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Abstract. The increasing adoption of Maritime Autonomous Surface Ships (MASS)
poses significant challenges to the safe operation of maritime infrastructure. As
most maritime accidents occur in port and coastal areas, there is a pressing need
to address the limitations of MASS navigation in these environments. This paper
proposes a novel concept for MASS-ready ports, utilizing shore-mounted sensors
to mitigate blind spots caused by infrastructure and traffic density. Drawing
inspiration from the automotive domain's Manage Automated Driving (MAD)
concept, our approach integrates LiDAR, RADAR, and camera sensors to create a
safe and reliable navigation system for MASS in port areas. A case study on the
operation of an autonomous dredger in the Port of Emden (NPorts) in northern
Germany demonstrates the feasibility of our concept, using historical maneuver
data and sensor simulation. Our research highlights the importance of shore-
based sensor technology in supporting MASS navigation in port waters, paving the
way for safer and more efficient maritime operations.

1. Introduction

As traffic density increases and automated ships become more prevalent, navigating safely in
confined areas such as ports is growing increasingly challenging.

As stated in the EMSA 2024 report on marine casualties and incidents 54.0% of casualties and
incidents took place in internal waters. Additionally 37.0% of these took place in port areas [1].
Germanys Federal Bureau for Maritime Casualty Investigation reported similar numbers in its
2023 yearly report. In total 42.12% of recorded marine accidents and incidents occurred in ports
and their approaches [2].

As stated in both of these studies, the human factor is a dominating factor in context of ship
incidents. The second report goes more into detail, stating that the biggest factor stems from
incorrect assessment of the situation that leads up to the incident, which could also pose a
challenge to Maritime Autonomous Surface Ships (MASS).

This demand for safer navigational methods in confined areas is further underlined by the
fact that current navigational methods rely on sensor systems that are located on the vessel such
as AIS (Automatic Identification System) and radar systems. AIS encounters limitation because as
per International Convention for the Safety of Life at Sea (SOLAS) only vessels of 300 gross
tonnage and above are obliged to have an AIS transceiver on board and to communicate their
position as well as other navigational information like speed over ground, course over ground or
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rate of turn. Along the German coast and in German ports commercial and non-commercial
shipping often mix, with commercially used ports sometimes housing recreational yacht- and
sailing clubs.

As radar does not rely on a cooperative approach like AIS does, it may be seen as a solution
to the previously described problem. However, radar sensors installed on a vessel, encounter their
own limitations which become more relevant in confined areas such as coastal areas, inland
waterways and ports. Mainly occlusion or shadowing where a vessel or other object of interest is
hidden behind land masses or other structures blocking direct line of sight (LoS). There are
different approaches that try to deal with this issue.

Most approaches currently discussed in research use own-vessel centric sensors in
combination with additional algorithms to estimate the projected position of a target vessel once
LoS is lost. Other domains already utilize additional infrastructure-based sensors to provide
otherwise unavailable information to the vehicle during loss of LoS.

To solve the problem for the maritime domain, this paper contributes by providing a concept
for infrastructure-based sensor system to monitor hazardous areas in confined spaces like ports
and their approaches using infrastructure-based sensors.

This paper explores the concept of "Islands of Automation" to enhance navigation safety in
confined areas such as ports. In Chapter 2, we review the state of the art in infrastructure-based
hotspot monitoring in various domains, including automotive, aviation, and maritime,
highlighting the use of collective perception services, roadside units, and sensor systems to
address occlusion and shadowing issues. Building on this review, Chapter 3 introduces the
concept of "Islands of Automation" and proposes a shore-based LIDAR sensor system to resolve
occlusion-based navigational risks in ports. A case study is then presented in Chapter 4, where a
highly automated dredger is used as a use case in the inner port of Emden to evaluate the
effectiveness of onboard systems and automation islands in preventing dangerous situations. This
research aims to contribute to the development of safer and more efficient maritime operations
by leveraging the advantages of shore-based sensor systems and automation islands.

2. Related Work

Acquiring information about occluded objects in known hotspot areas poses an
interdisciplinary challenge. This challenge is particularly crucial in minimizing the risk of
incidents and subsequent accidents in maritime transportation. The process of reducing the risk
of such incidents occurring encompasses two key areas: On one hand observation of the area of
interest using sensors and on the other hand dissemination of information to inform about
potential dangers. This issue is relevant to various domains, including the automotive sector,
where research is already more advanced compared to the maritime domain.

Researcher across multiple modes of transportation have been actively working on
automation yielding significant findings for the challenge of occluded objects in their specific
domain. Consequently, our review of related work will focus not only on the maritime domain but
also the automotive, rail and aviation sectors.

The automotive domain is driving innovation in safe automation since the 1980s and 1990s
[3], leading to significant advancements in collective perception and information sharing among
vehicles operating in the same area. To enhance safety and efficiency, collective perception
services (CPS) are employed to monitor specific road sections equipped with sensors, such as
cameras and radars. CPS utilize standardized Collective Perception Messages (CPMs) to share the
collected information, which is transmitted via IEEE 802.11p technology between vehicles (V2V)
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and between vehicles and infrastructure (V2I). Notably, roadside unit-assisted systems
outperform vehicle-exclusive systems due to their superior computing performance,
communication range, capabilities, and upgradeability of sensors [4]. Such systems support
automated vehicles by extending their local perception range, particularly in complex
environments, thereby supplementing the cars embedded sensors [5].

Roadside Units (RSUs) commonly employ various sensors, including Lidar, Radar, cameras,
weather sensors, and ultrasonic sensors, to monitor safety-related metrics such as traffic flow,
areas with poor visibility, and weather conditions to assess safety-critical factors like road
conditions [3]. These sensor setups can track not only connected vehicles but also traffic
participants that cannot broadcast their position, such as pedestrians or older non-connected
vehicles [6].

The ongoing Managed Automated Driving (MAD) project focuses on infrastructure-
supported vehicle automation. The required sensors are infrastructure based and monitor
predefined areas, creating a safer environment for automated vehicles and providing economic
benefits through collaborative and collective perception, as well as vehicle control via remote
assistance and operation.[7] Another example of exclusive usage of infrastructure-based sensors
to navigate in predefined areas, like parking lots, is presented by Schiegg et al. [8]

However, as noted by Du et al. [9], infrastructure-mounted sensor systems, despite having a
better field of view than on-board sensors, can face similar issues with dynamic occlusion and
shadowing, where smaller passenger cars are occluded by larger vehicles such as trucks. To
address this problem, the authors propose a model to analyze the occlusion degree of a vehicle of
interest. Du et al. investigate various traffic conditions and sensor configurations using
simulations for a predetermined road section, varying parameters such as truck percentage,
traffic density, sensor number, and sensor position. The study highlights the benefits of
overlapping camera sensors fields of view from different angles, which improves detection rates
by eliminating occlusion.

Although the aviation domain faces distinct challenges compared to the automotive industry
with areas of operation being strictly protected, the underlying principles for addressing these
issues remain similar. Specifically, aircraft typically lack the capability to detect potential ground
hazards before initiating landing maneuvers, highlighting the need for information connection on
ground. To mitigate the risk of hazardous encounters between the growing number of ground
vehicles and aircraft at airports, Chen et al. [10] propose a computer vision-based system to detect
potential runway incursions. Their approach employs a camera-based sensor network. Other
methods utilize a broader range of sensors for the same purpose, including infrared beams,
induction coils, microwave radiation sensors, and phased array radars [11].

The rail domain shares similar challenges and prerequisites with the aviation domain, with
railroad crossings posing as a high-risk area for train accidents involving other traffic participants.
Xue et al. [12] identify various sensor systems that can be used to detect obstacles in railroad
crossings, including CCTV, LIDAR, Radar, IR Imaging, Ultrasonic Sensors, and Induction loops. The
study highlights Radar- and LIDAR-sensors as the most effective options, particularly when
combined with human-monitored sensors like CCTV and IR Cameras. Furthermore, cameras offer
a cost advantage compared to LIDAR and Radar. A key distinction comparing rail to any of the
other modes of transportation is the presence of barrier systems that separate different modes of
transportation in most locations. An example of using camera-based image recognition to detect
hazards in railroad crossings is presented in [12]. The algorithm employs edge detection to
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identify the train tracks and potential objects obstructing the track. In contrast, other approaches
utilize machine learning algorithms for the same purpose [13].

In the maritime domain Rgdseth et al. [14] proposed the concept of Local Sensor Systems (LSS)
as a part of the MASS.

This LSS is a shore-based sensor network, that provides information of the environment to
the vessel operating in directly to the autonomous surface vessel. This way expensive sensors can
be used cost effectively by multiple vessels at the same time, as long as they operate in the same
area [15].

Salous et al. [16] propose an alternative approach to address occlusion in the maritime
domain. They suggest a Data Stream Management System to share planned route information and
data on targets detected by ship-mounted radar sensors, which may not be visible to other vessels
operating in the same area. Communication is facilitated via VHF, and the collected data can be
fused with on-board acquired information, such as radar and AIS data. This cooperative approach
complements existing Vehicle Traffic Services (VTS) systems and focuses on larger, commercially
used vessels already equipped with cooperative data exchange systems like AIS.

Another approach, also based on data fusion, is presented by Sun et al. [17]. This method
combines AIS, Electrical Nautical Chart (ENC) information, and radar data to create a
comprehensive track of a vessel. When occlusion occurs, the vessel is tracked using AIS alone, and
the fusion process resumes once the radar target becomes available again, enhancing the
robustness of maritime tracking without using information provided by an external source.

Another approach proposed by Sun et al. utilizes an occupancy grid [18, 19]. This method
generates an overview of the vessel's surroundings, incorporating static and dynamic information
projected into the future to create a holistic knowledge base for safe, traversable grid cells. This
concept is further refined in [19], where it is used to identify occlusions and predict the position
of vessels occluded by static and dynamic obstacles, facilitating quick reidentification and
continued tracking of previously tracked vessels.

Another possible mitigation strategy that relies on cooperation between vessels is route
sharing. This encompasses information exchange between vessels as well as between vessels and
VTS. This concept is already part of current research [20, 21] as well as ongoing standardization
efforts by IALA [22].

The concepts presented earlier in the maritime domain could be could be incorporated into
an Operational Envelope (OE) to improve safety in shipping [23]. A concept, which aims to ensure
safe automation of ships. This builds upon the underlying concept of Operational Design Domain
(ODD) [24], which describes the operating conditions under which an automated driving function
is designed to operate safely. ODD encompasses scenery elements, environmental conditions, and
dynamic elements, and is primarily applied in the automotive domain.

Because of the key differences between the maritime and automotive domain in human
involvement, the OE concept extends ODD by incorporating the human component. However, in
the maritime domain, the prerequisites are different, and according to [25], a human is involved
in all cases.

3. Method/ Concept

Drawing on the concept of "Islands of Automation” from the domain of manufacturing,
established in the 1980s, concepts for modern shipping can be derived. In manufacturing, Islands
of Automation refer to automated production steps that are not interconnected and therefore
require human interaction between steps [26]. In contrast, the maritime concept focuses on
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safeguarding automation processes in predefined geographic areas, such as navigation in
confined areas or specific processes in ports like docking or refueling.

This is particularly important, as different levels of complexity arise at various points of the
journey of a seagoing vessel. In comparison to open sea areas, confined and complex areas like
ports and their approaches, pose a much more challenging environment to navigators resulting
in a higher number of incidents. [1, 2]

From a MASS point of view, current vehicle centric sensor systems are not sufficient as on-
board sensor systems limitation caused by environmental features or even other vehicles prevent
reliable object detection. On-board exclusive sensor systems also negatively impacts traffic flow
efficiency with lower movements speeds as greater caution is required. [27]

A significant advantage of shore-based sensor systems is that they can be tailored to meet the
specific requirements of the area being observed. In contrast, vessel-based sensors must be
designed to operate in a wide range of environmental conditions, without the ability to adapt to
specific local conditions. As a result, it is expected that shore-based systems will outperform
vessel-based systems, as they can be fine-tuned to create an expert system optimized for a specific
area.

This research focuses on the application of sensors and algorithms for object detection in
maritime environments. However, the integration of environmental sensors is also a promising
area of research, as it could provide critical warnings for vessels in case of adverse conditions such
as strong currents to plan navigation accordingly. By leveraging the advantages of shore-based
sensor systems, it is possible to create a more comprehensive and effective monitoring system for
maritime environments.

The idea of infrastructure-based sensors, even in the maritime domain is not a novelty by
itself. Concepts like the Operational Design Domain (ODD) and the ship-specific Operational
Envelope (OE) already consider land-based sensor systems. Rgdseth et al. [15] mention Local
Sensor Systems (LSS) that can be deployed to safeguard and support autonomous vessels in an
area-specific manner. The information recorded by an LSS is transmitted to the automation

&

-

Figure 1. Schematic representation of the detection of an occluded vessel that is detected by an
infrastructure-based sensor. Green depicts the field of view of the MASS onboard sensors, grey the
area that is occluded, red shows the field of view of the infrastructure-based sensor.
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algorithm of the autonomous ship to improve the situational awareness. Thus, all autonomous
vessels operating in the same area receive homogenous, higher quality information compared to
exclusive usage of vessel-based sensors.

The schematic depiction of the setup for supporting a MASS using infrastructure mounted
sensors is shown in Figure 1. It shows a target ship, that is occluded by a static object and is
therefore not detectable by sensors installed on the MASS. Only with the aid of sensors installed
on the static object can the ship be detected. The information about the detected object is then
forwarded to the autonomous vessel via a wireless connection. Depending on the requirements
Very High Frequency (VHF), 5G or some other mean of communication could be used to distribute
the information to the MASS. It can then react accordingly to the reported target.

The selection of the sensor type depends on the environment and the expected target object

in the area. Properties such as material properties, angle to target, size of target, and so on can
negatively impact the quality of information that is produced by the sensor. While Lidar sensors
perform worse in adverse weather conditions, point clouds returned by them are denser
compared to radar, making it possible to more reliably detect small objects. [28]
This article proposes a shore-based LIDAR sensor system., aiming to contribute to the resolution
of occlusion based navigational risk in ports and other confined areas. We perform a simulated
sensor placement analysis to find the optimal sensor placement for a specific use-case that is
located in the Emden harbor. More specifically we focus on a potential high-risk area where
occlusions block LoS to incoming traffic creating a dangerous situation for Automated vehicles as
well as conventionally operated vehicles.

Although the distribution of the acquired information lies outside the scope of this paper; it
remains and important issue. After merging and fusing the sensor data at a central node, the
resulting insight can be transmitted to vessels and VTS in a specific area via for example a
maritime service, in accordance with IMO’s e-navigation concept [29].

4 Case Study

This study investigates the concept of automation islands for safeguarding hazardous areas
in ports, with a focus on the safety of highly automated and autonomous systems. A case study is
conducted using a highly automated dredger as a use case to examine the effectiveness of onboard
systems in preventing dangerous situations and the potential benefits of implementing an
automation island in areas with limited surveyability. The study utilizes a dredger equipped with
a radar sensor setup, as described in [30], operating in the inner harbor of Emden, where the
entire harbor is subject to flushing or besieging. A specific area occluded by a dry dock is selected,
characterized by tugboat traffic (historical AIS tracks), access to a marina (ships without AIS), and
water sports (canoeists).

To enhance safety, a landside sensor setup consisting of two LiDAR sensors, one on each side
of the occluded area, is employed to augment the onboard situation picture. LiDAR sensors are
chosen for their ability to detect small targets, such as canoeists and people in the water. The case
study is conducted using simulations, allowing for the investigation of rare events and dangerous
situations that are difficult to replicate in real-world scenarios. In this case, typical automotive
sensors like the windshield-mounted units for collision avoidance are used. These sensors
provide a 120° horizontal and 25° vertical field of view (FoV) and can detect objects up to
300 meters away. These sensors are the most practical from an infrastructure standpoint, since a
full 360° coverage is not needed.
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The added value of the automation island is evaluated by examining the distance at which
targets are detected, thereby assessing the reaction time of a highly automated system at the
verification level. At the validation level, situation images with and without the automation island
are compared throughout the entire maneuver to determine the extent to which the identification
of targets as obstacles is improved by a collision avoidance system.

Figure 2. Use case schematic, Map data from [32]

The following scenarios are considered for other traffic participants:
- Tugboat passage (based on historical tracks)
- Yacht without AIS
- Water sports (canoeists)
From the dredger's point of view, 2 scenarios are considered:
- Entering the occluded area (seaward side)
- Leaving the occluded area (port side)

The permutation results in 12 scenarios in which the added value of aland-based automation
island is examined as part of the field study.

Figure 3. View of the dry dock that obstructs the view when exiting the fairway. length: 136
meters; width: 17 meters; depth: 6.5 meters



ICMASS-ISSS-2025 10P Publishing
Journal of Physics: Conference Series 3123 (2025) 012015 doi:10.1088/1742-6596/3123/1/012015

The case study originates from a real-world scenario where a drydock occludes the view into
the open harbor basin from the fairway creating a risk for vessels entering and exiting the fairway.
The dry dock that separates the two areas is 136.2 meters in length, 17.0m in length and 6.5m in
depth. The main basin is a congested waterway that is frequented by pleasure craft, including
small boats and canoes, accessing the locks that separate the harbor from the open sea. The rear
area of the basin is also home to a yacht club, further contributing to the complexity of the
waterway. Notably, Automatic Identification System (AIS) equipment is not compulsory for these
smaller vessels, making line-of-sight information crucial for ensuring safe passage. Furthermore,

Figure 4. Image showing low visibility exit (left) and entry (right) of the fairway that is typical for the
area. Tracks originate from AIS data from two different days. Map Data from [33]

Figure 5. Prototypical depiction of dredger sensor solution utilizing FMCW radars. [27]

the area is also utilized for various water sports, underscoring the need for enhanced situational
awareness. As illustrated in Figure 3, the dry dock creates an occlusion when exiting the fairway
and entering the main basin, highlighting the importance of visual awareness in this area.

A typical exit and entry maneuver in the study area is illustrated in Figure 4. Analysis of
Automatic [dentification System (AIS) data reveals that such situations occur frequently, although
the actual frequency is likely underestimated due to the lack of AIS transceivers on some vessels.
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There are no specific regulations or traffic management measures in place that would restrict or
control vessel movement in this area.

For the purpose of this study, we consider a scenario in which an automated dredging vessel,
measuring 10m x 4m (reflecting the dimensions of commonly used dredgers), is equipped with
an onboard sensor suite comprising radar sensors, as depicted in Figure 5 and described in [30].
The radar sensors are industrial-grade, short-range units built for object detection in harsh
environments, such as on-board applications. They feature a 60° horizontal and 5° vertical FoV
and can detect targets up to 100 meters away. This setup enables the vessel to operate in a highly
automated manner.

A sensor simulation [31] is employed to model the onboard sensor technology and that of the
automation island. This simulation utilizes Raycast to replicate the measurement methods and
map the geometries of maritime road users, static obstacles (such as dry docks), and the waterline
(where the signal is attenuated). For the purposes of this proof-of-concept case study, which
focuses on basic detection capabilities, the influence of environmental factors such as weather
conditions is disregarded, as these parameters are not relevant to the downstream perception
chains being tested. For vessel detection, we applied a geometric filter that removes static objects
using sea-chart data, then used a closest-point algorithm to determine the distance to the
approaching vessel.

5. Results

The case study results are analyzed below based on the defined scenarios, which were
implemented in a sensor simulation. Both the onboard sensors and the LiDAR of the automation
island were mapped in this simulation.

Figure 6. Image showing simulation of the use case with a simulated vessel that is tracked using shore
based lidar sensors. Map data from [32]

Each of the following figures shows the moment when the onboard system first detects an object
that could cause a collision. In the display, our own vessel is placed at the origin and the distance
to the approaching object is shown. The speed is zero because this is the initial detection and no
relative-speed calculation can be made already. The point cloud shown comes from the
shore-based system, which continuously tracks objects throughout the blind spot area. By using
the onboard-sensor detection times, the added value of early detection in the blind spot area
through the shore-based sensors can be determined for each scenario.
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Figure 7. First detection moment by the onboard sensors of the tug (large sized target) operating
within the blind spot area. The data shows the distance between the detected object and the vessel
based on onboard sensors. Point cloud is resulting from the shore-based setup. Map data from [32]

In the first scenario, a tugboat entering and exiting the blind spot area was simulated based
on historical tracks. The tugboat was detected by the onboard sensor system upon entry at 114.65
meters and upon exit at 98.31 meters. The automation island recorded the tug's track as it entered
the detection area, enabling early collision avoidance for the dredger's system. Although AIS data
is available for the tugboat, the position accuracy is lower (GPS precision in meters versus LiDAR
precision in centimeters), and the time resolution is also lower at low speeds in the port. The
automation island enhances the dredger's reaction time to such encounters.

Figure 8. First detection moment by the onboard sensors of the yacht (medium sized target) operating
inside the blind spot area. The data shows the distance between the detected object and the vessel
based on onboard sensors. Point cloud is resulting from the shore-based setup. Map data from [32]
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The second scenario involved a yacht not equipped with AIS, entering and exiting the blind
spot area based on historical tracks. The yacht was detected by the onboard detection system at
95.06 meters upon entry and at 112.17 meters upon exit. The automation island recorded the
yacht's track upon entry into the detection area, facilitating early collision avoidance for the
dredger's system. The added value here is significant, as no AIS data is available for the yacht.

Figure 9. First detection moment by the onboard sensors of the canoe (small sized target) operating
inside the blind spot area. The data shows the distance between the detected object and the vessel
based on onboard sensors. Point cloud is resulting from the shore-based setup. Map data from [32]

In the final scenario, the challenge of detecting a very small target (canoeist) was addressed.
The canoe was detected by the onboard detection system at 87.88 meters upon entry and at
100.36 meters upon exit. The automation island's role is most critical in this scenario, as the
onboard sensors provide limited information about the canoe. The canoe reflects few signals,
making it difficult to distinguish from background noise such as waves or birds. The automation
island enables seamless tracking based on the canoe's shape and behavior.

6. Conclusion

This paper proposed a novel concept for mass ready ports by utilizing local, as in shore-based,
sensor systems to support MASS during operation in confined areas that cause blind spots. The
proposed concept is tested in a simulative environment to prove its benefits in comparison to
vessel centric sensor systems. In the simulation the effectiveness was proved under different
types of target objects. While detection time for all object types was improved, the system proved
especially useful when encountering small objects. The results also demonstrate an early gain of
important context information about the object that is encounter like speed over ground and
course over ground helping to improve safety during MASS operation in port areas. This type of
information becomes even more important in cases where the ability of MASS to maneuver is
limited which is highly dependent on the type of vessel.
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