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Abstract- The rise of autonomous ships allows for great opportunities in the search for greater efficiency, cost-effectiveness, 

and environmental sustainability in maritime operations. Safety, though, has always been a major concern, particularly with 

the risks of collision within increasingly congested lanes. This paper reviews the literature on how artificial intelligence is being 

used to transform safety standards, including, in particular, autonomous shipping, for a collision avoidance system. We 

examined how AI-driven methodologies such as machine learning, path-planning algorithms, predictive analytics, and 

decision-support systems should be integrated to advance minimal human intervention in the development of navigational 

decision-making processes. Sensor technologies such as radar, LiDAR, sonar, and satellite imagery are analysed for situational 

awareness, real-time risk assessment, and dynamic adaptation to the maritime environment. The paper discusses the use of 

sensor technologies, for example, radar, LiDAR, sonar, and satellite imagery, in support of situational awareness, real-time risk 

assessment, and dynamic adaptation to the maritime environment. Further, it shows a number of regulatory challenges, ethical 

considerations, and urgent international standardization issues that the development and integration of AI technologies may 

have for maritime industries. 

 

Index Terms- Autonomous shipping, Artificial Intelligence, Collision avoidance systems, Safety standards, Sensor fusion, 

Machine learning, Path planning algorithms, Predictive analytics, Real-time data analysis 

 

 

I. INTRODUCTION 

 
The Growth and Impact of Autonomous Shipping 

Automated shipping is new technology promising the 

maritime industry huge leaps in especially operational 

efficiency, cost reduction, and a reduction of human error. 

Improvements come at a time when volumes of trade are 

increasing, resulting in increased traffic in shipping lanes, thus 

more risk in navigation. According to WTO (2023), global 

merchandise trade volumes are projected to increase by 2.6% 

in 2024 and 3.3% in 2025, following a 1.2 percent decline in 

2023 [34]. This growth increases the risk of collisions in 

shipping routes, heightening the need for effective collision 

avoidance. EMSA further reports that human-induced factors 

account for approximately 89.5% of New Casualty Reports 

(EMSA, 2023), suggesting that much more scope remains 

with the help of automated systems [7]. The IMO goes on to 

say that this trend has continued and that safe navigation 

systems have been even further pushed into the foreground of 

the needs of this industry. These systems also bring a new 

standard in maritime safety through what it calls a collision 

avoidance system (CAS). CAS utilizes a complex arithmetic 

model and requires continual data processing in order to 

identify risk indicators [10], [22]. Since typical navigation 

systems rely on human decisions, shortcomings related to 

human factors, such as fatigue and error, are present; on the 

other hand, AI involves constant monitoring, analysis, and 

decision-making processes [2], [6]. Therefore, the value 

addition in learning curve for flexible and responsive CAS 

algorithm design comes with the guarantee of safety and 

effectiveness of autonomy in maritime operation. 

 

Development of Artificial Intelligence in Maritime Safety 

Systems 

AI in maritime safety systems has nowadays passed a couple 

of important milestones in technological development. Earlier, 

seaborne navigation employed simple tools such as the 

compass and the sextant, and in the twentieth century, it 

involved the use of radar and GPS [13]. These developments 

led to the creation of modern navigation, as well as enhanced 

location identification and tracking of the course. When 

maritime  trade  was  growing,  conventional  systems 
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demonstrated their inefficiencies, especially in dense traffic, 

where it was difficult to make decisions manually. 

AI 's utility in ship systems has been realized through the use 

of CAS (Collision Avoidance Systems). It is a system for 

evaluating big data and has the ability to make decisions 

autonomously, with limited human intervention. For example, 

the use of deep learning enhances the ability for recognition 

and identification of objects, thus essentially facilitating the 

management and maneuvering of vessels in hostile 

environments [8], [18]. This gradual shift of CAS, regarding 

maritime safety-from human engagement to AI-is proof that a 

need for increased accuracy has to be set to save lives and set 

benchmarks for operations. The self-controlling part of CAS 

involves various advanced technologies, all of which have a 

particular role to play in improving vessel awareness and 

route planning with the avoidance of obstacles. Technologies 

for this are explored further in the next subsection, placing 

much emphasis on the role that might be sought of 

autonomous navigation for safety. 

 

Machine Learning and Deep Learning Techniques 

Due to the fact that modern CAS need to analyze large 

amounts of sensory data and select the subsequent movement 

instantly, both ML and DL are essential components of AI 

involved in the operation of such systems. The existing studies 

indicate that Convolutional Neural Networks (CNN) 

approaches for object detection allow for achieving an 

accuracy rate of 90-95% in severe maritime conditions [5], 

[24], [32]. Equally important are real-world object recognition 

algorithms, such as YOLO object detection, for real-time 

object recognition. Adaptive control systems rely on big data 

to identify the type of barriers and their locations through a 

supervised machine learning algorithm; the reinforcement 

learning ones do changes based on information from the 

environment. 

 

Object Detection Algorithms 

The Object detection in CAS uses deep learning algorithms, 

mainly based on CNNs. The specific algorithms that are used 

include the YOLO method and Faster R-CNN, which are 

helpful for finding water objects such as boats, buoys, and 

other impediments even in low light conditions [19], [35]. 

Such objects could be identified by the AI system of the ship 

to understand collision risks more accurately. 

 

Reinforcement Learning (RL) Algorithms 

Reinforcement learning, especially Deep Q-learning, has been 

applied to maritime simulation environments for orientation 

and adaptation to conditions. Such DQN models learn 

continuously from the environment how to improve real-life 

maritime situations in order to avoid obstacles, save fuel, and 

find the most optimal routes [8], [25]. 

Sensor Fusion Techniques 

Each of the above primary sensors has its associated 

advantages and disadvantages. Radar helps identify large size 

items, provides good performance even in bad weather 

conditions, although it has the disadvantage of providing low 

resolution, LiDAR is highly accurate but is adverse to bad 

meteorological conditions whereas sonar aids in 'mapping' 

obstacles beneath water. Based on sensor fusion through 

various inputs a CAS driven by AI can give a dynamic 

integrated environmental image [24], [33]. 

Statistical Filtering Techniques 

Due to measurement variation data fusion with Kalman and 

particle filters in sensor applications maintains accuracy in 

object tracking. It enables the refinement of positional data 

about objects of interest such that collision trajectories can be 

predicted well in advance, and necessary reactions can be 

developed in relation to impending dangers [16], [28]. The 

two most salient phases of the AI-driven process in collision 

avoidance systems are perception and action. Whereas sonar, 

LiDAR, and radar can be regarded as active sensors, 

providing rich information about the environment, cameras 

and IR are mostly employed for observational awareness. 

Some of the collision avoidance strategies that make use of 

these sensor inputs are geometric solutions, force-field 

approaches, optimal trajectory planning, and sense-and-avoid 

methodologies [26], [37]. 

 

Path Planning Algorithms 

Route-finding techniques can be used in real time to plan safe 

and efficient courses for the self-sailing modular ship. Such 

algorithms are needed both for calm and turbulent sea 

conditions in order to actively avoid collisions by the ship 

[15], [19], [40] 

 

A and Dijkstra’s Algorithms 

Paper [15] discusses that A* and Dijkstra’s algorithms are 

fundamental in path planning. They guarantee optimal routes 

in static environments, though they may require updates for 

dynamic, real-time situations. In maritime CAS, enhanced A 

algorithms* with real-time updates are often used because 

they can adjust routes in response to moving obstacles [13], 

[19]. 

Rapidly Exploring Random Trees (RRT) 

RRT is used in areas with a high density of obstacles. Self- 

navigating vessels utilize RRT to determine a fast, collision- 

free route, with real-time updates to steer clear of specific 

objects. RRT is useful in environments that change frequently 

and require constant adjustments—such as crowded shipping 

channels [22], [39]. 

The architecture of a collision avoidance module in an 

Autonomous Surface Vessel (ASV) is important . The system 

uses the desired trajectory and obstacle data for safe 
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navigation. The collision detector, line-of-sight module, and 

fuzzy logic algorithms are employed in the collision 

avoidance module to optimize the vessel's path. The heading 

and speed controller then directs the ASV along the calculated 

path in real time to avoid any obstacles [35]. 

 

Predictive Analytics and Decision Support Systems (DSS) 

CAS increases the anticipation of collisions by using 
historical and real-time data to determine whether ships are on 

colliding courses, allowing them to make decisions before a 
collision occurs [10], [23]. 

 

Predictive Models 

AIS data, analyzed over time, is used in Bayesian networks 

and time-series models to predict the trajectories of nearby 

ships. It is very helpful in estimating the probability of 

collision, thus enabling the activation of evasive processes 

[10], [38] using Bayesian models. 

Decision Support Systems (DSS) 

In the DSS context, it consists of real-time sensor data, AIS 

inputs, and meteorological information, which are structured 

in a way that can be utilized by a ship’s AI to continually 

assess risk factors. DSS is designed so that human operators 

can have an overview of the activities that the AI is 

performing and, if needed, modify these actions in the interest 

of safety [17], [22], [36]. 

 

 

Table 1. Core Technologies in AI-Driven Collision 

Avoidance Systems 
Technology Primary Role Key Components 

Machine 
Learning (ML) 

Obstacle detection, 
decision-making 

Supervised learning, 
reinforcement learning 

Sensor Fusion Integrates multi- 
sensor data for 
situational awareness 

Radar, LiDAR, sonar, 

satellite imagery 

Path Planning Charts optimal routes 
in real-time 

A*, RRT, and 
Dijkstra’s algorithms 

Predictive 
Analytics 

Forecasts potential 
collision events 

Bayesian networks, 
time-series models 

Decision 

Support System 

Supports and 

overrides AI 

decisions when 
needed 

Real-time data 

integration, risk 

assessment 

 

II. WORKING OF THE ASV COLLISION 

AVOIDANCE SYSTEM 

The typical architecture of collision avoidance systems in a 

vessel is explained below and shown in figure 1. 

Perception Layer 

Active sensors in the Perception Layer include sonar, lidar, and 

radar, coupled with cameras and infrared systems as passiv

 

 

 
Figure 1Architecture of an ASV Collision Avoidance System 
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sensors. These sensors enable the identification and 

classification of GFs, allowing objects to be sensed and 

evaluated in real-time through the enhancement of such data. 

This layer is crucial in providing the accurate situational 

awareness needed for collision avoidance. 

Decision-Making Layer 

The Decision-Making Layer translates the data received 

from the Sensors Layer to determine the best directions for 

movement. Using strategies like geometry, force fields, and 

best path planning, this layer continually adjusts the ASV’s 

direction to avoid accidents. It is a dynamic system for 

detecting threats and avoiding them, as it adapts to new 

conditions in the external environment in real-time. This 

intelligent layer enables the ASV to operate in ever-changing 

maritime environments. 

Control and Execution Layer 

The Control and Execution Layer turns decisions into actions 

by making use of the controller plant to control heading, 

speed, and dynamic responses. Motion actuators, being 

thrusters and rudders, carry out these commands. 

Furthermore, a feedback loop, aided by an observer module, 

keeps track of how the ASV is doing and makes corrections. 

Such a closed-loop control ensures that the ASV traces its 

course as it tracks changes in environmental conditions.[35]. 

 

III. REGULATORY AND ETHICAL 

CHALLENGES 

An interesting aspect of the current AI-driven CAS is that 

the technology has grown very fast, but issues of regulation 

and ethics are quickly making technological expansion a 

very difficult process. Resolving these issues is crucial to 

realizing the potential of autonomous shipping as a concept. 

 

Sources of Regulation and the Case for Establishing 

Uniform Standards 

Efforts have been made through the International Maritime 

Organization (IMO) to set general principles for MASS, but 

at present, it is only voluntary and has no mechanism for 

implementing the guidelines universally [15], [28]. 

 

Regional Variations and Lack of Consistency 

Norway, Japan, and the Republic of South Korea have created 

pilot areas for autonomous vessels, setting a regulatory trend. 

Nonetheless, the situation with regional laws is problematic, 

as differences in requirements for CAS function across legal 

systems may impact ships moving between jurisdictions [11], 

[15]. 

 

Standardization Efforts 

Safely introducing AI-supervised CAS is only possible under 

a unified legal framework. This includes safety standards, AI 

testing protocols, and emergency response drills, among other 

measures. Since CAS needs to operate in international waters, 

IMO and national maritime organizations must collaborate to 

create these frameworks globally [26], [29]. 

 

Data Privacy and Security in Autonomous Maritime 

Systems 

Since self-navigating ships involve handling massive data 

flows, they raise critical questions about both data privacy and 

data security. Maritime applications that use AI capture 

information from radar, LiDAR, sonar, along with satellites to 

craft precise real-time maps of the environment. Nevertheless, 

such a level of connectivity opens up a series of threats, namely 

unauthorized access to specific navigational information, and 

potential cyber control over the vessel [21], [28], [33]. 

In order to reduce such risks, autonomous shipping firms are 

implementing high-level encryption standards as well as secure 

data communication methods. The International Maritime 

Cyber Centre underlines the necessity of cybersecurity in AS, 

emphasizing that firewalls, encryption standards, and intrusion 

detection should be updated at least once every six months. 

 

Accountability and Liability 

It emphasizes that data privacy is not only about safeguarding 

information related to the ship’s navigation but also protecting 

the reputation of the supplying companies and stakeholders at 

large, making cybersecurity an indispensable part of ASV [17], 

[27]. Despite the fact that AI operates on large sets of data 

when making decisions, ethical dilemmas arise concerning 

responsibility in cases of collision or malfunction and the 

necessity for transparency in the logic used [11], [26]. 

Transparency and Trust 

Trust can be established among stakeholders if the AI 

algorithms are made transparent. As AI systems become more 

independent, ensuring their alignment with human ethical 

standards will require constant monitoring and reporting on the 

decision-making process [28], [36] 

IV CASE STUDIES: PRACTICAL 

IMPLEMENTATIONS OF AI-DRIVEN CAS 

 
Rolls-Royce’s Intelligent Awareness System 

Rolls-Royce has created an Intelligent Awareness (IA) system 

that integrates radar, LiDAR, and thermal cameras to provide 

a virtual map of the seas. The IA system implements machine 

learning algorithms, which enable the system to identify 

objects and their type, estimate collision probabilities, and 

modify navigation paths in line with identified dangers. In 

trials, the system displayed the capacity to maintain safe 

distances from other vessels, demonstrating AI’s potential in 

achieving collision-free navigation [1], [3], [18]. 

 

Yara Birkeland’s Collision Avoidance System 

The Yara Birkeland, the world’s first fully electric and 

autonomous container vessel, autonomously navigates 

complex waterways with the support of its AI-based CAS. 

Obstacles are detected through multiple sensors, and the 

system predicts the potential behaviors of nearby objects. The 
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CAS on the vessel has been rigorously tested to operate in 

real-world conditions, and this experiment serves as a 

reference for the development of more advanced autonomous 

shipping solutions [4], [9], [24]. 

 
Future Directions and Research Needs 

Enhancing Real-Time Adaptability 

In the future, further research studies should emphasize 

enhancing the real-time adjustment of CAS, so that they can 

act efficiently in response to sudden maritime occurrences. 

Among these, reinforcement learning models particularly can 

learn to update navigational path information based on 

continuous feedback received from the environment [5], 

[32], [39]. 

 

Advanced Sensor Integration for Extreme Weather 

Conditions 

More research is required in the area of sensor fusion 

systems to advance performance, particularly in adverse 

weather situations. Possible studies include comparing the 

use of infrared and underwater acoustic sensors to increase 

situational awareness in low-visibility conditions [16], [30]. 

Legal and Ethical Standardization 

Establishing a code of ethics is also important in terms of 

legal frameworks that will guide the liability of AI in 

autonomous shipping, enhance transparency, and provide 

standard safety measures. Global regulators, AI developers, 

along with maritime stakeholders—whether private 

companies or global organizations—must come together to 

develop a solid framework for the use of autonomous vessels 

[11], [26], [31]. 

 

V CONCLUSION 

This review paper explores how AI-driven collision avoidance 

systems (CAS) are revolutionary for increasing safety in 

autonomous shipping. CAS are able to perform high-level, 

real-time decision-making that greatly minimizes collision 

risks in crowded and challenging maritime environments 

through the use of AI technologies like machine learning, 

sensor fusion, and predictive analytics. These systems set new 

benchmarks in the safety of autonomous vessels, surpassing 

conventional navigation methods due to their enhanced 

responsiveness and situational assessment capabilities beyond 

those of human operators [9], [12], [14]. 

 

Nevertheless, the effectiveness of these AI systems is only as 

strong as the relevant legal and ethical frameworks within 

which they are implemented. Complete optimization of these 

CAS requires addressing key issues effectively: regulatory 

standardization, cybersecurity, and ethical transparency. 

Therefore, this paper recommends the need for collaboration 

and global regulatory standards among authorities, technology 

providers, and the shipping industry to enable efficient and 

sustainable AI-enabled collision avoidance [15], [28], [34]. 

Specifically, in the context of autonomous shipping, the safety 

of an AI system can indeed be enhanced, provided that 

regulatory and ethical considerations  are addressed 

systematically to allow for global adoption and trust in AI 

technology [11], [26], [40]. 
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