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Disclaimer

This project has received funding from the European Union's Horizon 2020 Framework
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Users should be aware that they use this information at their own risk and liability. To clarify, the

European Commission has no responsibility or liability with respect to this document, which is
merely a representation of the authors' views.
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Executive Summary

This report presents the final outcomes of the pilot project T7.4.2 "Decision-Making System Based
on Vessel Location,” conducted at the Port of Barcelona between 2023 and 2024 as part of the
PIONEERS project. The demo objective was to develop a real-time vessel monitoring system
leveraging advanced technologies, including 5G connectivity, artificial intelligence (Al), and a
multi-camera network, to enhance situational awareness and operational efficiency within the
port.

The pilot development was coordinated by the Port of Barcelona and the Centre for Innovation
in Transport (CENIT - CIMNE). Additionally, three different companies supported the work of the
main components of the pilot. In particular, Nexus Geographics was the creator of the GIS
dashboard, which represents vessels coordinates and other relevant information captured by the
computer vision Al algorithm, developed by Ctrl4Enviro. Finally, Orange has been the responsible
of 5G service installation at all the port.

Background and Objectives

The pilot was designed to address limitations in traditional vessel monitoring methods, such as
AIS (Automatic Identification System) and RADAR, which suffer from signal loss, latency, and
incomplete data coverage. The solution integrates:

« Al-powered Computer Vision: Utilizing multiple cameras to detect and track vessels in
real time.

» 5G Connectivity: Enabling fast and reliable data transmission with low latency.

« Geographic Information System (GIS): Providing an interactive dashboard for vessel
location and movement visualization.

By implementing these technologies, the pilot aimed to improve port operations, enhance safety,
and optimize vessel maneuvering, ultimately contributing to reduced emissions and a more
sustainable maritime environment.

Key Findings and Results
The system successfully demonstrated:

» High-accuracy real-time tracking: Capable of detecting over 25 vessels simultaneously
with an error margin of 1.9%.

« Seamless 5G integration: Ensuring reliable, low-latency data transmission, comparable
to wired fiber optic networks.

« Operational efficiency improvements: Enhanced vessel positioning in docks, reducing
maneuvering time and congestion.
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» Scalability potential: The system can be adapted to other ports with appropriate
infrastructure adjustments.

Challenges and Lessons Learned

Several challenges emerged during the pilot, including synchronization of multiple cameras,
environmental factors affecting visibility, and regulatory concerns related to data privacy. The
project team addressed these issues through improved calibration techniques, optimized camera
placement, and compliance with privacy regulations.

Impact and Future Applications

The pilot demonstrated significant benefits for various port stakeholders, including harbor
masters, port pilots, rescue teams, and terminal operators. The enhanced real-time monitoring
capabilities can:

« Improve safety by enabling quicker responses to emergencies.
» Support better decision-making through accurate vessel location data.
» Reduce environmental impact by optimizing vessel routes and minimizing idle times.

Looking ahead, the technology holds potential for broader applications, such as maritime
security, autonomous vessel navigation, and environmental monitoring. Further research and
development will focus on integrating additional data sources, refining Al algorithms, and
expanding the system's functionality to support other European ports.

This report serves as a comprehensive overview of the pilot's achievements, offering insights for
stakeholders interested in implementing similar smart port solutions in the future.
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1 Pilot objectives and environment
description

The Maritime 5G pilot was developed in the north area of the Port of Barcelona. The area is shown

in the following Figure 1.

o

<+ P

Figure 1. The area of the Port of Barcelona where the pilot was developed

This area is highly diverse, accommodating various types of vessels. It is primarily used by ferries
operating at the Grimaldi terminal and, on the opposite side, a yacht marina. Additionally, leisure
boats pass through this zone to reach the old section of the port, where their berths are located.
During the pilot's development, the America’s Cup was also held at the Port of Barcelona, with
the event's bases occupying part of the same area. The positions of these key entities are

illustrated in the following figure.
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Ferries

N

Figure 2. Positions of the mentioned entities in the port area
Existing Vessel Monitoring Technologies

Given the complexity of this area, effective vessel monitoring is crucial. Currently, the port relies
on two primary technologies: AIS (Automatic Identification System) and RADAR.

AIS (Automatic Identification System)

AlS functions similarly to GPS but does not provide continuous tracking. Instead, it transmits
updates every 2-3 seconds, depending on vessel movement.

The Automatic Identification System is a maritime communication system that broadcasts a
vessel's position, speed, and navigational status at regular intervals, with transmission frequency
varying by vessel type:

e Class A Transceivers (used by large commercial vessels and passenger ships):

o Transmit every 2 to 10 seconds while underway, depending on speed and course
changes.

o Transmit every 3 minutes when at anchor or moving below 3 knots.

o Class B Transceivers (used by smaller commercial and recreational vessels):
o Transmit every 30 seconds when moving faster than 2 knots.
o Transmit every 3 minutes when at anchor or moving below 2 knots.

International regulations mandate that vessels over 300 gross tons on international voyages, as
well as passenger vessels, must carry AlS equipment. However, leisure boats are generally not
required to have AlS, though specific regulations may vary by country and waterway.

RADAR Technology
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RADAR systems, while useful, have significant limitations in port environments. Buildings and
other obstructions can block signals, leading to incomplete or inaccurate data on vessel
locations. As a result, the precision of RADAR-based monitoring is often suboptimal.

Currently, the existing monitoring system does not provide real-time, high-accuracy vessel
tracking within the port's boundaries. An example of the current RADAR visualization is shown

in Figure 3.

Figure 3. Visualization of the existing RADAR technology at the Port of Barcelona
Enhancing Geolocation with the 5G Maritime Project

To improve vessel tracking, the 5G Maritime Project for Intelligent Vessel Location introduces an
advanced multi-camera system that offers higher accuracy and real-time data transmission. This
solution consists of three key components:

1. Al Algorithm - Uses multiple cameras to detect key vessel points (stern, bow, and central
point).

2. BG Connectivity - Ensures seamless real-time data transfer with low latency.

3. Cameras - Capture and relay vessel positioning data to a central dashboard.
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The Al algorithm processes real-time data from the cameras and transmits it to a dashboard,
which provides an interactive overview of vessel movements in the monitored area. All
components are interconnected via 5G, enhancing service reliability and responsiveness.

A visualization of the system'’s control dashboard and an example camera feed are displayed in
Figure 4.

DARSENA DE STBERTRAN

Figure 4. The system's control dashboard and picture of the vision of one of the cameras

The dashboard offers several key functionalities:
o Displays real-time feeds from multiple cameras.
» Differentiates between various vessel types operating in the area.
e Integrates GIS layers for enhanced spatial analysis.
e Receives data from the Al algorithm, providing details such as vessel type, direction,
speed, and coordinates.
This enhanced system significantly improves vessel monitoring at the Port of Barcelona,

ensuring greater accuracy, reliability, and efficiency in maritime operations.
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In conclusion, the use of a more precise system for the monitoring of vessels movements in the
port's boundaries, will help not only to better manage maritime operations, but also to reduce

emissions in the future. Indeed, a more efficient manoeuvring process will help to avoid useless

operational times.
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2 Development and results of the demo

This chapter outlines the planning process for the demonstration and highlights the key
components that were considered. First, an overview of the project planning is provided to
illustrate the main activities involved in the pilot and their respective timelines.

Subsequently, the four main components of the system are described:
1. 5G connectivity
2. Al algorithm
3. Multi-camera system, including an on-site server
4. GIS platform
Each of these elements played a crucial role in the development and success of the project.

On one hand, 5G connectivity significantly enhanced the pilot's performance by enabling the
integration of a greater number of cameras. In locations where a camera was required but wired
network infrastructure was unavailable, 5G facilitated a faster deployment without
compromising network capabilities.

On the other hand, the Al algorithm was powered by real-time video streams from cameras
deployed across the Port of Barcelona, which were interconnected to provide seamless
coverage. The processed results were then displayed on a newly developed GIS platform.

Project planification
The project activities were structured into three main phases, which are shown in the following
figure:
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Figure 5. Timeline representation of the project's steps

1. Project Description

o Defined the key elements of the project to ensure a clear understanding of its
overall objectives.

o Reviewed tenders for 5G and new cameras, aligning with the Port of Barcelona's
strategic goals.

o lIdentified current challenges and potential use cases through discussions with
stakeholders.

2. Project Planning
o Designed the demonstration setup, defining:
» The demo area
» The actors involved
» The timeline for execution
o Established requirements for the Al company responsible for image recognition.

o Aligned the project timeline with ongoing port developments, particularly the 5G
infrastructure deployment and camera installations.

3. Demonstration and Results
o Implemented the pilot during the 37th America’s Cup in Barcelona.

o Conducted a post-demo analysis to evaluate performance and identify areas for
improvement.
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Each phase had its own timeline and was scheduled accordingly throughout the project duration.
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Figure 6. Timeline of the project tasks. Colours indicate main steps: project description (green), planification (blue), and
demonstration (violet).

5G connection

The Port of Barcelona, in collaboration with Orange, has implemented a hybrid 5G connection.
This network configuration allows clients to prioritize certain activities on private networks,
which are faster and independent, while other activities and general users connect via the public
network. This approach reduces investment costs compared to a fully private network and
enables differentiation in network requirements for diverse activities.

The new 5G service encompasses two main zones:
- Zone A: covers the inland section of the port and the initial maritime area.
- Zone B: extends into the maritime area, reaching up to 2 nautical miles offshore.

The following figure shows these areas on a map.
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Zone A | Zone B

Figure 7. Map of the areas covered by the 5G connection

5G Network Architecture

The 5G network is established as a Standalone (SA) system, functioning as Infrastructure as a
Service (laaS).

e Standalone (SA) Architecture: Both the Radio Access Network (RAN) and core network
are built using 5G infrastructure, enabling full utilization of 5G capabilities.

e Infrastructure as a Service (laaS): The 5G network is designed, constructed, and
maintained by the network provider. A portion of the public network is reserved for
clients, granting them control over their network while necessitating management of a
more complex infrastructure.

Key Requirements of the 5G Network
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The new 5G connection fulfills four primary requirements, facilitated by advanced 5G

technology:

1. Reliability, Viability, and Resilience: Ensures continuous operability and minimizes
downtime, whether planned or unexpected.

2. Flexibility: Allows for seamless adaptation through technical updates, enhancing service

quality.

3. Scalability: Supports future expansions and the introduction of new functionalities
through open hardware and software architectures.

4. Security and Isolation: Provides robust protection against cyberattacks and ensures

data privacy.

These capabilities are developed according to the business requirements outlined in Figure 8.
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Figure 8. Business requirements of the new 5G system
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The Port of Barcelona is actively exploring additional pilots utilizing the new 5G service,
demonstrating the technology's versatile applications.

Quick Wins and Benefits of 5G

e Quality WiFi Solution: A high-quality WiFi service, easily deployable with minimal

resources, ideal for temporary setups or rapid deployments.

¢ Cost and Time Savings: Installation costs are reduced by 30-60%, while installation time
is cut by 90%, making it a highly cost-effective and efficient solution.

Specific Projects and Use Cases

D7.12 Report on a decision-making system based on vessel location
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1. 5G Maritime Experience on board

a.

b.

High-Resolution Screens: Equips vessels with high-resolution screens for live
streaming events, offering passengers an immersive digital experience.

5G WiFi Onboard: Provides passengers with reliable, high-speed internet
connectivity, enhancing their overall journey.

Coverage and Mobility: Extends 5G coverage into maritime areas, ensuring
continuous connectivity even when vessels are in motion.

2. 5G Emergency Communications

a.

Unified Communication Device: Integrates multiple communication functions,
including push-to-talk and multi-app capabilities, into a single terminal for
streamlined emergency response.

Guaranteed Coverage: Delivers consistent, high-quality communication across
the port, including maritime and indoor areas.

Customization and Slicing: Supports network slicing to tailor and prioritize
communication needs during emergencies.

3. 5G Nexigen

a.

b.

Advanced Connectivity: Reduces dependency on physical connections by
leveraging a 5G standalone network for operational systems.

Cost and Maintenance Efficiency. Cuts maintenance costs and enhances
reliability by minimizing electromagnetic interference.

Service Continuity: Ensures uninterrupted service and reduces the risk of data
transmission failures.

4. 5G Rail-Signal Integration and Testing

a.

b.

Real-Time Train Location: Provides real-time data on train locations, aiding in the
integration and testing of rail signals.

Cost and Time Efficiency: Lowers costs and reduces the time needed for fiber
optic infrastructure installation.

Robust and Reliable System: Ensures a sturdy and dependable system before
official implementation, with future-proof backup capabilities.

Al algorithm

The vessel and boat geolocation system is powered by a combination of Al models that work
together to track multiple targets simultaneously. These targets are observed from different
cameras, capturing the same scene from various vantage points.

Key Features of the Al System

The system is capable of geolocating any floating object within the port, regardless of its size,
aslongasitis visible to at least one of the deployed cameras. This offers a significant advantage
over AIS and RADAR, which have notable limitations:

e Unlike AIS, the system does not require vessels to transmit signals.

e Unlike RADAR, vessels do not need to be within direct range of an antenna.
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o Objects remain detectable despite occasional occlusions caused by other watercraft or
port infrastructure.

The minimum detectable boat size depends solely on the camera resolution and its distance
from the target. For the Port of Barcelona, the project utilized 4K and 2K resolution cameras,
allowing:

o Detection and geolocation of boats at distances up to 1,040 meters, with a 5-meter
margin of error.

e Recognition of watercraft as small as 2 meters in length, including kayaks, small sailing
boats, and America’'s Cup towed buoys.

To further calibrate the system, a port vessel equipped with an independent positioning
system was used to cross-check accuracy in the monitored area.

System in Action:

Figure 9. One of the busiest moments at the port entrance during the end of a day of the America’s Cup finals. On the
right side, two of the buoys used during the race being towed back to port.
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PIENEERS

Portde Barcelona  DARSENA DE STBERTRAN (@) Ajuda  Contacte

-

Figure 10. All watercrafts shown on Figure 8, above, were detected and geolocated by the system as shown in the image
below. Detection of more than 25 vessels simultaneously.

The collaborative work of multiple cameras ensures that every watercraft is continuously
tracked, even when partially obstructed or at varying distances from the cameras.

Beyond geolocation, the system also determines:

e Boat type
e Length
e Speed

« Navigation direction (by identifying the bow and stern)

This data is transmitted to the GIS platform every three seconds, ensuring near real-time
situational awareness.
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Figure 11. Left images-mosaic: five cameras participating in the project. Right image: GIS representation. In black, the
vessels and boats detected and tracked, inside the monitored area of the project (not the whole port). Depicted as blue
dots, AIS detections. Notice the presence of non-existing vessels in the dock (false positives), while the two existing
vessels (GNV one and the red one) have their AlS switched off or they're not in the correct position .
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Figure 12. A large GNV ferry prepares for docking under the Pilot boat's surveillance. In the meanwhile, a small sailing
boat is about reaching the port entrance while a very small watercraft -probably a sport one without AlS and not visible
by the RADAR- is some meters away the Pilot boat's prow and close to the Port HQ building (World Trade Center).
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Figure 13. Occasionally, RADAR detects the two small boats, but some seconds delayed with respect to image detection.
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Figure 14. Example of information sent to the GIS. "‘Barqueta / golondrina” means the tourist boat which is captured by
cameras 4 and 1 and is about going under the bridge at the left side of the image.

After the development of the pilot, a calibration was done to understand the exact level of
precision of the algorithm. The following Fout! Verwijzingsbron niet gevonden. shows the path

D7.12 Report on a decision-making system based on vessel location 23



PIONEERS

that was done during calibration. On the other hand, Fout! Verwijzingsbron niet gevonden. show
the colleagues from the Port of Barcelona who were involved in the calibration process.

Figure 15: Representation of the path that was done during calibration

Figure 16: Colleagues from the Port of Barcelona during the calibration process

The results are the typical errors and deviations, based on the boat's central point and measured
as the distance (magnitude) between the estimated and actual positions. One measure each 10
seconds for one hour were done, totalling 360 measures. Those represent a calibration done
using specifically camera 0 and 4, which are shown in the previous figures. Camera 2 takes part
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also in the system, but it caught the boat for just a very short footage, therefore it was discarded.
The final values are in the following Table 1.

Table 1. Values of the calibration for cameras 0 and 4.

Camera Distance (meters) Mean error Error (%)
0 180 mt 311 mt+-122mt 17%
4 - south 500 mt 0.92 mt +- 550 mt 2.0%
4 - north 1000 mt 18.56 mt +- 1.82 mt 19%

Finally, the average error across all four measurement groups is 1.9%.
Looking at the data, the following conclusions were made:

e The relative error remains fairly constant and does not appear to increase with distance
for cameras 0 and 4, which are positioned at a high enough elevation.

e Although the relative error is small, over long distances it can result in deviations of up to
several tens of meters, which could render the system unsuitable for locations requiring
higher precision.

e Despite the short footage taken by camera 2, that was enough to reveal a high error from
that camera. That could be due to its lower elevation, resulting in a smaller viewing angle
of the vessels, and the error increases as the observed point moves farther away.

e Although there were only 4 frames where data fusion occurred between cameras 4 and
2, the system successfully resolved the localizations by selecting the data from the
camera it had greater confidence in, which in this case was camera 4.

Multi-cameras system

Ahead of the America’s Cup, the Port of Barcelona decided to expand its camera network to
enhance monitoring capabilities. Today, nearly 400 cameras are deployed across the port,
including 70 cameras in the touristic section alone.

The new cameras feature 4K resolution, with some connected via 5G routers while others rely
on fiber connections. All cameras are fully integrated into the Port’s security system, serving
multiple operational purposes.

5G Performance in Camera Synchronization

One of the key findings from the pilot project was that cameras connected via 5G delivered
images to the central processor with no additional latency compared to those using wired
connections.

This was verified in a synchronized test, shown in Figure 15, where Camera 1 was connected via
5G, while the others used wired connections. All cameras were synchronized to the same
Network Time Protocol (NTP) server, ensuring identical timestamps in the processed images.

The test followed this sequence:
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1. The image processor sent a simultaneous retrieval command to all cameras.

2. Each camera captured an image at that exact moment, displaying the same timestamp
in the bottom-right corner.

3. The images were then transmitted through their respective wired or 5G communication
channels.

4. The central processor assembled all images into a mosaic, confirming perfect
synchronization.

Key Observations Proving 5G Has No Additional Latency

- Al five cameras displayed the same timestamp (*2024-09-23 17:26:21"), proving that the
retrieval command reached them simultaneously—even the one connected via 5G.

- On independent screens, images from all five cameras were uploaded at the same
time, confirming no delay in the return transmission.

Conclusion

These results demonstrate that 5G introduces no additional latency when integrating cameras
into the port's monitoring system, making it a viable alternative to wired connections.
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Figure 17. Although a bit hard to appreciate in the image, the reference time is the same for the five cameras.

Additional Applications of the Camera System

Beyond its role in the 5G Maritime pilot project, the multi-camera system supports several other
initiatives within the Port of Barcelona:
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1. Emissions Monitoring for Trucks
o Cameras capture vehicle serial numbers as trucks enter and exit the port.

e Using entry and exit timestamps, the system calculates the total time spent inside the
port.

o Based on technical vehicle specifications, an estimate of emissions produced during
that period is calculated.

2. People Flow Monitoring

e The cameras count the number of people in specific areas to help manage crowd
density.

e This data improves security and operational planning, particularly in high-traffic zones.

Final Thoughts

The multi-camera system, powered by 4K resolution cameras, 5G connectivity, and Al-driven
data processing, plays a critical role in port operations. It ensures real-time monitoring,
supports environmental and security initiatives, and proves that 5G is a reliable, low-latency
solution for high-resolution video transmission.

GIS Platform

The GIS platform is an advanced information system designed to improve vessel monitoring in
the Port of Barcelona by enhancing geolocation capabilities.

Currently, monitoring challenges exist due to:
o Limited visibility from the control tower, making it difficult to oversee all docks and areas.
e Alack of comprehensive digital information for real-time vessel tracking.

Traditionally, vessel geolocation relies on AlS signals, which provide approximate positions and
orientation data. However, AIS has inherent limitations, such as:

e Latency and update frequency issues

¢ Inability to track all vessels in real time

The GIS platform seeks to overcome these shortcomings by validating the pilot project in the
St. Bertran Dock, which serves as a Living Lab. This enables:
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¢ Real-time vessel geolocation using video cameras
e Seamless integration of data across multiple port information systems

This pilot project would validate the approach and establish an alternative positioning system to
the traditional method, offering data with better frequency and a procedure for scaling it to other
docks or port locations, supported by the corresponding deployment of video cameras and
communication systems such as 5G.

The GIS platform is deployed in a cloud-based environment using Dockers and Kubernetes,
aligning with the technological ecosystem of the port.

The system architecture is composed of the following components:
1. Persistence Layer

o Built on a PostgreSQL database with the PostGIS extension for handling
geographic data.

o Uses a Redis database for real-time data processing.
2. Business Layer

o Implements APIs for data visualization and ingestion.

o Manages position collection, storage, and retrieval logic.
3. Presentation Layer

o Developed using Vuejs and OpenLayers.

o Provides an interactive interface for visualizing GIS layers, tracking vessels in real
time, and filtering vessel types.

All components are deployed in a Cloud-Ready Kubernetes (K8s) environment, ensuring:
e Scalability for monitoring expansion
e Efficient resource allocation

The system leverages the Django Framework in combination with Redis using WebSockets for
real-time position updates on the dashboard and APIs. PostgreSQL is used for storing all historical
positions, enabling future data analysis.
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The web client (Frontend) is developed using Vuejs technology in combination with the
OpenlLayers library. It currently implements all the functionality for GIS layer visualization, real-
time vessel tracking, filters for classified vessel types, and access to information from the different
layers.

Below, in Figure 19, some situations monitored by the system and the system's behaviour are
described:
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Figure 19. On the right, the GIS screen showing, as heat map, the RADAR detections. Notice that in the controlled areaq,
vessels and boats detected by the Al imaging system are hardly detected by the RADAR, while this shows some false
positives.

A very small personal watercraft appears in the scenario captured by camera 4 in the middle of
the dock, which is represented at its right in the GIS panel by a small black point.

Also captured by camera 4, on the left side, in the central dock, a small black and white cruise is
being tanked from its port side by a hard to see black tank vessel. Both of them are positioned by
the Al algorithm and depicted in the GIS on the left side of the central dock.

The Pilot boat leaves the port through its entrance, which is captured by camera 0, positioned by
the Al algorithm and depicted in the GIS.

The GIS platform provides the following functionality:

Capability to ingest information via API
e Storage of positions of detected objects
e Classification of vessel types
e Provide of object positions via API
e Real-time visualization in the area of study
In terms of information layers, the system incorporates:
e Basemap, Topography Maps and Aerial imagery of the port
e Information on positions obtained through IA cameras

e Information about vessel positions obtained from the AIS positioning system
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e Information about vessel positions obtained by the control tower radar
e Location of cameras and their characteristics

One of the pending challenges is identifying vessels through unique identifiers (MMSI) to enrich
the information and enable maritime operation analysis or emission calculations in the study area.
The platform can evolve to analyse patterns of maritime operations and to leverage historical
data.

Looking at the results from the dashboard development, since the 6" of May 2024, 11,5 million
of historic data has been saved. Mainly, most data correspond to ferries, rescue team and
motorboat. The following Figure 20 shows the reported historical requests of the trajectory of
different types of vessels. As example, for a ferry port call, geo-position coordinates (X, Y values)
are plotted in the system every second during all the trajectory of the manoeuvring and when it
is at the berth.
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Figure 20. Bar chart concerning the number of requests categorised by the type of vessel.

Finally, the following Figure 21 shows the average requested detections values, per day, hour and
minute.

Average requested detections

171082 12437 292
Figure 21. Average requested detections by the GIS platform.

Cost analysis of the pilot

The main costs associated with the pilot include the 5G connection, cameras, Al algorithm, and
the dashboard.
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Regarding the 5G connection, in the case of the Port of Barcelona, the cost was not a direct result
of the pilot, as the port is involved in a broader project to install a hybrid Infrastructure as a Service
(laaS). The total cost of this project is approximately 4 million euros over four years, with all the
funds allocated to operational expenses (OPEX). Since the Port has requested an laaS connection,
it is not responsible for the physical infrastructure required for the service's development. Based
on the port's total area of 12,544.318 hectares, the 5G connection cost is estimated to be around
82 euros per hectare per year.

As for the cameras, five cameras were installed in an area of 396 square meters, each costing
around 3,000 euros. This cost covers the cameras, their installation, and integration into the port's
central server. These cameras are not totally used for the pilot, since they are also there for the
port's security and safety purposes. An alternative for the 5G connection is to use a router directly
connected to the camera, which costs approximately 4,000 euros, including the router, its
configuration, and one year of maintenance. The installation of both the cameras and routers
required the involvement of the IT department of the Port of Barcelona, though estimating the
labour cost for this is complex.

Concerning the Al algorithm, with the configuration of 5 cameras, the cost was between 25’000
and 30’000 euros for one year. However, it should be noted that adding more cameras would
not increase the total investment proportionally. Lastly, an additional cost for the dashboard was
around 10’000 and 15’000 euros.

3 The main challenges of the pilot

As we reflect on the progress of our pilot project, it is essential to acknowledge the various
barriers and challenges we encountered along the way. These obstacles, while demanding,
provided valuable insights and opportunities for growth. By understanding and addressing these
challenges, we can better prepare for future implementations and ensure the success of our
initiatives. Below, we have categorized the barriers into technological, social, environmental,
regulatory, and economic aspects, highlighting the contributions of all involved parties.

Technological barriers:

¢ Synchronization of cameras: The initial difficulty in connecting the cameras to a
common NTP was resolved with the implementation of the 5G network.
Recommendation: Maintain a robust and updated network infrastructure to ensure
continuous synchronization of devices.

e 5Grouters: Finding suitable 5G routers for the cameras was challenging due to their
novelty in the market. Recommendation: Collaborate closely with technology providers
to obtain state-of-the-art equipment and ensure its availability.

e Balancing VMS and Al algorithms: Centralizing cameras in a VMS that uses standard
CCTV cameras complicated their dual purpose. Recommendation: Optimize video
streams to avoid network overload and maintain the image quality required for Al
algorithms.
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Sun reflection and thermal cameras: The reflection of the sun interfered with the
camera's view, necessitating alternative detection methods. Recommendation; Use
thermal cameras at night or increase port lighting as an alternative measure.
Reliability of cameras and connection: Ensuring the reliability of cameras and their
connection was crucial to avoid unnecessary delays in commissioning the system.
Recommendation: Ensure a stable connection and conduct regular maintenance tests.
Data processing time: The data processing time from image processing to the GIS
Viewer needed to be near real-time. Recommendation: Implement efficient and
scalable data processing systems.

Social barriers:

Reliability concerns: There were concerns about the technology's ability to function
continuously. Recommendation: Conduct awareness campaigns and training to increase
confidence in the technology.

Limited technical skills: There was a lack of technical skills to understand the
technology and address potential issues. Recommendation: Provide continuous training
and technical support to users.

Resistance to change: Many individuals were reluctant to change their established work
practices and perceived the technology as a complication. Recommendation: Involve
users in the implementation process and highlight the benefits of the technology.

Environmental barriers:

Adverse weather conditions: The technology components installed in the port were
vulnerable to damage from adverse weather conditions. Recommendation: Use rugged
cameras and electronic accessories (IP66/67) and ensure proper grounding of the
system.

Energy consumption: Monitoring the 5G connection and other resources to reduce
energy consumption. Recommendation: Implement energy-efficient practices and use
renewable energy sources when possible.

Regulatory barriers:

Privacy and data protection: Cameras needed to ensure privacy by avoiding positions
too close to vessels. Recommendation: Position cameras optimally and use Al
algorithms to blur identifiable images.

Subcontracting duration: The time required for subcontracting and achieving
milestones with some hardware requirements, such as 5G routers, was long.
Recommendation: Plan ahead and establish clear contractual agreements with
suppliers.

Economic barriers:

Initial investment in 5G: The installation of 5G required a significant initial investment,
which could be discouraging if not already planned. Recommendation: Evaluate the
long-term return on investment and seek external funding if necessary.

D7.12 Report on a decision-making system based on vessel location 35



PIENEERS

¢ Incremental costs: While the current pilot did not require many costs, these could
increase when extended to the entire port. Recommendation: Conduct a detailed cost
analysis and plan an adequate budget for future expansions.
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4 Impacts of the pilot

The positive impacts that the pilot provides can be characterised in three main concepts, which
are the following ones:

- Real-time monitoring: the pilot help to receive real-time information about the vessels in
the involved area.

- Processes optimization: a more precise location helps to better position the vessels in the
docks and to reduce the manoeuvring time.

- More reactive system: with the use of the Maritime 5G pilot, the reaction time of possible
accidents will be smaller.

The previous three impacts will provide advantages to different final users of the pilot, inside the
Port Authority. More specifically, the following personas were identified:

- GIS Manager.

- Port Call Planification Manager.
- Vessel Captain.

- Rescue Team.

- Harbourmaster.

- Small Vessel.

- Personal sport watercraft.

- Port Pilot.

- Terminal Operator.

- Tugboat Operator.

For the Port Call Planification Manager, this pilot provides more precise real-time data about the
location of vessels in the port area. With the Al algorithm detecting key points on vessels and
transmitting this data instantly through 5G, the manager can optimize scheduling and
coordination of port calls, reducing delays and ensuring smoother port operations. The enhanced
visualization on the dashboard helps them monitor vessel positions more accurately, making the
planning process more efficient.

The GIS Manager could leverage this pilot for their work with the Digital Twin project, which
requires a constant flow of accurate geospatial information. It enables them to integrate high-
quality data into the Digital Twin model. This more dynamic and real-time view of vessels and the
port environment helps them improve the precision and reliability of the virtual model, ensuring
that it reflects real-world conditions closely.

For the Rescue Team, the pilot significantly enhances their ability to detect accidents or
emergencies involving both large and small vessels. The Al-driven system provides a detailed
view of vessel locations in real-time, helping the rescue team to respond more quickly and
effectively. The instant transmission of data via 5G reduces latency, enabling the team to make
swift decisions, which could prove crucial in time-sensitive rescue situations.
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The Harbourmaster benefits from improved control over vessel traffic thanks to the real-time
geolocation data provided by the pilot. The system'’s ability to accurately pinpoint key vessel
points (such as the stern and bow) allow the Harbourmaster to better manage the entry and exit
of vessels. This enhanced control minimizes the risk of traffic congestion within the port, improves
safety, and allows for smoother docking and departure processes.

For Small Vessels, the pilot offers increased safety and assistance during emergencies or when
navigating in congested areas. The Al algorithm detects their precise location, providing the
control centre and other vessels with a clear understanding of where small vessels are in relation
to larger ships. This minimizes the risk of collisions and ensures they receive faster help in
emergency situations, with the 5G connectivity ensuring real-time data transmission.

In a similar way, users of personal sport watercrafts can go through the port water surface with
more confidence, with the knowledge that their presence right where they are is known by the
port authority, despite the size of their watercraft and despite they do not use any device to warn
about their position.

Port Pilots would find the pilot particularly useful when guiding vessels into port. The system
provides highly precise information about the vessels' positions, including the bow, stern, and
central points, all visible on a detailed dashboard. This enhanced visibility allows them to perform
more accurate manoeuvres, making docking operations safer and more efficient. The real-time
updates also allow pilots to make more informed decisions during complex navigation tasks.

For the Vessel Captain, the pilot improves their ability to manoeuvre within the port by providing
them with a more comprehensive view of their vessel's positioning in relation to other vessels
and port infrastructure. The Al system's detection of key vessel points, along with real-time
updates, gives the captain more confidence in making precise adjustments to their course,
reducing the likelihood of errors or accidents.

Terminal Operators could gain significant advantages from the pilot. With more precise real-time
information about where vessels are located in the dock, they could better coordinate loading
and unloading activities. This helps improve overall efficiency at the terminal, as the operators
can optimize the final positioning of vessels for easier access to cargo areas. The system also
provides a clearer view of which vessels are ready to be serviced or moved, streamlining the
logistics of terminal operations.

Finally, Tugboat Operators can take advantage of the pilot by having more accurate data about
the location and movement of the vessels they assist. The Al system, combined with 5G
connectivity, provides them with clear, real-time information on key points of the vessel, which is
essential when executing delicate manoeuvres such as pushing or pulling a ship into place. This
enhanced precision improves safety and ensures that tugboat operations are as effective as
possible.

The following figure represents a graphical explanation concerning the links between actors and
pilot's impacts.
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Figure 22. Links between actors and pilot's impacts

The previous figure explains graphically the important impacts of the pilot, which also lead to a
more sustainable environment. Indeed, real-time monitoring helps track vessels, preventing
harmful activities like pollution and optimizing routes to reduce fuel consumption, lowering
emissions. Process optimization improves vessel positioning in docks, minimizing maneuvering
time and fuel use, which contributes to energy efficiency and reduces the carbon footprint.
Additionally, a more reactive system ensures faster responses to accidents, reducing the
environmental damage from incidents like oil spills. By enhancing operational safety, reducing
waste, and improving efficiency, these impacts help the maritime industry become more
sustainable, conserving resources, and protecting marine ecosystems.

In the task on non-technological barriers of WP2, the results of the workshops held in Barcelona
are explained and analyzed. The following Figure 23 (Miro board) illustrates the expected impact
of the 5G maritime project.
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5 Transferability possibilities

Once the image processor server is integrated into the port's network and made accessible
remotely, scaling the solution to other areas only requires time for adding new cameras and
adjusting scenarios. The experience gained will aid in selecting appropriate new cameras and
their positions, incorporating existing CCTV cameras as heeded.

The next section explains how to transfer the maritime 5G pilot to other ports with different
environments, focusing on these objectives:

e Toidentify the technical and operational aspects of the pilot that can be adapted to other
ports.

e To define the key factors that would enable the successful transfer of this solution.

e To address potential challenges.

The barriers that other ports must consider in developing this pilot can be divided into technical,
operational and environmental one. Each one of this group is described in this subparagraph.

Technical factors

Concerning the technical factors, the pilot was made possible thanks to a robust infrastructure
that was developed in parallel with the project. First of all, the project requires a 5G connection,
which involves significant work in terms of installation. In this regard, it is recommended to
collaborate on an Infrastructure as a Service (laaS) model, so that the complexities of the
underlying infrastructure do not need to be managed directly. It could be considered to use a 4G
LTE connection instead of 5G, but this would naturally affect the results. Consequently, using a
lower-quality connection might necessitate shifting from real-time data collection to analysing
results in timeframes.

Additionally, another important factor is the use of cameras. For an area of approximately 0.3 km?,
six cameras were sufficient to guarantee good results. However, this number can vary depending
on the characteristics of the area. It's also essential to consider that the cameras must be installed
at a height of between 10 and 15 meters. Therefore, the environment must be prepared with
suitable structures or supports, such as buildings. The lower the cameras are positioned; the more
cameras will be required to cover the area.

Finally, an Al algorithm and dashboard are needed to produce the final results. In this particular
case, these two elements were developed externally. This required strong collaboration between
the Port Authority of Barcelona and external companies. This decision was made because: 1) the
Port Authority does not have the necessary skills to develop such solutions internally, and 2) staff
did not have sufficient time to dedicate to the development of this solution.

Operational factors

First of all, ports with a complex layout or high levels of vessel traffic may face challenges in
achieving full monitoring coverage. Such ports may require more sophisticated systems,
including additional cameras and monitoring components, to account for obstructions, irregular
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layouts, or areas with heavy traffic. Advanced planning for camera placement and network
infrastructure is essential to avoid gaps in coverage.

Moreover, different ports operate under various local, national, and international regulations
governing vessel monitoring, data privacy, and maritime safety. It is crucial to ensure that the
technology complies with these regulations. This includes adhering to legal requirements
regarding the use of monitoring data, its storage, and the sharing of information with relevant
authorities. As example, in the case of the Port of Barcelona, it was ensured to not keep faces
with the cameras were used, because of privacy concerns.

Finally, the involvement and support of key stakeholders are vital for the adoption of the 5G
Maritime system. Port authorities, shipping companies, leisure boat operators, and other relevant
parties must be actively engaged in the process to ensure that their needs and concerns are
addressed. For this reason, an important initial step regards the dissemination of the idea, also
creating a first draft of the solution.

Environmental factors

Ports located in areas with extreme or variable weather conditions—such as high winds, heavy
fog, rain, or ice—may require specific adaptations to the camera and sensor systems to ensure
accurate monitoring. For instance, fog can impair visibility, while ice may affect equipment
functionality. Weather-resistant equipment, as well as supplementary technologies like infrared
cameras or radar systems, may be necessary to maintain high accuracy and reliability.

Like the challenges encountered in the Port of Barcelona, ports may face obstructions from
buildings, cranes, or other infrastructure that can interfere with the performance of cameras
system. To overcome these obstacles, careful planning is required to strategically position the
cameras and ensure minimal blind spots.
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6 Conclusions and recommendations

The project was carried out during the 37th America's Cup in Barcelona, providing a unique
opportunity to test the system in a real-world, high-traffic environment. The pilot demonstrated
significant improvements in vessel monitoring, including enhanced accuracy and real-time data
processing.

Key components of the pilot included the 5G connection, Al algorithm, multi-camera system,
and GIS platform. The 5G service improved the pilot's performance by enabling faster
deployment of cameras and better network capabilities. The Al algorithm used cameras to detect
key points on vessels, and the collected real-time information was sent to a dashboard, providing
a comprehensive representation of the area and its actors.

The project planification involved defining the key elements, problem definition, and possible use
cases, followed by the planning phase, which included defining the demo area, actors, and
timeline. The final phase focused on the application of the pilot and analysis of the results.

Overall, the pilot project successfully demonstrated the feasibility and benefits of using 5G
technology and Al for real-time vessel monitoring in a port environment. The results
highlighted the importance of collaboration between different stakeholders and the potential for
future improvements and expansions. In summary, the key data reported from the pilot are as
follows:

e More than 25 vessels were detected simultaneously during the AC.

e The area, covering approximately 396 square meters, was monitored by 5 cameras. The
system successfully processed an average of 292 requests per minute, 12,437 per hour,
and 171,082 per day.

e There was no significant difference in latency between 5G and fibre optic with 4K camera
resolution streaming.

¢ A frame rate of 3-4 fps was necessary to ensure accurate vessel detection.

e The relative error is constantly around 2% independently to the distance of the camera
with respect to the object to be detected. As example, with a distance of 1000 meters of
the camara, the position of the detected vessels has an error of 20 meters at maximum.

The implementation of the decision-making system based on vessel location at the Port of
Barcelona has demonstrated significant improvements in maritime operations. The key
findings from the pilot project are as follows:

1. Enhanced Safety and Efficiency: The visual assistance for pilots and RADAR assistance
with tablets can significantly improve the precision of manoeuvres and reduce the
possibility of accidents. This leads to safer and more efficient operations within the port.

2. Reliable Connectivity: The new 5G connection has provided reliable and continuous
operability, minimizing downtime during both expected and unexpected stops. This has
ensured smooth and uninterrupted new communication method between vessels and
port authorities.
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3. Flexibility and Scalability. The system's architecture has proven to be flexible and
scalable, allowing for easy adaptation to technical updates and future expansions. This
ensures that the system can meet the growing demands and incorporate new
functionalities as needed.

Sustainability and environmental impact reduction: the decision-making system'’s precise
vessel location tracking and optimized routing contribute to reducing fuel consumption and
emissions. By minimizing unnecessary manoeuvres and improving operational efficiency, the
system helps lower the port's overall environmental footprint, supporting sustainability goals
and promoting greener maritime operations.

Based on the successful outcomes of the pilot projects, the following recommendations are
made for other European ports considering the implementation of a similar decision-making
system:

1. Adopt Advanced Technologies: Ports should consider adopting advanced technologies
such as 5G connectivity, visual assistance systems, and RADAR assistance to enhance
safety and efficiency in maritime operations.

2. Invest in Flexible and Scalable Systems: It is crucial to invest in systems that are flexible
and scalable to accommodate future technological advancements and increasing
demands. This will ensure the long-term viability and effectiveness of the system.

3. Prioritize Security Measures: Implementing robust security measures is essential to
protect the system from cyber threats and ensure data privacy. Ports should prioritize
security to build trust and confidence among stakeholders.

4. Collaborate with Stakeholders: Collaboration with various stakeholders, including port
authorities, vessel operators, and technology providers, is key to the successful
implementation and operation of the system. Engaging stakeholders in the planning and
development process will ensure that the system meets their needs and expectations.

By following these recommendations, other European ports can leverage the benefits of a
decision-making system based on vessel location to improve safety, efficiency, and connectivity
in their maritime operations.

Future use cases of applicability

Here are potential future use cases from the vessel tracking pilot demo, based on discussions
with project stakeholders:

e Enhanced Port Security: By integrating Al and real-time tracking, ports can improve
security measures. The system can detect unauthorized vessels entering restricted areas
and alert security personnel immediately.

e Optimized Traffic Management: Real-time tracking and Al can help manage vessel traffic
more efficiently, reducing congestion and minimizing the risk of collisions. This is
particularly useful in busy ports with high traffic volumes.

e Vessel Identification: Connect the obtained information with databases to retrieve vessel
identification (MMSI) by correlating its position with positions obtained via AIS or radar.
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Additionally, develop algorithms to validate these correlations. This would enable the
retrieval of vessel characteristics and enrich the associated information (name, flag,
tonnage, emissions, engines, and planned operations).

e Maritime Operations Patterns: Identify operational patterns and trends based on historical
tracks to optimize port and logistics processes. By applying Machine Learning, algorithms
can be developed for port traffic prediction, identification of common routes, and anomaly
detection. These advanced visualizations can be integrated into the dashboard to display
historical patterns and graphs.

e Enhancement of Real-Time Visualization: With the goal of providing a more intuitive and
enriched interface for port technicians, leveraging enriched vessel data, the integration of
GIS layers (emissions, patterns, etc.), and real-time alerts (arrivals, high-traffic areas, critical
emissions).

e Environmental Monitoring and reduction: The system can be used to monitor
environmental conditions and ensure compliance with environmental regulations. For
example, it can track vessels' emissions and ensure they adhere to the port's
environmental standards.

e Autonomous Vessel Navigation: The technology can be a stepping stone towards fully
autonomous vessels. Al can assist in navigating vessels without human intervention,
optimizing routes based on real-time data and reducing the risk of human error.

e Emergency Response: In case of emergencies, such as accidents or natural disasters, the
system can provide real-time data to coordinate rescue operations and ensure the safety
of vessels and their crews.

These use cases demonstrate the potential of Al and real-time tracking to revolutionize port
operations, making them more efficient, secure, and environmentally friendly.
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7 Further research

While the pilot project at the Port of Barcelona has demonstrated significant improvements in
maritime operations, there are several areas where further research is needed to enhance the
decision-making system based on vessel location. This chapter outlines potential areas for future
research and development to ensure continuous improvement and adaptation to emerging
technologies and challenges.

Advanced Data Analytics

One area of further research is the application of advanced data analytics to the vast amount of
data generated by the decision-making system. By leveraging machine learning and artificial
intelligence, ports can gain deeper insights into vessel movements, predict potential issues, and
optimize operations. Research in this area could focus on developing predictive models for traffic
congestion, maintenance needs, and environmental impact.

Integration with Other Technologies

Another area for further research is the integration of the decision-making system with other
emerging technologies. For example, exploring the potential of blockchain technology for
secure and transparent data sharing among stakeholders could enhance trust and collaboration.
Additionally, integrating the system with Internet of Things (IoT) devices and sensors could
provide real-time data on various aspects of port operations, such as cargo handling and
environmental monitoring.

Human Factors and Usability

Research on human factors and usability is crucial to ensure that the decision-making system is
user-friendly and meets the needs of its users. Studies could focus on understanding the
cognitive and physical demands placed on pilots and port operators, and how the system can
be designed to support their tasks effectively. This includes evaluating the user interface, training
programs, and overall user experience.

Environmental Impact Assessment

Researching the environmental impact of decision-making systems and related technologies is
crucial. This includes using computer vision to monitor air and water quality, noise levels, and
marine life. Such research could help develop strategies to reduce environmental impacts and
promote sustainable port operations.
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Policy and Regulatory Framework

Finally, research on the policy and regulatory framework governing the use of advanced
technologies in ports is essential. This includes examining existing regulations, identifying gaps,
and proposing new policies to ensure the safe and ethical use of the decision-making system.
Collaboration with regulatory bodies, industry stakeholders, and academic institutions will be
key to developing a comprehensive framework that supports innovation while protecting public
interests.
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