ∀i ∈ V, ∀q ∈ Q (61)

zx
ijq + zx

jiq + zy
ijq + zy

jiq ≥ 1 , ∀i, j ∈ V, i �= j, ∀q ∈ Q (62)

zx
ijq, zy

ijq ∈ {0, 1} , ∀i, j ∈ V, i �= j, ∀q ∈ Q (63)

3. Results

For both the case study and the model evaluation efficiency a set of uniform distributed
instances were used. The model was implemented with the IBM ILOG CPLEX Optimization
Studio (CPLEX) solver and was programmed on a personal computer: Intel(R) Core (TM)
i7-8550U CPU, 1.80 GHz processor and 8 GB of RAM. The experiments were conducted
within a 60 min timeout.

3.1. Study Case

To evaluate the model, an instance of ten vessels was used as a case study (see Table 1);
the input data are the vessel imprecise arrival times (early, exact, late), its length, and the
number of crane movements required to handle it. Figure 3 displays the vessels’ uncertain
arrivals from Table 1, represented as triangular fuzzy numbers.

Table 1. Instance of ten vessels with imprecise arrival times.

Vessel a1 a2 a3 l (m) QC Mov.

V1 14 16 20 260 4160
V2 18 31 48 232 9680
V3 56 68 86 139 3640
V4 81 82 97 193 7610
V5 92 105 119 287 6860
V6 106 116 133 318 6300
V7 126 138 147 366 8110
V8 155 167 176 166 1560
V9 159 163 164 109 7830

V10 162 179 186 251 2220

158



J. Mar. Sci. Eng. 2021, 9, 152

Table 2. The fuzzy berthing plan and crane allocation obtained by the model.

Vessel m1 m 2 m 3 h d1 d2 d3 p Cranes Q

V1 14 16 20 694 708 710 714 440 2 0
V2 927 928 943 1076 2003 2004 2019 0 3 1
V3 56 68 86 607 663 675 693 193 2 1
V4 81 82 97 846 927 928 943 0 3 1
V5 583 600 607 763 1346 1363 1370 0 3 0
V6 708 710 714 1050 1758 1760 1764 382 2 0
V7 663 675 693 1352 2015 2027 2045 334 2 1
V8 409 426 433 174 583 600 607 0 3 0
V9 1346 1363 1370 870 2216 2233 2240 0 3 0

V10 162 179 186 247 409 426 433 189 3 0

Figure 3. Imprecise vessel arrivals (See Table 2).

For example, for vessel V7, the arrival time with all its possibilities gives us 138 time
units, but it can also arrive early or late by up to 126 and 147 time units, respectively. The
vessel length is 366 m and 8110 crane movements are required to handling it.

The model assumes that: two quays are used; each having five cranes, with a minimum
of one crane operating on each vessel to a maximum of four cranes per vessel. Each quay
has a length of 700 m.

The obtained results are shown in Table 2. Within an hour of computing time, an
objective value of 15,570 was obtained, this is not the optimal value; but the best value
obtained within that time.

Berthing time (m1, m2, m3) and output time (d1, d2, d3) are triangular fuzzy numbers.
Q = 1 refers to quay 1, and Q = 0 to quay 2.

For example, vessel V7 can berth between the time units 663 and 693, with more
possibility at time unit 667. It can depart between units 2015 and 2045, with more possibility
at unit 2027. Additionally, it must berth at position 334 of the quay. Finally, two cranes are
assigned to this vessel, and they must berth at quay 1.

The fuzzy berthing plan is displayed in Figure 4. Vessels are represented as polygons
(not as rectangles as in the deterministic problem). The red polygon line represents the
allowed early time which can be tolerated for the vessel to berth; meanwhile the green
line is the tolerated late arrival time. The small triangle represents the berthing with
more possibility.
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Figure 4. Fuzzy berthing plan for two quays (See Table 2).

In Figure 4, in quay 2, the blue circle suggests a conflict area between the departure
and berthing of vessels V5 and V9. However as explained in Figure 5, such conflict is not
real. For example, if vessel V5 departures late from the quay at time unit 1365, vessel V9
could berthing between the 1365 and 1370 units.

Figure 5. Fuzzy triangular number representing the imprecise departure and berthing times of
vessels V5 and V9 (See Table 2).

In order to verify the fuzzy model robustness, incidences were simulated in the vessel
arrivals (see Table 3). With these incidences, the final berthing plan is obtained (see Table 4).
Figure 6 shows that the final berthing plan is part of the fuzzy berthing plan.
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Table 3. Arrival incidence in vessels.

Vessel Incidence Time

V1 Exactly 0
V2 Exactly 0
V3 Early 6
V4 Late 10
V5 Exactly 0
V6 Late 15
V7 Exactly 0
V8 Late 8
V9 Early 3

V10 Exactly 0

Table 4. Final berthing plan.

Vessel m l h d p Cranes Q

V1 16 260 694 710 440 2 0
V2 938 232 1076 2014 0 3 1
V3 62 139 607 669 193 2 1
V4 92 193 846 938 0 3 1
V5 583 287 763 1346 0 3 0
V6 710 318 1050 1760 382 2 0
V7 669 366 1352 2021 334 2 1
V8 409 166 174 583 0 3 0
V9 1346 109 870 2216 0 3 0

V10 179 251 247 426 189 3 0

Figure 6. Final berthing plan included in the fuzzy plan (See Table 4).

3.2. Model Efficiency Analysis

In order to analyze the model efficiency, data from vessels 5 to 35 with 100 instances
each were used. The results are shown in Table 5.

161



J. Mar. Sci. Eng. 2021, 9, 152

Table 5. Instances evaluation results.

Vessels Average Objective Value Average Processing Time (Minutes) Optimal No Optimal

5 4922.0 0.2 100 0
6 6655.3 1.3 47 53
7 9401.3 60.0 0 1
8 10,499.7 60.0 0 1
9 13,724.7 60.0 0 1

10 15,522.3 60.0 0 1
11 19,741.3 60.0 0 1
12 23,714.3 60.0 0 1
13 28,762.3 28.9 2 98
14 36,194.7 19.0 3 97
15 39,153.0 38.8 1 99
16 42,786.3 30.8 2 98
17 49,753.0 25.0 2 98
18 57,623.7 28.5 2 98
19 68,661.0 24.7 2 98
20 71,727.3 22.8 2 98
21 80,968.3 21.2 2 98
22 92,723.3 22.1 2 98
23 88,050.0 60.0 0 1
24 96,369.0 60.0 0 1
25 110,842.3 60.0 0 1
26 108,655.3 60.0 0 1
27 128,984.3 60.0 0 1
28 116,706.3 60.0 0 1
29 172,058.3 39.7 1 99
30 142,758.3 60.0 0 1
31 158,178.0 60.0 0 1
32 177,955.3 60.0 0 1
33 156,638.7 60.0 0 1
34 200,806.0 60.0 0 1
35 - 60.0 0 0

Optimal values were found for five vessels, with an average objective value and
processing time of 4922 and 0.2 min, respectively; this was the unique number of vessels
for which an optimal solution was obtained in all its instances. For six vessels, an average
objective value of 6655.3 was obtained within an average processing time of 1.3 min, where
a total of 47 instances were optimally solved. No optimal solutions were found for 7 to
12 vessels. Instead, a single non-optimal solution was found in just one instance. For 13
to 22 vessels there were between one and three optimal solutions. No optimal solutions
were found for 23 to 34 vessels, rather, just a best solution in the given processing time.
However, for 29 vessels an optimal solution was obtained. For 35 vessels onwards, no
solution was found.

Regarding the processing time (see Figure 7), is noted that for six vessels, the average
time it took to find a solution was 1.3 min. Meanwhile, for seven vessels the average
processing time drastically increases until it matches the allowed processing time (60 min).
For 13 to 22 vessels the time varies between 19 and 38.8 min, respectively. For 23 vessels
onwards, the time processing was 60 min, except for 29 vessels, which takes 39.7 min.
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Figure 7. Average processing time trend.

Figure 8 shows a trend of increase in the target value, alongside, the polynomial curve
which best adjusts the data; this is a quadratic curve, with a determination coefficient
R2 of 0.9775.

 

Figure 8. Average objective value trend.

4. Discussion

A fuzzy optimization model for the BAP + QCAP with two quays was developed,
considering the vessels’ imprecise arrivals. The model was implemented in the CPLEX
solver. For previously known input data from a set of vessels, the model obtained a fuzzy
berthing and crane allocation plan, which supported incidences of vessels being early or
late in their arrival times.

The model efficiency was evaluated with a benchmark of 100 instances for each
number of vessels, with one hour of computing processing. Only for a very small number
of instances (five vessels) were optimal solutions obtained in all instances. For 6 to 34
vessels, only some optimal and non-optimal solutions were obtained: these do not follow a
defined behavior regarding the processing time, this is because the problem is NP-hard
and solutions will only be obtained in medium instances that have a structure that allows
the algorithm used by the Solver CPLEX to find a solution. For 35 vessels onwards, the
CPLEX solver was unable to find solutions within the allowed processing time. The same
results applied for large instances.

The model was designed for “n” quays, but in this work is applied to only n = 2. Each
time the quay number increases, the complexity will increase as well.

For medium and large instances, the model must be solved with metaheuristics,
because it is a highly complex combinatorial optimization problem.
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Abstract: The use of electronic compasses and satellite systems has led to the magnetic compass
becoming a secondary means of navigation. Yet this means of navigating is not only not obsolete, it
is a necessary backup device: the construction simplicity of the magnetic compass, without electrical
windings, rotating elements, and control units, remains resistant to power losses, hardware malfunc-
tion, and thus is reliable under the harshest conditions. This durability, however, comes at some
cost; the magnetic compass is influenced by ships’ permanent and transient magnetism, cargo gears.
For the proper use of a magnetic compass, it is necessary to perform an adjustment to determine
the residual deviation at regular intervals. The paper analyses selected methods to manage this,
and to identify the main features of classical methods. The research was supplemented by a study
carried out during the practical compensations of the magnetic compass at sea and by a survey
among navigation officers on its basic requirements for proper use. The results indicate insufficient
inspection of the magnetic compass. Further, an investigation into the causes of deviation delivers
information regarding the causes under varying conditions including type of ship and latitudinal
circumstances. This paper presents findings and recommendations to improve the compensation and
use of the ships magnetic compasses.

Keywords: magnetic compass; compass error; residual deviation; magnetic compass compensation

1. Introduction

The introduction of contemporary technologies in design and marine equipment has
led to significant improvement and development in maritime navigation, including the
development of unmanned and autonomous ships and e-navigation. The most recent
required system is the Electronic Chart Display and Information System (ECDIS). The use of
ECDIS with the Global Navigation Satellite System (GNSS) and other mandatory navigation
devices enable the permanent display of a ship’s position and heading and other relevant
navigational information. Apparently, the problem of determining and continuously
displaying the ship’s position at any location in the world’s oceans has been solved.

Keeping the vessel on a given course is usually carried out with the aid of a gyro-
compass [1], which is the master compass on board. The reliability of the compass plays
a central role in any steering mode. Its accuracy is much greater than that of magnetic
compasses; however, even so the gyrocompass is still not accurate enough to ensure safe
berthing of large ships in many ports with narrow basins and restricted approaches. In fact,
in practice, the gyrocompass often does not meet the standards established by the Inter-
national Maritime Organization (IMO) [2]. Late or missed detection of a gyrocompass
malfunction can lead to accidents at sea. In recent years, there have been some occasions
when a sudden, unexpected loss of power triggered the undetected inaccuracy of elec-
tronic instruments, which then developed into a serious crisis. To support this contention,
one need only recall the 2014 accident involving the m/v “Atlantic Erie”, a bulk carrier
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which ran aground in Ontario. The crew was unaware of a gyrocompass defect. If they had
the ability and readiness to switch to "old fashioned" navigation using a reliable magnetic
compass, that should have prevented the grounding [3].

The magnetic compass’s advantage is entirely related to its simplicity, durability,
and autonomy [4]. A transmitting magnetic compass with integrated correction of magnetic
variation and deviation curve can be used as a source of heading information. Other head-
ing sensors are the free-directional gyro updated by a Kalman filter, rate-of-turn gyro,
GNSS compass filtered and stabilized by the inertia of the free-directional gyro, and a
vessel’s course-over-ground (CoG) received from differential global positioning system
(DGPS). With these aids to navigation, the officer of the watch (OOW) has in his hands
many reliable sources to identify ships’ heading and CoG, but the only independent one—is
the magnetic compass.

As with all technological developments, an adjustment period has followed that
indicates that the improvements bring with them new maritime navigation problems,
such as over-reliance on satellite and computer-based navigation systems and their vul-
nerability to cyber threats. Today’s global maritime sector depends on digitalization,
integration of operations, and automation [5]. While automation offers excellent benefits,
it also introduces a set of corresponding cybersecurity-related risks [6,7]. According to the
International Convention for Safety of Life at Sea (SOLAS) regulation V/19.2.1.1, all ships,
regardless of size, shall have a properly adjusted standard magnetic compass, or other
means, independent of any power supply, to determine the ship’s heading and display
the reading at the main steering position [8]. The standard magnetic compass (and spare
magnetic compass) must be appropriately compensated, and its table or curve of residual
deviation must be available on board in the vicinity of the compass at all times [9].

The IMO also requires that masters and officers in charge of navigational watch
know, understand, and have proficiency in regard to the principle of operation and error
determination of the magnetic compass [10]. The usual method used on board merchant
vessels is comparison between bearing, measured by magnetic compass, and the azimuth
of a celestial body. Another method uses bearing to a distant object on shore in the vicinity
and comparison in the same way. Thus, despite the view that the magnetic compass belongs
to the past of navigation, it retains value as a backup instrument [11]. The International
Convention on Standards of Training, Certification and Watchkeeping for Seafarers (STCW)
requires that the officer in charge of the navigational watch shall conduct regular checks
to ensure that the standard compass error is determined at least once a watch and, when
possible, after any significant alteration of course, and that the standard and gyrocompasses
are frequently compared and repeaters are synchronized with their master compasses [10].
According to a procedure in the ship’s safety management system, it is mandatory to
record this in the compass observation (deviation) book [12]. Masters and officers of the
watch do not have in their hands options to mitigate compass deviation at the time of
the ship’s voyage. According to the STCW Convention standards, they do not have such
obligations. It is one of the reasons why they must check compasses and record their
errors. Noncompliance with these obligations is one reason for remarks in port state
control (PSC) inspections. Clearly, the mandates regarding the magnetic compass are
no longer being taken quite seriously. The analysis of the annual reports of the regional
memorandum of understanding (MoU) on PSC shows that deficiencies related to SOLAS
Convention Chapter V (Safety of Navigation) are among the five main reasons for PSC
remarks in virtually all regions (ranging from 11 to 15%) [13–16]. Further, the analysis of
the top 20 deficiencies (from the Safety of Navigation group) shows extensive compass
deficiencies recorded, resulting even in “detention of the ship” [17]. To provide some
illustration, problems serious enough to record regarding the magnetic compass include air
bubbles, lack of spare magnets, missing bearing devices, rust, and—this is key—irregular
inspections by crew members [18].

This article aims to underscore the importance of the magnetic compass and exhort
navigation officers to properly use and maintain this historic yet still necessary navigation
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aid. Further advances in navigation are required before the magnetic compass can be
abandoned. For instance, a truly redundant safety measure is not the addition of a second
gyrocompass, comforting as that may be. In a sense, this paper is about securing the
advances in navigation. Furthermore, classical methods of magnetic compass compensation
are discussed, results of adjustments summarized, and findings on the influence of ship
types and age on deviation are shown. This article presents the results of a survey of
navigation officers regarding the current use and recommendations provided on means to
improve the compensation.

This article consists of four sections. Section 2 provides the literature review, Section 3
describes the methodology and presents the results, and Section 4 provides discussion and
conclusions.

2. Literature Review

The ship’s magnetic compass is a classic navigational instrument that has been thor-
oughly researched. Noteworthy are the achievements of Airy and Kolong that laid the
foundation for the compensation and determination of the residual deviation of a compass
onboard a ship with a metal hull. In late 1835, Airy conducted a series of studies, as a
result of which he developed a method for compensating and determining the residual
deviation of a magnetic compass [19]. The deviation device of modern compasses and the
additional soft iron of various shapes attached to the compass allows for the application of
this method. Compass adjustment is a job that can take from one to several hours if well
organized, experienced, and under favorable conditions. Usually, it takes between two to
four hours [20].

Kolong’s method requires a more complicated sequence of execution, so it is applicable
only if the compass adjuster has the necessary equipment. The method is described in detail
by Kozhukov [21], and the author also presents the construction of the device invented
by Kolong, called a “deflector”. The Kolong method is not widely used because of the
need for additional instruments, the time required to prepare the compass on shore, and to
perform the maneuver of the ship to determine and compensate for the residual deviation.

Airy’s method puts into practice the theoretical developments of Smith and Evans,
published in 1863 in their work “Admiralty Manual for Ascertaining and Applying the
Deviations of the Compass Caused by the Iron in a Ship” [22]. Evans–Smith’s formulae,
for which the magnetic course is plotted in the Fourier series, is the basis for the entire
mathematical means for calculating the deviation table of any magnetic compass [23]:

tan δ =
A′ + B′· sin ζ+ C′· cos ζ+ D′· sin 2ζ+ E′· cos 2ζ
1 + B′· cos ζ− C′· sin ζ+ D′· cos 2ζ− E′· sin 2ζ

(1)

The symbols ζ and ζ′ denote the magnetic and compass course, whereas A′, B′, C′, D′,
and E′ indicate the exact coefficients that were expressed originally by Archibald–Smith as
A, B, C, D, and E [24].

Another formula widely used in practice for determining the residual deviation (2)
allows the calculation of the deviation in degrees simply, although various trigonometric
estimations turned it into a rough equation [25–27]. This approximate deviation (Δ) is
normally used to adjust the magnetic compass [28–30]:

Δ = A + B· sin ζ′ + C· cos ζ′ + D· cos 2ζ′ + E· cos 2ζ′ (2)

The symbols A, B, C, D, and E are approximate deviation coefficients and their values
match up with the sine of the exact coefficients. Both coefficients may be considered
constant for a long time [2,24]. Nevertheless, this may not always be the case, since a bolt
of lightning or a shipment of steel cargo may affect the ship’s magnetism [31].
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After transformations (1), formulas are derived for the exact coefficients of the devia-
tion of the magnetic compass (3):

A = δN+δS+δE+δW+δNE+δSW+δSE+δNW
8

B = δE−δW
4 + δNE−δSW+δSE−δNW

4 .sin45◦

C = δN−δS
4

δNE−δSW+δSE−δNW
4 .cos45◦

D = δNE+δSW−δSE−δNW
4

E = δN+δS−δE−δW
4

(3)

It is important to note that magnetic compass deviation calculations start with coeffi-
cient calculations. Because of this, the choice of the deviator between Formulae (3) and (4)
for coefficient calculations is essential for the accuracy of his work.

The practical application of the Formula (3) requires the ship to steer successively on
eight compass courses: 0◦, 45◦, 90◦, 135◦, 180◦, 225◦, 270◦, and 315◦ [32]. The magnetic
compass deviation table is computed for every 10◦ or 15◦, replacing the compass course in
Formula (1) with the corresponding value of ζ.

If the ship turns 360◦, but only the deviation of the main magnetic courses 0◦, 90◦, 180◦
and 270◦ is measured, the abbreviated Formula (4) can be used to calculate the coefficients:

A = δN+δS+δE+δW
4

B = δE−δW
2

C = δN−δS
2

D = δNE+δSW−δSE−δNW
4

E= δN+δS−δE−δW
4

(4)

Lushnikov and Pleskacz argue that the method for determining the residual deviation
required by the regulations is overly time-consuming and costly [20]. They propose using a
more straightforward method based on the compass’ directional force (λH). By increasing
the coefficient of the guiding force (λ), there will be a reduction in all types of deviation.
Thus, one does not have to deal with individual types of magnetic compass deviation
before, but with all deviations simultaneously [21]. This method is based on the installation
of a standard suspension device that compensates for the semicircular deviation during
the initial installation of the compass and increases the directional force at the same time,
or simply, after that, it is not necessary to perform compensation. The disadvantage of
this method is that the existing magnetic compasses must be reconstructed, while newly
built compasses must be equipped with this device, of course, after thorough testing and
evaluation in practice.

Kozhukov also proposes abbreviated formulas for calculating the coefficients. His pro-
posal is based on the permissible value for the magnetic compass deviation and sets ±4◦
as the limit. If the compass deviation is above this value, the full formulae and the corre-
sponding ship maneuvering method should be used [21]. This theory is also found in other
studies [24,33,34]. To be widely accepted, these methods need some additional empirical
evaluations and comparisons with the “classical” methods of compensation in the cardinal
and intercardinal courses.

It is essential to note that the magnetic field of a ship is variable and depends on several
factors, such as the sailing area, the type of cargo the ship is carrying, the type of repairs
carried out on board, the installation of additional equipment, the age of the ship, [35,36].
Based on these factors, applying one or another type of formula in the calculation process
should be done after a critical analysis of the circumstances.

The STCW-78 Convention does not require deck officers and masters to have the
knowledge and skills to adjust the magnetic compass. Deck officers and masters must be
able to use the information on magnetic compass readings. Compensation and determina-
tion of residual compass error is the responsibility of persons certified by the competent
maritime authorities [37]. Attention should be paid to the maritime authorities’ provi-
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sions, which also allow masters to compensate the deviation and compile a new table with
the values of the residual deviation [38–41]. In such a manner, the master needs to be
aware that any changes to the ships’ hull, to loading/discharging equipment, to machinery,
and other mechanisms that lead to changes in the ship’s magnetic field and magnetic
compass deviation.

Another serious problem affecting the accuracy of the magnetic compass is the latitude
error caused by a significant change in the ship’s latitude [24,36], especially near the
magnetic poles [31]. Any ship’s trading operation requires it to travel thousands of miles
across different latitudes. The variable nature of the Earth’s magnetic field causes the ship’s
magnetic field to change due to the intersection of the Earth’s magnetic lines of force at
different angles, as illustrated in Figure 1a. That accumulates an error, as per Figure 1b,
in the deviation table, and eventually, the actual deviation of the magnetic compass does
not correspond with the deviation table data.

Figure 1. (a) World magnetic model—main field declination [42]; (b) global distribution of the declination error model.
Color scale limited to 1.2 degrees [43]. Available online: https://www.ngdc.noaa.gov/geomag/WMM/image.shtml
(accessed on 27 January 2021).

In this context, studies are being conducted to apply the least-squares method to
determine the deviation of any ship’s course [44], although the author has not yet tested
the algorithm in practice. Felski [45] has proposed a device that automatically collects
information about the deviation and continuously compares it with the deviation table
values. Other authors propose an algorithm to compute the latitude error while the ship is
in service somewhere in the world [33]. However, all the listed improvements in compass
adjustment activity are based on the ship’s existing deviation table. That means that at
least once the residual error’s compensation and determination must be performed by a
highly qualified and certified compass adjuster.

3. Methodology and Results

The study was conducted using two approaches: by analyzing the results of magnetic
compass compensation and surveying the current use of compasses on ships.

The compensation of the deviation of a ship’s magnetic compass and the subse-
quent determination of the residual deviation were carried out according to Airy classical
method’s rules with a full swing of the ship on eight magnetic courses by in situ measure-
ments. The method for determination used by the authors is applicable in the area at sea
specially designated for magnetic compass adjustment or in an area with sufficient space
for maneuver and accurately distinct onshore markers. Using the gyrocompass course as
reference direction is incorrect because of gyro inertia.
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Deviation activities begin with turning the vessel on every cardinal course: 000◦–180◦
and 090◦–270◦. If the compass deviation is within the limit, the vessel is turned to the
quadrantal courses: 045◦–225◦ and 135◦–315◦. If the deviation is within the limit, one full
circle from 000◦ to 360◦ is necessary to maintain the ship on every cardinal and quadrantal
course for at least one minute. The deviation activities are correct if the weather and sea
are calm; otherwise, the ship’s deviation is affected by rolling and pitching.

For this study, ships were grouped by type and age (years of service). The plots show
calculated deviation values based on Formulae (3) and (4) for the selected ship types and
ages. Deviation and specific differences that may indicate the need to perform compass
compensation using the Airy method were noted.

The second part of the research methodology in this article was a survey. The ob-
jectives (targets) of this survey are to review the level of knowledge and current use of
magnetic compasses on board. The research instrument was a questionnaire consisting
of an introduction, general questions, and specific questions. The introductory part of
the questionnaire contains general remarks (i.e., research objectives, instructions for re-
spondents, importance of the survey, and a statement about voluntary and anonymous
participation in the survey). The questionnaire contains nine general and specific questions.
The questions were closed-ended with predefined single-choice responses. The general
questions aimed to categorize the profile of the respondents. These included questions
on certificates of competency (CoC), seafaring experience, and assignments on board.
The group of specific questions related to the use and ability to set the magnetic compass.
This group of questions was divided into two categories. The first category includes
questions related to regular deviation checks and intervals to perform this task, use of the
deviation table (curve), and experience with PSC inspections of the magnetic compass.
The purpose of these questions was to collect data on knowledge of this specific related
topic. The second category includes questions about the intensity of the importance and
frequency of deviation control and compensation. This category consisted of numerical
values ranging from one (lowest level of importance and the lowest level of frequency
of performing the task) to five (highest level of importance and the highest frequency
of performing the task). Thus, the relationship between the answers was established.
After developing the questionnaire, a test of the survey was conducted by the professors
of navigation and experienced experts (retired shipmasters). The questionnaire was then
corrected and distributed online to the target group of 320 respondents. The survey was
conducted from 9 December 2020 to 9 January 2021. During this period, 123 responses
were collected from navigation officers. The target group consisted of deck officers and
captains. To verify the results and their clear interpretation, a face-to-face interview or
correspondence via email was used for a selected 10% of the respondents according to their
CoC and assignment on board.

3.1. Results of the Magnetic Compass Compensation Study

The compensation and determination of the residual deviation were carried out in
the area of Varna Bay in the western part of the Black Sea with approximate coordinates
latitude ϕ = 43◦11.0′ N and longitude λ = 28◦55.0′ E. The total number of ships included in
the study was 252. The distribution by type is shown in Table 1.

Table 1. The number of ships included in the study according to type.

Type of Ships Number of Ships

General Cargo
Tankers

Bulk carrier
Reefer

Offshore supply ship
Container ship
Ro-Ro Cargo

83
60
57
25
13
13
1
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One of the theses put forward by the authors is that the type of ship is influences
the change in the magnetic field. The transported cargo over time and while the ship is
sailing at different latitudes changes the magnetic compass’ deviation. Experiments have
shown that the loading and unloading activities of metal-bearing cargoes and liquid bulk
cargoes affect the compass deviation differently. In addition, the transport of goods over
long distances in different latitudes of the world’s oceans influences the magnetic compass
error. In this context, it is important to reiterate the importance of regularly determining
compass errors during the voyage.

Another hypothesis that we support and for which we provide evidence is the depen-
dence of the change in magnetic compass deviation on the ship’s age. The accumulation
of changes, including design changes, alters the ship’s magnetic field, and these changes
directly affect the deviation. Therefore, the studied ships are divided into five groups
according to their age into deviation activities. The cutoff point is five years, the time
for class repairs where structural changes are made if necessary. The percentage of the
different ship groups by their age is shown in Table 2.

Table 2. Distribution of the examined ships depending on their age.

Group of Ships (Per Their Age) %

0–5
6–10

11–15
16–20
>20

20
15
17
16
32

The data processing involves calculating the coefficients of deviation of the magnetic
compass of each ship using the Formulae (3) and (4). The empirical values of the deviation
were calculated when the ships maneuvered to eight compass courses: 0◦, 45◦, 90◦, 135◦,
180◦, 225◦, 270◦, and 315◦. The results show a graph of the deviation constructed with
coefficients from the full formulas and one constructed with coefficients from the short
formulas. For the calculations using Formula (4), only the deviations on the four main
magnetic courses: 0◦, 90◦, 180◦ and 270◦, are considered. The analyses were also performed
considering the ship type.

3.1.1. Compasses on Newer Vessels

Barring force majeure, ships five years old and less have not undergone any hull and
machinery alterations. Thus, the conditions for constructive preservation of the ship’s
magnetic field are met. Any alterations would result from the nature of the cargo carried.
Figure 2a show the deviation curves of a bulk carrier that was two years old at the time of
the deviation activities. The graph shows the deviation curve after calculated coefficients
according to Formula (3) (red line), and the deviation curve after calculated coefficients
according to Formula (4) (blue line).

Figure 2a shows that the deviation of the magnetic compass is mainly caused by the
magnetic field of the solid ship’s iron and has a semicircular character. The values are
approximately the same with respect to maximum and minimum and are within ±5◦.
In this case, it may be necessary to reduce the deviation values, but such measures are
not mandatory.

Figure 2b shows graphs of a five-year-old tanker. The lines show the deviation curve
after calculated coefficients according to Formula (3) (red line), and the deviation curve
after calculated coefficients according to Formula (4) (blue line).
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Figure 2. Graph of the deviation, according to Formulae (3) and (4): (a) m/v “Meridian”, (b) m/v “King Edwin”.

In this case, the same results are observed. The following conclusion can be drawn:

• The type of deviation of a newer ship (age 0 to 5 years) is mainly semicircular;
• Clearly, it takes time for cargo type to affect the magnetism of a vessel—changes are

generally a result of latitudinal effects.

3.1.2. Compasses on Vessels from Five to Ten Years of Age

The deviations were measured after a class repair of 39 ships 5–10 years old. Figure 3a
shows the diagram of a ten-year-old ship carrying petroleum products and chemicals.
The magnetic compass deviation is semicircular, but the graphs are shifted along the
abscissa. In this case, applying the short formulas to determine only the semicircular
deviation leads to a calculated value of coefficient A equal to zero. Although the two
figures’ deviation is within the allowable values, complete measurements and application
of the formulae are necessary.

Figure 3. Graph of the deviation, according to Formulae (3) and (4): (a) m/v “Cape Benat”, (b) m/v “Ras Tomb”.
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The other example, in Figure 3b, shows the deviation of a nine-year-old general cargo
ship. The lines present the deviation curve as in the previous figures. The ship’s sailing
area was the Mediterranean, and the North and Baltic Seas—i.e., latitudes no more than
15 degrees above those at which the deviation was determined in 2012. Figure 3b shows that
the nature of the deviation is beginning to change to quadrantal. Although the values are
still within acceptable limits, this is a sign that ignoring the determination of the deviation
of the magnetic quarter courses 0◦, 90◦, 180◦, and 270◦ will result in erroneous values of
the magnetic compass.

3.2. Analysis of the Results of the Survey

A survey method was used to collect the data on the use and knowledge level of
magnetic compasses. The responses obtained were processed using statistical, descriptive,
and comparative methods. Of the total number of respondents, 36 officers (29.3%) hold the
CoC for Officer in charge of a navigational watch on ships of 500 GT or more, 20 officers
(16.3%) hold the CoC for Chief mate on ships of 3000 GT or more, and 57 officers (46.3%)
hold Master mariner unlimited certificates. Other navigation officers who responded
to the survey (10 officers) hold the CoC for Master on ships between 500 and 3000 GT,
or naval and other certificates issued in accordance with national regulations. In terms of
seafarering experience, 24.4% of respondents have 1–4 years of sea service, 25.2% have
4–10 years of sea service, 21.1% have 10–15 years of sea service, and 29.3% have more than
15 years of sea service. The current (or last) assignment onboard ships is the third officer
for 16.3% of the respondents, second officer for 28.5%, Chief mate for 23.6%, while 31.7%
are Masters. The number, qualifications, seagoing service, and duties of the respondents
constitute a relevant sample to draw reasonable conclusions about the knowledge and use
of a magnetic compass on ships.

The respondents were asked about conducting a regular deviation check (error de-
termination) of the magnetic compass; 82.9% of the respondents answered positively,
while 17.1% answered negatively. A regular deviation check may indicate the need for
repair, testing, or adjustment of the magnetic compass [46]. Table 3 presents the response.

Table 3. Distribution of responses to the regular deviation check of the magnetic compass.

Regular Deviation Check of the Magnetic Compass %

At least once a month
At least once a week
At least once a day

At least once a watch
At least once a watch and, when possible, after any

major alteration of course
Other

7.3
11.4
17.9
17.9
31.7
13.8

Only 49.6% (31.7% + 17.9%; as per Table 3) of the navigation officers perform a regular
magnetic compass deviation check following the provisions of the STCW Convention
(STCW, 2017, Section A- VIII/2, Part 4-1). Pleskacz obtained almost identical results
(53%) in a survey conducted in 2017 among a sample of 212 navigation officers [34].
These responses indicate an inadequate level of knowledge or negligence in applying the
relevant provisions of the STCW Convention relating to watchkeeping or the improper use
of a magnetic compass on board. Comparing these results suggests that navigation officers
generally consider that compass inspection requirements are overly stressed in the STCW.

Clarification was provided, as navigation officers were asked to estimate the impor-
tance and frequency of magnetic compass deviation checks. The responses are shown in
Figure 4.
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Figure 4. The perceived importance and frequency of deviation check of the magnetic compass.

Comparing the data on the regular deviation check (Table 3) with the data on its impor-
tance and frequency (Figure 4), we can see that an almost identical percentage of navigation
officers perform the regular deviation check of the magnetic compass and at the same time
give it the highest level of importance (43.1%) and frequency (40.7%). That suggests that
there is disagreement with the required procedures, or a lack of knowledge.

Another critical factor affecting the use of a magnetic compass is the validity of the
deviation table (curve). When asked about the significance of the deviation table (curve)
in navigation, only 55.3% of the respondents answered positively. This relatively high
percentage of responses further suggests the failure of navigation officers to implement
regulations regarding the magnetic compass.

The authors compared the responses regarding the regular deviation check and the use
of the magnetic compass deviation table with the respondents’ current (or last) assignment.
The results presented in Table 4 are as expected in that they show equal or very high
agreement between the application of STCW regulations and the correct use of the magnetic
compass in navigation. Yet the results are somewhat surprising as they show that the
highest percentage of responses with positive answers to this question are given by second
officers and not by masters and chief mates.

Table 4. Responses to the regular deviation check and use of the deviation table by rank.

Current (Last) Assignment (Nr.)
Deviation Check Deviation Table (Curve) Use

Regular (Nr./%) Irregular (Nr./%) Yes (Nr./%) No (Nr./%)

Master (39) 19/48.7 20/51.3 19/48.7 20/51.3
Chief mate (29) 12/41.4 17/58.6 16/55.2 13/44.8

Second officer (35) 22/62.9 13/37.1 22/62.9 13/37.1
Third officer (20) 8/40.0 12/60.0 11/55.0 9/45.0

Total (123) 61/49.6 62/50.4 68/55.3 55/44.7

The MoU annual reports on PSC show a significant number of shortcomings of the
magnetic compasses. Respondents were asked about their experience with PSC inspections
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of a magnetic compass—90.2% of respondents answered that their ships had not been
subject to PSC remarks regarding magnetic compass deficiencies.

The remaining 9.8% of respondents answered positively. Analysis of the responses
revealed that the vast majority (9 out of 13) of deficiencies related to inadequate inspections,
significant differences of the magnetic course, or entries in the compass observation book.

4. Discussion and Conclusions

Analysis of the magnetic compass compensation results shows that the first-class
repair of a ship is the age limit for permanent magnetic field changes. We do not provide
examples for the other age groups because the calculations confirm the above conclusion.
In 92% of cases, especially for ships older than 20 years, the type of magnetic compass
deviation is determined by the type of cargo carried. Relative stability is observed in
tankers, reefers, and offshore supply ships. The cargoes carried by these types of ships are
nonmetallic. In almost 100% of cases, the deviation has a semicircular character; that allows
the use of an abbreviated procedure for its determination. The graph’s expected shift can
be along the abscissa in the direction of “+” or “–” within a maximum of ±1◦.

For the other types of ships studied, the experiments with Formulae (3) and (4)
revealed significant differences in the deviation curves. In almost 60% of the cases, the type
of deviation changed over time to quadrantal. This categorically rules out the possibility of
using an abbreviated procedure to compensate and determine the residual deviation.

Figure 5 show the deviation curves of the general cargo vessel “Kalitihi Sea” for 2009
(blue line) and 2011 (red line). The ship was built in 1986. In this case, the tendency to
change the type of deviation is evident.

Figure 5. Graph of the deviation for 2009 (blue line) and for 2011 (red line), (m/v “Kalitihi Sea”).

This and other similar cases suggest that compensation of deviation requires all parties’
proper attitudes—ship owners, crew members, flag administrations, PSC inspections,
and certified compass adjusters.

Analysis of the methods and techniques used to compensate for and determine the
residual deviation of a ship’s magnetic compass suggests the following conclusions:

• Ship’s masters must instill in all bridge officers a responsible attitude toward magnetic
compasses, standard and spare, and maintain them in good working order;

• The adjustment of the standard magnetic compass must be carried out under the
requirements of the relevant IMO and flag state regulations;

• Before the commencement of deviation activities, the factors leading to the change in
deviation should be analyzed;
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• If the analysis shows that there are conditions for the change in the value and nature of
the deviation, it is necessary to carry out its compensation by sailing in eight magnetic
courses. The calculations should be made using Formula (3) instead of Formula
(4) whenever the magnetic compass adjuster is unsure whether the ship’s structural
change during her life has had significant impact on the magnetic field of the vessel.

• It is important to emphasize that the Airy method is reliable enough and is applicable
everywhere worldwide. Another advantage is that the method does not require any
special equipment and extra complicated calculations, as required in other methods.
The use and application of any innovative technological methods for determining
the residual deviation are made based on the previously composed deviation table,
in most of the cases calculated by the Airy method.

A regular check of deviation together with the maintenance and application of the
deviation table (curve) are the main factors for the proper application of the magnetic
compass in navigation. According to the survey results, 14.2% of the respondents said
that they do not perform a regular deviation check. In comparing the answers to the
question about the periodicities of a regular deviation check, we found that the percentage
is significantly higher. Almost 50% of respondents do not perform this activity following
the relevant STCW regulations. Analysis of the data on the importance and frequency of
the deviation check confirms these findings. The fact that 45.1% of the respondents do
not use the deviation chart or deviation table indicates that they do not use the magnetic
compass in navigation correctly (if at all). This leads to remarks in PSC inspections where
magnetic compass deficiencies are among the top five deficiencies per the analyzed annual
reports of regional MoUs.

After analyzing the survey results, the following findings can be elaborated:

• About half of the respondents do not perform regular deviation checks of the mag-
netic compass, while about 45% of the respondents do not use the deviation table,
including masters and chief mates, which is of particular concern;

• Comparing the results of this survey with the 2017 survey conducted by Pleskacz
shows a 3.4% decrease in performing the deviation check, which shows how the
proper use of a magnetic compass is decreasing;

• The reliability of modern compasses and navigation systems will further reduce the
use of magnetic compasses;

• New generations of deck officers and masters will have less need for the use of
magnetic compasses;

• These facts will lead to a further reduction in the level of knowledge of the proper use
of magnetic compasses, especially in emergencies.

The proper use of a magnetic compass requires navigation officers’ joint efforts in
regular inspection and maintenance and compass adjusters in regular compensation.

The development of technology in the maritime sector has a significant impact on
navigation. This development further reduces the need to use the magnetic compass in
navigation. Nevertheless, the magnetic compass remains the only means of indicating
course independent of any source of power. The navigation officers need to have the
ability and readiness to switch to this “old fashioned” navigation using a reliable magnetic
compass in case a gyrocompass malfunction is detected, which could endanger the ship’s
navigation, safety, and security. Therefore, regular compensation, an adequate level of
knowledge, and the correct use of the magnetic compass remain a necessary condition for
safe navigation, especially in emergencies.
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Abbreviations

CoC Certificate of Competency
CoG Course over Ground
DGPS Differential Global Positioning System
ECDIS Electronic Chart Display and Information System
GNSS Global Navigation Satellite System
GT Gross Tonnage
IMO International Maritime Organization
MoU Memorandum of Understanding
OOW Officer of the Watch
PSC Port State Control
SOLAS Safety Of Life At Sea
STCW Standards of Training, Certification, and Watchkeeping
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Abstract: Port design and approaches are usually carried out using real-time computer simulation
methods for ship manoeuvring. So-called ship real-time simulation methods are relatively expensive,
especially in terms of survey time. Several real-time simulation scenarios carried out by masters
and pilots are usually performed, with several simulation attempts in each scenario. Each such
attempt can last up to one hour, which, with a large number of scenarios, prolongs the research and
increases its cost. Particularly time-consuming is the repetition of many scenarios with alternative
solutions for infrastructure development and in various hydrometeorological conditions. To reduce
the time-consuming of the tests, a new two-stage method was used to design the target approach on
the modernized Port of Ustka. In the first stage, the simulations were carried out with significantly
reduced floating navigation marking, and in the second stage with the target marking. Moreover,
the so-called “Soft-Bank” method was introduced, i.e., the effects of a collision with the seabed and
infrastructure were excluded. Such a solution leads to significant time benefits in conducting research
and at the same time does not reduce confidence in the results obtained.

Keywords: ship manoeuvring; design of ports; real-time ship manoeuvring simulations; naviga-
tion safety

1. Introduction

The major aim of a case study [1] which is the illustration to presented Soft-Bank
method was to design the new approach and breakwater solution for a general cargo
ship of the following parameters: L = 133 m, B = 20 m, T = 7.9 m utilizing real-time ship
manoeuvring simulation methods for the modernized Ustka Port located in the middle of
the Polish coast. Additionally, the conditions of safe operation of port for the maximal vessel
will be established. The main aim of the Ustka Port case study that was concerned with:

1. Determination of:

• average ship dimensions and its characteristics like the power of the main engine,
rudder type and its area or power of bow thruster,

• safety waterway parameters needed for the safe operation of maximal ships,
• turning place diameter concerning its shape.

2. Determination of safety conditions of port operation for:

• admissible meteorological conditions for a given kind of ships and manoeuvres,
• other navigational conditions and limitations like the presence of other ships on

berths, use of position fixing systems on the approach, navigational markings,
and vessel traffic service.

3. Determination of manoeuvring procedures during the entrance, berthing, un-berthing,
exit port, and turning for different kinds of ships and propulsion systems.
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4. Determining the conditions of ship mooring inside the port.

The above objectives are the objectives of the Ustka Port design case study that was
the example of Soft-Bank method. The main objective of the paper is to present that method
as the part of optimal port design strategy.

The major problem with designing the simulation experiment is the number of simu-
lation trials (one trial is defined as one simulation run in given conditions), which have to
be done within experiments. Each simulation trial is realized in real-time and it sometimes
lasts more than half an hour in the presented case study.

The simulation trials are performed in groups (series) in the same controllable envi-
ronmental condition but with different captains/navigators performing the simulation to
achieve statistical variability of human (navigator) influence. The whole study must cover
selected wind and current conditions. In single simulation series usually, 15 simulation tri-
als are performed, which causes the design process is highly time-consuming. For example,
in the Ustka case study, the 6 series are foreseen every 15 trials which make 90 simulation
runs, each lasting more than 30 min in total which makes in total more than 60 simulation
hours. When the infrastructure does not exist (like in the presented study) sometimes it
needs to perform simulation in different infrastructure layouts, which again multiply the
simulation time by the number of infrastructure solutions (proposed layouts).

In such cases, the simulation method is one of the most suitable to solve this research
task. Several unsolved problems when ships outgrow the capacity of port infrastructure
have been identified by Perkovic et al. [2]. The guidelines [3–6] also address the design
issue. In parallel, the national and regional policy was identified [7]. Ports are also the
subject of strategic risk assessments [8–11]. From the other side dedicated systems are
used for met-ocean conditions monitoring near the ports and specialized quays [12]. The
general rules of designing the ports and waterways for ships are presented in [13–15].
Methods applied in this study could be used also for other aspects of navigational safety
like designing port regulations [16].

The methodology design of real-time simulations for waterway and port design
purposes are presented in the latest PIANC guidelines [3,4]. The comprehensive study in
this field, especially for the distribution of ship positions on the waterway, is presented by
Irribaren [17]. Some general guidelines are presented in [18,19]. There are not many new
types of research dealing with this topic mostly due to the process is highly related to the
given case study. The design process also depends on the experience and knowledge of the
simulation team. This is remarkable to the maritime simulation sector wherein compared
to other branches of transportation like aviation or road engineering, there is still some
freedom and art inside the process itself. The expert knowledge supported by pilots here is
usually the key factor for conducting the simulations based on their previous design.

Benedict et al. [20] developed the computer-based support for the evaluation and
assessment of ship handling simulator exercise results but dedicated mostly for training
purposes of ship handling simulators.

Very useful in the navigator decision-making process are ship predictors, which are
also quite common onboard usually achieved within ECDIS environment [21].

Zhang [22] presented a very comprehensive study on the assessment of the com-
petence of seafarers trained on ship handling simulators in the scope of Bridge Team
Management and implementing the International Convention on Standards of Training
Certification and Watchkeeping for Seafarers (the STCW Convention).

Sarioz and Narli [23] presented the results of a real-time ship manoeuvring simulation
study and its assessment intended to investigate the manoeuvring performance of large
tankers in the Bosporus.

Inoue [24] developed a quantitative model for evaluating the difficulty of ship han-
dling caused by a restricted manoeuvring area or by traffic congestion or by a combination
of both. It includes acceptance criteria based on the mariner’s perception of safety.

Lataire et al. [25] presented the systematic investigation of ship manoeuvring in
restricted waters is performed by Flanders Hydraulics Research (FHR) and Ghent Uni-
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versity (UGent) through five different simulations techniques including real-time human-
controlled and fast time. Another Classification of ship maritime simulators is presented
by Cross and Olafsson [26].

Donatini et al. [27] described the results of a survey performed by the authors to
assess how hydrometeorological conditions are presently modelled in ship manoeuvring
simulators. They found that while mathematical models for the manoeuvring behaviour of
ships are well documented in the literature, an overview concerning hydrometeorological
modelling does not exist yet. The results are based on a wide questionnaire of simulator
end users.

Several types of research were made in the field of effects on the ship models imple-
mented within ship handling simulators like wind [28], waves [29], ice, and current [30].
Delefortrie and Vantorre [31] presented the overview of research and practical applications
of ship’s behaviour and modelling in muddy areas.

Fast-time simulations (FTS) are the widely accepted preliminary study method in
design of ports and its approaches [3–5]. The recent state of the art in this area is presented
by the Benedict at all [32]. The drawbacks of FTS are the autopilot capabilities which is still
far from human control and problems with automatic tug control which are the usual tool
to enhance manoeuvres in ports which also was the case in the presented example.

2. The Ustka Port Case Study

Ustka (Figure 1) is a medium Polish port located on the Baltic Sea serving around
100 merchant ships per year with fishing and pleasure craft traffic. The maximal length of
ships before the presented research was L = 60 m, B = 12 m, and T = 4.0 m with several
operational and weather restrictions.

 

Figure 1. Ustka Port—the present layout.

The preliminary design of the breakwater layout is presented in Figure 2 (presented in
yellow). After the extensive wave development inside port analysis, it was found that the
wave was too high inside the port with NE winds and it was decided to investigate also the
longer version of the breakwater (Figure 2 presented in red) together with the decreasing
the entrance width and some works inside the port to reduce wave development inside
the port.
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Figure 2. Ustka Port—the preliminary design (yellow) and proposed changes in the breakwater after
wave conditions modelling inside the port (red).

2.1. Selected Elements of Ship Mathematical Model Creation

The values of hydrodynamic coefficients of particular forces and moments have been
predetermined according to published literature data from hull model tests (surface and
underwater part), propeller, and stern rudder, streamer rudder of similar dimensions and
shapes as the “characteristic” ship. In the case of gross mismatch, appropriate extrapolation
of test results to the technical and operational conditions of the model ship has been applied.
This was all the more important because not all coefficients can then be optimized (tuned,
identified) according to the measurements carried out during the nautical manoeuvre tests
of the tested craft or similar. The models are usually identified based on sea trials of a
modelled ship or similar ships according to the procedure presented by Artyszuk [33]. The
model used for Ustka Port development was validated based on four following groups
of tests:

1. Speed tests
2. Braking and acceleration tests
3. Circulation tests (Figure 3)
4. Zig-Zag tests (Figure 3).

(a) (b) 

Figure 3. Selected results from model trials: (a) turning circle and (b) 20◦-20◦ Zig-Zag manoeuvre.
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Therefore, the model represents the average ship with the average parameters for
typical Baltic Sea general cargo vessel of L = 133 m, B = 20 m and T = 7.9 m. The model
was created on the base of several available sea trials of similar ships which results was
averaged and used for fitting the hydrodynamic coefficients. The selected model sea trials
i.e., turning circle and 20◦-20◦ Zig-Zag manoeuvre are presented in Figure 3.

2.2. Selected Elements of Environment Modelling and Conditions Selection during Tests

The objective of the research: Research on the possibility of entrance and exit of a
general cargo ship of L = 133 m, B = 20 m, T = 7.9 m in the modernized port of Ustka.
Modernization of external breakwaters and construction of an internal port.

Breakwater system: The corrected arrangement of breakwaters according to Figure 2.
Ship parameters:
Type: General cargo, coaster. Lc = 133 m; B = 20.0 m; T = 7.9 m.
Propulsion: Right-hand conventional propeller, bow thruster typical power for

this vessel.
Indicative speeds: FA (Full Speed Ahead) = 12 kn, HA (Half Ahead) = 9 kn, SA (Slow

Ahead) = 6 kn, DSA (Dead Slow Ahead) = 4 kn.
Towing operation: One tug with a 20 tf of pull power.
Hydrometeorological conditions: Manoeuvres were performed for conditions without

wind and wave (as a reference and for a preliminary acquaintance of the ship and the
area by captains) and with wind 11 m/s (lower value of 6◦B), and 17 m/s (upper value of
7◦B) blowing from the north-western direction, which is the most unfavourable direction
for the entrance. For the exit and ships turning, the winds up to 11 m/s from the north-
western and north-eastern directions were assumed to be the most influential for the ship
during turning.

Wind cover by infrastructure was assumed (Figure 4). The steady wind (no gusts) was
used for the analysis.

Figure 4. Selected elements of environmental modelling. (a) wind scale-up factors for NE winds, (b) wave scale-up factors
for NE wave system.

The height of the wind-wave (the direction following the wind direction) was assumed
equal: 0.9 m (wind 11 m/s) and 1.6 m (wind 17 m/s). The wave distribution is shown
in Figure 4.

Good visibility and daytime visibility were assumed, which results from the type of
simulator visualization.
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One-way traffic of ships has been assumed.
The weather conditions, especially the wind and water level changes were analysed

before planning the simulations. The influence of climate change is also considered as a
mean water level change and changes in the severity of strong winds. There are hydro-
and meteorological stations in the Ustka Port. The data were collected with the use of
this station and then after statistical analysis applied to the project and final solution. The
possibility of storm surges was included as a deterministic factor in the under-keel clearance
analysis as an additional reserve for storm surges and water level changes appropriate for
this region.

The selected wind conditions represent the one from most extreme to easiest in the
scope of ship manoeuvring. It is done before simulations by very careful planning the
experiment conditions. In this case, it was decided to consider the following conditions:
the close to extreme operation conditions, maximum average conditions, and zero wind
conditions. The selected wind directions are also considering infrastructure-related factors
like breakwater layout. The 20 years wind rose for Ustka is presented in Figure 5.

 
Figure 5. The wind rose for Ustka Port. (wind 1 h averaged, data from 2000–2020).

The prediction of weather is important for the operational stage of the process of ship
entrance to the ports. Usually, ports use government regulated prediction platforms for
their operation. As an appropriate tool for predictions, the Ensemble Prediction Systems
(EPS) could be used. EPS are numerical weather prediction (NWP) systems that allow
estimating also the uncertainty in a weather forecast as well as the most likely outcome [34].
This technique is based on running the NWP model several times with slightly different
initial conditions [35]. Such a tool could be used also for hydrological problems like storm
surges [36,37].

2.3. The Detailed Sea Trials Performed and Their Conditions

Five simulation series have been planned, each representing typical manoeuvres under
different conditions, which have been selected to cause the greatest difficulty. The plan of
research is presented in Table 1. The individual simulation series represent manoeuvring
situations selected from the point of view of difficulty related to the operation of vessels in
this area, i.e., successively:

1. series 1, 2, and 3—entry to the port of general cargo vessel L = 133 m without rotation
and mooring. The purpose is to determine the parameters of the approach waterway
and the safety of entrance and mooring energy.

184



J. Mar. Sci. Eng. 2021, 9, 211

2. series 4, 5 and 6—entry from the general cargo carrier port L = 133 m with rotation. The
purpose is to define the parameters of the turning place, and waterways parameters
during ship’s departure.

Table 1. The plan of simulation research in Ustka.

No. Name of File Manoeuvre
Initial
Speed
(kn)

Wind
Speed (m/s)

Wave on the
Approach

(m)

No. of
Trials

1 1_L133_Wej_0

Entry into port
and mooring

on the
starboard side

6 no no 15

2 2_L133_Wej_NW11 as above 6 NW 11 0.9 15

3 3_L133_Wej_NW17 as above 6 NW 17 1.6 15

4 4_L133_Wyj_0
Unmooring,
turning and
leaving port

0 no no 15

5 5_L133_Wyj_NW11 as above 0 NW 11 0.9 15

6 6_L133_Wyj_NE11 as above 0 NE 11 0.9 15

3. Methods

3.1. Proposed Method of Reducing Cost and Time of Simulation Analysis

The major change in the typical method used for designing the breakwater and port
entrance in contrary to already existing methods [3–5,38] is the use of the so-called “Soft-
Bank” method (Figure 6). This methodology is as follows:

1. Determine design water depth considering ships draft and under-keel clearance
(H = 9.0 m in the presented study);

2. Design basic navigational aids with its minimum as possible number;
3. Design the navigable area without simulated embankments so no interaction between

the ship and embankments is simulated;
4. Display the area layout on the electronic chart and inform the Captains performing the

simulations that it is possible to passage the ship over the elements of infrastructure
only in justified by environmental conditions cases;

5. Execute simulations and analyse the results.

 

Figure 6. The flowchart of the new method of port approach area design applied in this study.

The procedure is presented in Figure 6 is alike the standard port design procedure [3]
with the novel “Soft-Bank” module included.

It should be mentions that that in port and waterway design from ships manoeuvring
perspective other preliminary methods could be applied like:

1. Analytical methods like PIANC, ROM or Japanese;
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2. Statistical methods based on generalisation of simulation experiments;
3. Fast Time Simulations (FTS) method.

3.2. Real-Time Manoeuvring Simulation MethoD—Limited Task Simulator

The application of the real-time manoeuvring simulator with navigators (Captains
and Pilots) as the control element in the loop, as applied in this study, is supposed to be
the most reliable in port and waterways design studies [39]. There are several kinds of
simulators with various applications, from the most advanced full mission simulators to
limited task simulators. The latter was applied in the presented research. The simulator
has 2D display and was made by the Maritime University of Szczecin research team and is
described in [39,40]. The ship’s hydrodynamic model applied in this simulator is based
on detailed parameters of hulls, propulsors, and steering devices. External influences like
current, wave, shallow water, and collisions are modelled. Usually, depending on the
availability, the actual manoeuvring characteristics are applied for the model’s validation.
A special procedure for such validation is developed. The model of m/f Ustkamax used
in the presented research is created with the modular methodology where all effects like
hull hydrodynamic forces, propeller forces, and steering equipment forces together with
given external influences are modelled as separate forces, and finally they are summed as
perpendicular, parallel and rotational forces and later on movements [41].

The modular approach applied here for the ship manoeuvring simulator is presented
in Figure 7. The graphical interface of the model is based on 2D display similar to the
nautical chart (Figure 8). The interface includes also the data of ships basic parameters
(position, course, speed, rotational speed, etc.), mooring pier and coastline location, nav-
igational markings, soundings, external conditions information, tug steering interface,
and line controller, and other control elements of the model. The model is implemented
in Object Pascal with the use of Delphi™ environment and Visual C™ with the use of
C++ language. Limiting to the usual 3DOFs (the horizontal planar motion) or in some
application 4DOFs when the squat is included. The ship movement over the ground (thus
the so-called dynamic effect of the water current is introduced) is given by Artyszuk [41].
The crucial element in modelling is the verification of the ship’s hydrodynamic model [42].
Usually, the verification process is made until 10% or smaller error between model and
real ship data in the selected trials like turning trial, zig-zag, and stopping—acceleration is
achieved [39].

 

Figure 7. The modular model of ship manoeuvring for the port design that was applied in this study.
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Figure 8. The 2D GUI (Graphical user interface) of the simulation model (with ships movement control panel activated).

3.3. Statistical Methods of Data Processing

Despite the real-time ship simulators are now very widely used and hydrodynamic
models are becoming increasingly accurate, without efficient statistical data processing, it is
usually not possible to draw reliable conclusions from the experiments. For the simulation
data processing standard statistical models are proposed.

The Method of Simulation Result Data Processing

The most important safety factor is the horizontal area which is required for navi-
gators to perform the safe manoeuvres [39,43]. Statistical processing of the simulation
results allows the determination of the statistical parameters necessary to define a safe
manoeuvring area (SMA). There are three specific values for the given waterway areas
occupied by ships as the result of simulations. They are determined as (Figure 9):

1. Maximum waterway area needed for manoeuvring ships (extreme ships positions in
all trials),

2. Average waterway area needed for manoeuvring ships (defined as mean SMA),
3. Waterway area on the given confidence level (defined as SMA on a given

confidence level).

The analysis of simulation results is to determine the parameters of the ship’s hori-
zontal safe manoeuvring area. In simulation trials, these parameters are determined by
the width of the ship’s manoeuvring area, i.e., the area occupied by a single ship during a
manoeuvre. The traffic lane (so-called PATH) is defined for a given ship and manoeuvre,
while the safe manoeuvring area (SMA) is a term given to different ships and various
manoeuvres (Figure 6). It can be seen from Figure 6 that the safe manoeuvring area (SMA)
extends beyond the available water area (AWA) and encroaches on the navigational danger
area (D), resulting in the need for some adjustments (e.g., dredging) to avoid potential
accidents. SMA defined in such way is probabilistic 2D area which includes ships hy-
drodynamics with external effects (wind, wave, tugs, etc), position systems errors, and
human-navigator performance during conducting the manoeuvre.
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Figure 9. Definition of the ideas connected with horizontal areas taken by ships (PATH—lane of a
single ship, AWA—available water area, SMA—safe manoeuvre area on the required confidence
level, D—navigational danger).

A safe manoeuvring area is an area in which the probability of exit of the ship beyond
the AWA is at a relatively low level. In the port design studies, usually, 95% is applied in
typical ship operations and 99% in more critical operations such as in presence of passengers
of dangerous cargo or the existence of hard bottom [40]. The basic safe navigation condition
needs to satisfy the following dependency:

diα ≤ Di (1)

where:
Di—width i-th point of the waterway at the bottom for safe isobath,
diα—width of safe manoeuvring area on the given confidence level (1-α).
It should be noticed that the general population here has the infinite number of

variables of all possible simulation trials of the ship. The sample is defined as the series of
simulation trials conducted with an adequate number at the same conditions. The width of
the safe manoeuvring area of the ship is the range, which contains specified as a percentage
part (fraction) of the general population. It can be defined as:

diα = mdi + kασpi + kασli (2)

where:
mdi = mpi − mli (3)

or using the equivalent dependence in the form of:

diα = dipα − dilα (4)

for:
dipα = mpi + kασpi (5)

where:
diα—width of the safe manoeuvring area at i-th point of the waterway on the confi-

dence level equals to (1-α);
mdi—average of the safe manoeuvring area;
kα—factor dependent on the fraction of the general population, which should be

covered by estimation (for SMA 95% k = 1.96);
mli, mpi—mean of the maximum distance of ship’s extreme points on the port side

and starboard side of the waterway;
σli, σpi—standard deviations of the maximum distance of ship’s points to the port

and starboard from i-th point of the waterway;
dilα, dipα—width of the port and the starboard safe manoeuvre area at i-th point of the

waterway at defined confidence level (1-α).
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The presented approach leads to the probabilistic method of safe manoeuvring area
establishing is presented in Figure 10.

Figure 10. Definition of the probabilistic approach to determine horizontal areas from ships manoeu-
vring simulations (PATH—lane of a single ship, AWA—available water area, SMA—safe manoeuvre
area on the given confidence level).

3.4. Conducting the Research

Several simulation series have been planned and then conducted as an illustrative to
solve the port design problem:

1. Entrance and departure in no wind conditions (light conditions);
2. Entrance to the port with wind NW 11 m/s (moderate condition);
3. Entrance to the port with wind NW 17 m/s (severe condition);
4. Departure and turning manoeuvre in no wind;
5. Departure and turning manoeuvre with wind NW 11 m/s;
6. Departure and turning manoeuvre with wind NE 11 m/s.

The simulations according to the presented “Soft-Bank” methodology was made for
the ship approach only (series 1–3). The shading effect of wind and wave were included
in the simulation. Apart from the wind, the wave was modelled with a significant height
of 0.9 m (moderate condition) for 11 m/s wind speed and 1.6 m (severe condition) for
stronger winds. In total six experienced Captains were engaged to perform the simulations.
The fifteen ship passages were conducted for each simulation series, which make 75
simulation runs in total. The single entrance manoeuvre of the ship for “Soft-Bank” method
is presented in Figure 11.
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Figure 11. The single simulation passage—entrance and berthing in zero wind conditions.

4. Results of Simulation Research and Discussion

All simulations were conducted by qualified captains and pilots experienced in this
type of vessel and manoeuvre. Simulation data were recorded and analysed. The analysis
of the simulation results was carried out based on the horizontal safe manoeuvring area
criterion at the 95% confidence level (SMA) typically used in marine operations [5,39]
according to the previously presented method.

As it is presented in Figure 12. the navigational marking in “Soft Bank” method is
reduced to a minimum—there is only one green buoy on approach to show the Captains
the turning point but only in a very approximately manner. Figure 13 presents the results
of a standard method (without “Soft-Bank”) with final navigational markings and with
modelled embankments and canal effects. The explanation for Figures 12 and 13:

• 95% is the Safe Manoeuvring Area (SMA) at a 95% level of confidence.
• Mean is the average waterway area.
• MAX is the maximal overbound area of all ships in series.

4.1. Comparison of Methods. Discussion

Table 2 shows channel widths obtained from different methods for two wind speeds.
It can be noted that in the case of the simulation method, the channel widths under severe
conditions may be smaller than under moderate conditions. This is because these ma-
noeuvres are performed by experienced pilots and captains and not autopilot or artificial
intelligence. Worse hydrometeorological conditions give fewer possibilities to manoeuvre
freely (including the choice of speed and adjustments) and to manoeuvre correctly navi-
gators have to do it very similar each time. In better hydrometeorological conditions, on
the other hand, a man has more possibilities and selects the settings more freely. This is a
common paradox when a man controls a ship. It should be noted that using analytical or
empirical methods like PIANC, this phenomenon does not occur and the worse the condi-
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tions, the more manoeuvring space is necessary. Knowing this phenomenon, waterway
designers use it by appropriately processing data from the simulation.

 

Figure 12. Manoeuvring areas of a general cargo ship of L = 133 m on approach to modernized Ustka
Port by “Soft-Bank” with limited (preliminary) navigational marking.

 

Figure 13. Manoeuvring areas of L = 133 m general cargo ship on approach to modernized Ustka
Port using the standard method with final navigational marking.

The basic statistical parameters of the manoeuvring area namely: mean and standard
deviation are presented in Figure 14 for the designed approach waterway. The number
of sections is 250 and the section width is 5 m. It can be observed that the mean and
standard deviation is significantly lower for the standard method in comparison to the
“Soft-Bank” method. It is because of the design, after the first step, navigational marking
limits the waterway. Moreover, some changes in the waterway layout have been made
so the movement of the ship on the approach is more optimized. The green buoy on the
approach in “Soft-Bank” method (Figure 12) has been removed and the final layout of
navigational marking is proposed (Figure 13) that consists of the gate of red-green buoys
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and two green buoys marking the starboard side of approach waterway. Such a design
of waterways together with the navigational marking need an experienced marine traffic
engineer engaged in the process.

Table 2. Channel widths were obtained from different methods for two wind speeds.

No Methods Case
Channel Widths

Moderate Severe

3 Simulations

Mean 30 33

95% confident 83 80

Max 79 75

1 PIANC 60 m
(3.0 B)

70 m
(3.5 B)

2 Japanese (OCDI 2009) 55.6 m
(2.8 B) NA

B: ship width.

 

Figure 14. Comparison of two parameters of manoeuvring areas of the investigated ship on approach
to modernized Ustka Port using the “Soft-Bank” method for preliminary design and standard method
for the final design.

4.2. The Limitation of the “Soft-Bank” Method

The presented method has some limitations, mostly in the following form:

1. The bank effect cannot be taken into account;
2. Limited possibility of taking into account the settlement of the vessel;
3. Impossible to take into account an accident in the form of a stranding and collision

with embankments or a moored vessel or another civil engineering technical object;
4. The psychological impact on the navigator due to a false sense of safety due to not

considering the ship’s collision possibility in simulation trials.

The first two limitations are not critical because there is the possibility to investigate
them in the final stage of simulations if such need exists. In some research, however,
depending on the investigated area effects presented in points 1 and 2 are not crucial and
they could be neglected. Limitation number 3 is usually not critical since accidents are
quite rare even in simulations. Limitation number 4 needs a deeper understanding of the
Captains and Pilots. Usually, they are well debriefed before simulation (this was also the
case in the Ustka Port study) and informed about such limitations. Clear instruction on
how to behave shall be given because it could vast the overall effort of the simulation
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process. In the presented case, Captains and Pilots got the serious message in their task
description namely: “The breakwaters and entrance waterway are modelled as “soft” and
can be “passed over” by the ship—but this should be as much as possible avoided—this is
done to determine possible changes in their layout. The quay is modelled as “hard” please
impact with it to determine the energy of ship contact”.

5. Conclusions

The presented study showed the applicability of real-time simulation methods for
design the new ports, their approaches, and the breakwater layouts. The case study of
Ustka Port was used as a working example. Moreover, the “Soft-Bank” method developed
and presented could let to reduce almost 50% workload for conducting the simulation
runs by reducing the number of possible port infrastructure solutions. The presented
approach gives also the possibility of predesign and opening the discussion about the
proposed solution in the middle of research work which gives always some opportunity to
test more solutions and optimize the overall project. The method itself is useful because
it comprises the most important effects related to ship’s dynamics and enables suitable
shaping of the layout of waterway and breakwaters without testing too many variants.
The method has also great potential for designing the navigational marking like in this
particular study the navigation marking was designed by the presented method, deciding
on the possibility of mooring vessels in the vicinity of waterways (Some vessels could limit
the existing waterways and decision could be done with presented method application. It
should be noted that in comparison to the Fast Time Simulation (FTS) method, the Soft-
Bank method seems to have both advantages and disadvantages. The Soft-Bank method
is still more time consuming, especially when comparing different approach channel
layouts and/or breakwater configurations. The Soft-Bank method enables to engage in the
process of Captains and Pilots and tugs for manoeuvres which is usually problematic in
the FTS method.

The case study was presented in [Gucma L., Łazuga K. & Perkovic M. 2019. Ship
manoeuvres on existing turning places—when the size of the ship reaches the limits of
port infrastructure on the example of Kołobrzeg Port. Proc. of European Navigation
Conference (ENC) Warsaw.] to będzie 42), turning places design [11], and other types
of port infrastructure dedicated for ships. The limitations of the presented method were
selected and discussed. They generally do not negatively affect the overall process of
waterway design since all its important drawbacks could be eliminated in the final step
design like it was presented in the Ustka Port case study.

Moreover, it was observed that the real-time simulation method and the limited task
simulator used here have proven their usefulness in port modernization work to increase
the benefits of port operations without compromising navigational safety. The following
precautions should be considered when planning and executing simulation experiments:

1. Simulators are widely used tools and proper verification, especially of the simulation
hydrodynamic model and hydrometeorological conditions models, should be carried
out at the outset to match simulations to reality as closely as possible.

2. The simulation method should be carried out by multiplying ship runs. The simula-
tion studies based on a single or very small number of simulations without statistical
data processing and experimental plan are questionable and do not present the proper
value to port design needs.

3. In any real-time simulation project, a very good link between pilots with good local
knowledge for validation and provision of domain expertise should be established.
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Abstract: The latest container vessel grounding in the Suez Canal, which occurred on 23 March 2021
(the Ever Given), raised many questions regarding the safety of navigation. The sudden concern
about safety is due to fears that traffic flow through the Suez Canal could be blocked for longer
periods of time. Besides external forces imposed by wind, in this case bank effect had a significant
influence on the ship’s grounding. Bank effect occurs due to restricted water flow caused by narrow
waterways. Many fairway design standards consider sloped banks such as those of the Suez Canal as
unsubstantial in bank-effect forces. This paper analyses the impact of sloped banks on container ship
trajectory and proposes minimal distances that may decrease bank-effect forces in order to reduce
the risk of vessel grounding and increase the safety of navigation. However, this type of accident has
happened before and may occur again due to a small sailing distance from the bank in cases where
vessel speed is increased.

Keywords: sloped bank effect; grounding; fairway width; full mission ship handling simulation

1. Introduction

The grounding of container vessel Ever Given raised concerns of possible Suez
Canal blockage. The Suez Canal is one of the main fairways between the Indian Ocean
and the Mediterranean Sea/Atlantic Ocean. According to Suez Canal Authorities [1],
18,880 vessels transited the Suez Canal carrying over 1,207,087,000 tons of cargo in 2019.
The daily average was 51.7 ships per day and 3,307,000 tons of cargo. Container ves-
sels comprise 28% of all vessels in transit. According to reports [2], the Suez Canal has
a good safety record and in 2020 had 75 incidents reported, with grounding being the
most common type of accident. In the past 10 years, every third accident was related
to grounding.

Detailed information about accidents is scarce and most available information is in
the form of media reports where the initial causes are not stated. One accident that was
investigated was the grounding of container vessel APL Danube [3]. The vessel (length
299.95 m) grounded on 19 April 2019 at southbound transit due to bank effect according to
an investigation. The vessel veered off from the middle of the canal close to the eastern
bank, where the bow was then pushed away from the bank. The rudder was turned
towards the bank to counter bow movement, but this was ineffective due to low water flow.
Besides bank effect, investigation determined that crew members did not detect that the
vessel was closing toward the bank.

The latest grounding of Ever Given received the most attention due to a period of
blockage of the Suez Canal. An investigation will be carried out, with the only existing
information about the accident being AIS (automatic identification system) track data. The
vessel track published by Maritime Casualty Specialists [4] was one of the first videos
that showed the vessel’s track and speed from AIS data. The track shows that the vessel
was pushed by a southerly wind onto the western channel bank. In order to obtain better
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responsivity, the vessel speed was increased to about 13.5 knots in the final moments. That
high speed, in combination with the proximity to the bank, caused bank effect, and the
vessel consequently grounded. However, this is yet to be confirmed by official accident
investigation, which will provide more detailed information.

While previous groundings were caused by the same effect, this accident showed that
vessel navigational safety may be in danger in some cases. Sloped banks are considered
less influential than vertical embankments, however these real situations and research data
show that sloped bank effect may have a significant external influence on vessel trajectory.

2. Bank Effect and Channel Design Standards

Bank effect occurs due to asymmetric flow around the vessel hull when sailing near
a bank, which results in a force acting on the vessel and a yawing moment pushing the
bow away from the bank. The magnitude of this effect depends on bank shape, water
depth, vessel distance from the bank, vessel properties and speed [5]. A decreased distance
between vessel and bank influences manoeuvring performance considerably and makes
it difficult to steer [6]. Besides distance, bank effect is pronounced with increased vessel
speed [7]. The influence of sloped banks was researched in a towing tank using a vessel
model, which showed that sailing above sloped banks generated larger forces than vertical
banks [8].

Fairway design guidelines recognize and consider bank effect in horizontal fairway
dimensions. Harbour Approach Channels Design Guidelines Report No. 121-2014 [9] by
PIANC (Permanent International Association of Navigation Congresses) defines horizontal
fairway dimensions as the sum of the basic manoeuvre lane, additional width due to
external forces and additional bank clearance on both fairway sides. The additional fairway
width is determined by the fairway location (inner protected or outer unprotected channel),
ship speed and bank type. The clearance is greater if the vessel speed is higher and the
bank is steeper. Recommendation for Maritime Works ROM 3.1-99 [10] by Puertos Del
Estado includes bank effect in fairway width as additional banks’ safety distance and bank
safety margin. The bank safety margin is a method for the calculation of error margin, and
is added to the additional distance to compensate for bank effect. The sum of these two
elements provides total additional fairway width to account for bank effect. The necessary
fairway width is determined based on slope type and vessel speed. In the previous method,
vertical banks have a larger recommended additional width than sloped banks. Technical
Standards and Commentaries for Port and Harbour Facilities in Japan, by the Japanese
Ministry of Land, Infrastructure, Transport and Tourism (MLIT) [11], only provide the
additional width due to bank effect for vertical banks. Data are given by vessel type, which
is determined in towing tanks and represents the distance from the bank where a small
rudder action (up to 5◦) can overcome bank forces.

These methods all state that vertical banks have far greater vessel bank distance than
sloped banks. Design standards recommendations are shown in Table 1, and the recom-
mended additional fairway width due to bank effect for vertical banks is greater than for
sloped banks. This comparison may lead to the conclusion that current recommendations
are not appropriate and do not ensure an adequate level of safety in navigation, because
the effect of the sloped banks may be also significant.

Table 1. Comparison of recommended fairway design standards for vessel–bank distances.

Vessel Speed (kn) Bank Slope PIANC ROM 3.1 MLIT

5
Vertical bank

0.5 B 1

- 1.1 B7.5 1.0 B
10 1.3 B

5
1:2 slope

0.3 B 0.6 B
-7.5 0.5 B 1.0 B
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Table 1. Cont.

Vessel Speed (kn) Bank Slope PIANC ROM 3.1 MLIT

5
1:4 slope

0.0 B 0.3 B
-7.5 0.1 B 0.5 B

10 0.2 B 0.7 B
1 B represents ship breadth.

3. The Bank Effect of Sloped Banks

As the latest event of grounding showed, sloped banks may have a significant effect
on vessel trajectory. Figure 1 indicates that the Suez Canal has slopes with 1:4 gradient (the
slope length is four times larger than the slope height) and an approximate surface width
of 313 m. However, at a depth of 24 m the width is approximately 121 m. A container ship
of 400 m length and 59 m width at static draft of 15.7 has approximately 180 m of canal
width. This gives around 60.5 m of free space on each side of the vessel before grounding.
That distance can be even smaller due to higher dynamic draft caused by the squat effect.
However, this horizontal distance is not only used for avoiding bank effect, but also must
allow additional distance for other external forces (such as drift due to wind), steering drift
and other factors that cause vessels to veer off from their trajectory. While the dimensions
of the Suez Canal have increased over time, the breadth of container vessels also increased
significantly with increases in their capacity (Figure 1).

Figure 1. Development of the Suez Canal cross section (a) [12] and growth of container vessels size in TEU capacity and
beam (b) [13].

The research analysing the effect of sloped banks suggests that the generated forces
are significant. A study [5] that included container vessel models sailing near different
bank types in towing tanks showed greater forces at sloped banks compared with vertical
banks. The vessel model represents a 350 m long and 42.9 m wide container vessel. The
model was towed at different speeds, at different drafts and at different distances from the
banks. Figure 2 shows the sway force of a 1:3 slope ratio bank and vertical banks at different
speeds and different distances from the bank. It can be seen that sway force is greater with
higher vessel speed and bank slope. Additionally, the maximum sway force occurs at a
shorter distance from sloped banks than vertical banks. This indicates that when the vessel
is over the bank, the under-keel clearance decreases in comparison with vertical banks,
where that phenomena does not occur. This conclusion is in accordance with research [14]
suggesting yawing moment increases substantially with decreasing under-keel clearance.
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Figure 2. Sway force (scaled to model) induced by different bank types at different vessel speeds and
distances from the bank [5].

Similar results were obtained in [15] using a real-time navigational simulator for
container vessels in different types of banks, vessel speeds and distances from the bank.
The results suggest the same pattern of sway force and proposed minimum distances from
the bank to avoid vessel grounding.

4. Simulation of Sloped Bank Effect on Large Container Vessels

The analysed recommendations suggest that sloped banks may have less influence
on vessel trajectory than vertical banks. However, real events prove that significant bank
effects may occur when sailing near sloped banks. To confirm the sloped bank effect,
simulation tests were conducted using the Transas NaviSailor NTPro 5000 v5.35 real-time
simulator. Previously, the ship-handling simulator has proved to be a suitable tool for basic
and advanced ship-handling operations and for advanced manoeuvres required in search
and rescue operations [16], and for the analysis of accidents at sea [17] or incidents (near
misses) [18], including the impact of AIS spoofing on nautical safety [19]. More recently,
the simulator has increasingly been used for seafarer competency research [20,21]; port,
waterway and canal planning [22] and pilot training [23]. This simulator is certified by a
DNV certificate [24] which confirms that simulations, vessel models and generated data are
tested and certified as reliable. During simulation, the additional forces caused by banks
are calculated as hydrodynamic components of vector forces and moments affecting the
vessel. The principal parameters in vessel/channel interaction are vessel breadth; draft and
length ratios; distance between vessel and channel boundaries; vessel speed; angle between
vessel centreline and channel line of the wall; vessel rate of turn; and channel width, depth
and slope angle. The effect of these parameters on vessel hydrodynamic forces is calculated
based on an analysis of various model-testing results [25]. However, to validate the results,
simulated data will be compared with towing tank results [5] (Figure 2).

During simulations, the following vessel models and conditions were used. The model
represented a container vessel 347 m long and 43 m wide with 14 m of draft. The summer
deadweight of the vessel was 104,696 tons with a block coefficient of 0.65. The fairway was
sloped in a ratio of 1:4 to simulate the Suez Canal banks and the canal depth was adjusted
to 1.2 and 1.5 vessel drafts. The fairway was simulated on one side because the vessel
only approached one side of the channel, with the other side too far away to produce a
significant effect. Weather and sea conditions, along with sea current, were set to zero.

Simulations were repeated several times for the same settings to obtain stabilised data.
The distance from the bank (d) (distance between ship and closest horizontal bank point)
was set from 50 m to 10 m, at a frequency of approach of 10 m. Three sailing speeds were
tested: 10, 7.5 and 5 knots. The steering was set to track control interconnected auto-pilot on
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“Precise” mode in order to simulate the return of the ship to its original route, as in-course
control setting ensures that a vessel can continue to sail in the same course but on a parallel
route. This eliminates human error in steering and enables uniformity of simulations. To
confirm that the ship deviated from its route, simulations with rudder in midship were
also conducted.

Figure 3 shows the vessel trajectory at a speed of 10 knots, using distances from the
bank of 50 m (Figure 3a), 30 m (Figure 3b) and 10 m (Figure 3c). It can be seen that if there
is no rudder action the bank effect will push the vessel bow away from the bank regardless
of the distance from the bank.

Figure 3. Ship trajectory under 1:4 ratio sloped bank effect and speed 10 knots when rudder is set to midship: (a) 50 m
distance from slope; (b) 30 m distance from slope; (c) 10 m distance from slope.

More than 100 simulations were conducted and the lateral force and cross-track error
were measured. The data provide information regarding the influence of the sloped bank
effect on vessel trajectory and at what distance a vessel should sail in order to avoid
grounding due to bank-effect-induced trajectory oscillation.

Figure 4 displays simulated sloped bank force data. The full line represents the force
for a depth draft ratio of 1.2 and the dotted line represents the force for a depth draft ratio
of 1.5. It can be seen that increments of vessel speed increased the acting force, resulting
in larger oscillations of vessel trajectory. Simulated force was then compared with bank
force in Figure 2 [5] gathered from the towing tank test that validated and confirmed the
simulated data were reliable and accurate.

The difference between two depth-draft ratios is occurred due to vessel movement
over a sloped bank (Figure 5). Larger depth-draft ratio allows larger fairway width and the
vessel may move more over the bank.

Figure 6 represents the maximum cross-track error caused by the sloped bank effect
and rudder action. As expected, the greater cross-track error was obtained at the highest
sailing speed. However, the data show that for lateral force the greatest offset and force
will occur at a 1.5 depth draft ratio. This occurs due to increased vessel movement inside
the bank. With a higher depth–draft ratio (Figure 5a), the vessel can move over the sloped
part of the bank more than it can with a lower depth–draft ratio (Figure 5b), and thus the
bank force and effect on trajectory are increased.

The simulated data can provide recommendations for ship bank distance in order to
avoid significant bank effects. For the analysed bank type and vessel, the recommended
distances from the sloped bank are shown in Table 2.
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Figure 4. Sloped bank force acting on vessel when sailing at different speeds and distances from a sloped bank (h-depth; T-draft).

Figure 5. Vessel movement over a sloped bank: (a) vessel depth–draft ratio 1.5; (b) vessel depth–draft
ratio 1.2.

The distances in Table 2 are relative to vessel breadth and may be used for larger
similar vessel types. If we compare these data to the situation in the Suez Canal, which
has banks with a slope ratio of 1:4, the following is obtained. A container vessel that is
59 m wide and with a draft of 15.7 m has 180 m of underwater fairway width. Based on
the canal depth and vessel draft, the ratio is 1.5. At an approximate distance of 50 m from
the bank (when the vessel is sailing approximately at the centre of the canal) and sailing at
7.5 knots, the vessel needs 0.2 B (breadth) distance from the bank, which in this instance is
approximately 12 m. Additionally, if the vessel comes closer to the bank at a distance of
20 m, then the required vessel bank distance is equal to the minimum vessel bank distance,
and this may lead to bank-effect-induced grounding (depending on the action taken). In
this instance, the minimum required distance to avoid significant influence of bank effect
at speed 7.5 knots and 1:4 slope ratio bank is 20 m. The vessel, when sailing at the centre of
the canal, has only 43.5 m at either side to correct its trajectory oscillation and consequently
avoid grounding. This implies that when other external forces act (e.g., wind force), the
vessel has only 43.5 m in width to correct its trajectory and with greater cross-track error
the bank force is even stronger, which makes the vessel harder to control.
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Figure 6. Maximum recorded cross-track error of a vessel when sailing at different speeds and distances from a sloped bank.

Table 2. Suggested additional fairway distances to accommodate bank effect.

h/T = 1.2T h/T = 1.5T

Vessel Speed (kn) Bank Slope
Ship Bank Sailing Distance Ship Bank Sailing Distance

10 m 20 m 30 m 40 m 50 m 10 m 20 m 30 m 40 m 50 m

5
1:4 bank

0.1 B 0.1 B 0.1 B 0.1 B 0.1 B 0.1 B 0.1 B 0.0 B 0.0 B 0.0 B
7.5 0.3 B 0.3 B 0.3 B 0.3 B 0.3 B 0.4 B 0.3 B 0.3 B 0.2 B 0.2 B
10 0.4 B 0.4 B 0.3 B 0.3 B 0.3 B 0.4 B 0.3 B 0.3 B 0.2 B 0.2 B

5. Discussion

This research was conducted using real-time navigational simulation. This simulator
was originally used as a teaching aid. However, as the models were upgraded, it has
increasingly been used as a research tool. The simulator’s models have been developed
by real ship data or ship models in towing tanks. In most cases, the mathematical models
are based on model tests carried out in towing tanks [26]. Since the models used in
simulation are based on model test data, many research and fairway tests are conducted
using navigational simulators in order to reduce costs and time. Navigational simulation is
also the only tool to test new fairways before they are built. The continuous development
and improvement of mathematical-physical models, together with increasing computing
power and photo-realistic displays, make simulations paramount to any other approach,
as long as the flaws, drawbacks and imperfections of this virtual reality are known to the
involved parties and are considered in the evaluation phase of the results [27,28]. The
results of similar studies have proved that the simulator is a suitable tool, capable of
supporting designs and verifying designs in sea-traffic engineering [29]. This is proof
that the real-time simulation method is highly applicable when the effectiveness of safety
improvement planning of port and harbour facilities must be assessed [30].

In the present study, the simulation was conducted using only one bank since the
main goal was to investigate the influence of sloped-bank-induced yawing and cross-track
error. This effect occurs when a vessel veers off the middle of a canal and comes too close
to one bank. In such instances, only one bank induces a force on the vessel hull since the
other side of the bank is too far away to induce significant counter-reacting forces. When
these forces are present, the vessel trajectory will start to oscillate between both banks and
in extreme cases may result in grounding.
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The results obtained from simulation showed that a sloped bank generates sufficient
force to induce significant yawing moment and route oscillation. Similar research showed
that 1:3 and 1:5 sloped banks and larger under-keel clearance generate similar yaw moments
as vertical banks [31]. One study [26] showed that the magnitude of a lateral force at the
forward perpendicular, either an attraction or a repulsion force, will increase with the
forward speed of the ship, when the ship sails closer to the bank, or in a more confined
cross section. Similar results were obtained in research using a fixed water depth, where
larger bank angles led to greater transverse force and yaw moment [32].

6. Conclusions

Bank effect is generally considered to be a force that significantly occurs when sailing
near vertical banks, and sloped banks were previously considered non-influential in terms
of bank effect. However, sloped banks are superior to vertical banks and provide more sea
area for vessels. The latest research in towing tanks and navigational simulators suggests
that sloped banks also generate significant bank effect. This is even more important because
sloped banks are often found in narrow channels and canals and, in combination with
low depth and larger speed, could lead to grounding. Modern vessel size is increasing
and fairways are lagging behind, which may lead to greater pressure to achieve economic
results. The present research shows that in one of the most important fairways, a large
20,000 TEU container vessel has approximately only 50 m of manoeuvring space at each
side of the fairway before bank effect significantly influences its trajectory and the vessel
grounds. Grounding due to bank effect has happened before and the latest occurrence
due to high speed and hard grounding shows that the safety of navigation is in danger
and relies only on the diligence of crew and pilot in keeping the vessel in the centre of the
fairway. Grounding can be prevented by upgrading the education of vessel bridge teams
and pilots in terms of improving training methods and familiarity with the bank effect
forces that influence vessel trajectory. Consideration should also be given to upgrading
vessel wheelhouse posters in order to provide more information, even in electronic form,
as well as Pilot/Master information exchange cards.
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Reconstructing Maritime Incidents

and Accidents Using Causal Models

for Safety Improvement: Based on a

Case Study. J. Mar. Sci. Eng. 2021, 9,

1414. https://doi.org/10.3390/

jmse9121414

Academic Editor: José-Santos

López-Gutiérrez

Received: 23 November 2021

Accepted: 10 December 2021

Published: 11 December 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Faculty of Navigation, Maritime University of Szczecin, 70-500 Szczecin, Poland;
l.gucma@am.szczecin.pl (L.G.); k.lazuga@am.szczecin.pl (K.Ł.)

2 Faculty of Maritime Studies and Transport, University of Ljubljana, 6320 Portorož, Slovenia;
andrej.androjna@fpp.uni-lj.si (A.A.); peter.vidmar@fpp.uni-lj.si (P.V.)

* Correspondence: marko.perkovic@fpp.uni-lj.si

Abstract: No advance in navigation has yet to prevent the occurrence of accidents (incidents are
always implied when we discuss accidents) at sea. At the same time, advances in accident models are
possible, and may provide the basis for investigations and analyses to help prevent future adverse
events and improve the safety of marine transport systems. In such complex socio-technical systems
models that treat accidents as the result of a chain or sequence of events are used most commonly.
Such models are well suited to damage caused by failure of physical components in relatively simple
systems. Although these often include methods for modeling human error, they do not cover broader
aspects related to the management of the organization using the means of transport itself (shipowners)
nor errors that may occur in the design phase. In particular, they do not cover changes in the systems
over time. The paper presents accident investigation approaches and uses a modified causal model
to analyze an incident that occurred in January 2019 on the city ferry in Świnoujście. The results of
the analysis were used to provide guidelines for increasing safety at the crossing and to evaluate the
accident analysis model used. Additionally, incidentally, through the study of this case we uncovered
a problem in communication among stakeholders that unnecessarily complicates the models for the
models for the improvement of safety.

Keywords: accident investigation model; ferry incident; accident model

1. Introduction

Maritime transport is a complex socio-technical global system and many of the risks
particular to sea transport are greater than those of the other three main modes of transport.
Aside from basic environmental threats such as oil pollution, cruise ships, which carry up
to 8000 people, represent the threat of extraordinary loss of life in large numbers at one time
in one place; if this seems alarmist, one can find innumerable cases of passenger ferries
capsizing with the result of great loss of life. The International Maritime Organization (IMO)
has addressed the issue of accidents investigation and reporting in its regulations in the
Casualty Investigation Code [1]. This Code, in contrast to the earlier, outdated Resolution
A.884(21) (Appendix 1) [2], requires that an accident investigation be carried out for any
“very serious marine casualty,” which is defined as an accident at sea resulting in the total
loss of the ship or death or serious environmental damage. The European Maritime Safety
Agency (EMSA) is also obliged by the European Union (EU) Directive 2009/18/EC [3]
Article 8 to establish the principles for accident investigation and each EU Member State
should establish an independent and permanent accident investigation body. In Poland,
the State Marine Accident Investigation Commission (PKBWM) is responsible for accident
investigation and the present case study was investigated within the framework of the
PKBWM [4].

By definition, a maritime accident means an occurrence that involves a ship and in
which a person is seriously harmed or the ship sustains damage or structural failure, while
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the marine incident means any occurrence, other than an accident, that is associated with
the operation of a ship and affects or could affect the safety of operation [5]. In other
words, when a mishap causes damage it is considered an accident, and when it merely
could have, it is considered an incident. Although there is a legal framework for marine
casualty investigation, there is no mention of the models to be used. For the purpose of our
research the following classification of event which changes operational state of ship into
failure state are: near-miss, incident, accident. According to Stoop [6], several questions
are asked in the accident (or incident) investigation. What happened? How did it happen?
Why did the accident happen? What can be done to prevent the accident from happening
again? What can be done to minimize the consequences of such accidents? According
to Awal and Hasegawa [7], several studies, including Laflamme [8], Quereshi [9], and
Khanzode et al. [10], have attempted to classify an accident investigation model that should
readily provide these answers as a first step, and marine casualty models, which can
be classified into several groups from different points of view, attempt to answer these
questions by various means [11]:

1. Traditional linear models (Sequence models [12], Heinrich’s [13] domino model of
accident causation, Bowtie models [14], Reason’s [15] Swiss Cheese model);

2. Nonlinear models (Epidemiological accident models [16,17], Complex socio-technical
systems [18]),

3. Systems Theory Approach like Functional Resonance Accident Method (FRAM), Systems
Theory Approach (STAMP), SHEL (Software–Hardware–Environment–Liveware) [12,19–21].

This does not reflect a static or inflexible approach. For instance, Awal and Hasegawa [22]
use different categories of accident reconstruction and suggest:

1. statistical analysis and trends,
2. risk analysis,
3. domino theory,
4. epidemiological theory,
5. control and system theory models.

It should come as no surprise—because accidents and incidents continue to occur—
that new models are constantly being developed [11,22,23]. Along these lines, it may
be worth considering larger issues, such as the economic model that appears to require
constant growth at a time when environmental concerns, no matter how serious they
sound, are never serious enough to affect the workings of large businesses. The fact is, the
changes forced on stakeholders in the maritime industry themselves create a danger, as
the best safety measures available are generally outmoded in too short period of time. An
element of this principle emerges in this case study, though primarily we are concerned
with a particular type of incident that occurs all too often among ferry services. Taking
into account the variety of models used for accident investigation, we propose some
modifications based on the work of Rasmussen [24,25]. The slightly amended proposed
model is based on a risk management framework that includes a socio-technical and legal
environment. The practical results of these studies will make it possible to evaluate the
causes of such unanticipated abnormalities as the problematic motion of the ferry “Bielik
IV” (the subject of our case study) after the failure of the main propulsion and to develop
recommendations for improving the safety of navigation of ferries of this type.

2. Material: Contextual, Technical, and Met-Ocean Facts

The ferry crossing in Swinoujscie is one of two ferries connecting the island of Usedom
with the mainland of Poland. The intensity of ferry traffic is 65 per day in one direction. The
ferry crossing is usually operated by two ferries of the Bielik type running simultaneously.
The ferry owner Żegluga Świnoujska has 4 ferries of the Bielik type. These ferries are
built to sustain all but the most catastrophic conditions to be reasonably expected in these
waters, such that service is literally never interrupted. They can load 33 passenger cars
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and take onboard up to 700 passengers at one time. Clearly a ferry accident can have
catastrophic consequences.

The incident involving the Świnoujście–Warszow city ferry near the Kosa peninsula
occurred on 9 January 2019 (Figure 1). The west station is marked with green lights and
the east with red lights. On the east side, a pier is used for the ferries to separate them and
allow safe berthing. The ferry crossing has a depth of up to 14 m and even 16 m near the
emergency anchorage. The ferry anchored in an emergency situation about 50 m from the
Kosa peninsula, but the anchor did not hold and the ferry was adrift, an incident that puts
lives in danger. The sequence of incidental events in local time was as follows:

 

West station 

East station 

Kosa Pen 

Wind & current 

Figure 1. Navigation map with bathymetry of the area and ferry routes and real tracks, with wind
and currents (electronic map from MarineTraffic).

18:30—The ferry is loaded and unmooring from East ferry station. 18:45—Main en-
gine failure. 18:46—Changeover to an emergency engine. The “Uran” tugboat was called
for emergency via the Shipowner. 18:48—Notification of the incident to VTS Świnoujś-
cie. 18:48—Both anchors were dropped almost simultaneously. The chain length was
1.5 shackle (approx. 40 m). Both anchors dragged slightly. The emergency engine was
operated forward throughout emergency anchoring. 18:53—Report to VTS Świnoujście,
information about the stop at anchors. From 19:00 to 19:25—Ship moves due to the action
of wind and current, stern anchor probably drags and the ship lines up with its bow to the
wind and current. 19:25—The “Uran” tugboat approaches from the port side and passing
tow lines fore and aft. 20:15—Bielik IV is safely moored at station no. 4 on the west side of
Świnoujście Municipal Ferry Terminal.

Based on the port regulations [4], it can be stated that there are no conditions restricting
the traffic of city ferries in Świnoujście. Anchoring during extreme weather should not
in itself present any difficulty. The following particulars of the Bielik ferry (shown in
Figure 2) that was designed for inland conditions with winds up to 5◦B, were determined
for purposes of investigation:

• Lenght overall L = 49.90 m.
• Width B = 15.60 m.
• Constructional draught T = 2.25 m.
• Main propulsion power 750 kW.
• Auxiliary (emergency) power 170 kW.
• Max. number of passengers 695.
• Anchor type (number of anchors): patented Hall (2).
• Single anchor weight 450 kg.
• One chain length 40 m (1.5 shackles).
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Figure 2. The general plan of the ferry Bielik III (sister ship to the one surveyed). View from starboard
and stern.

3. Methods and Calculation

Based on video signal recordings of the Vessel Traffic Service (VTS) Szczecin–Świnoujście,
the event was reconstructed and displayed on a map of the basin. The reconstruction was
done by analyzing the position and course of the ferry at half-minute intervals. The video
images of the ferry’s unfiltered radar echo were used for this purpose (it is a radar set up
on the Kosa peninsula in the vicinity of the event).

The use and reading of the position determined by the VTS system recording (i.e.,
the position automatically estimated from the radar echo by the system manufacturer’s
filtering algorithms) is impossible due to the errors inherent in the system. The filtered
vessel position has significant jumps in both the position and course of the vessel and rarely
(about 20% of the time) shows a correct echo. The reason for this is, as the operators claim,
the difficult radio propagation situation in the area where the event took place. It should
be noted that the very data used by the VTS operators is unreliable to a degree that raises
the question of whether this jeopardizes the safety of traffic control on the route.

However, manually reconstructed data from the radar video images was used to
obtain the ship position and heading that is shown in Figure 3.

 

Figure 3. The sequence of ferry positions during the event (with a 1 min time step).

The sampling frequency is 1 min, beginning at the ship’s berth—i.e., 18:45. The
sequence covers 24 min—until 19:09. It can be seen that the ferry does not anchor steadily
but moves in a circle of about 40 m in diameter. This is confirmed by the records shown in
the local Cartesian coordinate system, as shown in Figure 4.
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Figure 4. Repetition of the unit position during the event (local coordinates in meters, every 1 min).

The met-ocean forces on the ship are shown in the Figure 5, including emergency
propulsion thrust direction and possible anchor circumstances.

Figure 5. Possible force directions on the ferry during emergency anchoring.

During anchoring, the ferry was oscillating as the master struggled to remain in one
place, the speed varying, at times up to 1 knot (0.5 m/s). The average heading of the ferry
from 18:54 to 19:09 (i.e., after relative stabilization) was 046 degrees (NE). The angle to the
wind of the shuttle, which according to VTS records came from the NNE direction, was
therefore 22.5 degrees and the wind was blowing from the port side. The ferry stabilized
its position and heading using the incoming current.

Unfortunately, there are no records of what the anchors looked like during the event
and how the stern thruster worked, and it is difficult to accurately recreate the forces acting
on the ship.

3.1. Estimation of Wind and Current Forces

The next step was to determine the wind and current forces using the commonly
known dependencies in hydrodynamics and ship maneuvering.

Resultant wind forces:
Fnw =

√
Fnx2 + Fny2 (1)

where the component of the wind resultant force in vessel longitudinal and transverse
directions is:

Fnx = 0.5·cx·ρp·Vwx
2·Pnx (2)

Fny = 0.5·cy·ρp·Vwy
2·Pny (3)

Cx, cy—aerodynamic factors,
ρp—air density,
Vwx, Vwy—longitudinal and transverse wind speed,
Pnx, Pny—longitudinal and transverse wind exposed area.

Resultant horizontal force of the currents:

Fp =
√

Fpx2 + Fpy2 (4)
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where the component of the resultant force in vessel longitudinal and transverse directions is:

Fpx = 0.5·cpp·Cpx·ρw·Vpx
2·Ppx (5)

Fpy = 0.5·cpp·Cpy·ρw·Vpy
2·Ppy (6)

where:

Cpp—shallow water factor,
Cpx, Cpy—current pressure factor,
ρw—water density,
Vpx, Vpy—longitudinal and transverse current speed,
Ppx, Ppy—longitudinal and transverse current exposed area.

Diagrams of the coefficients Cx, Cy, Cpx, and Cpy were constructed, which are shown
in Figure 6. Since the unit is almost symmetrical, they were determined for one quarter
only. It can be seen that the coefficient of transverse aerodynamic resistance (Cx), which
is the most important for the anchoring calculations, reaches its highest values at a wind
angle of about 15 degrees.

 

Figure 6. Estimated aerodynamic factors of transverse (Cx) and longitudinal (Cy) air pressure and
transverse (Cpx) and longitudinal (Cpy) current pressure coefficients.

It should be noted that the actual wind angle of about 22.5 degrees determined from the
video recording is very close to the theoretical wind angle of 17.4 degrees determined using
the ship’s diagonal (see Figure 5), and that this is also the angle at which the maximum
wind force occurs (see Figure 6), which is about 15 degrees.

Figure 7 shows the coordinate system used for the calculations, taking into account
the wind direction and current. The calculations did not take into account the resistance of
the bow propeller nacelle.

Figure 7. Definition of the angle of attack of wind and current.
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In addition, the increase in the hydrodynamic resistance coefficient against the current
was determined for the shallow-water vessel and presented in Figure 8. It shows how the
resistance to the current increases as a result of the forces related to the proximity of the
bottom. However, in the case studied this is not relevant as the ferry has a shallow draught
and the h/T (h—depth of area for the mean water level; T—the draft of ferry) ratio is 6.6,
which is considered deep water, therefore the Cypp value = 1.

 

Figure 8. The additional coefficient for a shallow-running vessel [26].

Furthermore, the calculation of the forces resulting from the action of the current has
been verified with good results using the methods recommended by Oil Companies Inter-
national Marine Forum (OCIMF) [27]. For the wind, an angle of 17.5 degrees determined
by the ship’s diagonal was used, which is close to the actual angle the ship was at during
the event. The angle of the current is assumed to be zero, which also corresponds to the
actual situation.

The calculations of all forces were intentionally made in metric units of tonne force,
marked T (usual) or tf (new, recommended). The reason for this is the intuitive understand-
ing of these units in the shipping industry and their use, e.g., for towing. When converting
to the units SI, please note that 1T(tf) = 9.81 kN.

The analysis of the results of the wind and current impact assessment shows that:

1. The wind load is predominant. It is over 5 tf at 10.5 m/s wind in the crossing area.
2. The load from the current is minor and does not exceed half a tonne of force, as the

ferry has a small chassis area and an excellent hydrodynamic shape in forward and
reverse, for which it was designed.

3.2. Determination of the Shuttle Emergency Propulsion Thrust

Following Gerr [28], the thrust of the propeller operating at zero or low speed of the
vessel, called pulling force on the hull, was determined. Of course, the flow can slightly
influence the calculation of the efficiency and the forces generated by the propulsion. The
calculations are shown in Table 1.

It should be noted that the thrust of typical 200 kW jet rudders is about 3 tf. In total,
250 HP units generate about 2.5 tf of pull, which confirms the calculations presented. It can
therefore be assumed that the Bielik ferry’s propulsion units can generate just over 3 tf of
thrust with an emergency engine, as shown in Table 1.
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Table 1. Determination of the emergency thrust of the drive unit.

No Symbol Relation Value Unit

1 Fs diameter of propeller 1.57 m

2 Ss propeller pitch 1.635 m

3 Pa power of emergency engine 170 kW

4 SHP shaft horse power
SHP ≈ 0.96 × Pa 163.2 hp

4 Ta thrust of emergency engine [28]
Ta = 0.005384141× [SHP × Fs(inch)]0.67 3.2 tf

3.3. The Forces and Effectiveness of the Emergency Stopping of the Ferry at Anchor

The next step was to determine the forces on the anchors and evaluate the effectiveness
of the anchors in stopping the ship [28–33].

Anchor holding force:
Fk = w∝·K·wk + μ·wcb (7)

where:

wα—coefficient of reduction of the holding force of the anchor due to the lifting of its
shank by angle α,
K—anchor holding force coefficient,
μ—coefficient of friction,
wcb—the weight of the chain lying on the ground.

At the beginning, the so-called anchor holding force coefficient (K) was determined,
which is usually the factor by which the anchor weight (Wk) is multiplied. The anchor
holding force (Fk) is expressed as: Fk = K·Wk. Some authors [28–34] propose a slightly
modified relationship in the form Fk = K·(Wk0.92), where the power factor indicates an
increase in force. However, this is a minor difference that is not commonly used in research,
so the classical dependence was used. The values of the holding coefficients and the
chain friction against the bottom of the basin are given in Table 2, which is an example of
AC-14 and Hall type, which we have given only for comparison and indeed the anchor
type for Bielik was Hall type and we assumed a coefficient for anchor hold force equal to
3.5. It should be noted that the assumption about the type of the bottom we are dealing
with, and therefore the holding coefficient of the anchor, is crucial and introduces the
greatest uncertainty. In this study it is assumed that the bottom is muddy with a layer of
sedimentary river sand underneath. The anchor’s holding factor is conservatively chosen
as K = 3.25, which means that the anchor will hold more than three times its mass.

Table 2. Anchor holding force coefficient and friction coefficient chain-bottom.

Type of Bottom AC-14 JIS/Hall Coefficient of Friction

Mud 10 3 1

Sand 7 3.5 0.75

Gravel 8 3.5

Rock/mud 2.4 1.8

Clay 10 3.5

Figure 9 shows the symbols used for further calculations regarding anchoring. The
relationships that allow a calculation based on the load force of the chain by the ship, the
weight of the chain and its length, the so-called chain curve (catenary), including the point
of contact of the chain with the bottom of the basin (xh) and the length of the chain resting
on the bottom (Sd), were used.
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Figure 9. Chain curve and adopted markings.

For the Bielik type ferries, the length of the anchor chain is only 40 m. Usually
commercial vessels use chains of up to 4–6 times the depth of the basin to effectively moor.
The reason is not the weight of the chain itself and the extra resistance it creates, but the fact
that the angle of the lift of the anchor shank that occurs when the chain is too short has an
extremely negative impact on the anchor’s holding power. Based on the literature review
in this article [35–38] and OCIMF [27], coefficients for Hall or similar (stockless) anchors
were determined for the patented anchor, their failures to sufficiently grip resulting from
the upward lifting of the anchor shank that occurs when the chain is too short and light.
The values of the coefficients are shown in Figure 10.

 

Figure 10. Coefficient of reduction of the anchor holding force due to the lifting of the anchor shank.

A probable anchoring pattern of the Bielik unit with two anchors ejected to the
maximum chain length is shown in Figure 11, made on scale. It can be seen that the
angle formed by the anchor shank with the chain is considerable (it can theoretically be
up to 25 degrees, but in practice, it is smaller due to the weight of the chain). This is due
to the short and light chain and the deep water. In addition, the chain may not be in
contact with the bottom of the water, which obviously has a negative effect on the anchor’s
holding force.
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Figure 11. Probable angles of the chain and anchors at the Bielik emergency anchorage radius.

The problem of the fading of the chain curve due to increasing wind or current is
illustrated in Figure 12.

 

Figure 12. The problem of the disappearance of the chain curve and the lifting of the anchor shank
when wind/current or the size of the unit increases.

In a further step, the possibility of lengthening the anchor chain by a certain value
until the anchor curve forms and the chain reaches the bottom with its part to minimize
the lifting angle of the anchor shank was considered as a natural solution. Table 3 shows
the calculated forces acting on the ship when the chain is lengthened and the wind speed
in the crossing area is increased and may serve as a recommendation to choose the optimal
chain length in such an area. For this purpose, formulae 1., 2., 3., 5. and 6 were used to
determine the aerodynamic force from the wind and the hydrodynamic force from current
(assumed to be constants) for winds in the range 10–13 m/s. Two anchor holding forces
were calculated using formula 7. assuming coefficients for the reduction of the holding
force and for different chain lengths from 3 to 6 shackles. Thrust of the emergency engine
was calculated as shown in Table 1.

Table 3. Total forces per radius with increasing chain length and wind speed in the crossing area.

Wind at the Crossing (m/s) 3 Shackles 4 Shackles 5 Shackles 6 Shackles

10 1.6 2.0 2.3 2.7

11 0.4 0.7 1.1 1.5

12 −2.5 −0.5 −0.2 0.2

13 −3.7 −1.9 −1.5 −1.2

The value of the chain length at which this effect occurs under the considered con-
ditions is 3 shackles (82.5 m). In the case considered, the chain rests on the bottom at a
distance of about 10 m from the anchor shank without any lifting of the chain. A further
extension of the chain is of course even more effective in terms of holding force, but it is
not justified due to the water restriction and the proximity to the shore. The additional
holding force of the anchor is about 1 T.

214



J. Mar. Sci. Eng. 2021, 9, 1414

4. Discussion

One key finding from this study is the lack of knowledge about the differences
between design and operating conditions in extreme situations and the fact that the ship
was designed for shallower depths than those prevailing in the Ferry Crossing. The
management (shipowner) and the classification (Classification Society) and control bodies
(Port State Control) were, one hopes, not aware of this. The detailed information flow
between these actors is shown in Figure 13. The missing link in the information flow
and the unknown links are also shown. The lessons learned after the incident relates not
only to the simple redesign of the ferry (lengthening the anchor chains) but also to the
establishment of a permanent flow of information between the decision-makers during the
planning process.

Figure 13. The information flow between Management and Classification and Control Bodies together
with connections that are unknown or missing.

From the theoretical perspective the study showed that there is no link between ac-
tual operating conditions and the classification society, or that at the very least in this
particular case the link failed to connect and with potentially dangerous results. A sim-
ilar problem was observed in deep sea Polish ferry operators serving in the ferry link
between Poland and Sweden. Several secondhand Ro-Pax ferries originally designed for
the Mediterranean Sea were introduced into service in the Baltic Sea (for example, the m/f
Gryf and m/f Galileusz ferries). Apparently, the power of the main engines and thrusters
was not sufficient and caused problems with delays and safety of operation in more harsh
wind conditions.

From the practical perspective we would like to highlight that a number of models
are available, but unfortunately changing conditions and the evident lack of coordination
among stakeholders unnecessarily complicates the accident/incident investigation and
modeling process. The design of the hull was mentioned, but all aspects of the vessel must
be designed for the purpose for which it was used. The ferry is not designed for emergency
anchoring since anchors are only on one side and for shallow water (which is usually the
case with this type of cross-service ferry). The missing link in the information flow between
the operating body (owner) and the classification society, which focused on the condition
of the ferry, which has a direct impact on safety, rather than on the operating conditions,
which are different from the design, could present a relatively simple error that could have
cost dozens of lives.

5. Conclusions

The main finding of this paper is that models based on socio-technical theory and
systems theory can be useful for reconstructing accidents (incidents, too, of course), but
that the application of such models does not take into account that external systemic issues
will be predicted, such as that a vessel built for one particular maritime environment will
be used in another where adverse issues may arise. This confirms the fact that even if these
models are mostly proactive in nature, the maritime business environment may not be. The
reconstruction carried out as part of this work led to several findings related to regulations,
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lack of cooperation between management and control bodies, and lack of knowledge on
the part of the shipowners about the design conditions used in the construction of the ships.
The ferry is designed to be anchored on one side only. This could also contribute to the
postulates for a change in the design. However, such a change would mean a significant
intervention in the structure of the ferry and was not proposed in the accident/incident
report. Changing the anchor position on the opposite sides of the ferry would increase
the ferry’s anchoring capacity. The main conclusion on accident reconstruction models
is that they are reactive given the instability caused by the maritime industry’s leading
decision makers.

Given this seemingly perpetual situation, our study shows that the accident investiga-
tion model of Rassmussen [24] should be improved because there is no correlation between
the design of the ship and the given conditions on the ship. The accident investigation
model should be dynamic—if the conditions on the ship change, the criteria must be
considered a second time in order to include a dynamic aspect in risk assessment, i.e., a
model to dynamically adapt the risk model to the current operating conditions.

On the basis of the calculations and analyses carried out, it was established:

1. that the Bielik ferry performed significant movements with an amplitude of up to
40 m during the emergency mooring on 9 January 2019.

2. the wind and current forces acting on the ferry were in excess of 5 T and could not be
compensated by the auxiliary drive, which was estimated at 3 T.

3. the anchors in the area were only able to operate sub-optimally, due to their short
chain and demonstrated a lifting of their shanks, which did not provide the necessary
forces to keep the vessel in place.

4. the missing forces to keep the ferry in place could be about 1 T under the given conditions.

In such a situation, the best solution would be to extend the anchor chains to at least
twice as long as 3 shackles (about 80 m) without changing the chain diameter and anchor
size. This results in the chain resting on the bottom of the basin about 10 m from the anchor
shackle and minimizes the angle of lifting of the shank itself.

It should be assumed that, based on the models and calculations, the wind speeds up
to and including 11 m/s, i.e., up to and including 5◦B (constant without taking gusts into
account) in the area of the crossing itself is maximum for the operation of the ferry in case
of main propulsion failure and emergency anchoring.

The analytical tools in the form of records of the Szczecin–Świnoujście VTS system
have major limitations and do not allow accurate tracking of objects in restricted areas, i.e.,
almost in the entire area of the Świnoujście–Szczecin waterway.

Further studies should be of an investigatory nature to determine to what degree
problems of oversight undermine the science of risk management. At a different level,
interdisciplinary studies should be made regarding the instability and expense, not to
mention dangers, caused by the economic model applied by financiers of the maritime
industry; which is to state quite frankly, that the driving force behind the industry should
not be the absolute maximization of profit. Under such conditions, which are the very
reason for the constant pressure to build larger, more ‘economical’ vessels, ports are under
pressure to expand beyond reasonable capacities [39,40], and aside from enriching a few
stakeholders have an adverse effect on small economies, place the environment in danger
at all times (for solutions are always temporary), and, not to attempt to be comprehensive,
in the case of marine science experts, engage the best maritime minds of our generation in
the study of short-term problems and take innumerable hours away from the studies of
more important long-term issues regarding the environment.

This paper is practical and identifies an aspect of ship operations that is sometimes
neglected in operations and therefore potentially increases the overall safety of maritime
and awareness of stakeholders and the maritime community. Of course, this would require
an interest on the part of the stakeholders and a delivery mechanism that communicates
our concerns; we urge that such should be done, and thoroughly.
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As for limitations, this paper is not comprehensive in any particular way; models have
been simplified, but the main points are irrefutable.
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Abstract: With more goods to be transported oversea, traffic and vessels’ dimensions increase while
berthing areas merely remain constant and thus challenge ship masters and pilots to maneuver in
small basins with dense traffic even in bad weather situations. Too fast approaches or steep angles of
attack result in damages to fenders, quay walls, or even impact the hull structure. We propose a shore-
based, vessel-independent berthing assistant system to support sailors by Reference Points that are
aligned to a quay’s meter markings and identify the precise berthing location by measuring distance
and approach speed. For this purpose, we define the concept of a Berthing Support Area (BSA), which
specifies an area in which, subject to constraints, safe berthing is provided. Within this area there are
Reference Points, perpendicular distance measurements at arbitrary positions, which are implemented
with a set of LiDAR sensors that have been integrated into the quay wall. In a test campaign with a
vessel equipped with DGPS sensors, we sailed seven different maneuvers and evaluated the precision
and the accuracy of the Reference Points for speed and distance measurements.

Keywords: berthing aid system; laser scanner; precise positioning; docking; scenario-based testing

1. Introduction

An increasing amount of goods to be transported around the globe resulted in contin-
uously increasing ship dimensions [1]. Since 1996, container vessels’ size has increased by
90% [2]. Maneuvering in such dense traffic and in ports areas becomes more challenging
the bigger a vessel is. Ports are limited in their growth and cannot be expanded at will [3].
Space in harbors is often limited and areas are difficult to overlook and to access. Sometimes
even full ship rotations need to be performed in narrow port basins. Stringent time slots
and high workload of ship masters and pilots to coordinate supporting tugboat actions
increases the likelihood of accidents resulting in damage to ships and port infrastructure.
Maintenance of damages to port infrastructure might hinder port access for long periods of
time [4]. Because of this, berthing maneuvers are considered to be a highly complex task [5].

To support captains and pilots in challenging berthing maneuvers, Berthing Aid
Systems (BAS) are being developed to enhance their situational awareness in high-workload
situations. In general, two different approaches for BAS can be distinguished [6]: ship-
based systems and shore-based assistance systems. Ship-based systems enhance vessels
with sensor technology, such as port radars and Portable Pilot Units (PPU) that connect to
on-board systems to create situational pictures based on GPS and automatic identification
system (AIS) information to support pilots during their assistance. AIS is an automated
vessel tracking system that communicates a vessel’s unique identification, position, course,
and speed in certain time slots [7].

Shore-based systems depend on sensors installed at the shore. They integrate sensors,
such as LiDAR, into quay walls to measure the distance to approaching ships. LiDAR
technology typically offers centimeter precise distance accuracy by emitting light pulses,
which are reflected by the targeted objects, while also archiving a high angular resolution
in contrast to radar solutions, such as automotive mmWave radar, where the state of the art
seems to reach a resolution of 1◦ [8]. The distance is determined according to the Time of
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Flight (TOF) and the speed of light by measuring the time between sending and receiving
the reflected pulse [9]. In the case of 1D LiDAR sensors, light pulses are directed to a single
target point destination so that the distance then is measured. The 2D and 3D LiDAR
sensors extend this approach by additionally considering horizontal (2D) and vertical (3D)
distance measurements. These measurements are displayed on huge screens installed in
the sight of the pilot close to the berthing location or are digitally transmitted to a pilot
PPU to support berthing maneuvers [10,11]. Shore-based systems have the advantage that
they do not need vessels to be equipped with additional systems.

Assistance systems are often considered as safety-critical systems if system failures
result in substantial damage to people, property, or the environment (i.e., pollution) [4].
System verification and validation is therefore an essential part of the system engineering
process to proof system dependability properties, such as availability, reliability, and safety.
However, if non-deterministic approaches or black-box methods are used, the functional
safety can hardly be assured [12]. In the former case, the algorithms generate a different
result for the same input, making them difficult to test. In black box methods, the internal
implementation is not accessible for inspection, so it is not possible to understand how
the system generates the output [13]. In interviews with experienced pilots, we learned
that specifically; system reliability, thus, is the ability of a system to deliver its services
as specified, and is therefore of major importance. In the automotive domain, the term
Operational Design Domain (ODD) is used to describe conditions under which a system
is designed to function. Among other things, it contains restrictions for environmental
influences or geographical areas [14]. The conditions for the functionality of the system and
the range in which it must operate must therefore be constrained to ensure high reliability
within the system specifications.

In this paper, we therefore propose a deterministic, ship-independent, and shore-
based BAS using LiDAR sensors, which implements Reference Points placed in line with
the positioning marks of a quay wall to measure and communicate the distance, speed,
and acceleration of an object in relation to a quay wall to a pilot’s PPU. At the same
time, we combine the algorithm with the determination of an area in which functional
safety can be ensured. The goal is to secure the system by defining the ODD based on
vessel and environmental characteristics, expressed as a well-defined polygon. In the
following section, we summarize interviews that were performed with pilots (harbor and
port access pilots) as part of two workshops and also consider the relevant guidelines to
derive the requirements for a shore-based BAS (Section 2). Thereafter, in Section 3, we give
an overview about the current state of the art equipment, focusing on shore-based BAS. In
Section 4, we present our concept based on deterministic Reference Point measurements
for such a system followed by the derivation of a Berthing Support Area. A description of
the implementation and installation in the port of Wilhelmshaven in Germany is described
in Section 5. Finally, we present the system evaluation based on a field test (Section 6) and
close with a discussion of the results and state further work (Sections 7 and 8).

2. General Requirements for Berthing Assistance Systems

For the requirement analysis, we performed a task analysis based on information
gained by interviews with experienced pilots (Section 2.1) and by deriving further require-
ments based on regulations, guidelines, and common practice (Section 2.2).

2.1. Task Analysis with Pilots, Common Practices, and Local Port Regulations

We had two workshops with different groups of maritime pilots: four river pilots
that support navigation in dense traffic regions to two oversea ports in Germany, and
five harbor pilots that are responsible for supporting navigation in the port of Hamburg.
Figure 1 (taken from [15]) summarizes the main tasks of pilots during berthing. Conducting
a berthing maneuver involves three basic subsequent tasks: initial preparations (T1—
e.g., requesting pilot support, positioning crew for observation, configuring the bridge
system, and connecting the pilot plot), performing the berthing maneuver (T2), and finally
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mooring the ship (T3). We focused on identifying relevant information for the berthing
maneuver (T2).

Figure 1. Analysis based on interviews with harbor and river pilots taken and adapted from [15].

Pilots reported the berthing speed for stern and bow (T2.1.1.1) and the correspond-
ing distances to the quay (T2.1.2) combined with information about changes in velocity
(T2.1.1.2) and the actual absolute position of the ego ship (T2.1.3) as the most relevant infor-
mation during berthing. Further on, wind speed and direction (T2.2.1.1) and significant
changes of those (T2.2.1.2—e.g., changes can occur during bridge passing or at locations
with heavy gusts of wind), as well as currents (T2.2.3.1) and the tidal system (T2.2.4.2) were
also mentioned to be required to be carefully observed by the pilots. For this contribution,
we specifically focus on BAS that support pilots in observing the ego vessel (T2.1). Berthing
areas in highly frequented ports are identified by meter markings that appear every 10–15 m
and there are strict rules that require a vessel to stop exactly at meter mark zero (“red flag”)
with a targeted discrepancy of less than 2 m. In the interviews, the pilots also explicitly
stated system integrity as the most important acceptance factor for a berthing support
assistant (the pilots agreed: “The BAS should only communicate information if it is 100%
sure. In situations with less confidence, it should simply communicate no information
at all”).

For some of the information that the pilots communicated as the most important and
challenging, (c.f. Figure 1), guidelines and common practices have also been reported. The
PIANC Guidelines for the Design of Fender Systems [16] considers berthing velocities from
0.08 m/s (over 50,000 DWT under favorable conditions) up to a maximum of 0.6 m/s for
vessels under 10,000 DWT under unfavorable conditions). Berthing angles are assumed
to be below 6 degrees for vessels larger than 50,000 DWT and for smaller vessels (mainly
those without tug boat assistance) between 10 and 15 degrees based on measurements
in Japan [16]. Hein [17] observed a total of 1082 berthing activities of vessels between
200 m and 400 m in Bremerhaven, Germany, and reported average berthing velocities
(i.e., perpendicular approach speed to quay) between 0.051 m/s (200 m) and 0.057 m/s
(400 m) with outliers up to 0.2 m/s. Comparable values were also reported by the local port
pilots that stated an “absolute maximum” perpendicular approach speed of 0.3 m/s and a
maximum pressure the fenders caused by an approach speed of 0.15 m/s. The maximum
speed over ground (SOG) in port areas depends on port regulations. For our local testbed
in Wilhelmshaven, there is a speed restriction of 6 kn for all port areas [18].

Average berthing angles were observed between 0.34 degree (200 m) and 0.18 deg
(400 m) with outliers up to 1.25 degree (<300 m) and up to 1 degree (>300 m), respectively.
Specifically, for larger vessels, a steep berthing angle up to 5 degrees would result in
overhanging, curved hull sections of the ship, and would add additional risk for damage
of constructions and crane systems located at the pier area.
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We also asked the pilots for the required distance that they favor to receive distance
measurements to support the berthing activities. It transpired that a sensing distance of
100–120 m (four times the width of a vessel) seems to be the preferred distance in that the
pilots started to observe the approach in relation to the quay.

2.2. IMO Regulations

Integrity has been defined as “The ability to provide users with warnings within a
specified time when the system should not be used for navigation” in the IMO Resolution
A.915 (22) [19]. For port navigation, the resolution defines an alert limit (AL) of 2.5 m, a
time to alarm (TTA) of 10 s, and an integrity risk of 10−5 per 3 h as the main system integrity
parameters. The integrity risk is defined as “The probability that a user will experience
a position error larger than AL being raised within the specified TTA at any instant of
time at any location in the coverage area.” Besides integrity, the IMO states an absolute
horizontal accuracy of 1 m as a minimum maritime user requirement for general navigation
in ports together with service level parameters for an availability of 99.8% (per 30 days), a
continuity of 99.97% per 3 h, and a position fix interval of 1 s for port navigation.

3. Related Work

Many shore-based assistant systems are using LiDAR technology to detect approach-
ing ships. One example is the SmartDock developed by Trelleborg [10], for which multiple
1D LiDAR sensors have been installed at quay walls to measure the distance to approach-
ing ships. By calculating the change in distance, the speed and acceleration of a vessel in
relation to the quay wall is determined. These measurements are then shown on displays
installed at quay walls. However, often the sensors cannot be placed at arbitrary locations
on the quay wall. Limited availability of cable niches [6], the dangers of mooring lines,
high tides or flooding situations, and sight blocking fenders limit installation locations. In
addition, the fixed range measurement locations limit BAS support to vessels of a certain
predefined size to obtain appropriate bow and stern distance measurements of a vessel.
With respect to the use of LiDAR for BAS, cost, short detection ranges, and additional
problems with dark-hulled vessels are reported by [6].

DockAssist is a similar system proposed by Metratek [11], which consists of four parts:
a Laser Berthing Aid System, an Advanced Detection and Automation System (ADAS), an
Environmental Monitoring System (EMS), and an Audio and CCTV Surveillance System.
For the BAS part, LiDAR sensors are installed on the quay wall and measure the distance,
speed, and heading of the vessel. We could not ascertain whether the 1D or 2D LiDAR
sensors are used. The ADAS uses the Automatic Identification System (AIS) to detect
incoming vessels at an early stage to provide distance information beyond the range
of the LiDAR sensors. Environmental information is collected by the EMS through the
integration of wind, wave, tide, and current information. Moreover, audio and video
data are recorded by the AVS to enable monitoring of the berthing location. We were not
able to ascertain details about the applied algorithms (i.e., if DockAssist implements a
deterministic approach). For visualization, the collected data and measurements are then
sent to a mobile device that can be used on the ship. Thus, no display is installed on the
quay wall itself, but a portable unit that can be used by the operators is.

Perkovič et al. report on a comprehensive BAS for detecting approaching vessels,
determining the stern and bow of the vessels, and measuring the distance to the quay
walls using 3D LiDAR sensors [20]. Additionally, wind and current sensors are used to
provide context information for pilots. A roll-on, roll-off bridge is considered by using
two 3D LiDAR sensors. One of them is used to detect the side (port or starboard) of
approaching objects and the other to detect the bow or stern. They apply the Random
Sample Consensus (RANSAC) algorithm to detect the side of a ship. This algorithm is able
to identify geometries in a point cloud based on a reference model (e.g., line and plane).
They evaluated their system under real conditions and can achieve more accurate results
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than those obtained by AIS. RANSAC uses a random set of points to determine a vessels’
side and therefore implements a non-deterministic approach.

In [21], a shore-based assistance system based on cameras is proposed that is also
capable of detecting partly obscured vessels in multi-ship situations (e.g., tug-supported
berthing). Therefore, the distance of objects to the quay wall is determined by an artificial
intelligence vision-based monitoring system (AVMS) consisting of a camera, a Differential
Global Positioning System (DGPS), and an Inertial Measurement Unit (IMU) sensor. The
image data from the camera are first processed by a neural network using the Ski-ENet
model to detect ship contours. Then, the position and orientation received by the DGPS and
IMU sensor of the AVMS are used to determine the relative position of the vessel to the quay
wall. The approach is evaluated using data sets from a field test in Korea and compared
with a conventional LiDAR BAS using a 16-channel LiDAR sensor. Measurements of the
conventional LiDAR-based BAS under good weather conditions (no rain and daytime, etc.)
were considered reference values. The authors report that in contrast to the LiDAR system,
the camera system shows, even under bad weather conditions, more stable results. Because
this approach uses a neural network to detect a vessel, the actual detection mechanism
is a black box for the evaluation, which makes it difficult to test the reliability criteria of
the system.

In [22], a method for berthing information extraction is presented using 3D-LiDAR
sensors. It features bow and stern recognition and measures distance, velocity, and ap-
proach angles in relation to the quay walls. First, they projected LiDAR measurements into
a berthing coordinate system using the offset between the sensors’ location and filtered
fixed infrastructure (e.g., cranes). Then, a statistical outlier removal algorithm is applied
to the remaining points, removing points based on the distance distribution in the point
cloud. Using principal component analysis, eigenvectors and eigenvalues of a point cloud
are extracted and the direction of the longest vector determines the ship’s course. After
this, region growing is applied to the point cloud to segment this into sides (bow, stern, and
hull). By combining bow and stern feature points, as well as the result of region growing, all
sides of a ship can be determined. In the last step, the authors apply a visibility analysis to
differentiate between six ship attitudes, showing which sides of a ship are possibly visible
by a LiDAR sensor. Using this approach, a bow and stern point of a ship can clearly be
identified and further used for the berthing parameter calculation (distance, speed, and
angle). Using field tests and simulation approaches, the authors show that their method
provides stable and accurate measurements. However, the use of a single LiDAR could
compromise the robustness of the system in case of failure.

In [23], a comparison of mooring systems is conducted. In most cases, ropes and
windlasses are used for mooring. However, this creates an increased risk due to equipment
failures or safety procedure errors and new technologies have emerged that can therefore
improve the mooring process. Both magnet-based and vacuum-based systems are presented
as possible alternatives for securing the vessel to the quay wall. The authors conclude
that vacuum-based systems offer the most advantages as they are safer, faster, and more
environmentally friendly. Compared to our approach, these systems are suitable for the
final step of mooring, while we are focusing on assisting the vessel’s approach.

In [24], an approach to solve the berth allocation and quay crane assignment problem
is presented. For efficient port operations, berths and cranes for unloading goods must
be assigned to arriving vessels. The authors propose to partition the berthing space and
assign berths. They investigated the division of the berth in 10 m, 20 m (distance between
bollards), and dynamic (based on vessel length) distances. The results suggest that a finer
partitioning is very efficient. This approach has been extended in [25] by a weekly planning
of resources in combination with a reactive planning to handle if ships arrive later or earlier
than planned. This helps to make port operations more efficient and to save energy. In [26],
it was determined that energy can be saved by optimizing port processes. The potential
for savings can be achieved primarily through improved planning, but also by shortening
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processes. Berthing assistance systems can support this by making processes safer and
more time-efficient. Therefore, they can support the greening of ports.

To the best of our knowledge, current commercially available BAS focus on support for
specific berthing situations. For instance, in the European TWIN-PORT 3 project, different
vacuum-based auto-mooring systems from Cavotec [27] and Trelleborg [28] provide quick
and fast mooring to secure passenger and cargo ramp access. For huge RoRo and cruise
vessels, saving berthing and mooring time significantly reduces harmful emissions [29].
Recent research evaluates the combined sensor systems towards vessel-independent BAS
and the potential of AI to also handle specific complex situations such as partially hidden
vessels. Based on the interviews with the pilots, the trustworthiness of a BAS is a currently
underestimated factor. Therefore, we propose in the following section a deterministic
approach for a BAS, making use of a deterministic approach to ensure the functional safety
of the assistant system.

4. Reference Points

Based on the interviews with the pilots, the meter markings and individual spots
(such as specific fenders and constructions on the quay) transpired to be the main source of
orientation with which the pilots visually estimate the vessels’ positioning and orientation
in relation to a quay. We therefore propose Reference Points that are aligned to the meter
markings to ease and improve the situation awareness of the pilots with respect to the per-
pendicular distance and berthing approach velocity in relation to a quay wall. Current PPU
systems calculate this information based on the AIS data and the topographic information
encoded into an electronic chart. Because the AIS data sending frequency is connected
to the actual SOG of a vessel (which, in general, means that less SOG results in less AIS
updates) [30], the distance and approach speed calculation measurements are considered
as very unreliable by the pilots as their readings significantly jump, become impacted by
deteriorating GPS information caused by signal disturbances close to port constructions,
and become less frequent with minor speed the closer the vessel is to approaching a quay.
Current maritime radar systems, which are installed on vessels or at the port, do not offer
an appropriate minimal detection range and resolution to support berthing.

The technical concept of the Reference Points originates from the way 1D LiDAR
sensors work. These emit a light pulse that is reflected by the targeted object. The distance
is then measured using the time deviation between emitting and receiving the light pulse,
using the speed of light. In some cases, LiDAR sensors can receive multiple echoes of an
emitted light pulse. Based on the opening beam of the laser, an object can thus reflect several
light beams, so that several distances are measured [31]. Finally, the sensors’ software
decides which distance to use. Thus, the first echo corresponds to the shortest distance, the
last to the maximum distance measured.

Similar to this approach, a Reference Point also considers a set of data points. However,
instead of the individual LiDAR spot reflection echoes (which are handled in the sensors
firmware), it calculates the perpendicular distance and approach speed from the quay to a
vessel’s hull based on a set of LiDAR spots. Figure 2 shows the structure of a Reference
Point, which consists of an origin point p (left side) and a filter box defined by its length
l and the width w. In Figure 2 the point cloud is shown as black dots, where five of six
points are in the filter. If points are detected inside the filter, the distance to each point is
calculated. As it can be seen in the figure, we choose the perpendicular distance, which
determines the distance at a right angle to the Reference Point. The point with the smallest
perpendicular distance d to p sets the distance that is then reflected by the Reference Point.
Therefore, based on the working principle of LiDAR, the first echo is used as the output
distance. Changes in the distance are used to calculate a vessels’ velocity and acceleration
relative to the quay.
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Figure 2. Concept of a Reference Point. Origin p is the point to which the distance of a vessel is
calculated. A filter box is marked by dotted lines, which is defined by a length l and a width w.
Starting from the point, the perpendicular distance to a ship is calculated, which is marked by a point
cloud (black dots).

Reference Points are defined for positions for that detailed distance and relative
speed calculations are relevant. For instance, for port entries and locks, they can support
identification of approach angles and check for appropriate speeds. Coupling them with
landmarks, such as cranes, quay meter marks, or fenders eases sailing by sight during the
very last meters of an approach. Depending on the minimum ship length that the BAS is to
support, at least three Reference Points per ship length should be placed evenly distributed
along the quay. This ensures that a vessels’ bow and stern (and therefore also the ROT) can
be tracked during the entire berthing process even with steeper and uncommon berthing
angles. Figure 3 shows the general setup of the proposed BAS.

 

Figure 3. Berthing Assistant System Concept. LiDAR sensor positions shown as dots and their
detection range in semi circles. Vertical Reference Points measure the distance in relation to quay
wall. Horizontal Reference Points shown in green measure the distance to meter mark zero.

Figure 3 depicts two LiDAR sensors, five vertical and one horizontal Reference Point
placed along the quay wall. The LiDAR Sensor detection range is shown by semicircles.
Vertical arrows and boxes mark the position of vertical Reference Points, which measure
distance in relation to a quay wall. Also, a horizontal Reference Point is shown, which
measures the forward SOG of a ship. This is also used to measure the distance to a stopping
point (i.e., end of a berthing location). The dashed rectangle identifies the area for that the
BAS offers support. The characteristics of the LiDAR Sensors (i.e., opening angle, resolution,
and supported distance), hull forms, and coatings as well as the environmental conditions
(e.g., rain and snow) determine the size of this rectangle. The width of the Reference Point
boxes determines the amount of LiDAR beam measurements to be considered for.

In this example, Reference Points have been placed in 10 m intervals on the quay wall
to support vessels larger than 30 m. The position of these Reference Points also corresponds
to meter marks along the quay. This physical mapping eases the pilots’ orientation with
respect to the electronically communicated values to the pilots PPU. Because berths in the
harbor usually have fixed dimensions, a Reference Point at meter mark 0 m indicates where
a ship has to stop. Due to a ship’s mass and the resulting relatively long breaking distance,
pilots and ship masters need to be informed early on how fast the ship is moving towards
the end of the quay. Therefore, the definition of horizontal Reference Points sometimes also
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make sense, e.g., to ease precise RoRo ramp berthing. Figure 3 illustrates such a horizontal
Reference Point at meter mark 0 m.

Besides the ship length and its mass, the overall harbor layout, it’s corresponding
berthing areas, and also application-specific requirements are further aspects that determine
the amount of the required Reference Points. For instance, RoRo ramp berthing benefits
from horizontal Reference Points, and crooked port areas and areas with strong currents or
winds might require a higher density of Reference Points. Finally, the amount of LiDAR
sensors and also their opening angle and resolution limits the amount of Reference Points.

Berthing Support Area Derivation and Operation Process

A Berthing Support Area (BSA) defines the precise geospatial area on a sea chart for
which the BAS system offers support. Following the concept of the Operational Design
Domain (ODD) from the automotive domain, this Support Area defines an area and a set
of operating conditions in which the assistance system is specified to function [14]. It can
generally be understood as a well-defined polygon Apoly covering the berthing area and
its immediate surroundings and a set of constraints C on parameters. The parameters
considered here consist of the sets Pcontrol , Pconstruction, and Penvironmental . The set Pcontrol
contains all parameters that define the control of a vessel (e.g., the speed over ground,
the heading, or the distance to the quay wall). The parameters that are defined by the
general construction of the ship, for example the hull size and coating, are defined in the
set Pconstruction. Moreover, the set Penvironmental contains all parameters that are defined by
the environment. These parameters are for example the current visibility, tide, winds,
or currents. These sets of parameters are not fixed and must be adapted to the local
circumstances and intended use of the system.

The total set of relevant parameters Pconstr for possible constraints results from the
union of these sets. A constraint cp ∈ C on p ∈ Pconstr is the restriction of such a parameter.
For numeric parameters, these are validity intervals, and for corresponding categorical
parameters, sets of valid values. With these the validity of the BSA comes down to:

BSA is valid ⇐⇒ ∀cp ∈ C : p.value ∈ cp ∨ ship.hull ⊂ Apoly

To derive a specific BSA and thus the polygon Apoly and all constraints on the set
of parameters Pconstr to finally gain a running BAS, we propose a BSA derivation and
operation process, which is depicted by Figure 4.

 

Figure 4. The BSA derivation and operation process. The former one includes set setup and validation
to gain Reference Points, while the latter summarizes the process for the Reference Points to be used
to determine the distance and speed measurements.

The port layout (e.g., quay size and layout, and accessibility) together with the nau-
tical requirements (port specific speed limits, and pilots and shipmasters’ demands for
support area e.g., based on relevant situation awareness criteria) are used to derive an
initial polygon.

Based on the ideal polygon requirements, suitable sensors (e.g., LiDAR or short-range-
radar) are selected and the corresponding sensor specifications (e.g., opening angle and
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measurement distance and precision) might confine the size of the ideal polygon and also
constrain the Pconstruction and Pcontrol parameters (e.g., opening angles and sensor position)
based on realizations of Penvironment (e.g., visibility for LiDAR). A basic mathematical model
(c.f. for details sec 5.1) is used to determine that the sensors are able to sense the vessel
within the BAS and within pre-defined Pcontrol constraints (e.g., common berthing angles).
For the resulting BSA, a world model of the berthing location (i.e., quay) is created that
stores the sensor positions, relevant quay wall structures and landmarks (that are used by
the ship masters and pilots for orientation) in a global coordinate system.

By a simulation, the BSA is validated with respect to relevant Pconstruction variants
and corresponding constraints are derived. Finally, Reference Points are manually set
in the world model based on pilots’ and shipmasters’ demands (e.g., Reference Points
attached to meter marks, fenders, or other relevant landmarks used for orientation during
the berthing process).

Regarding the operation phase, the first step is the acquisition of the raw sensor data.
These measurements are converted to X, Y, and Z points using a coordinate transformation
and a global coordinate system is established. After this step, a filter process is applied to
the resulting point clouds. Because a Berthing Support Area was derived in the creation
process, the LiDAR points can be filtered with respect to that. As a result, only points
located within the Berthing Support Area are further processed. The next step is the filtering
of LiDAR points for each Reference Point. Based on the structure of these, the dimensions
of a filter area were defined. This is used to filter data points for each Reference Point. For
each filtered data point, the perpendicular distance to the Reference Point is calculated.
Then the point with the minimal distance to the Reference Point is chosen. Changes in
distance are used to calculate approach speed and acceleration.

5. Use Case: SmartKai, a LIDAR- and Shore-Based BAS

We implemented the process as part of the SmartKai project [32]. In this, a shore-based
laser system for the detection and support of berthing maneuvers of seagoing vessels is
being developed. It focuses on a shore-based infrastructure to support pilots and nautical
personnel on a ship’s bridge. Based on laser sensors, a situational picture of the berthing
process should prevent accidents and damage to port infrastructure. Besides LiDAR
sensors, SmartKai considers further sensors to observe a docking area such as AIS, video
cameras, and sensors to collect environment-related data such as weather and visibility.
During berthing, these data are transferred via a mobile network to the pilot’s PPU, which
visualizes a sea chart with a vessel’s hull form (i.e., the pre-filtered LiDAR points) together
with the perpendicular distance, approach speed, and acceleration for each Reference Point.

The implementation of the proposed system was performed in front of the Han-
noverkai in Wilhelmshaven, Germany. We chose this berthing location because it lies in an
enclosed area with no tidal influences and currents to minimize influencing factors. The
experiment setup of our prototype is shown in Figure 5.

The bold dots identify the position of the two 2D LiDAR sensors. The sensors are
positioned in a straight line along the quay wall and have been positioned at the same level
of height with a distance of 80 m between them. The resulting LiDAR point cloud can be
seen in Figure 5b. Points on the left and bottom belong to the quay wall itself, and on the
right a ship can be seen.

For the experimental setup, two 2D LiDAR sensors from SICK are used (LD-LRS 3611).
Table 1 summarizes the relevant information of these sensors. The LD-LRS 3611 provides a
maximum detection distance of 250 m at 90% remission with an opening angle of 360◦. For
the experiment, the sensors were configured to operate at 5 Hz, with an angle resolution
of 0.125◦ and an opening angle of 300◦. Because the ships are moving relatively slowly,
we trade scanning frequency for a higher angular resolution to improve the recognition of
smaller vessels. Measurements of these sensors are collected using two sensor processing
units as illustrated by the two rectangular boxes close to the sensors (Figure 5a) and shown
by Figure 6.
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Figure 5. (a) Prototype implementation of SmartKai in the port of Wilhelmshaven, Germany. Red
dots mark the position of two 2D LiDAR sensors. (b) Resulting LiDAR data from 2D LiDARs installed
at the quay wall. Quay wall outline and a ship on the right image can clearly be seen.

Table 1. LiDAR specifications SICK LD-LRS 3611.

Model SICK LD-LRS 3611

Light source Infrared (905 nm)
Scanning frequency 5 Hz–15 Hz

Angular Resolution 0.0625◦ (interlaced), 0.125◦, 0.1875◦, 0.25◦,
0.375◦, 0.5◦, 0.75◦, 1◦

Working Range 5 m–250 m
Opening Angle 360◦

Scanning Range at 10% Remission 120 m
Systematic Error ±38 mm
Statistical Error 30 mm

 

Figure 6. Sensor processing unit with battery backup that records the data from the LiDAR sensors
together with various other sensors, such as AIS, camera, and weather-related information, and also
communicates processed information via the mobile network.
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These sensor processing units are equipped with an Industrial PC (IPC), backup
battery, and a network switch. Their task is to aggregate data from all sensors (AIS, camera,
environmental, and LiDAR) and to process these in a distributed setup. To keep the latency
between a sensor and IPC low, everything is connected via ethernet cables. Each sensor’s
processing unit runs our implementation based on a real-time multi-sensor framework.
Using this, we are able to record and replay data from multiple sensors, and save them
with highly accurate, synchronized timestamps. Thus, for SmartKai, this software is used
to record time synchronized data from all sensors in Wilhelmshaven.

One of these processing units is also equipped with an LTE router, enabling informa-
tion transfer to the ship using a mobile network. Data transfer from processing units to
pilots on the ship is realized using the text-based Message Queuing Telemetry Transport
(MQTT) protocol. This allows us to use web sockets in addition to supporting a high
bandwidth of end devices.

For the experiment, we had access to the port operation ship Argus with a length of
16 m (c.f. Table 2) and we therefore defined Reference Points equally distributed every 5 m
between both sensors to ensure that at least two Reference Points can capture the ship at
any time within the BAS support area.

Table 2. Test campaign ship Argus.

Attributes Argus (NPorts)

MMSI 211327610
Ship Type Other

Length 16.08 m
Width 4.8 m

Draught 1.1 m

Figure 7 shows an image of the ARGUS during the test campaign in Wilhelmshaven.
The vessel has a white cabin on top. The hull is black, with the bow higher than the side.

Figure 7. NPorts Port operation ship ARGUS.

5.1. Derivation of Berthing Support Area (BSA)

In order to create a reliable BAS, we defined an area in which the BAS can provide
support. In this area, we can ensure the functional safety of our approach. The size of
this area is significantly influenced by how well a vessel is detected by the LiDAR sensors,
measured by the point density. If only a few points are available for a ship, these can also
be considered as point outliers. In the worst case, an object is not detected at all. Therefore,
in order to define the area, influencing factors for the sensors must first be defined. These
can be subdivided into hardware limitations and environmental influences. The former is
defined by the installed components (i.e., laser) and is reflected in the sensor specifications
(i.e., range at 10% remission). Regarding environmental influences, precipitation and
visibility (e.g., fog) are named in most cases, which limit the maximum range of the
sensors [33,34]. Furthermore, the point density for the detection of an object is influenced
by the angle between the object and the LiDAR sensor, due to the angular resolution of
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the device. If the hull of the object is at a right angle to the sensor beam, many points are
reflected while the density decreases as the angle gets smaller [35].

In our experiment, we focus on the specification of the sensors and the angle between
the sensor and the ship to define the BSA. In this we will consider the possible illumination
of vessels based on the sensor specification and setup. The influence of environmental
conditions on LiDAR sensors is difficult to estimate and depends on the sensor model [34].
Therefore, the influence of weather is difficult to measure, and we have too little information
to consider this for the BSA.

In the following, the geometric model on which the BSA is based is described. Start-
ing from a sensor at position psens = (xsens, ysens) and a ship side surface at position
pship =

(
xship, yship

)
with an angle of attack α.

The equation for the approximated hull is thus defined as:

→
hull =

(
xship
yship

)
+ λ ∗

(
cos(α)
sin(α)

)
The two points hull1 and hull2 around pship are now defined on this linear equation

by choosing the following values for λ.

λ1 =
n

2 ∗ sin(α)
and λ2 = − n

2 ∗ sin(α)

By choosing the λ values, the two points now have the property of a fixed distance
of n meters in the y-dimension. This is chosen because the Reference Points have a width
of n meters and are defined for this model along the y-axis. This relationship is visible
in Figure 8a.

(a) (b) 

Figure 8. (a) Relationship between sensor position, ship-angle, and section width. (b) Contour-map
of the number of rays that hit a section surrounding each position on the map.

As a criterion for safety, a minimum number of M points is therefore required, which
fall within the range of a Reference Point. That is why it is important to determine how
many sensor beams can actually hit the n-meter wide Reference Point optically. For the
number of sensor beams, the angular resolution ω of the sensor and the angle opened
between the two hull points and the sensor are relevant.
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Starting from the sensor, the direction vectors to the two hull points are therefore as
follows and the angle δ results from this to:

→
l1 =

((
xλ1
yλ1

)
−
(

xsens
ysens

))
and

→
l2 =

((
xλ2
yλ2

)
−
(

xsens
ysens

))

δ = cos−1

⎛⎜⎜⎝
→
l1 ∗

→
l2∣∣∣∣→l1 ∣∣∣∣ ∗ ∣∣∣∣→l2 ∣∣∣∣
⎞⎟⎟⎠

From num_rays = δ/ω we gain the number of rays hitting the ship’s hull at position
pship in an n meter section along the y-axis at an angle of α degrees to the quay wall. By
performing this calculation over a grid of positions, a map with the corresponding number
of possible rays can be created for each position. For a mooring angle of −15◦ relative to
the quay wall, this is shown in Figure 8b with a minimum of 10 rays for a 5-m section.

As can be seen in the figure, this approach allows it to create a contour map for an
area depending on application angles, sensor positions, and section widths. Depending
on the desired safety level, the contour can now be exported for the required minimum
number of beams and used as a polygon in the further process.

With the described model, the nautical requirements, and the sensor range, a BSA
could be defined. As a result of the discussions with the pilots, a range of 100–120 m is
required to ensure a safe approach and docking. Because the sensors also have a 10% range
of 120 m, the BSA was defined accordingly to a range of 120 m × 120 m.

5.2. World Model Generation

Regarding the data processing pipeline, we first extract a model of the quay wall from
the raw LiDAR data (Figure 5b) and set the Reference Points. For this, a box filter is used to
extract the points which define the quay wall. These are then processed by a concave hull
algorithm to compute a polygon of the quay wall. Thus, only the outer hull of these points
is used to define the quay wall geometry. This model is then used to set Reference Points
along the quay wall. In Figure 9, the extracted quay wall model is shown.

 

Figure 9. Quay wall model extracted from a point cloud. Black dots show the position of the LiDAR
sensors. Polygon on the left shows the extracted quay wall shape. Orange boxes show the location
and box filter of the defined vertical Reference Point filters. Additional horizontal Reference Point is
marked as green rectangle.
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On the left side, the determined quay wall can be seen as a black polygon. In addition,
the positions of the LiDAR sensors are indicated by black circles. The vertical and horizontal
Reference Points are shown as orange and green rectangles. The horizontal Reference Point
(green) measures the distance and forward speed of the ship in relation to the end of the
quay wall (meter mark 0 m). The vertical Reference Points measure the transverse distance
and docking speed. According to the concept, vertical Reference Points can be placed at
the corresponding meter marks, which, however, are not available at the Hannoverkai in
Wilhelmshaven. In relation to our concept, we defined reference points along the quay
wall every 5 m to reflect the size of the Argus ship with a total of 24 reference points. An
additional one was defined at the southeastern part of the quay wall, since this is where
the ship is supposed to come to a stop. The horizontal Reference Point was also placed at
this point.

5.3. Processing Pipeline Implementation

In this chapter, the data processing pipeline for live LiDAR data is implemented. The
first step is to read the data from all the sensors. These send an array of distances, which are
transformed to points to create point clouds. After this, using coordinate transformation,
all point clouds are aligned relative to each other to create a global coordinate system. The
result of this step is shown in Figure 10.

 
(a) (b) 

Figure 10. (a) Raw LiDAR data transformed into a global coordinate system. In green: identified
quay wall, red: static infrastructure removed from further processing. (b) resulting data after point
cloud preprocessing. Quay wall points were replaced by the quay wall shape resulting from the
world model.

As can be seen in the left image, a quay wall, ships, and fixed infrastructure can clearly
be identified. Fixed infrastructure is marked by red boxes, while the quay wall is outlined
using green boxes. After the filtering process, only points of ships are left (b). After this step,
the LiDAR measurements are synchronized on a temporal level. Because multiple sensors
are used for the BAS, the measurement must be time synchronized. In our case, the sensors
operate in 5 Hz intervals. For time synchronization, we define a time window of 200 ms,
so that older measurements are discarded if the difference to the newest measurement is
higher. Point clouds are then further processed by Reference Points. The length of the box
filter was set at 120 m. This value is based on the specifications of our BSA calculation. The
width of our Reference Point is set to 5 m, as the ship under consideration has a length of
16 m, and we defined that at least three Reference Points need to be defined per ship length.
This value compensates for gaps in the LiDAR data, as shown in Figure 5b. A higher width
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can thus compensate for larger gaps in point clouds. For the horizontal Reference Point,
120 m in length was also defined, so that these correspond to the vertical Reference Points.
The width extends over the entire quay and thus corresponds to 120 m.

6. Evaluation

This section presents the evaluation of our BAS. Firstly, we describe the conducted test
campaign and the defined scenarios. Secondly, we evaluate the precision, robustness, and
stability of our system by using parallel sailing scenarios. Then we show how our system
behaves in berthing scenarios in the port of Wilhelmshaven and compare our measurements
with a DGPS sensor as a reference measurement. We will close with a discussion of the
results and further improvements for our system.

6.1. Test Campaign Design

For the evaluation, we conducted a test campaign in Wilhelmshaven using the
SmartKai prototype implementation and evaluated two types of maneuvers: parallel
sailing along the quay and common regular berthing approaches as plotted by Figure 11.

(a) (b) 

Figure 11. Test campaign scenarios (a) parallel sailing (scenarios 1.1–1.4), (b) berthing maneuvers
(scenarios 2.1–2.3).

Because vessels over 200 m approach with berthing angles < 0.5 degrees but the ship
available for the test campaign was much smaller, we decided to sail parallel tracks in
four different distances to the quay: 20 m, 40 m, 60 m, and 150 m. We did not consider
closer distances as the detection range of the LD-LRS 3611 sensors started above 5 m and
chose 150 m as the maximum distance based on weighting the requirements of the pilots
that stated 120 m as the berthing initiation range with the technical characteristics of the
LiDAR Sensors (we expected the best detection results until this distance even for bad
weather situations). All these tracks had a similar length of around 125 m, were sailed
with nearly 3 kn, and the track times were each between 92 and 98 s. For the 20 m parallel
track, the vessel slowed down and initiated a turn towards the end of the track to avoid a
collision with the adjacent quay wall. To have comparable parallel tracks, the 20 m track
was therefore cut, starting from the point that the berthing angle was >5 degrees.

Moreover, three different berthing maneuvers were performed (c.f. Figure 11b). For
berthing, the ship started north of our berthing location heading towards the quay. The
ship is approaching the location with a berthing angle of 15 degrees and an initial speed
of four knots and continuously reducing it to one knot. A berthing angle of 15 degrees
was the maximum of what was typically observed for smaller vessels without tug boat
assistance [16], such as the Argus ship. The shipmaster’s target was to berth between
the two LiDAR sensors. This scenario was also varied with a start speed of six knots.
Because our LiDAR sensors have a minimum range of 5 m, they were clipped up to this
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distance. The track lengths vary between 38 and 54 s due to the different starting positions
and velocities.

The Argus ship master performed all maneuvers by navigating manually with the help
of the onboard bridge systems (ECIDS, compass, and GPS). For the experiment, we installed
an additional IMO approved (transmitting heading and satellite navigation device) DGPS
sensor (JRC JLR-21) centrally on the ship, which enabled us to record the sailed maneuver
tracks with more precision and keep it in sync with the LiDAR sensor measurements. In
our configuration, the sensor provides a minimum accuracy of 6 m by specification, which
is less accurate than the LiDAR sensor. But there were no buildings or other infrastructure
on the quay wall that could affect the DGPS measurements. Good weather conditions were
also present during the test campaign. Without clouds, rain, or other influencing factors for
the DGPS signal, and therefore with very good satellite coverage, we assume the DGPS
fixes to be much more accurate and precise than the corresponding minima stated in the
sensor specifications.

We defined Reference Points along the quay wall starting from the south-east sensor
(c.f. Figure 9) every 5 m to reflect the Argus ship size for a total of 120 m resulting with
24 Reference Points. An additional Reference Point was placed at meter mark 0 m to
indicate where the ship needs to stop. We also aligned a vertical one to the southern quay
to communicate forward speed and distance from there as well. The length of the vertical
Reference Points was increased to 150 m to cover the 150 m maneuver track. The same
applies to the width of our horizontal Reference Point.

The following Section 6.2 covers the results of the parallel sailing maneuvers, whereas
Section 6.3 focuses on presenting the results of the berthing scenarios with higher berthing angles.

6.2. Parallel Sailing Results

For the parallel tracks a maximum variance by half the width of the ship can be
expected. This is because when entering the area of a Reference Point, the bow of the ship
is detected first, followed by a gradual inclusion of the outer hull of the ship. Therefore, for
the ship used for this paper, the expected maximum variance is 2.4 m.

Figure 12 depicts the four parallel scenarios and for the three sensor combinations
the 95% interval together with the expected maximum variance of 2.4 m for the mea-
sured distances for each Reference Point (x-axis, numbered vertical Reference Points with
5 m spacing).

It can be seen that almost all measurements are within the expected variance, and also
that with increasing distance the measurements fluctuate less. This can be explained by
the higher point density especially at close ranges and the resulting better resolution of the
bow. At higher distances, effects such as the lower point density and widening of the beam
for better detection of the outer hull have to be considered.

Considering a Reference Point spacing of 5 m and a parallel sailing ship of 16 m length,
on average 3.2 adjacent Reference Points are expected to communicate simultaneously a
parallel sailing ship in 20 m, 40 m, 60 m, and 150 m. Table 3 shows the mean and standard
deviation divided according to the parallel runs. Here, the entry and exit times were
removed so that the ship is completely inside the BSA.

For the first three scenarios with minor distances, the average is above the expected
number of 3.2. In the 150 m scenario the ship sails outside the calculated BSA that requires
at least three simultaneous measuring Reference Points. A significant reduction of the
mean of measuring Reference Points for the 150 m scenario confirms the expectation. The
standard deviation is around 0.5 for all scenarios. With increasing distance to the quay
wall, the number of Reference Points that simultaneously detect a ship is reduced nearly
linearly. Based on the calculations, we can also conclude that three reference points per
ship length cannot be achieved in the 60 m scenario due to the standard deviation. In the
initial sailing phase of the scenario, only the bow of the ship is detected. After the ship
has passed the second sensor, the stern is also illuminated so that three Reference Points
detect the ship. The illumination is therefore dependent on the relative positioning of the
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ship to the sensors. However, it is necessary to investigate why the average within the BSA
is above the expected value of three. Figure 13 shows for each timestamp the number of
Reference Points that simultaneously detect a ship for the 20 m scenario including the entry
and exit times.

Figure 12. Measured distances against the maximum allowed spread for each sensor and sce-
nario configuration.

Table 3. Number of Reference Points that detect a vessel simultaneously.

Scenario Mean STD

1.1 (20 m) 3.72 0.54
1.2 (40 m) 3.56 0.54
1.3 (60 m) 3.34 0.53

1.4 (150 m) 2.42 0.49

In the first few seconds the ship enters the BSA, the number increases. As soon as the
ship has completely entered the BSA, at least three Reference Points are able to measure
the ship (after 16 s). It is noticeable that in short time intervals the number of Reference
Points which recognize a ship briefly sinks or rises (example: between 60 s and 80 s). In
these moments the ship leaves one Reference Point and changes to the next one, so that the
number changes. The fact that the number is above the expected value of three is therefore
due to the fact that with a 16 m ship length divided by 5 m a surplus arises. If the ship is
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seen by three Reference Points, the bow and stern can be in the adjacent Reference Points
so that it is seen by five.

Figure 13. Number of active Reference Points during the 20 m scenario.

In addition to the number of active Reference Points, we also measured how often
these were turned on and off. One would expect a ship to enter and exit each vertical
Reference Point just once. A higher toggling number is an indicator that point outliers may
occur, which would result in causing false alarms. We therefore measured how often a
Reference Point is triggered, which is listed by Table 4.

Table 4. Number of activations per Reference Point.

Scenario Mean STD Max

1.1 (20 m) 1.16 0.46 3
1.2 (40 m) 1.12 0.32 2
1.3 (60 m) 1.12 0.32 2

1.4 (150 m) 1.32 0.61 3

For none of the scenarios the expected value of one activation per scenario was reached.
For the 20 m and the 150 m scenario a Reference Point was activated three times. In the
20 m scenario this was caused by point outliers caused by the relatively tiny hull size of the
ship. Due to the fact that 2D LiDAR sensors were used, movements of the ship on the X or
Z axis result in suddenly seeing other parts than the hull such as objects on the ship’s deck.
For the 150 m scenario, we realized that the point density of the ship is significantly lower
than for the other scenarios. Due to the minimum number of points that must lie within a
Reference Point in order to perform a distance measurement, measurements are discarded
more often, and thus false alarms are produced more frequently. We therefore checked
how often measurements were discarded. For this purpose, we collected the number of
successful and unsuccessful measurements. Successful in this context means that there are
at least five points per Reference Point measurement. Otherwise, measurements are not
successful and were not considered. Figure 14 summarizes the number of successful and
unsuccessful measurements for each scenario.

We recognized that with higher distance the point density decreases, and the number
of unsuccessful measurements increases. Regarding the 150 m scenario, approximately 25%
of our measurements were not considered because of the low point density. The still high
amount of successful measurements indicates that the IMO positioning fix requirements
of 1 Hz while berthing can be fulfilled with the 5 Hz sensor. To investigate this in more
detail, we measured how many times per second a Reference Point takes a measurement.
The factors that influence the calculation rate are the time synchronization of the LiDAR
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measurement and the failure rate due to too few points. Figure 15 shows the calculated
average Hz number for each scenario.

Figure 14. Number of successful and unsuccessful measurements of Reference Points. With a raising
distance the number of successful measurements decreases.

Figure 15. Average Hz of Reference Points per scenario.

Due to the refresh rate of the sensor, the upper limit is 5 Hz, and our results are very
close to this value. However, it is noticeable that there are a few outliers. The lowest value
can be observed for the 150 m scenario (4.2 Hz).

6.3. Berthing Maneuvers Results

Scenarios 2.1–2.3 define the other extreme of berthing maneuvers with an angle of
15 degrees (which is in fact a typical berthing angle for small ships such as the one we used
for our experiments). We evaluated the distance to Reference Point, speed, forward speed,
and distance to meter mark 0 m. For these metrics, we examined the deviations from the
DGPS. Because in general we expected the accuracy and precision of the DGPS to be much
lower when compared to LiDAR, we focused a comparison of the measurement deviations
to verify the stability of the Reference Point measurements.

We will start with the comparison of the measured distances on vertical (distance to
the quay wall) and horizontal (distance ahead) level. It is expected that the variance of the
measurements is low and thus a constant deviation between both measurement methods is
achieved. Because several Reference Points were defined along the quay wall, but a DGPS
sensor only determines a single position and speed, the measurements of the Reference
Points are combined. Therefore, the shortest distance of all Reference Points is used as a
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reference value to compare it with the DGPS. Based on the determined positions of the GPS
sensor, we calculated the vertical distance to the quay wall and the horizontal distance to
enable the comparison.

Figure 16 shows the vertical (a) and horizontal (b) deviations between the Reference
Point measurements and the DGPS.

(a) (b) 

Figure 16. Vertical ((a), left) and horizontal ((b), right) deviations between DGPS sensor and Refer-
ence Points.

In scenario 2.1, the variance of the measurements is small compared to other scenarios.
However, with respect to the horizontal distance measurements, outliers are present. In
the second scenario (2.2), the highest variance is present. Accordingly, the minimum and
maximum values are also high. Due to the high range of values, there are also no outliers.
In the third scenario, the variance is similar to that of scenario 2.1 (vertical and horizontal).
However, outliers are also found here, especially below the minimum value. To first check
for outliers in the first scenario, we first examine the horizontal distance measurements.

Figure 17 shows the horizontal distance measurements to the quay wall for scenario 2.1.

Figure 17. Scenario 2.1 horizontal distance to quay wall.

Up to second 32, the deviations between the measurement methods are relatively
constant. From this point on, however, the horizontal Reference Point shows fluctuating
distance measurements, which causes the outliers in Figure 16b. Regardless of the scenario
considered, these anomalies are also found in other scenarios (cf. Figure 16 scenario 2.3),
although we ascertained that the length of these phases is smaller.

The next step is to investigate the high variance in scenario 2.2. For this purpose,
Figure 18 shows the horizontal distance to the quay wall (a) and the heading of the ship (b).
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(a) (b) 

Figure 18. Scenario 2.2 horizontal distance to quay wall (a) and ships heading (b).

It is particularly striking that the deviations between the two measurement methods
decrease between 15 s and 27 s. This increases the variance of the measurements, which
is reflected in the Figure 16b. However, the reason for this behavior is unknown. As can
be seen from the right side of the figure, the ship did not change course. In the period
under consideration, only a course change of <1◦ was made. We also checked the quality
of the DGPS measurements. However, the number of satellites was constant at 8 and the
Horizontal Dilution of precision (HDOP) was 1. Infrastructure at the mooring was not
available, so the GPS measurements were not exposed to any influence. We therefore
assume that this is an anomaly.

The next part is the comparison of measured speed between Reference Points and
DGPS. For these we examine the average, standard deviation, mean error, and rooted
mean squared error (RMSE) to be able to make a statement about the stability of the
measurements. Due to deviations in the distance measurements (see Figure 16), we have
removed all speed values greater than 10 m/s, as this leads to disproportionate deviations.
However, they will be analyzed in more detail in the following. Table 5 shows the vertical
velocity measurements (quay wall approach speed) of the respective scenarios.

Table 5. Comparison of vertical approach speed between Reference Points approach and DGPS
measurements using berthing scenarios (Scenarios 2.1–2.3).

Reference Points DGPS Deviations

Scenario Mean STD Mean STD
Mean
Error

RMSE

2.1 0.68 m/s 0.11 m/s 0.66 m/s 0.1 m/s −0.01 0.11
2.2 0.89 m/s 0.19 m/s 0.83 m/s 0.19 m/s −0.07 0.21
2.3 0.81 m/s 0.15 m/s 0.8 m/s 0.09 m/s −0.01 0.14

The table shows that the measurements of the two methods are quite comparable. In
all scenarios the absolute deviation is below 0.07 m/s (peak in Scenario 2.2). The highest
deviation was recorded in scenario 2.2, in which the position anomalies on Figure 18
cause varying velocity anomalies to be measured. However, the standard deviation of the
Reference Points is consistently higher than that of the DGPS, so that the measurements
vary more strongly. Due to the higher measurement rate of the LiDAR sensors (5 Hz)
compared to the DGPS (1 Hz), more velocity measurements were recorded, which led
to higher deviations. Table 6 shows the measured forward velocities of the horizontal
Reference Point and the DGPS.
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Table 6. Comparison of forward speed between Reference Points approach and DGPS measurements
using berthing scenarios (Scenarios 2.1–2.3).

Reference Points DGPS Deviations

Scenario Mean STD Mean STD
Mean
Error

RMSE

2.1 2.09 m/s 0.98 m/s 2.08 m/s 0.25 m/s −0.01 0.99
2.2 2.52 m/s 0.95 m/s 2.59 m/s 1.21 m/s 0.08 1.44
2.3 1.59 m/s 0.7 m/s 1.6 m/s 0.34 m/s 0.01 0.63

Again, the absolute deviation to the DGPS is relatively small and is below 0.08 (peak
again in scenario 2.2). Again, however, the standard deviation of the Reference Points is
higher in scenario 2.1 and 2.3 than for the DGPS. Especially in scenario 2.3, the standard
deviation is two times higher.

The highest speed deviation between both systems was recorded for scenario 2.3 (peak
deviation). We also observed a high standard deviation for the Reference Points in this
scenario, compared to DGPS. Because the velocity is calculated based on the measured
distance, we further investigated in the distance measurements of scenario 2.3. Figure 19
depicts the distance to meter mark 0 m and the resulting forward speed of the vessel.

(a) (b) 

Figure 19. Horizontal distance to meter mark 0 m (a) and forward speed for scenario 2.3 (b).

We observed that the deviation in distance between the DGPS sensor and the hor-
izontal Reference Point is relatively constant between 5 and 8 m apart (cf. Figure 16b).
However, between second 0 and 3 we measured jitter in the horizontal distance to meter
mark 0 m. Because this generates incomparably high-speed measurements, they were
removed. Velocity anomalies were also measured in the time range between 35 and 37.
This results in speed deviations; thus, we calculated a maximum above ~8 m/s and a
minimum below ~−4 m/s in forward speed. Due to the high update frequency of the
LiDAR sensor (5 Hz) and distance change in a small time-window, the resulting forward
speed is high. Compared to the DGPS, we can see that the reference points take varying
velocity measurements, thus resulting in jitter. In comparison to the DGPS sensor, less
frequent speed changes can be observed. High-speed deviations were also observed for the
other scenarios. Therefore, to improve the stability of the measurements, a filter is required
to smoothen the speed measurements for the nautical personnel.

7. Discussion

After considering the results of the previous section, it appears that the concept of
Reference Points is promising. We applied the Reference Point method to four parallel and
three berthing tracks with the port operation ship Argus and specifically focused on the
corner cases (very small berthing and very high berthing angles).

240



J. Mar. Sci. Eng. 2022, 10, 385

Our setup is based on defining at least three Reference Points per ship length to ensure
that a future system could also calculate berthing angles and rate of turn (ROT) based on
the Reference Points. We showed that this can be ensured as long as the ship is within the
specified sensor range. As soon as the ship is outside the BSA (for the 150 m scenario) and
thus outside the specifications, only two reference points could simultaneously detect the
ship. Running with 5 Hz, the IMO requirements that require 1 Hz fixations can be easily
achieved (we reported at least 4.2 Hz with an average close to the maximum refresh rate of
5 Hz). Verification of the spread of measurements showed that almost all measurements at
all reference points were within the range that we anticipated.

The comparison between LiDAR and GPS showed that deviations were within the
expected range of half a ship width (with the GPS antenna assumed to be installed at the
center of the ship). Nearly all of the deviations can be explained by a dependence on the
heading, because the ship’s hull is longer than it is wide and the LiDAR sensors detect the
hull of the ship while the GPS measures the position at the ship-center. Thus, a change of
the orientation has no effect on the GPS measurement, but directly one on the measured
minimum distance via LiDAR.

Furthermore, when looking at the results, it is noticeable that many of the errors
mentioned above occurred during fluctuations of the LiDAR measurements and thus
individual measured values led to outliers. This can be explained to a large extent by the
prototypical design of the system, where the LiDAR was positioned a little too high. It can
be seen on the picture of the ship (Figure 7) that the shape of the hull in the middle of the
side does not reach the same height as at the bow and stern of the ship. If the ship is now
positioned unfavorably to the sensor, it is therefore possible that the hull was not ideally hit
and thus the structure of the ship is briefly measured. Therefore, to improve detection for
smaller ships, 3D LiDAR sensors must be applied. This would make it possible to reduce
the outliers, because measurements are not only made on the horizontal plane. For bigger
vessels (which are actually the targeted ones), these kind of LiDAR fluctuations would not
be expected.

Regardless of the point measurement errors, it remains a problem to use the sensor
values directly to determine the speed. Our velocity measurements have shown a high
standard deviation and the reliability of these are therefore low. Due to the high frequency
of the LiDAR sensors, small distance deviations provide high speeds. Therefore, these
must be filtered before they are used. Assuming that the reason for the deviations is
the frequency of the measurements, we decided to calculate them only once per second
(1 Hz) to compensate for the fluctuations. Figure 20 plots the horizontal speed calculation
for scenario 2.3.

Figure 20. Comparison of speed filtering methods for scenario 2.3.

The DGPS measures velocity in 1 Hz intervals, with measurements based on LiDAR
in 5 Hz (sensor specification) and in 1 Hz. The calculation in 5 Hz intervals shows high
fluctuations compared to the DGPS. But if the velocity is calculated only once per second,
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the fluctuations are massively reduced. Only between second 34 and 37 are high deviations
found in the LiDAR data, so that outliers are generated. However, these outliers are
much lower than previous measurements. To further investigate the performance of these
methods, Table 7 shows the mean, standard deviation, and RMSE compared to the DGPS
of all methods.

Table 7. Comparison of speed filtering methods.

Method Mean STD RMSE

DGPS 1.6 0.34 -
LiDAR 5 Hz 1.59 0.7 0.63
LiDAR 1 Hz 1.6 0.34 0.17

If the speed measurement is performed only once per second, the deviations are
close to those of the DGPS and reduce the RMSE from 0.63 to 0.17. The precision and
accuracy of the used DGPS sensor is not a sufficient ground truth for evaluating the LiDAR
sensor to validate the accuracy of the velocity measurements. However, a reduction in
fluctuations would lead to better stability to present more consistent measurements to
nautical personnel. Nevertheless, because we do not have ground truth, it is also possible
that more accurate velocity values were obtained from the LiDAR measurements. Future
work should therefore select appropriate filtering techniques and collect ground truth
measurements to validate the calculations.

Another point we noticed during the evaluation is that it is relatively difficult to
evaluate LiDAR-based methods. Because these sensors can have high accuracy down
to the millimeter range, only a few comparable sensors can be found. Therefore, better
evaluation sensor technology must be used for ground truth measurements. It is also
difficult to evaluate the robustness and reliability of the system. LiDAR-based techniques
are dependent on various weather conditions, so long term testing is required. Alternatively,
realistic ship and sensor simulations must be used to test all possible situations.

8. Conclusions

In this paper, we presented a ship-independent mooring assistance system based on
LiDAR sensors. For this, we summarized interviews performed with pilots in the form
of workshops and derived requirements for our proposed BAS. Then we presented the
current state in shore-based assistant systems and checked if these can cover all of the
pilots’ requirements that we ascertained. We found that most systems make use of non-
deterministic or black box algorithms, so that the functional safety is hard to ensure. We
have therefore introduced the concept of a Reference Point. They can be arbitrarily placed
on a mooring site e.g., to reflect typical landmarks that pilots typically used for orientation
to during berthing. We have placed vertical Reference Points along the quay wall to
measure the distance to the quay wall and the approach speed. Horizontal Reference Points
are placed at the end of the berth to measure the approach distance and speed. To ensure
functional safety, we defined a Berthing Support Area based on the port structure, sensor
specifications, and pilotage requirements. The BSA was determined by a mathematical
model and defines an area in which the support is provided by calculating the possible
illumination of a target by LiDAR sensors.

We implemented the BSA within the SmartKai project and installed the system at a
berth in Wilhelmshaven in Germany. For the evaluation of our BAS, we conducted a test
campaign using this prototypical setup. We performed several scenarios (parallel sailing
and berthing scenarios) to verify that our BAS conforms with the requirements derived
based on pilot interviews. Our results show that we can fulfill most of our requirements.
The BAS conforms to the IMO Resolution A.915 (22) with respect to the required update
frequency of 4.2 Hz > 1 Hz. We were able to achieve a high measurement stability, in which
only a few outliers could be found. Accuracy measurements require further investigations
with more accurate sensors than the applied DGPS sensors. We observed that the biggest
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challenge for our system is the speed calculation. Because of the high update frequency
of the LiDAR sensors, small distance deviations result in high-speed deviations. Thus, an
approach is needed to filter the distance measurements beforehand to retrieve accurate
speed calculations.

With the concept of Reference Points and the Berthing Support Area, we see additional
use cases that can be covered. In the future, we want to support pilots not only during
berthing maneuvers, but also during casting off. In situations involving tug assistance,
such a system could also offer important data not only to the captain of the vessel but also
to the skippers of the tugs, improving the coordination between vessel and tugboats. In our
interviews, the pilots have reported that not only the distance to the quay wall, but also the
rate of turn of a ship is an important information. Thus, using multiple Reference Points, the
heading of a ship and the rate of turn could be determined. Warnings, for example, at high
approach speeds or high rate of turns could also provide additional support. Therefore,
captains and pilots should be warned about a possible danger to improve the safety of the
berthing process. Further use cases include support during approaching lock entrances or
bridge crossings. The BSA can additionally be transferred to other LiDAR-based systems.

Furthermore, it is also possible to integrate our system into Berthing Planning Sys-
tems [36]. Compared to other systems, Reference Points are only loosely coupled with each
other. Therefore, our system can be dynamically split if needed (e.g., dividing one berth into
several), so that this flexibility supports harbor operators in the dynamic environment of the
port. This is especially useful for unintended berths, where berth locations are dynamically
allocated [37]. This approach can also support the planning of berthing processes in the
port. In [24] and [25], procedures were presented to solve the berth allocation and quay
crane assignment problem. The authors partition the berth into segments and assign a slot
to arriving vessels. This procedure can be supported by partitioning the reference points to
ensure a safe and efficient berthing process.
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Abstract: The maneuverability of ships is influenced by several factors, including ship design, size,
propulsion system, hull shape, and external conditions such as wind, waves, and currents. The
size, shape, and arrangement of the hull, rudder, and propeller are decisive for maneuverability.
Hydrodynamic forces such as bank effect and squat significantly impact the maneuverability of
large ships in narrow channels. With the increasing trend of building ever-larger ships, the demand
to evaluate the maneuvering performance of the ship at the design stage has become more critical
than ever. Both experimental and computational methods are used to obtain accurate maneuvering
characteristics of vessels. In this study, the methods for predicting ship maneuvering characteristics
are analyzed using a systematic review based on the preferred reporting items for systematic reviews
and meta-analyses (PRISMA). This article contributes to a deeper understanding of the hydrodynamic
capabilities of ships and identifies possible future challenges in the field of ship hydrodynamics.
The findings inform educators and the shipping industry about the importance of predicting the
maneuvering performance of ships, with an emphasis on the education and training of seafarers
needed to make timely decisions in critical situations.

Keywords: ship maneuverability; shallow water; hydrodynamic forces; bank effect; squat effect

1. Introduction

Ship maneuvering has been the subject of extensive research for many years, par-
ticularly regarding the influence of hydrodynamic forces. There is extensive literature
on this subject, which demonstrates the importance of understanding and analyzing the
influence of these forces on ship maneuverability. The increasing size of ships, such as
large tankers and large containers, has increased interest in researching the hydrodynamic
performances of ships in confined waters. The increase in ship size is also accompanied by
an increase in the operating speed of the ship, which is between 16 and 25 knots. While
speed is not a priority for supertaskers with a capacity of 300,000 tons or more, which are
no longer a rarity in shipping, it is crucial for container ships which have reached a size
of 400 m and poses a challenge for Masters and pilots sailing in confined waters. Even
before the Ever Given ran aground in the Suez Canal, some countries initiated studies on
the passage of large container ships through their ports, as port pilots were increasingly
concerned about the maneuvering difficulties of such ships in increased wind conditions. A
serious incident in the Suez Canal, crucial to global trade between Asia and Europe, led to
a six-day canal blockade and caused enormous costs to the global economy. The grounding
of the Ever Given in the Suez Canal has brought focus to the safety and maneuverability
of large vessels operating in narrow channels and shallow waters. This incident led to an
in-depth study of the ability of large vessels to navigate in confined waters and renewed
focus of shipbuilders and researchers on improving safety measures and maneuverability
predictions [1–5].
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1.1. Maneuvering Characteristic

Determining the maneuvering characteristics of ships remains a very important re-
search topic in marine hydrodynamics. To gain a better understanding of ship maneuvers
and the predictability of maneuvering characteristics, both experimental and computational
tools must be used, with continuous improvement of existing models and development
of new ones. Given the current trends and challenges, ship designers and builders are
using advanced computer simulation and modeling tools to develop more accurate and
reliable mathematical models to optimize ship design and performance [6]. Since the
maneuverability of ships is considered very important for safety and efficiency, the Inter-
national Maritime Organization (IMO) has set stringent standards. As a result, there is
a growing demand for assessments of a ship’s maneuverability early in the construction
process [7]. These standards should be used to assess the maneuverability of ships, and
those responsible for the design, construction, repair, and operation of ships should be
aware of these standards [8]. Classification societies have established standards for testing
and certifying a vessel’s maneuverability, such as turning ability, course change and yaw
checking ability, initial turning ability, stopping ability, straight line stability, and course
keeping ability. All of these tests must be completed for the vessel to receive a seaworthi-
ness certificate from the relevant classification society. Once the maneuverability tests of
the ship’s maneuverability have been completed, the test results must be entered into the
wheelhouse poster, the maneuvering booklet, and the pilot card. It is important that the
wheelhouse poster is displayed in a clearly visible place on the navigating bridge so that
it is accessible to all navigating officers. The pilot card must be presented to the pilot on
arrival on the navigating bridge and must contain a brief explanation of the maneuvering
characteristics of the vessel. This is of utmost importance as all officers and pilots must be
familiar with the maneuvering characteristics of the vessel [9].

Research into the maneuverability of ships has been ongoing for decades. In the
mid-20th century, mathematical models were developed to better understand the resistance
and propulsion of ships, considering both existing and new designs. The need to develop
mathematical models arose not only from the need to better understand maneuvering,
but also from the need to find appropriate mathematical tools to predict the maneuver-
ability of ships. In the following years, as research in ship hydrodynamics progressed,
mathematical models became increasingly important and contributed to improving the
efficiency and safety of ships. With the construction of experimental tanks (towing tanks),
new mathematical models were introduced to cover different types of ships. Sea tests
in a towing tank focused on ships maneuvering in shallow and confined waters, and
appropriate mathematical models were developed to predict ship performance under the
influence of hydrodynamic forces. In parallel with the construction of the towing tank,
the International Towing Tank Conference was established as a voluntary association of
worldwide organizations whose goal is to predict a ship’s hydrodynamic performance
based on physical and mathematical results obtained using models of the towing tank. This
is particularly important for larger ships, where the influence of hydrodynamic forces can
be more significant when sailing in confined waters [10].

Sinkage and trim were not used in the mathematical models, as they were occasionally
added for the calculation of the squat. Maneuvering a ship is a difficult task due to the
influence of external factors such as wind, waves, and sea currents, and due to these factors
the draft, trim, and heel of the ship change. For this reason, wind and waves are included
in the maneuvering criteria. [11].

The factors that affect a ship’s maneuverability can be characterized as a combination
of external and internal factors. External factors depend on the area where the ship is
sailing and cannot be controlled, while internal factors are related to the ship’s design and
can be adapted to the sailing conditions. External factors include the influence of shallow
water and interaction with other vessels or the shoreline and the ship–ship and ship–shore
interactions. Internal factors include speed, hull structure, propulsion, and the rudder.
Adjusting these two factors can reduce the negative effects of external disturbances [12].
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Based on experimental results on the quality of course keeping, a ship that remains stable in
deep water can lose stability in a specific range of water depth when approaching shallow
waters. Upon entering shallow waters, a ship tends to regain stability and can be more
stable than in deep waters [13–15].

1.2. Methods Used to Predict Hydrodynamic Coefficient of a Ship

A hydrodynamic coefficient must be determined to predict the maneuvering motion of
a ship. The methods used for this purpose are the captive model test, system identification
techniques applied to the results of free-running model tests, and computational fluid
dynamics (CFD). The methods are represented in Figure 1 [16–18].

Figure 1. Methods used to predict the hydrodynamic coefficient of a ship.

The captive model test simulation is the most traditional and effective method for
determining the hydrodynamic coefficient used in mathematical calculations to predict
a ship’s maneuverability. In this test, a model of a particular type of ship is placed in a
closed tank called a towing tank, and certain parameters are measured, such as the change
in rudder deflection and the speed of the ship. The most common measurements in this
closed environment relate to the design of harbors and channels and to ship–shore and
ship–ship interactions [5,19]. The tests used for these measurements are the Rotating Arm
Test (RAT) or the Circular Motion Test (CMT), and the Planar Motion Mechanism (PMM)
test [20]. In the RAT or CMT test, a major static captive model test, the models are tested
in the towing tank using a rotating arm to obtain the hydrodynamic values of the yaw
velocity function, which takes place in the horizontal plane. The test can also be performed
in the vertical plane to obtain pitch velocity values [19,21].

The PMM test is a very common captive model test performed in the towing tank
when the model has a drift angle with a straight flow. This steady-state test is called the
Oblique Towing Test (OTT). In the dynamic test, the model is affected by forces of inertia.
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The information obtained from these tests includes damping coefficients, acceleration, and
velocity [19,20,22]. The main PMM tests are pure drift, sway, and yaw.

System identification techniques are tools developed in control engineering to create
mathematical models of dynamic systems from measured data. The maneuver coefficient
is often based on experimental data. System identification techniques can be applied to the
results of free-running model tests with a ship model in the towing tank [6,23].

There are three basic types of mathematical models for predicting ship maneuvering:
the Abkowitz model, the Mathematical Maneuvering Modeling Group (MMG) model, and
the Response model [6,24].

The Abkowitz model is a hydrodynamic model that contains the equations for longitu-
dinal, lateral, and yaw motion from which hydrodynamic factors for ship maneuvering are
derived [24]. The MMG model proposed by the Japanese Maneuvering Modeling Group
(JMMG) considers the characteristics of the hull, rudder, and propeller forces and their
interactions [25].

A Response or Nomoto model is a simplified model that includes the input of simple
parameters, the rudder angle, system output, and yaw rate, of a maneuvering vessel as a
dynamic system [26,27].

CFD simulations became popular with the advancement of computer capabilities.
They analyze ship behavior in shallow waters, including ship–shore and ship–ship interac-
tions. The results obtained with the CFD method are very reliable and provide a detailed
picture of surface elevations and velocity/pressure fields, leading to a better understanding
of the hydrodynamic phenomena of a ship maneuvering in shallow waters. CFD calcula-
tions are an alternative to physical methods because they provide reliable data at a much
lower cost [28,29].

Mathematical models for ship maneuvering consider ship motion in six degrees of
freedom (DOF) known as surge, sway, heave, roll, pitch, and yaw. In the past, mathematical
models with only three degrees of freedom (3 DOF) have been used to study maneuvering
in shallow waters. However, to account for the effects of rolling motion, a fourth DOF was
later added to these models.

With the introduction of IMO regulations on maneuvering criteria under the influ-
ence of wind and waves, a more comprehensive approach became necessary. As a result,
mathematical models with all six DOF became mandatory for ship maneuvering [6,30–32].
By using all six DOF, these updated mathematical models can effectively estimate the
longitudinal forces, pitching forces, and yawing moments acting on the ship during ma-
neuvering [33].

1.3. Approach Channels and Waterways

Harbor pilots and ship Masters take sinking and trimming very seriously, especially
when navigating large ships in channels and ports with limited depth [34]. The hydrody-
namic forces acting on a ship in shallow waters differ in many ways from those in open
water. In shallow waters, the ship becomes sluggish, causing reduced steerability. The
consequences are a lower response to the rudder angle, a larger turning diameter, smaller
drift angles, and a lower speed reduction when turning. The decisive pivot point for ship
handling is the center of the forces acting on the ship. If the depth shifts from deep to
shallow waters, this affects the pivot point by moving it backward, close to the ship’s
center of gravity. Adjusting the pivot point affects the ship‘s maneuvering characteristics.
Given the reduced maneuverability in shallow waters, the vessel sails at a lower speed
and reduced engine revolutions per minute (RPMs) [35–37]. Other disturbance factors
that make navigating in shallow waters more difficult are the varying depths and sudden
changes in the current direction followed by high and low tides. When transiting in shallow
waters, the waves generated by the ship, including the effects of waterbed friction, must
be considered, as the ship’s wave resistance is present in shallow waters. The seabed
also affects maneuverability, as the shallow water effect on large vessels is much stronger
when the bottom consists of a muddy layer. All these factors must be considered before
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entering an area with shallow water. Continuous monitoring of the specified parameters
is essential to be able to react in good time, so that adjustments can be made in the event
of any deviations [38–40]. Squat depends not only on the speed of a ship but also on the
speed of the sea current passing around it. Squats can also occur when the ship is alongside
a current if a strong current is present. In addition to squat, an unstable turning moment
can occur when passing close to the bank or in the fairway due to the formation of waves in
shallow water, which makes it difficult for a ship to maintain a stable course; this becomes
increasingly apparent as the ship‘s speed increases. Considering all these facts, shipping
companies have introduced strict standard requirements for the minimum under-keel
clearance and speed requirements in confined waters, which must be strictly adhered to by
navigators to ensure safe navigation and protection of the environment.

In addition to the mathematical models used to calculate the ship‘s maneuverability,
special attention is given to port infrastructure and the approach channels to accommodate
large ships (PIANC). PIANC is a global organization working on this issue, providing
guidance and technical advice on sustainable water transport infrastructure for ports,
marinas, and waterways. The Maritime Navigation Commission, as the working group
responsible for design guidelines for port access channels, is producing a PIANC report to
review, update, and expand design recommendations for vertical and horizontal channels.
As ship owners demand the testing of the maneuverability of vessels during the design
phase, port authorities are also under pressure to provide deep enough approach channels
for large vessels.

There are also canals and artificial waterways built for the passage of ships, where the
strongest influence of geometric limits on sinkage and trim can be observed. At extremely
shallow water levels, even the slightest change in the effective distance between a ship
and the bottom of the fairway can have a significant impact on the behavior of the ship in
the channel [41–44]. PIANC has also implemented an approach for selecting a group of
seagoing vessels from the “IHS Sea-Web” database. The report contains the dimensions and
characteristics of the vessels, categorized by size and type, with valuable data important for
the planning and design of the port infrastructure so that it can accommodate the selected
vessels [45].

This review article aims to provide a detailed look at the methods that have proven to
be the best and most reliable in predicting ship maneuvering and to contributing to a better
understanding of the problems associated with maneuvering ships in shallow waters and
narrow channels. The results obtained with the methodology used in this article can be
used in further research on mathematical models and other techniques for predicting the
hydrodynamic coefficient when maneuvering a ship in confined waters. The information
collected can be used to improve and enhance existing models to develop more efficient and
accurate maneuvering prediction models. The guidelines of the Preferred Reporting Items
for Systematic Reviews and Meta-Analyzes (PRISMA 2020) were followed throughout the
review process to ensure the required standard of the entire article review process [46].

2. Materials and Methods

In writing this article and reviewing the literature on predicting the maneuvering
behavior of large ships in shallow waters and narrow channels, a comprehensive examina-
tion of the existing literature revealed various methods and studies in this area of research.
To ensure that we covered all the methods used for our research, it was necessary to
find systematic and comprehensive research approaches in the extensive literature on the
hydrodynamic capability of a ship when navigating through shallow waters. To ensure
high-quality standards in the review process, we have adopted the PRISMA guidelines for
this article. Figure 2 shows the information flow according to the PRISMA methodology,
using four research steps which are explained in more detail in the following sections.
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Figure 2. Literature retrieval process.

Step 1. Identification of research studies. The analysis and data collection process
began with a literature search of the articles for the desired study. Search engines such as
Scopus, WOS, and Sci Direct were used as they cover a sufficiently wide range of scien-
tific articles. The research strategy included Scopus and WOS as large, multidisciplinary
databases of the peer-reviewed literature: scientific journals, books, and conference pro-
ceedings. Sci Direct, on the other hand, as a third search engine, was included as we
found a relatively large number of scientific papers, books, and conference papers related
specifically to this field research. As we found many articles in Sci Direct, we had to narrow
down the search to focus on the most relevant articles to our research. When entering a
specific term into the search engines, it was found that the same terms were in the results,
so it was difficult to determine which search engine would dominate. The search strategy
included the use of general terms such as:

• ship maneuvering;
• restricted waters;
• shallow water effect;
• squat;
• bank effect;
• ship hydrodynamics.

When using general keywords in combination with these terms, such as “ship ma-
neuvering in shallow waters”, the accuracy of the search improved significantly. It helped
identify many articles needed for the study. A total of 432 studies from all three databases
were found (Figure 2). In Scopus, 201 (47%) studies were found; in WOS, 142 (33%); and in
Sci Direct, 89 (21%).

Step 2. Screening research studies. Screening the articles aimed to determine the
number of articles relevant to our study, including a thorough search of the articles, and
excluding articles inconsistent with the study, with retention rate 249/432 (58%). Screening
included reading the title of the article, the abstract, and the conclusion and skimming the
article‘s content. The decision regarding reading the entire article depended on whether the
article examined the maneuvering of large ships in narrow channels and shallow waters
while also examining mathematical methods relevant to our study. In the screening phase,
duplicate articles were identified and removed, and many of the relevant studies that were
not accessible had to be excluded from the research.

Step 3. Eligibility assessment of research studies. In the process of acceptance of
research studies, the articles were thoroughly analyzed, and the most important ones were
selected for further processing. This was conducted according to certain criteria: the source
of the article (whether it was published in a credible journal), the importance of the content
of the article (were there significant efforts to find innovative solutions), and the validity
of the research method (whether a sensible and rational method was used and whether
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the conclusions were rational). Publications that do not deal with ship maneuvering and
are irrelevant to maritime education were excluded from the analysis. Research studies we
included in the analysis were a ratio of 89/183 (49%). This step was important to ensure
the broadest possible perspective in the research analysis and that sufficient material to
conduct the bibliometric analysis was included.

Step 4. Research studies analysis. The final step included assessing the selected studies
and analyzing them in detail. Only these studies were used to obtain specific answers
in the analysis process and combined within the methodology best suited to overview
the maneuvering characteristics of the vessel when navigating in narrow channels and
shallow waters.

Figure 3, created with the WOS viewer, illustrates the interweaving of the keyword
“ship maneuvers in shallow waters” with the 30 most frequently used keywords in the
Scopus research database. At the center of this network is “shallow water”, which is closely
linked to “water depth” and “maneuverability”, underlining their importance in the field.
The visualization shows clusters around numerical studies, model testing, and the impact
of physical geographies represented by terms such as “shore effect” and “interaction”.

Figure 3. The linking of the keyword “ship maneuvering in shallow waters” with the 30 most used
keywords in the research (Scopus).

The research covers various aspects including hydrodynamic forces, confined water
environments, and waterway management. The color gradient shows the evolution of
research trends from 2010 to 2016, reflecting the interdisciplinary and dynamic nature of
studies to improve the safety and efficiency of vessel operations in shallow waters.
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3. Results and Discussion

Bibliometric analysis considers studies by year of publication, leading countries, and
leading authors. As seen in Figure 4, the publication of articles on ship maneuverability
has increased significantly over the last ten years, particularly from 2009 onwards where a
sudden increase can be observed. This trend is closely related to the greater demand for the
construction of large ships due to transportation costs. From 2009 to the present, a series
of maritime accidents have occurred that we believe have indirectly encouraged scientists
to increase the number of research articles investigating the hydrodynamic capabilities
of ships. The stranding of the Costa Concordia in 2012 encouraged experts to pay more
attention to the safety of ships during coastal navigation, which is reflected in the increasing
number of articles in the following years. Looking at the maritime accidents of the last
ten years, it can be seen that the grounding of container ships in confined waters have
characterized this period. The grounding of the Maersk Shams in the Suez Canal in 2016,
followed by the grounding of the Vasco de Gama in the Thorn Canal in 2016, pointed to the
increasing problems of large and ultra-large container ships navigating in shallow waters.
The grounding of the Ever Given in the Suez Canal in 2021, which attracted public attention
due to the week-long closure of the canal, was a sign to shipbuilders and scientists that
they need to seriously consider the hydrodynamic capabilities of such vessels. Just one
year later, in 2022, the Ever Forward ran aground in Chesapeake Bay. The latest example
is the serious accident involving the container ship Dali on 26 March 2024, when the ship
lost maneuverability due to a sudden power loss and collided with a bridge. Similarly,
the incident involving the container ship MSC Michigan VII in Charleston on 5 June 2024,
underscores the critical importance of understanding a ship‘s maneuverability to make
timely decisions in emergencies. Due to a malfunction in the propulsion control systems,
the ship sailed under a bridge at an uncontrolled speed. Based on a recent Baltimore
bridge case, the crew could not reduce speed and hesitated to shut down the main engine
because they were uncertain how the ship would respond without propulsion. They were
particularly concerned about navigating the ship through the river‘s sharp turns, where
a significant amount of critical infrastructure along the shore includes marinas, moored
tankers, military vessels, and the bridge itself. Fortunately, there were no consequences
in this specific scenario. In Figure 4, we can see the increase in the number of articles
related to the hydrodynamic predictions of ships. A common link in these cases is that
they involve large or ultra-large container ships that have run aground in narrow channels.
The latest serious accident involving the container ship Dali in 2024, which destroyed the
Baltimore bridge, will certainly lead to some changes in the maritime industry regarding
the navigation of large ships in confined waters.
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Container ships have experienced a real boom in increasing capacity and size. With
ever-larger ships on the market, the question of the safety of navigating such ships, espe-
cially in shallow waters and narrow channels, has arisen. From the articles reviewed, it
can be concluded that many articles focus on identifying the most reliable methods for
predicting the maneuvering characteristics of ships before and during their construction.

Figure 5 lists the first ten countries (China, Belgium, the United States, the UK, Por-
tugal, Germany, Japan, South Korea, The Netherlands, and India) that have contributed
the greatest research into the maneuverability of large ships in shallow waters. China,
which has a considerable number of scientists, has contributed the most scientific articles
to this field of research. Slightly fewer, but still a large proportion of the contributions
to this research come from Belgium, which we can attribute to the collaboration between
Flanders Hydraulics Research and Ghent College of Applied Sciences. The Flanders insti-
tute installed a towing tank in 1992–1993, leading to numerous maneuvering tests being
conducted, which resulted in new mathematical models for predicting ships’ maneuvering
characteristics and led to numerous scientific articles. The Flanders Institute has also con-
tributed to many scientific articles from multiple European countries (the United Kingdom,
Portugal, Germany, the Netherlands, Poland, Italy, and Norway), as many are based on
maneuvering tests conducted in their towing tank. Japan has contributed a considerable
number of articles through the efforts of the JMMG, whose work is based on this topic.
Other countries with a significant number of scientific articles are the United States, South
Korea, India, Malaysia, Brazil, and Australia. Based on the available research data, the
study of the hydrodynamic properties of ships in confined waters is an interesting topic in
most countries and continents.
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Figure 5. Number of publications per country.

Figure 6 was created using WOS Viewer. The figure displays the authors cited for
their contribution to scientific articles on ship maneuvering in shallow waters with the
prediction of hydrodynamic forces. The coloring of the grid represents different research
groups, each focusing on specific aspects of ship hydrodynamics and characterized by their
most important contributions to the field. This visualization highlights the diversity of
research topics within the field and underscores the collaborative efforts that are driving
progress in ship hydrodynamics. The figure shows that a certain number of researchers are
responsible for many scientific articles that can be used for future research on this topic.
Dele-Fortrie‘s research, for example, focuses on the navigation of large ships in shallow
water and the forces acting on them.
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Figure 6. Authors with the most articles related to ship hydrodynamics.

Together with Lataire and Chen, they are investigating trajectory tracking controls,
course keeping controls, and the validation of automatic steering algorithms for large
ships navigating in shallow waters or narrow fairways [11]. In addition to the two other
authors, he is also working with Vantorre to study the maneuvering behavior of Ultra-Large
Container Vessels (ULCVs) in shallow waters.

In their articles, they investigate the effect of the heeling of the ship, the effect of water
depth in the transition from medium to very shallow water, the wave forces when ma-
neuvering the ship with effects on the propeller and rudder performance, and the turning
ability. For most of their research, they use data obtained during free-running tests in the
towing tank in Belgium [47]. Together with Eloot, they are engaged in research into the
interactions between the banks, the forces that occur during lightering, the so-called ship-
to-ship operation, and the effects of a muddy seabed on the maneuverability of ships [48].
Guedes Soares, in collaboration with Sutulo, is investigating the phenomenon of squats in
coastal waters during ship–ship interactions. They are also investigating the effects of the
bottom geometry in narrow channels on the maneuvering and seakeeping characteristics
of ships. Their research aims to demonstrate the influence of different bottom types such
as flat horizontal bottom, multi-level bottom, inclined bottom, or dredged channel, on
the maneuverability of ships in narrow waters [49]. Guedes Soares, in collaboration with
Haitong Xu, is investigating the maneuverability of large container ships in shallow waters
and the necessary ship propulsion for ships of this size [50]. The results of towing tank tests
are also used for certain measurements. Zou focuses his research on predicting maneuvers
of large ships, especially container ships, using CFD methods and unsteady RANS equa-
tions, as well as predicting the hydrodynamic forces acting on a ship as it approaches a
lock in shallow waters [22]. Yasukawa focuses on researching the maneuverability of ships
with a single propeller shaft and two propellers/twin rudders ships when maneuvering
in shallow waters and during berthing and unberthing operations using free model tests
as part of the MMG. Yasukawa is investigating the maneuverability of ships under the
influence of external forces such as wind and waves as well as the course stability of a
ship near the bank or a channel wall in shallow water [51]. In their research papers, most
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authors investigate the influence of hydrodynamic forces acting on a ship when navigating
in confined waters, including the squat and bank effects, using currently available methods.

In many research articles, a towing tank is used, which forms the basis for mathe-
matical calculations. The towing tank models often refer to large container ships, which
indicates a growing problem with ever-larger container ships in shallow waters, which are
very susceptible to the influence of hydrodynamic forces, especially wind.

During our research, we identified many journals containing articles on ships’ hy-
drodynamic properties. The most represented scientific journals on this topic are shown
in Figure 7. The greatest number of authors published their work in the journal Ocean
Engineering, followed by Applied Ocean Research. From the number of articles published, it
can be concluded that these two are the leading journals for studying ship maneuvers and
hydrodynamic properties. The other journals dealing with the hydrodynamic properties of
a ship, such as the Journal of Marine Science and Engineering, and TransNav (the International
Journal of Marine Navigation and Safety of Sea Transportation), have made a significant contri-
bution to this research. The remaining number of relevant articles for this research are also
listed in Figure 7.

Ocean Engineering; 71

Applied Ocean Research; 17

Journal of Marine Science and Technology; 14

Journal of Marine Science and Engineering; 9

Transnav; 8

Journal of Ship Research; 7

Journal of Hydrodinamics; 6

Journal of Shanghai Jiaotong University; 4

International Journal of Naval Arhitecture and Ocean Engineering; 4

Journal of Navigation; 2
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Figure 7. Distribution of articles related to ship hydrodynamics across journals.

Through a systematic review of the literature, original articles closely related to the
study of maneuvering characteristics of ships in narrow channels and shallow waters,
including the methods used to predict these characteristics, were selected for further
analysis. Based on the analysis of the selected articles, we identified and categorized
methods used for predicting the maneuverability of ships and classified them into three
groups. These groups are the captive model test, computational fluid dynamics and system
identification techniques. These three methods used in shipping industry are crucial for
predicting a ship‘s hydrodynamic coefficient.

3.1. The Captive Model Test

The captive model test, which takes place in a controlled area such as a towing tank,
where the ship model is towed at specific angles, measuring the sway force and yaw
moment, is a good method for predicting the hydrodynamic forces acting on the ship. In
this type of test, two mechanisms are used to conducted experiments: the rotating arm
mechanism (in which the ship model is attached to a mechanical arm that rotates at a
specific rate and speed), and the PMM (in which the ship model is attached to two columns,
with one forward and the other aft, and the columns move the ship forward at a specific
rate and create a variable yaw) [52].
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The PMM test is a widely used method for the experimental investigation of the
maneuvering characteristics of various ships, including catamarans, container ships, and
large tankers. The PMM test includes maneuvering in shallow waters and narrow channels
and the influence of the bank effect during maneuvering. Large tankers such as Very Large
Crude Carriers (VLCCs) and Ultra-Large Crude Carriers (ULCCs) are not allowed to enter
many ports due to their size and draught, so most operations take place further a sea
from the port. These operations are known as ship-to-ship (STS) and lightering operations.
In these operations, two (usually) large ships are positioned alongside each other at sea,
with certain hydrodynamic forces occurring between the ships. The PMM test is used to
understand better the hydrodynamic forces acting on both ships [53–57].

One of the most knowledgeable institutes for navigable ship model research is Flan-
ders Hydraulic Research (FHR), operated by the Maritime Department of Ghent College.
Their towing tank, built in 1992–1993, consists of a planar motion carriage, a wave gen-
erator, and ship-to-ship interaction equipment. The equipment was designed for captive
model testing, and the experimental results were used to develop mathematical models
for maneuvering simulations. Towing tank tests in confined waters are considered the
most effective approach to understanding a vessel‘s hydrodynamic capabilities [58]. Since
2009, free-running model tests have been used to directly predict the maneuvering perfor-
mance of full-scale ships, with the possibility of developing computer simulation models
for further research [59]. Most captive model tests in shallow waters are conducted at
FHR and based on a 6 DOF maneuvering model because of IMO-specific regulations for
maneuvering in wind and waves [20].

The 6 DOF maneuvering model using FHR’s towing tank can also be used to evaluate
maneuvering tests on open water, in an attempt to find a mathematical model suitable
for port maneuvering simulations [60]. Reynolds-averaged Navier-Stokes (RANS) simu-
lations have proven to be a successful tool for determining hydrodynamic derivates for
ships. RANS simulations simulate a series of model tests to predict ship maneuvering
from two aspects: free surface flow and real rotating propeller [61,62]. With the trend of
increasing ship tonnage, the demand for constructing twin-propeller double-rudder ships
has increased significantly. The maneuvering characteristics of twin-propeller ships have a
complicated area around the stern, so studying the interaction between the hull, propeller,
and rudder is important. RANS simulations play a crucial role in simulating the hull,
propeller, and rudder interaction in captive model tests for twin-screw ships [63]. Using
a hexapod platform with the 6 DOF to perform captive model tests allows us to create
independent or coordinated motions that are impossible with traditional methods [64]. The
hexapod platform allows us to explore new types of tests, such as the vertical harmonic
test, which are still in the research phase [65].

3.2. Computational Fluid Dynamics

Computational fluid dynamics (CFD) is one of the most reliable mathematical methods
for accurately predicting and analyzing bank effects. To create a suitable mathematical
model to study the bank effect, many intensive systems engineering model tests in the
towing tank are required, which are quite expensive. Mathematical models, which are often
used to predict the bank effect, have the limitation that they cannot provide detailed insight
into the flow dynamics, which is necessary to understand the complex mechanisms of the
bank effect. To solve this problem, researchers have turned to numerical techniques and
CFD methods to study the phenomena of the bank effect. The most common method is the
potential flow method, which allows detailed analysis of flow patterns, and most numerical
research in this area relies on the theory of potential flow, which also accounts for free sur-
face effects. However, this area of research does not consider important problematic factors
in shallow water, such as breaking waves and viscous and turbulent effects. Therefore, the
RANS method is used to predict the ship–bank hydrodynamic forces as a good alternative
to obtain a more accurate fluid flow equation since it can include these important factors in
its calculations. The CFD-based RANS method is a useful tool in marine hydrodynamics.
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It is widely used, especially by ship designers, as they can test a ship‘s performance in
the design phase and make the necessary corrections. This method can also be used for
straight-ahead sailing and turning maneuvers tests when overloading of the propeller
occurs. The CFD-based RANS can accurately predict flow details around the propeller in
critical operating conditions. In addition, it is also used for shallow water problems, the
squat effect, and ship–ship interactions [21,66–74]. In contrast to the static RANS methods,
which are used for maneuvering problems in shallow waters, the CFD-based Unsteady
Reynolds-Average Navier-Stokes (URANS) methods are used for predicting ship behavior
in heavy weather, such as rolling and course-keeping ability in regular and irregular waves
in low and high seas [75]. In this method, hybrid URANS solvers are often used to solve the
time domain of hydrodynamic loads and motions when a ship performs dynamic maneu-
vers [76]. The CFD approach is also used for free-running simulations of maneuvers such
as the zig-zag test, course keeping, and turning circle maneuvers, with highly satisfactory
results. The results of these simulations include viscous and rotational effects that allow a
clear and detailed analysis of the hydrodynamic interactions among hull, propeller, and
rudder [21,77–81]. Trimarans, known for their high-performance capability with complex
hull shapes and layouts, require hydrodynamic testing to be performed. CFD methods are
very useful for the numerical simulation of the propulsion performance of a high-speed
trimaran with waterjet propulsion [82]. With the advancement of computer technology, the
CFD approach is increasingly prevalent in military shipbuilding and is applied to predict
the hydrodynamic coefficient of submarines [83].

3.3. System Identification Techniques

The system identification method determines the hydrodynamic coefficient from a
measured ship motion and the applied rudder angle. This method can be defined as a
systematic approach to creating a mathematical model of an unknown system based on
given input and output from measured data. Successful system identification depends
on correctly selecting three key elements: a mathematical model representing the system,
input–output data, and a parameter estimation scheme. It is a powerful technique that can
correctly identify a vessel‘s movement, so it is often used to develop control and navigation
systems [10,84].

System identification techniques with system-based (SB) and free-running CFD exper-
iments are used to predict the maneuvering coefficient, as they are considered one of the
most important simulation methods for predicting ship maneuverability. System-based
simulations reduce the calculation time as they only solve the equations of motion within
a given mathematical model. It requires only one minute per free-running test, whereas
the CFD method requires several weeks or months, depending on the various factors of
the ship‘s movement. Free-running model tests such as the zig-zag test, course keeping,
and turning circle test are used to predict the maneuvering characteristics of a full-scale
ship. The results of the free-running model tests are used to develop computer simulation
models for further analysis [85,86]. The prediction of maneuvering trajectories of a newly
designed ship without simulation, under the condition that the database of maneuvering
parameters from many full-scale and free model tests is available, is the empirical “no
simulation method” [84]. The simulation method is required for maneuvering parameters
that are not included in the database. Figure 8 shows an overview of the different methods
for predicting the maneuvering characteristics of ships.

Besides the system identification techniques, the Abkowitz and MMG models are
the most recognized and widely used mathematical models for predicting ship maneu-
vers. The main difference between the Abkowitz and MMG models lies in determining
the hydrodynamic forces acting on the maneuvering ship. The Abkowitz model exam-
ines all hydrodynamic forces simultaneously (longitudinal, surge, transverse sway, and
yaw motion).
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Figure 8. Overview of maneuvering prediction methods [85].

In contrast, the MMG model divides the hydrodynamic forces into categories such
as hull, propeller, and rudder forces and their interactions [17,87–90]. The MMG model
is also known as the “rudder to yaw response model” as it describes a ship’s rate of turn
response to the rudder actions. The MMG model can also be applied for shallow water
maneuvering with reasonable accuracy in practical use, but with certain improvements
to enhance its performance and by using the coefficient of hydrodynamic forces at every
water depth [26,91]. Numerous simulation methods based on the MMG approach are in
use. Still, there have been problems in fitting the hydrodynamic force data to the maneuver
simulation because the different methods may not apply to each other. Therefore, it was
concluded by the Japan Society of Naval Architects and Ocean Engineers that the basic
parts of the method should be common. As a result, the MMG standard method was
proposed, which consists of four elements: the maneuver simulation model, the procedure
for the captive model test, the maneuver simulation analysis method, and the full-scale
ship maneuver prediction method [92].

Semi-theoretical and semi-empirical methods are simplified mathematical models
used for preliminary assessment of ship maneuvering characteristics using semi-empirical
formulae derived from a database of conducted captive model tests. Empirical regressions
are based upon the most prevalent ship hull forms like single-screw ships. Deviation
from common hull forms, like in twin-screw ships, can exceed the parametric range of the
experimental database and potentially lead to inaccurate predictions [93–96].

Artificial neural networks (ANNs), as an alternative approach, can be used to predict
hydrodynamic ship parameters based on empirical information from experiments with a
scale model and are a widely used tool to effectively predict the maneuverability of certain
types of ships. In addition, ANNs are used to determine the optimal ship trajectory in nar-
row channels and shallow waters and for course alteration maneuvers. ANN applications
have proven practical by using mathematical models to predict catamarans’ and trimarans’
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pitching and heaving motions with unconventional underwater hulls. Research into the
automatic mooring of ships is considered one of the most complex problems in ship control.
The use of an ANN model has proven to be an extremely effective solution for the automatic
docking of ships, as it can learn and imitate the actions of the human brain during docking
maneuvers [96–99]. Neural network algorithms may have certain advantages since no
structure of the mathematical model of the ship is required. However, at the same time,
the lack of a physical structure can be a disadvantage because, without a physical basis,
the ANN model cannot be extended, adapted, or modified [100,101]. ANNs are also used
as a learning process in autonomous ship control. This can be described as a ship control
system that simulates the learning process of an autonomous control unit that collects input
signals and calculates the values of the necessary parameters for maneuvering the ship
in confined waters [102]. With the development of Maritime Autonomous Surface Ships
(MASS), predicting the maneuverability of these vessels has become an important issue,
especially when navigating narrow channels and shallow waters. Autonomous navigation
requires highly accurate maneuvering models to eliminate all possible uncertainties and
inadequacies in the required actions. For this purpose, maneuver data from real ship
maneuvers was systematically collected and analyzed. The comparison between real and
simulated data showed the possibility of predicting the maneuvering characteristics of
autonomous vessels using simulations in a controlled environment [103,104].

The performance of the ship’s engine has always been an important factor in the
construction of ships and their design. Achieving the desired speed with minimum fuel
consumption makes a ship economical. Introducing the Energy Efficiency Design Index
(EEDI) for new ships represents a significant step in setting energy-efficient regulations for
different types of ships. However, fears have been raised that some ship designers will
reduce engine power rather than develop new innovative propulsion systems to meet the
new regulations. It is paramount to understand the vessel‘s maneuvering characteristics,
especially in adverse weather conditions under the influence of waves, wind, and currents,
as a reduction in engine power can lead to reduced maneuverability, compromising the
vessel‘s safety in adverse weather. In addition, underpowering can affect the stopping
distance, which may remain unchanged in unfavorable weather conditions. Given this
new situation, the IMO adopted guidelines (Resolution MEPC) in 2011, which set out
the minimum engine power requirements for different types of ships, also considering
unfavorable weather conditions in the assessment. To meet the new challenges in the
maritime industry, the EU has funded the SHOPERA (Energy Efficient Safe Ship Operation)
project. The main objective of the project is to develop numerical methods and software
tools and to carry out comprehensive studies on the propulsion and control systems of
ships required for maneuvering in adverse weather conditions, including open sea, coastal
waters, and confined waters [105–108].

During our research we have come to the conclusion that all three methods are used
to predict the hydrodynamic forces of the ship and that the methods complement each
other. The choice of method depends on the construction phase of the ship, the complexity
of the ship design, and the construction budget. Often a combination of these methods is
used to achieve the most reliable test results and reduce test costs, as certain methods are
expensive and time-consuming or have certain limitations due to the influence of external
factors such as wind and waves. Captive model tests provide very accurate and reliable
data on hydrodynamic forces and moments. The results of these tests can be used to
verify numerical models related to ship maneuvers, research projects (channel and port
approaches), and the study of ship–shore and ship–ship interactions. The captive test
is also used for rapid testing of ship designs to determine whether the vessel meets the
maneuvering criteria set by the IMO. The measured forces from the research can be used as
input data for ship simulators. Captive model tests are expensive and time-consuming and
are therefore often used in conjunction with other methods such as CFD.

The advantage of CFD simulation, which has become popular with the development
of computer capabilities and numerical techniques, is that it can provide detailed results of

260



J. Mar. Sci. Eng. 2024, 12, 1450

hydrodynamic forces in shallow waters. However, the CFD method requires a high level of
computational expertise and the results need to be validated against empirical data. The
combination of the CFD method with empirical formulas and model tests provides detailed
test results.

The system identification technique is one of the most reliable techniques for improv-
ing mathematical models using collected data. It is a technique for creating mathematical
models from measured data that can be applied to free-running model test results. How-
ever, the accuracy of the model depends on the quality and quantity of the measured data.
Incomplete data can lead to inaccurate models. These models can also be integrated into
ship simulators for the education and training of seafarers.

The CFD method is currently the standard method worldwide for solving hydrody-
namic problems of ships, as it enables very accurate calculations of numerical simulations.
For large ships, however, shipbuilders construct models for a towing tank after the CFD
calculation, as these tests are considered to be the most reliable. The purpose of a towing
tank test is to validate the numerical method used. Although towing tank tests are ex-
tremely expensive, this is not an issue for shipbuilders, as it is of great importance to obtain
accurate hydrodynamic properties of the ship when it goes into series production.

4. Conclusions

This article aimed to identify and analyze the methods for predicting the hydrody-
namic characteristics of large ships when passing through confined waters. Likewise, this
article can guide future research toward the most effective and appropriate methods for
determining the hydrodynamic coefficient to improve the safety of navigation at sea. In
this article, we have identified the leading countries, the most frequent researchers, and
the most used methods for predicting the hydrodynamic coefficient of large ships. After
reviewing the most widely used methods in this field of research, we have also drawn
attention to the leading countries, which account for a significant proportion of the number
of scientific articles on this topic. The top ten countries—China, Belgium, the United States,
the UK, Portugal, Germany, Japan, South Korea, The Netherlands, and India—are signifi-
cant for the most research on this topic and for the results produced by the research articles.
The tightening of IMO standards for assessing the maneuverability of ships has led to ship
owners demanding maneuverability assessments at the initial stages of ship construction.
This demand has encouraged scientists to develop more advanced and innovative methods
to meet the new standards effectively. The significant increase in scientific articles over the
last 15 years confirms the increased research efforts to meet the new requirements.

Given the considerable effort scientists have invested in developing innovative solu-
tions for predicting maneuverability, it is essential not to ignore the human element, as
the navigator makes the final decisions and steers the ship. Despite various methods for
predicting the maneuverability of ships in confined waters, accidents such as groundings,
collisions, and impacts still occur. A notable example is the serious accident involving the
container ship Dali on 26 March 2024, when the ship lost maneuverability due to a sudden
power loss and collided with a bridge. Similarly, the incident involving the container ship
MSC Michigan VII in Charleston on 5 June 2024, underscores the critical importance of
understanding a ship‘s maneuverability to make timely decisions in emergencies. Due to a
malfunction in the propulsion control systems, the ship sailed under a bridge at an uncon-
trolled speed. Based on a recent Baltimore bridge case, the crew could not reduce speed and
hesitated to shut down the main engine because they were uncertain how the ship would
respond without propulsion. They were particularly concerned about navigating the ship
through the river‘s sharp turns, where a significant amount of critical infrastructure along
the shore includes marinas, moored tankers, military vessels, and the bridge itself. Fortu-
nately, there were no consequences in this specific scenario. These cases highlight the need
for effective training and education for seafarers to understand their ship‘s maneuverability
and make timely decisions in critical situations. Training on bridge simulators is crucial
in improving maneuvering skills and preparing seafarers for real-world scenarios. These
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simulators provide a realistic and controlled environment where mariners can practice
handling various situations, including managing system malfunctions and navigating
through challenging waterways.

As container ships continue to grow and reach lengths of up to 425 m, it is essential
to thoroughly test the maneuverability of these vessels, especially when passing through
narrow channels and shallow waters such as the Suez Canal. In addition to the influence
of the hydrodynamic forces acting on the ship‘s size, the wind‘s influence must also be
considered due to the large wind area of ships of this type and size. Studies have shown
that the wind is the weakest link for large container ships. Especially in narrow channels
with many bends, where the ship must turn frequently, the influence of the wind is most
pronounced, and the danger of the influence of hydrodynamic forces is greatest. UKC
decreases due to the ship‘s inclination caused by turning, which thus increases the effect
of hydrodynamic forces, including the wind. Following this reason, many countries in
the world have set criteria for wind restrictions in the port limits and canals where such
ships can transit. Problems arise when testing container ship models in the towing tank
because the tank has no curvatures. Towing tank tests provide the most accurate results on
hydrodynamic forces but have the disadvantage that the tank is flat and has no curvatures,
so the results on hydrodynamic forces cannot be determined when the ship tilts, and it is
then that the ship is exposed to the strongest effects of hydrodynamic forces. The aim of
future research would be to obtain accurate hydrodynamic data when the ship is sailing
around bends in narrow channels, because this data would enable a complete analysis of
hydrodynamic forces acting on a ship in confined waters. As the MASS industry is still in
its infancy compared to human-crewed vessels, it is a concern when such vessels operate
in confined waters. Future research should focus on the navigation of MASS vessels in
shallow waters and narrow channels, as well as the docking and undocking, including a
training program for human operators of such vessels.

Education and training on bridge simulators should become a mandatory seafarer
training program to improve understanding of vessel performances. This training is equally
important for crew-manned and MASS vessels. Finally, we must emphasize that this article
has certain limitations. The lack of knowledge in this review article is due to the fact that
we were not able to test the ship models with mathematical or other methods and draw
concrete conclusions. Testing the maneuvering characteristics of the ship is a very sensitive
area that is still under development and we were not able to determine which method
would be most appropriate. Therefore, the information gathered in this review could serve
as a guide and direction for future research on this topic, and we expect that it will support
and encourage the improvement of existing methods and innovation in the development
of new methods for predicting the hydrodynamic capabilities of ships.

Author Contributions: Conceptualization, M.M. and I.P.; methodology, M.M. and M.P; software,
M.M.; validation, I.P., T.M. and M.P.; data curation, M.M.; writing—original draft preparation, M.M.,
I.P., T.M. and M.P; writing—review and editing, M.P.; visualization, M.M. and M.P; supervision, M.P.;
project administration, M.P..; funding acquisition, I.P and M.P. All authors have read and agreed to
the published version of the manuscript.

Funding: The publication of the paper is supported by the research group (P2-0394; Modelling and
simulation in traffic and maritime engineering) at the Faculty of Maritime Studies and Transport,
financed by the Slovenian National Research Agency.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: In this section, you can acknowledge any support given which is not covered by
the author contribution or funding sections. This may include administrative and technical support,
or donations in kind (e.g., materials used for experiments).

Conflicts of Interest: The authors declare no conflict of interest.

262



J. Mar. Sci. Eng. 2024, 12, 1450

Abbreviations

ANN artificial neural networks
CFD computational fluid dynamics
CMT Circular Motion Test
DOF degrees of freedom
EEDI Energy Efficiency Design Index
FHR Flanders Hydraulic Research
IMO International Maritime Organization
JMMG Japanese Maneuvering Modeling Group
MASS Maritime Autonomous Surface Ships
MMG Mathematical Maneuvering Modeling Group
OTT Oblique Towing Test
PIANC The World Association of Waterborne Transport Infrastructure
PMM Planar Motion Mechanism
PRISMA Preferred Reporting Items for Systematic Reviews and Meta-Analyzes
RANS Reynolds-Average Navier-Stokes
RAT Rotating Arm Test
RPMs revolutions per minute
SB system-based
SHOPERA Energy Efficient Safe Ship Operation
STS ship-to-ship
UKC Under-Keel Clearance
ULCC Ultra-Large Crude Carrier
ULCV Ultra-Large Container Vessel
URANS Unsteady Reynolds-Average Navier-Stokes
VLCC Very Large Crude Carrier
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Abstract: Inland waterway transport is an important mode of transportation for many countries
and regions. Route planning optimization can reduce navigation time, avoid traffic congestion, and
improve transportation efficiency. In actual operations, many vessels determine their navigation
routes based on the experience of their shipowners. When the captain fails to obtain accurate
information, experience-based routes may pose significant navigation risks and may not consider
the overall economic efficiency. This study proposes a comprehensive method for optimizing inland
waterway vessel routes using automatic identification system (AIS) data, considering the geographical
characteristics of inland waterways and navigation constraints. First, AIS data from vessels in inland
waters are collected, and the multi-objective Peak Douglas–Peucker (MPDP) algorithm is applied
to compress the trajectory data. Compared to the traditional DP algorithm, the MPDP algorithm
reduces the average compression rate by 5.27%, decreases length loss by 0.04%, optimizes Euclidean
distance by 50.16%, and improves the mean deviations in heading and speed by 23.53% and 10.86%,
respectively. Next, the Ordering Points to Identify the Clustering Structure (OPTICS) algorithm
is used to perform cluster analysis on the compressed route points. Compared to the traditional
DBSCAN algorithm, the OPTICS algorithm identifies more clusters that are both detailed and
hierarchically structured, including some critical waypoints that DBSCAN may overlook. Based
on the clustering results, the A* algorithm is used to determine the connectivity between clusters.
Finally, the nondominated sorting genetic algorithm II is used to select suitable route points within
the connected clusters, optimizing objectives, including path length and route congestion, to form an
optimized complete route. Experiments using vessel data from the waters near Shuangshan Island
indicate that, when compared to three classic original routes, the proposed method achieves path
length optimizations of 4.28%, 1.67%, and 0.24%, respectively, and reduces congestion by 24.15%.
These improvements significantly enhance the planning efficiency of inland waterway vessel routes.
These findings provide a scientific basis and technical support for inland waterway transport.

Keywords: inland waterway transport; AIS data; trajectory compression; OPTICS clustering; NSGA-II;
multi-objective optimization; route optimization

1. Introduction

In recent years, the computational science of ship routing has become a prominent
topic in the field of maritime intelligence. The core research involves first inputting the
starting point coordinates, ending point coordinates, and related parameters and then using
efficient, intelligent optimization algorithms to explore and determine the optimal route.
This process requires algorithms with excellent computational efficiency and accuracy while
considering the safety, economic efficiency, and environmental sustainability of the route,
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thereby promoting the shipping industry toward more intelligent and refined development.
Research on inland waterway route planning can be broadly divided into global and
local route planning. Global route planning covers a larger area and ignores specific river
information to construct a navigable inland network between ports. Using route planning
algorithms, global route planning determines the ports and waterways to be traversed after
inputting the start and end points. Conversely, local route planning covers a smaller area
and typically relies on electronic nautical charts to consider non-navigable factors, such as
obstacles. Using route planning algorithms, local route planning plots the route on a grid
map. This study focuses on local route planning, addressing the route planning problems
of cargo ships, such as container ships, within specific waterway sections.

Typically, the implementation of global route planning includes graph search algo-
rithms, such as Dijkstra’s algorithm [1], A* algorithm [2], and Rapidly exploring random
tree (RRT) algorithm [3], and intelligent algorithms, such as ant colony optimization
(ACO) [4] and genetic algorithm (GA) [5]. Local route planning involves dynamic planning
algorithms, where the ship first senses the surrounding environment using its sensors and
then plans a route necessary for safe navigation. This route planning is commonly applied
in scenarios such as ship encounters and obstacle avoidance. The implementation of lo-
cal route planning typically includes algorithms such as the dynamic window approach
(DWA) [6] and artificial potential field (APF) [7]. In addition, some scholars have proposed
intelligent algorithms, such as neural networks (NN) [8]. Various adaptive algorithms can
be selected depending on different application scenarios and requirements. Some typical
path-planning algorithms are listed in Table 1.

Table 1. Relevant path-planning algorithms.

Algorithm Main Features Advantages Disadvantages

A* Algorithm Efficient, shortest path finding Quickly finds the
shortest path High memory usage

RRT Good for complex spaces Suitable for complex spaces Generates suboptimal paths

ACO Effective in dynamic
environments

Highly effective in
dynamic environments Slow convergence

GA Strong global search Powerful global
search capability

Risk of getting stuck in
local optima

APF Simple, easy implementation Simple implementation Local minima issues

Particle swarm optimization
(PSO) [9]

Inspired by the social
behavior of birds and fish Fast convergence Prone to local optima

NN Excellent for complex patterns Excellent at handling
complex patterns

Long training time,
data-intensive

Reinforcement learning (RL) Learns from interactions with
the environment

Adapts to dynamic
environments

Long training time,
resource-intensive

The A algorithm*, developed by Hart, P.E., enhances the Dijkstra algorithm by in-
corporating heuristic costs to expedite the search process. Singh et al. [10] introduced a
constrained version of A* that reduces search time by defining a safety zone around a
Maritime Autonomous Surface Ship (MASS), demonstrating its applicability in real-time
local path planning with dynamic obstacles. Liu et al. [11] proposed the CTSPP method,
combining Theta*-star and K-means algorithms, to generate safe and efficient inland vessel
paths by dividing waterways into sub-segments and optimizing paths based on various
navigational factors. Zhang et al. [12] proposed a global path-planning algorithm based
on an improved A-star algorithm, utilizing bidirectional search and an enhanced eval-
uation function to reduce traversing nodes, with path smoothing to eliminate folding
issues, improving the navigation efficiency of unmanned surface vehicles in environmental
monitoring. The RRT algorithm is a sampling-based method where new nodes are created
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randomly until the goal is reached. Zaccone et al. [13] showcased RRT* in simulations
for COLREG-compliant path planning, while Zhang et al. [14] developed a hybrid RRT
solution for global path planning with dynamic adjustments for narrow areas. ACO algo-
rithm draws inspiration from ant foraging behavior, using pheromones to guide optimal
path selection. Lazarowska, A. et al. [15] applied ACO for dynamic path planning under
COLREG compliance, and Wang, H. et al. [16] further evaluated its effectiveness in both
static and dynamic maritime environments for collision avoidance. The GA is widely
employed in optimization and path planning, either as a standalone method or integrated
with other algorithms. While effective for complex problems, it requires careful parameter
selection to ensure convergence. Kim, H. et al. [17] optimized path planning for minimal
travel time using GA, and Xin, J. et al. [18] proposed GA variants with faster convergence
and greater robustness. The APF algorithm relies on attractive and repulsive forces for path
planning, with Lyu, H. et al. [19] proposing a COLREG-compliant APF for multiple ship
encounters. Wang, Z. et al. [20] introduced an improved APF model based on the relative
speed and acceleration between ships. The PSO algorithm is a global optimization method
based on swarm intelligence, where particles collaborate to iteratively approach the global
optimum. A hybrid approach combining ACO, PSO, and A* algorithms for multi-task
path planning in AUVs is presented by Sui, F. et al. [21], achieving optimal and safe path
planning. Xue, H. et al. [22] integrate the Sine Cosine Algorithm with PSO, proposing
an SC-PSO variant that optimizes path planning by considering multiple constraints, in-
cluding collision avoidance and path smoothness. Finally, machine learning methods,
particularly RL, are gaining traction in maritime path planning. Zhang, X. et al. [23] pro-
posed a two-layer Deep Reinforcement Learning (DRL) model for MASS, focusing on scene
division and decision-making to avoid static and dynamic obstacles. Gao, M. et al. [24]
developed a COLREG-compliant collision avoidance algorithm using AIS data, while
Xu, Q.Y. et al. [25] utilized Convolutional Neural Networks (CNNs) to train systems for
real-world scenario recognition, and Praczyk, T. et al. [26] explored evolutionary neural
networks for developing autonomous systems in compliance with COLREG and collision
avoidance.

Over the last decade, researchers have increasingly used AIS data in smart ocean con-
struction. For example, in ship collision avoidance decision research [27–29], Shi et al. [30]
identified collision risks using the ship domain and fed successful ship encounter data from
AIS data into a double-gated recurrent unit neural network, generating collision avoid-
ance decisions for unmanned ships through neural network learning. In ship trajectory
prediction research [31–34], Volkova et al. [35] used AIS data to input ship positioning
information into a neural network, solving the problem of weak satellite signal positioning
caused by obstacles in inland waters. In ship emission research, Huang et al. [36] used
AIS data extracted from ships to develop a quantitative model for estimating ship engine
emissions under various operating conditions and applied spatiotemporal analysis to
quantify these emissions. Moreover, AIS data are extensively used in areas such as ocean
current detection, waterway traffic, environmental noise, marine fisheries, and marine
trade. In Ref. [37], two indicators are defined to evaluate collision risk during navigation:
the degree of velocity obstacle intrusion (DVOI) and the time of velocity obstacle intrusion
(TVOI). These indicators measure collision risk based on two factors: speed and course.
Ref. [38] develops an improved collision avoidance algorithm called Utility DWA (UDWA)
for unmanned surface vessels (USVs), which incorporates maritime safety regulations
(COLREGs) and accounts for wind and wave effects, enhancing navigational safety and
efficiency in various conditions. Ref. [39] proposes the MDA-Traclus algorithm, an en-
hanced version of Density-Based Spatial Clustering of Applications with Noise (DBSCAN),
designed to adaptively cluster ship trajectories with varying densities and directions, ad-
dressing the limitations of traditional DBSCAN in handling multi-density datasets and
trajectory direction identification.

However, the AIS was initially designed to support communication for VTS, which
poses several challenges to its use in scientific research. One of the most significant chal-
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lenges is the storage and analysis of AIS data. The AIS transmits information every 2–12 s
when a vessel is in motion and every 6 min in semistatic and static states.

In other words, the update rate of AIS data is occasionally significantly faster than
the changes in the vessel speed, position, and heading during navigation. AIS data can be
affected by various factors during transmission, potentially resulting in invalid or incorrect
information. The main factors include equipment issues, such as malfunctions due to
prolonged operation or lack of maintenance of signal transmission and reception devices;
environmental factors, such as signal communication problems caused by obstructions,
adverse weather, or waterway congestion; and data fusion problems, where data collected
by different monitoring devices may encounter format mismatches or parsing errors during
integration. Therefore, raw AIS data contain a significant amount of redundant information,
which is not conducive to subsequent research and computation.

This study proposes an innovative and comprehensive method for optimizing in-
land waterway vessel routes using AIS data, addressing several challenges in existing
technologies. The primary innovations and contributions of this study are as follows:

(1) AIS data preprocessing: The study introduces a robust AIS data preprocessing
method that not only detects and corrects missing values, outliers, and inconsistencies
but also establishes specific data validation criteria, such as MMSI length, geographical
coordinates, and vessel dynamics (heading and speed). This preprocessing step is crucial
for ensuring the accuracy and reliability of subsequent analyses.

Errors are classified as follows: (1) the MMSI length is not 9 digits or is otherwise
invalid; (2) the longitude is less than 0◦ or greater than 180◦, or the latitude is less than
0◦ or greater than 90◦; (3) the vessel’s heading or speed falls outside acceptable ranges
(e.g., heading exceeding 360◦ or speed less than 0 kn). The corresponding data ranges are
detailed in Table 2. Furthermore, incomplete trajectories with fewer than 20 points will be
excluded from the analysis.

Table 2. Reasonable ranges for vessel trajectory data fields.

Field Name Field Description Data Range

LON Longitude [−180◦, 180◦]
LAT Latitude [−90◦, 90◦]
SOG Speed over Ground [0 kn, 102.2 kn]
COG Course over Ground [0◦, 360◦]
HDG Heading [0◦, 360◦]

(2) Data compression: A significant contribution of this research is the development
of the MPDP algorithm, which addresses the limitations of traditional DP algorithms in
multiturn route scenarios. By considering factors such as vessel speed, heading, and obsta-
cle crossing, the MPDP algorithm significantly enhances the efficiency of trajectory data
compression, reducing redundancy while maintaining the integrity of route information.

(3) Advanced clustering analysis using OPTICS: The study applies the OPTICS algo-
rithm to the compressed data to improve the accuracy of route point extraction. Compared
to the traditional DBSCAN algorithm, which struggles with parameter sensitivity and high
noise levels in datasets, the OPTICS algorithm provides a more reliable clustering structure,
thereby enhancing the effectiveness of subsequent path planning.

(4) Multi-Objective Path Optimization Based on NSGA-II: The research introduces a
novel application of the NSGA-II algorithm, which simultaneously optimizes path length
and congestion. This approach addresses the limitations of traditional algorithms that focus
solely on path length, offering a more balanced and practical solution for inland waterway
route planning.

By integrating these innovative methodologies, the study offers a comprehensive
solution that improves the accuracy, efficiency, and practicality of route planning in complex
waterway networks.
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The proposed method was validated using real AIS data from waters near Shuangshan
Island in the Yangtze River system. The experimental results show that the proposed
method can significantly improve path planning efficiency, reduce path length, and alleviate
congestion, providing important support for inland waterway transport. By systematically
addressing data redundancy, path connectivity, and multi-objective optimization, this study
provides a reliable framework for optimizing inland waterway vessel routes. Our findings
provide a practical solution to enhance the efficiency and safety of inland navigation. The
algorithm model is shown in Figure 1.

Figure 1. Schematic of algorithm model.

The remainder of this paper is organized as follows: Section 2 introduces the MPDP
algorithm and describes comparative experiments with the conventional DP algorithm.
Section 3 presents the OPTICS algorithm and performs comparison experiments with
the DBSCAN algorithm in waters near Shuangshan Island in the Yangtze River system.
In Section 4, the A* algorithm and NSGA-II algorithm are introduced for connectivity
assessment and path optimization. Section 5 presents the path planning experiments,
considering path length and traffic congestion as optimization objectives. Finally, Section 6
summarizes and concludes this study.

2. AIS Data Trajectory Compression

After acquiring the AIS data, the first step is to compress the trajectory for subse-
quent clustering. As shown in Figure 2, conventional algorithms typically use the DP
algorithm [38] for trajectory compression. However, the approach of the DP algorithm
for selecting the furthest distance as compression points misses some critical route points
in multiturn waterways, making it unsuitable for winding inland waterways. This study
employs a new MPDP algorithm for trajectory compression.

Figure 2. Trajectory compression.
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Compressing AIS data is crucial for reducing storage and computational costs. Com-
mon compression methods include the Douglas–Peucker (DP) algorithm [40], Bellman
algorithm [41], Spatio-Temporal Trajectory Clustering algorithm (STTrace) [42], sliding
window algorithm [43], top-down time ratio algorithm, and opening window algorithm
and its variants, such as the opening window time ratio and the opening window spa-
tiotemporal algorithms. Data clustering algorithms are essential in big data mining, data
analysis, artificial intelligence, and other fields. Clustering involves dividing a sample
dataset into several subsets based on internal similarity characteristics, where the data
within each subset have high similarity. Common clustering algorithms include the K-
means algorithm [44], K-modes algorithm, hierarchical clustering algorithms, grid-based
clustering algorithms, and density-based clustering algorithms. BIRCH [45] is a hierarchical
clustering algorithm that builds a clustering feature tree by scanning data samples. This
tree stores clustering features and clusters leaf nodes. STING [46] is a grid-based multireso-
lution clustering algorithm that divides spatial regions into hierarchical rectangular units.
Higher-level units are subdivided into lower-level units, and a top-down query method
with threshold filtering is employed. DBSCAN [47] is a density-based clustering algorithm
that uses the search radius and the number of points within that radius as thresholds to
assess the density relationship between samples and perform clustering.

2.1. Classic Douglas–Peucker Algorithm

The DP algorithm [38] is one of the most widely used compression algorithms. Its
main task involves extracting a set of key trajectory points KS =

{
K1, . . . Kj, . . . KM

}
from

the original trajectory point set OS = {P1, . . . Pi, . . . PN} that reflects the main shape charac-
teristics of the original trajectory. The compression steps of the DP algorithm are as follows:
First, set a compression threshold ε(ε > 0) and add the start and end points of the original
trajectory point set OS to the key trajectory points KS. Then, divide OS into M − 1 sub-
sets. For a subset OS_Subj corresponding to two adjacent points Kj and Kj+1, use the line
segment between Kj and Kj+1 as the baseline and calculate the distance set DS from each
point in OS_Subj to the baseline. Finally, record the Index corresponding to the maximum
value dmax in DS. If dmax ≥ ε, add OS_Subj[Index] to the key trajectory point set KS. The
above process is repeated until the compression is complete. The compression process of
the algorithm is shown in Figure 2, and the pseudocode is as follows (Algorithm 1):

Algorithm 1 Douglas-Peucker (DP) Algorithm

1: Input: Original trajectoiry points OS = {P1, P2,. . ., PN}
2: Output: Key trajectoty points KS = {K1, K2,. . ., KM}
3: Initialize KS = {P1, PN}
4: Set compression threshold ε

5: Divide OS into subsets between key points: OS_Subj = {Kj, Pj+1,. . ., Kj+1}
6: for each subset OS_Subj between Kj and Kj+1 do

7: Calculate distances d(Pk, lineKjKj+1) for all Pk ε OS_Subj
8: Find the maximum distance dmax and corresponding index k
9: if dmax > ε then

10: Add Pk to KS
11: end if

12: end for

13: Repeat the above steps until no more points are added to KS
14: return KS

The compression process of the DP algorithm is illustrated in Figure 3.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 3. Schematic of the DP algorithm. (a) Original trajectory; (b) finding the farthest point;
(c) evaluate and divide; (d) continue retaining points that do not meet the threshold; (e) all points
meet the threshold; (f) compressed trajectory.

In Figure 3, the orange points represent the trajectory points, and the orange line
represents the original trajectory. The green area represents the coverage area determined
by the threshold ε. By continuously splitting and evaluating the relationship between
dmax and ε, key route points are retained to obtain the final compressed trajectory. The
conventional DP algorithm performs poorly in compressing multiturn trajectories of inland
waterway vessels because it does not consider two important vessel indicators: heading
and speed. Furthermore, it does not consider the accuracy of the compressed trajectory
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relative to the actual map. Therefore, this study adopts the MPDP algorithm to address
these issues.

2.2. Multi-Objective Peak Douglas–Peucker Algorithm

The conventional DP algorithm [38] selects the farthest point as the split point at each
compression level, decomposing the route chain and continuing the compression. However,
the farthest point is not necessarily the point with the greatest degree of turning, and this
is not ideal for winding inland waterways. Therefore, this study employs a multi-peak
retention strategy that identifies local maximum points in the distance set DS, generating
a set of extreme points ES. Each point in ES is compared with the threshold ε, and if it is
greater than ε, it is stored in the set KS. This method reduces the number of compression
levels, thereby reducing the number of iterations.

To prevent the retention of too many trajectory points, a threshold Th_n for the number
of peaks is set. When the number of extreme points in the set ES exceeds Th_n, the peaks
in ES are re-evaluated, and the Th_n points with the most significant changes are retained.
In the early stages of the compression process, many peaks appear in the distance set DS.
In the later stages, as the segments reduce, the local maximum value in DS equals the
maximum value. Therefore, a threshold Th_l for the number of compression levels is set.
When the number of compression levels is less than Th_l, multiple trajectory points are
retained; otherwise, only a single trajectory point is retained.

Moreover, variations in speed and heading during navigation have a significant impact
on the resulting trajectory. The MPDP algorithm employs a fitness function instead of the
point-to-baseline distance used in the DP algorithm. This fitness function incorporates the
distance from the point to the line, the rate of change in heading, and the rate of change
in speed. Due to the substantial differences in units and dimensions among these three
factors, they are not suitable for direct comparative analysis. Therefore, normalization is
required to eliminate the effects of units and dimensions. The Min–Max method is applied
to transform the original fitness function fd,η,ν, mapping the function value Fd,η,ν to the
range [0, 1]. The fitness function and the normalization method are defined as follows:

Fd,η,ν =
fd,η,ν − min
max − min

, (1)

where fd,η,ν represents the original fitness function, which includes the distance from the
point to the line, the rate of change in heading, and the rate of change in speed; max
denotes the maximum value of the data, and min denotes the minimum value of the
data. The transformed fitness function is calculated according to the formulas shown in
Equations (2) and (3).

f itness = α · d + β · η + γ · ν, (2)

α + β + γ = 1, (3)

where d represents the normalized distance from the point to the line, η represents the
normalized rate of change in heading, and ν represents the normalized rate of change in
speed; α, β, and γ denote the corresponding coefficients.

In addition, the MPDP algorithm employs an obstacle-detection mechanism. When it
detects that the line segment between two points KS(i) and KS(i + 1) in the set KS crosses
an obstacle, it re-compresses the original trajectory with KS(i) and KS(i + 1) as endpoints,
retaining key nodes until the restored trajectory successfully passes the obstacle.

Finally, when the vessel is engaged in back-and-forth movement, the trajectory points
at different times may have overlapping coordinates. In such cases, the compression
of the DP algorithm results in the baseline length approaching zero, which renders the
point-to-baseline distance calculation ineffective. Therefore, a coordinate overlap detection
mechanism is introduced: when two points have the same coordinates, the distance cal-
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culation changes from point-to-line to point-to-point. This ensures the correctness of the
algorithm without changing its fundamental principles, which are expressed as follows:
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d′ =
√
(xextreme − xbase)

2 + (yextreme − ybase)
2, (4)

where xextreme and yextreme denote the coordinates of the extreme point, and xbase and ybase
denote the coordinates of the two overlapping baseline points. The pseudocode for the
MPDP algorithm is as follows (Algorithms 2 and 3):

Algorithm 2 Trajectory Compression

Require: Original track points set OS, Threshold of the compression distance ε, Threshold of the
number of peak points Th_n, Threshold of compression layers Th_l
Ensure: Key track point set KS
1: L is the number of compression layers, and the initial value is 0
2: KS←MPDP(OS, L, c, Th_n, Th_l)
3: function MPDP(PS, Ztr, e, Th_n, Th_l)
4: n is the size of point set PS
5: repeat

6: L←L + 1
7: if PS[0] is same as PS[n− 1] then

8: for i = 1 to n − 2 do

9: Calculate the point-to-point distance d from PS[i] to PS[0] through Equation (3)
10: DS[i] = d
11: end for

12: else

13: for i = 1 to n − 2 do

14: Calculate the point-to-line distance d from PS(i) to PS(0)PS(n − 1)
15: DS[i] = d
16: end for

17: end if

18: d is the set of distance set DS normalized
19: η, v are the change rate of heading angle and speed of each track point after normalization
20: FS = α ∗ d + β ∗ η + w ∗ v
21: if L < Th_l then

22: Index ← findpeaks(FS)
23: m is the size of index set Index of points
24: while m > Th_n do

25: Index← lindpeaks(FS[Index])
26: m ← size of index set Index of points
27: end while

28: else

29: [fmax, Index] = max(FS)
30: end if

31: if Index = = [0, Index, n − 1] then

32: k is the size of index set Index of points
33: for i = 1 to k − 2 do

34: if DS[Index[i]] >= ε then

35: KS ← MPDP(PS[Index[i − 1] :Index[i] − 1], L, c, Th_n, Th_l − 1)
36: KS ← MPDP(PS[Index[i]: Index[i + 1]], L, c, Th_n, Th_l)
37: end if

38: end for

39: else

40: Add PS[Index[i]] into KS
41: E ←[E, DC[i]]
42: end if

43: until Index is full
44: return KS
45: end function

46: return KS
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Algorithm 3 Compressed Trajectory Obstacle Detection and Obstacle Avoidance

Require: Original track points set OS, Key track point set KS
Ensure: Key track point set KS, Recommended compression threshold εnew
1: εnew←OBAvoid(OS, KS)
2: function OBAVOID(OS, KS)
3: i = 1
4: while i do
5: if the obstacles between KS[i] and KS[i + 1] then

6: PS is the subset of all trackpoints from KS[i] to KS[i +1] in OS
7: n is the size of point set PS
8: dmaz and Index are respectively the maximum distance between each point in PS and
the line KS[i]KS[i + 1] and the index for obtaining the maximum distance
9: if KS[i] is same as KS[i + 1] then

10: for j = 0 to n − 1 do

11: Calculate the point-to-point distance d from PS[j] to KS[i] through Equation (3)
12: if d > dmax then

13: dmax = d
14: Index = i
15: end if

16: end for

17: else

18: for j = 0 to n − 1 do

19: Calculate the point-to-line distance d from PS[j] to KS[i]KS[i + 1]
20 if d > dmax then

21: dmax = d
22 Index = i
23: end if

24: end for

25: end if

26: Add PS[Index] into KS
27: E = {E, dmax}
28: else

29: if KS[i + 1] is same as the last trajectory point in OS then

30: break

31: else

32: i = i+ 1
33: end if

34: end if

35: end while

36: εnew = min(E)
37: return KS, εnew
38: end function

3. OPTICS Algorithm

After extracting the key route points using the compression algorithm, clustering can
be applied to group these key route points into clusters, thereby facilitating subsequent
path optimization. This process is illustrated in Figure 4.

Figure 4. Route point clustering.
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In inland waterway environments, navigation density and vessel distribution vary sig-
nificantly across river sections, especially in narrow channels. The conventional DBSCAN
clustering algorithm [45] clusters areas with similar densities, which can lead to inaccurate
cluster identification and misjudgment. The selection of suitable parameters is challenging
on datasets with varying densities.

In contrast, the OPTICS algorithm can discover nested clustering structures, making it
suitable for complex clustering scenarios that may exist in inland waterway environments.
For example, some areas may contain dense vessel clusters with smaller sub-clusters within
them. The OPTICS algorithm generates a reachability plot that visually displays the density
variation and clustering structure of the data points. This allows for a better understanding
of the vessel distribution in inland environments and avoids boundary misjudgments that
can occur with DBSCAN. Before elucidating the process of the OPTICS algorithm, it is
imperative to define the following key concepts:

The core distance (Core_Distance) for a given point p with parameters εOPTICS and
MinPts is defined as the distance between the point p and its MinPts-th nearest neighbor
within the εOPTICS-neighborhood. If the εOPTICS-neighborhood of point p contains fewer
than MinPts points, the core distance for point p is undefined.

Formally, the core distance can be expressed as

Core_Distance(p) =

⎧⎨⎩distance(p, pMinPts), i f
∣∣∣Nneigh(p)

∣∣∣ ≥ MinPts

unde f ined, i f
∣∣∣Nneigh(p)

∣∣∣ < MinPts
, (5)

where Nneigh(p) denotes the set of points within the εOPTICS-neighborhood of point p, and
pMinPts is the MinPts-th nearest point within this neighborhood.

The reachability distance (RD) is the greater of the core distance of point p and the
Euclidean distance from point p to point q, which can be calculated as follows:

Reachability_Distance(q, p) = max(Core_Distance(p), distance(p, q)). (6)

The neighborhood distance is defined as the Euclidean distance between point p and
point q.

Formally, it is expressed as follows:

Neighborhood_Distance = distance(p, q). (7)

These definitions are critical for understanding the subsequent steps of the OPTICS
algorithm. Below is a detailed explanation of the algorithmic steps:

Step 1: Initialize an empty ordered list to store processed data points and an empty
priority queue to store candidate points and their reachability distances.

Step 2: Select an unprocessed point p from the dataset and calculate its core distance
Core_Distance and reachability distance (RD).

Step 3: For the selected point p, calculate its core distance. The core distance is the
smallest radius εOPTICS within which the neighborhood contains at least MinPts points.

Step 4: Mark point p as processed and add it to the ordered list. Calculate RD values
for all unprocessed points in the neighborhood of p and add these points, along with their
RD values, to the priority queue.

Step 5: Select the point q with the smallest RD from the priority queue. If q has
not been processed, calculate its core distance and RD. Then, mark point q as processed
and add it to the ordered list. Update the RD values for all unprocessed points in the
neighborhood of q and add these points, along with their RD values, to the priority queue.
Repeat the above steps until all points in the dataset have been visited.

The pseudocode is as follows (Algorithm 4):
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Algorithm 4 OPTICS: Ordering Points To Identify the Clustering Structure

Require: Dataset D, Minimum points minPts, Neighborhood radius ε

Ensure: Ordered list of points with reachability distances
1: Initialize ordered list O as empty
2: Initialize priority queue Q as empty
3: for each unprocessed point p ∈ D do

4: Mark p as processed
5: Np ← getNeighbors(p, ε)
6: Compute core distance of p
7: if core distance of p is defined then

8: Update Q with Np
9: while Q is not empty do

10: q ← extractMin(Q)
11: if q is not processed then

12: Mark q as processed
13: Nq ← getNeighbors(q, ε)
14: Compute core distance of q
15: Update Q with Nq
16: end if

17: end while

18: end if

19: end for

20: return ordered list O with reachability distances
21: function GETNEIGHBORS(p, ε)
22: N ←{q ∈ D|distance(p, q) ≤ ε}
23: return N
24: end function

25: function UPDATEQUEUE(Q, Np)
26: for each r ∈ Np do

27: Compute reachability distance of r
28: Insert r into Q with priority as reachability distance
29: end for

30: end function

31: function EXTRACTMIN(Q)
32: q ← point in Q with smallest reachability distance
33: Remove q from Q
34: return q
35: end function

4. Connectivity Assessment and Path Optimization

After obtaining the clustering results, the A* algorithm is used to evaluate the con-
nectivity between clusters, retaining the connected clusters. The NSGA-II [48] is then
employed for path optimization. The procedure is illustrated in Figure 5.

Figure 5. Pathfinding and optimization.

In this study, the A* algorithm is utilized to find the shortest possible cluster path while
ensuring connectivity. As a heuristic algorithm, A* efficiently identifies the shortest path
between two points by employing a heuristic function. Due to its high search efficiency, we
apply the A* algorithm to determine the shortest path between the cluster containing the
starting point and the cluster containing the target point. Specifically, the Euclidean distance
is used as the heuristic function to calculate the shortest distance from the starting cluster to
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the target cluster. This ensures that the A* algorithm effectively prioritizes adjacent clusters
closest to the target during graph search, thereby enhancing the efficiency of the algorithm.
The starting and target coordinates used by the A* algorithm are the central coordinates of
the starting and target clusters, respectively.

The NSGA-II algorithm is highly suitable for solving multi-objective optimization
problems. It effectively balances multiple conflicting objectives, such as path length and
congestion, and provides a set of non-dominated solutions that form the Pareto front. In
this study, the optimization objectives include path length and congestion, making NSGA-
II an ideal choice as it can optimize these objectives simultaneously. Compared to other
multi-objective optimization algorithms, NSGA-II efficiently handles large search spaces
through fast, non-dominated sorting and elite preservation strategies. It employs an elite
strategy to retain the best solutions and utilizes a rapid crowding distance calculation
method to maintain solution diversity, ensuring a well-distributed set of solutions along
the Pareto front. These features significantly improve the algorithm’s convergence speed
and global search capability.

The NSGA-II is used for path optimization with optimization objectives, such as the
shortest distance and the lowest congestion. The fitness function is as follows:

f1(path) =
Npath−1

∑
i=1

√
(xi+1 − xi)

2 + (yi+1 − yi)
2, (8)

f2(path) =
1

Npath

Npath

∑
i=1

C(ti), (9)

in Equation (8), Npath represents the number of points in the path and (xi, yi) denote the
coordinates of the i-th point in the path. In Equation (9), ti denotes the timestamp of the
i-th point in the path and C(ti) denotes the number of points in the cluster at timestamp ti.

The NSGA-II algorithm is configured with a maximum of 100 generations and a
population size of 50. The function tolerance is set to 1 × 10−6, meaning that the algorithm
will terminate early if the change in the objective function is smaller than this value,
controlling the precision of convergence. The crossover probability, which indicates the
proportion of individuals involved in the crossover operation, is set to 0.8 in this study.
The mutation method used is an adaptive feasible mutation, which adjusts the mutation
probability adaptively based on the constraints of the problem and the diversity of the
current solutions. Selection is performed using a binary tournament selection algorithm.
The Pareto front fraction is set to 0.35, which determines the proportion of individuals
in each generation that are retained on the Pareto front. A scatter crossover method is
employed, where the values of decision variables for offspring are randomly selected from
the parents. The migration ratio is set to 0.2, indicating that 20% of individuals will migrate
to other sub-populations during each migration operation. The migration interval is set to
20 generations, meaning that every 20 generations, a portion of the population migrates to
another sub-population to promote diversity. The parameter settings are shown in Table 3.

Table 3. NSGA-II parameter settings.

Parameters Setting

Maximum Generations 100
Population Size 50

Function Tolerance 1 × 10−6

Crossover Probability 0.9
Mutation Operation adaptive mutation
Selection Operation tournament selection

Pareto Front Fraction 0.35
Crossover Operation scattered crossover
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Table 3. Cont.

Parameters Setting

Migration Fraction 0.2
Migration Interval 20

5. Experiments and Validation

To verify the effectiveness and feasibility of the proposed algorithm, this study
uses a section of the Yangtze River near Shuangshan Island (120.32878 E–120.70191 E;
31.98000 N–32.09305 N) as the experimental background. Section 5.1 preprocesses the ac-
quired AIS data. Section 5.2 compares the MPDP and DP algorithms. Section 5.3 compares
the experimental results of the DBSCAN and OPTICS algorithms. Finally, Section 5.4
describes the use of the NSGA-II algorithm for path optimization to obtain the final recom-
mended route. These algorithms are implemented and run on a computer with Windows
64-bit with 12 cores (Intel(R) Core (TM) i7-12700F@2.10 GHz) and 16 GB of RAM using
MATLAB R2022a.

5.1. AIS Data Preprocessing

AIS data processing requires calculating the distance from a point to a line. However,
the original AIS data contain vessel coordinate information based on a geographic coor-
dinate system, which complicates the direct calculation of distances between two points
on a sphere and the distance from a point to a line. To simplify the data calculations, this
study converts the trajectory points P(λ, ϕ) to Mercator projection coordinates P′(x, y). The
conversion process is as follows:

xMerca = r0 · λ, (10)

yMerca = r0 · qiso, (11)

r0 =
l · cos(ϕ0)√

1 − (eell
2 · sin2(ϕ0)

) , (12)

qiso = ln

(
tan
(π

4
+

ϕ

2

)
·
(

1 − eell · sin ϕ

1 + eell · sin ϕ

) e
2
)

, (13)

where xMerca and yMerca represent the horizontal and vertical coordinates of the trajectory
point, respectively; λ and ϕ represent the longitude and latitude of the trajectory point,
respectively; r0 represents the radius of the parallel circle at the standard latitude; qiso
represents the isometric latitude; l represents the semimajor axis of the Earth’s ellipsoid;
ϕ0 represents the standard latitude in the Mercator projection; eell represents the first
eccentricity of the Earth’s ellipsoid.

In this study, the grid method is used for modeling. The map is divided into grids of
the same size based on ground resolution, and the environmental characteristics within the
grids are converted into binary information. The formula for calculating ground resolution
is as follows:

Resolution =

(
cos
(

π
180 ϕ

) · 2πR0
)

256 · 2 · Level
, (14)

where R0 denotes the equatorial radius, with R0 = 6378140 (m), and Level denotes the
zoom level. This study uses an electronic nautical chart with a zoom level of 13 and a
resolution of 19.1093 (m). The electronic nautical chart and the binarized grid map are
shown in Figure 6.
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(a)

(b)

Figure 6. Inland waterway map generated using the grid method. (a) The electronic nautical chart;
(b) the binarized grid map.

AIS data can be affected by various factors during transmission, potentially resulting
in invalid or incorrect information. The main factors include equipment issues, such as
malfunctions due to prolonged operation or lack of maintenance of signal transmission
and reception devices, and environmental factors, such as obstructions, adverse weather,
and waterway congestion, causing signal communication problems. Therefore, before
proceeding to the next processing steps, it is necessary to clean unreasonable data based on
the reasonable range of each field. The data preprocessing consists of the following steps:

(1) Data acquisition: The raw AIS data stream is acquired from AIS devices or base
stations. These data are typically transmitted in the NMEA format and include information
such as the vessel’s position, speed, and heading.

(2) Data parsing: The cleaned data are parsed, and the NMEA format data are con-
verted into structured data that can be analyzed and processed. This step typically involves
splitting data into different fields and extracting key information such as the vessel’s
maritime mobile service identity (MMSI), position, and timestamp, as shown in Figure 7.

(3) Data filtering: Based on requirements, the parsed data are filtered to select specific
periods, regions, or types of vessel data. This helps reduce the data volume and improves
the efficiency of subsequent analyses.

(4) Data cleaning: The data were cleaned to remove any duplicate, invalid, or incorrect
data. This includes detecting and correcting missing values, outliers, and inconsistent data.
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Figure 7. Processed AIS data.

Errors are categorized as follows: (1) the MMSI length is not nine digits or is otherwise
unreasonable; (2) the longitude is less than −180 or greater than 180, or the latitude is
less than −90 or greater than 90; (3) the vessel heading or speed is outside reasonable
ranges (e.g., heading greater than 360◦ or speed less than 0 knots). In addition, incomplete
trajectories with fewer than 20 points are excluded. This study preprocesses 5 h of AIS data
from the Shuangshan Island area in the Yangtze River system, containing 656 navigation
trajectories with 145,359 trajectory points. The final processed AIS data are shown in
Figure 8.

(a)

(b)

Figure 8. Preprocessed AIS trajectories. (a) Original navigation trajectories in the waters near
Shuangshan Island in the Yangtze River system (satellite imagery); (b) original navigation trajectories
in the waters near Shuangshan Island in the Yangtze River system (simplified map).
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5.2. MPDP Trajectory Compression Algorithm Experiment

This study uses five performance metrics to measure the compression effect: com-
pression rate Rc, length loss rate Rl , synchronized Euclidean distance DSE, average speed
deviation Rv, and average heading deviation Rθ . These metrics are as follows:

Compression rate: This is the ratio of the number of trajectory points discarded during
compression to the number of original trajectory points and can be calculated as follows:

Rc =
nc

N
, (15)

where nc represents the number of discarded trajectory points and N represents the total
number of original trajectory points for each vessel.

Length loss rate Rl : This is the ratio of the difference between the original trajectory
length and the reconstructed length after compression to the original trajectory length and
can be calculated as follows:

Rl =
∑N−1

i=1 PiPi+1−∑M−1
j=1 KjKj+1

∑N−1
i=1 PiPi+1

, (16)

where PiPi+1 denotes the distance between two adjacent points in the original trajectory, M
represents the number of retained trajectory points after compression for each vessel, and
KjKj+1 denotes the distance between two adjacent points in the compressed trajectory.

Synchronized Euclidean distance DSE: Let Pi = (xi, yi, ti) be a point in the original
trajectory; Kj = (xj, yj, tj) and Kj+1 = (xj+1, yj+1, tj+1) be the points in the compressed
trajectory that are sequentially before and after Pi(tj ≤ ti ≤ tj+1), respectively; and
P′

i = (x′ i, y′ i, ti) be the reconstructed trajectory point, which can be expressed as follows:⎧⎨⎩x′ i = xj +
( ti−tj

tj+1−tj

)(
xj+1 − xj

)
y′ i = yj +

( ti−tj
tj+1−tj

)(
yj+1 − yj

) . (17)

Let the distance Di
SE be the distance between the reconstructed point P′

i and the
original point Pi. The synchronized Euclidean distance DSE is the average distance between
the original and reconstructed trajectories and is commonly used to reflect the compression
effect. DSE can be expressed as follows:{

Di
SE =

√
(xi − x′ i)2 + (yi − y′ i)

2

DSE = 1
N ∑N

i=1 Di
SE

. (18)

Average speed deviation Rv: This metric reflects the average speed difference be-
tween the reconstructed trajectory points P′

i and the original trajectory points Pi. It can be
expressed as follows: ⎧⎨⎩

v′ i = vj
Ri

v = |v′ i − vi|
Rv = 1

N ∑N
i=1 Ri

v

, (19)

where vi denotes the speed of the vessel at the original trajectory point Pi; v′i denotes the
speed of the vessel at the reconstructed trajectory point P′

i ; vj represents the speed of the
vessel at key trajectory point Kj.

Average heading deviation Rθ : The heading restoration rate is used to reflect the
average heading difference between the reconstructed point P′

i and the original point Pi, as
shown in the following equation:
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⎧⎪⎪⎨⎪⎪⎩
θ′ i = arctan

(
y′ j+1−y′ j
x′ j+1−x′ j

)
Ri

θ = |θ′ i − θi|
Rθ = 1

N ∑N
i=1 Ri

θ

, (20)

where θi denotes the heading angle of the vessel at the original trajectory point Pi; θ′ i
denotes the heading angle of the vessel at the reconstructed trajectory point P′

i ;
(

x′ j, y′ j
)

and
(

x′ j+1, y′ j+1

)
represent the coordinates of the vessel at the reconstructed trajectory

points P′
i and P′

i+1, respectively.
To verify the effectiveness of the algorithm, a specific trajectory in the waters near

Shuangshan Island in the Yangtze River system was selected for a compression compar-
ison experiment between the MPDP and DP algorithms. The parameter settings and
experimental results are shown in Table 4 and Figure 9, respectively.

Table 4. Algorithm parameter settings.

Algorithm
Compression

Threshold ε (m)
Number of Peaks Threshold Th_n Compression Level Threshold Th_l α β γ

DP 42.40 - - - - -
MPDP 42.40 4 2 0.5 0.3 0.2

 
(a) (b)

(c)

Lo
ng

itu
de

 (°
E)

31.97 31.98 31.99 32 32.01 32.02 32.03 32.04
Latitude(°N)

120.3

120.35

120.4

120.45

120.5

120.55

120.6

120.65

120.7

120.75

Original trajectory
Simplified trajectory by MDDP

Figure 9. Trajectory compression results of DP and MPDP algorithms. (a) DP; (b) MPDP;
(c) Comparison of trajectory compression between DP and MPDP algorithms.
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The MPDP algorithm reduced the compression rate by 5.27% compared with the DP
algorithm. As shown in Figure 10 and Table 5, the MPDP algorithm retained seven more
trajectory points than the DP algorithm, reducing the length loss rate by 0.04%, representing
an improvement of 26.67%. The synchronized Euclidean distance decreased by 82.6876 m,
representing an improvement of 50.16%. The average heading deviation decreased by
0.0104, representing an improvement of 23.53%. The average speed deviation decreased
by 0.0886 knots, representing an improvement of approximately 10.86%. As observed
from Figure 11, the mean deviation in heading angle has decreased by 0.0104, reflecting a
23.46% improvement. Similarly, the mean deviation in speed has reduced by 0.0886 knots,
corresponding to a 10.86% improvement.

(a) (b)

Figure 10. Changes in critical distance. (a) DP; (b) MPDP.

Table 5. Trajectory compression results.

Algorithm Rc Rl DSE (m) Rθ (rad) Rv (kn)

DP 92.11% 0.15% 164.8631 0.0442 0.8158
MPDP 86.84% 0.11% 82.1755 0.0338 0.7272
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Figure 11. Comparison of compressed heading angles and speeds. (a) Comparison of heading angles;
(b) Comparison of speeds.

Based on the above experimental results, only minor differences in the compression
rate and length loss rate are observed between the MPDP and DP algorithms. The retained
trajectory points show a slight improvement in the average heading deviation Rθ . However,
the MPDP algorithm significantly improves the synchronized Euclidean distance DSE and
average speed deviation Rv. In addition, the inclusion of an obstacle detection mechanism
ensures thorough route connectivity.

Next, a compression experiment using the DP and MPDP algorithms was conducted
on 5 h of AIS data from the waters near Shuangshan Island. The experimental results are
shown in Figures 12 and 13.
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Figure 12. Compression results of the DP algorithm.

Figure 13. Compression results of the MPDP algorithm.

Using the MPDP algorithm, the average compression rate Rc decreased by 2.11%;
the average length loss rate Rl decreased by 0.14%; the average synchronized Euclidean
distance DSE decreased by 11.5922 m, an improvement of approximately 25.70%; the
average heading deviation Rθ decreased by 0.0133 rad, an improvement of approximately
11.73%; the average speed deviation Rv decreased by 0.059 knots, an improvement of
approximately 25.13%. The experimental results are presented in Table 6.

Table 6. Compression metrics for Shuangshan Island ship tracks.

Algorithm Rc Rl DSE (m) Rθ (rad) Rv

DP 96.08% 0.65% 145.8896 0.1271 0.1946
MPDP 94.28% 0.59% 125.4893 0.1103 0.1525

5.3. Trajectory Point Clustering Experiment Based on OPTICS Algorithm

After obtaining the key trajectory points, this section describes the use of the DBSCAN
and OPTICS algorithms to cluster the waterway data. The DBSCAN algorithm generated
46 clusters, whereas the OPTICS algorithm generated 111 clusters. The reachability plot
obtained by the OPTICS algorithm is shown in Figure 14.
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(a)

(b)

(c)

Figure 14. Reachability plot. (a) Distribution of reachability distance for each point; (b) clusters
categorized with a threshold of 27, with red points indicating noise; (c) clustering results after
classification, where different colors represent different clusters.

After obtaining the reachability plot, it becomes easy to understand the density and
structure of the dataset. Low-value regions (valleys) in the reachability plot represent dense
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areas of data points; the larger the range of the low-value region on the x-axis, the larger the
cluster and the more points it contains. High-value regions (peaks) indicate sparse areas of
data points; the higher the peak, the sparser the area. In this study, the threshold is set to 27,
resulting in the experimental results shown in Figure 14b, where the red points represent
noise points with reachability distances greater than the threshold. The final classification
results are shown in Figure 14c, where different colors represent different clusters. The final
classification results of the AIS data for the waters near Shuangshan Island in the Yangtze
River system are shown in Figures 15 and 16.

Figure 15. Clustering results of the DBSCAN algorithm in waters near Shuangshan Island.

Figure 16. Clustering results of the OPTICS algorithm in waters near Shuangshan Island.

As shown in Figures 15 and 16, the OPTICS algorithm produces more and finer clusters
than the DBSCAN algorithm. These clusters include key waypoint clusters, such as the
tributary in the lower left corner, which the DBSCAN algorithm misses. Such information
loss can hinder subsequent connectivity assessment and path optimization.

5.4. Route Planning Experiment Based on A* Algorithm and NSGA-II

This study uses the shortest navigation distance and minimum congestion as opti-
mization objectives and employs the A* algorithm and NSGA-II for route searching and
optimization, respectively, among clustered waypoints obtained using the OPTICS algo-
rithm. First, the A* algorithm is used to determine the connectivity between each cluster
of waypoints. The NSGA-II is then used to select the optimal route points within the
connected clusters. The experimental results are shown in Figure 17.
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Figure 17. Pareto front distribution of optimized routes.

Figure 18a shows the experimental results obtained after the final iteration of the
NSGA-II. Figure 18b shows the routes corresponding to the Pareto front solutions. To
verify the feasibility of the proposed algorithm, three typical trajectories were selected from
historical AIS data for the Yangtze River system. The actual route information was input
(Table 7) and compared with the optimized routes. The experimental results are shown in
Figures 19 and 20.

(a)

(b)

Figure 18. Optimized routes and Pareto front routes obtained using the NSGA-II. (a) NSGA-II-
optimized routes; (b) routes along the Pareto front.
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Table 7. Original data for route planning experiment.

ID Number
Starting Point

Longitude
Starting Point

Latitude
Ending Point

Longitude
Ending Point

Latitude

Case 1 120.7099 32.0102 120.3204 31.9718
Case 2 120.7085 32.0066 120.3233 31.9710
Case 3 120.7098 32.0068 120.3210 31.9707

Figure 19. Original AIS trajectory map (three typical trajectories).

Figure 20. Optimized routes (three typical trajectories).

The results of the route planning experiment are summarized in Table 8. As shown
in Figures 17 and 18, the Pareto front solutions clearly avoid routes passing through the
northern channel, as these routes are not only longer but also exhibit higher congestion
levels.

Table 8. Results of route planning experiment.

Optimization
Objective

Path Length (km) Congestion

ID Number
Before

Optimization
After

Optimization
Before

Optimization
After

Optimization

Case 1 51.776 49.559 1.559 1.346
Case 2 45.812 45.049 0.887 0.586
Case 3 49.926 49.808 0.788 0.521
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From Figures 19 and 20 and Table 8, it is evident that compared to the original
trajectories, the optimized routes successfully eliminated many unnecessary turning points,
resulting in a total route length reduction of 3.098 km, with an improvement rate of 2.10%.
Simultaneously, the congestion level decreased by 0.781, reflecting a 24.15% improvement in
congestion. These results demonstrate that the optimized routes are significantly superior
to the original trajectories in terms of reducing total route length and mitigating congestion.

Through experiments, the research results demonstrate that the proposed method
achieves significant optimizations in both path length and congestion compared to classical
original routes, validating the effectiveness and feasibility of this approach in practical
applications. This provides a scientific basis and technical support for inland waterway
transportation, effectively enhancing route planning efficiency, reducing traffic congestion,
and ultimately improving transportation efficiency.

6. Summary

Inland waterway transport is a crucial mode of transportation for many countries and
regions. Route planning optimization can reduce navigation time, avoid traffic congestion,
and improve transportation efficiency. This study proposes an inland vessel route optimiza-
tion method based on AIS data, combining the MPDP compression algorithm, OPTICS
clustering algorithm, A* algorithm, and NSGA-II multi-objective optimization algorithm.
Experiments conducted in waters near Shuangshan Island in the Yangtze River system
demonstrated that the proposed method significantly improves path planning efficiency, re-
ducing both path length and route congestion. Specifically, the MPDP algorithm effectively
compressed AIS trajectory data, optimizing the length loss rate by 26.67%, the synchronized
Euclidean distance by 50.16%, the average heading deviation by 23.53%, and the average
speed deviation by 10.86%, thereby improving data processing efficiency. The OPTICS
algorithm accurately identified clusters of route points in environments with uneven densi-
ties, including key waypoint clusters missed by the DBSCAN algorithm, which is crucial
for subsequent path optimization. The A* algorithm ensured cluster connectivity, and the
NSGA-II provided the optimal route under multi-objective optimization. These results
indicate that the proposed method is highly feasible and effective in practical applications,
providing a scientific basis and technical support for inland waterway route planning.
The experimental results indicate that, compared to the original routes, the path lengths
of the three typical trajectories were optimized by 4.28%, 1.67%, and 0.24%, respectively,
leading to an overall path length optimization rate of 2.10%. Moreover, congestion was
reduced by 24.15%. These data demonstrate that the proposed method is highly feasible
and effective in practical applications, providing a scientific basis and technical support for
inland waterway route planning.

However, this study has certain limitations. Firstly, the sample size and geographic
scope are limited, as the experiments were conducted in terrains with fewer than five
different turning angles. In reality, inland waterways may present more varied turns and
angles. Future research will focus on validating the algorithm across different inland
waterway terrains to enhance its generalizability and applicability. Secondly, this study
only considers the impact of path length and congestion on route planning. In actual
scenarios, varying weather conditions and water flows (e.g., during flood seasons) can
significantly affect the feasibility of the planned routes. This study did not account for these
factors, which represents another area for improvement in future research.

Author Contributions: Conceptualization, X.Y. and H.W.; methodology, X.Y.; software, X.Y.; val-
idation, X.Y., H.W., J.W. and G.Z.; formal analysis, X.Y., G.Z. and H.W; investigation, X.Y., G.Z.
and H.W.; resources, X.Y. and H.W; data curation, J.W.; writing—original draft preparation, X.Y.;
writing—review and editing, X.Y., J.W. and H.W.; visualization, X.Y. and G.Z.; supervision, H.W.;
project administration, H.W.; funding acquisition, H.W. All authors have read and agreed to the
published version of the manuscript.

293



J. Mar. Sci. Eng. 2024, 12, 1775

Funding: This study was funded by the Laboratory of Science and Technology on Marine Navigation
and Control, China State Shipbuilding Corporation, grant number 2023010302.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Acknowledgments: The authors are grateful to the anonymous reviewers for their valuable com-
ments and suggestions that helped improve the quality of this manuscript.

Conflicts of Interest: Author Xiaoyu Yuan was employed by the company Laboratory of Science
and Technology on Marine Navigation and Control, China State Ship-Building Corporation. The
remaining authors declare that the research was conducted in the absence of any commercial or
financial relationships that could be construed as a potential conflict of interest.

Abbreviations

ACO Ant Colony Optimization
AIS Automatic Identification System
APF Artificial Potential Field
CNN Convolutional Neural Networks
DBSCAN Density-Based Spatial Clustering of Applications with Noise
DP Douglas–Peucker
DRL Deep Reinforcement Learning
DVOI Degree of Velocity Obstacle Intrusion
DWA Dynamic Window Approach
GA Genetic Algorithm
MASS Maritime Autonomous Surface Ship
MPDP Multi-objective Peak Douglas–Peucker
PSO Particle Swarm Optimization
RL Reinforcement Learning
RRT Rapidly exploring Random Tree
STTrace Spatio-Temporal Trajectory Clustering
TVOI Time of Velocity Obstacle Intrusion
UDWA Utility DWA
USV Unmanned Surface Vessels
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