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ABSTRACT 

Autonomous Surface Vehicles (ASVs) are rapidly transforming marine operations 

by integrating robotics, artificial intelligence, advanced sensing, navigation 

algorithms, and real-time environmental awareness. As critical assets in 

oceanographic research, environmental monitoring, maritime surveillance, and 

coastal defense, ASVs offer enhanced efficiency, safety, and endurance compared 

to traditional manned vessels. Modern marine robotics leverages multi-modal 

sensors, machine learning, and autonomous decision-making frameworks to 

navigate highly dynamic ocean environments. This paper presents a comprehensive 

overview of ASV technologies, design principles, intelligent control systems, 

communication architectures, operational challenges, and future research 

directions. An in-depth analysis of autonomy levels, mission planning methods, and 
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marine robotic ecosystems is provided to highlight the growing relevance of 

autonomous systems in maritime domains. 
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INTRODUCTION 

Autonomous Surface Vehicles (ASVs) represent a significant milestone in the evolution of marine 

robotics and unmanned maritime systems. The rise of ASVs is strongly connected to the global 

need for persistent ocean monitoring, cost-effective maritime operations, and reduced human risk 

during hazardous missions at sea. ASVs are robotic platforms capable of navigating on the water 

surface without continuous human intervention, supported by advanced onboard intelligence, 

environmental perception technologies, and robust communication networks. 

 

Rapid advancements in artificial intelligence, embedded computing, sensor fusion, and satellite 

communication have dramatically improved the performance and capabilities of ASVs. Their 

applications extend across civil, scientific, commercial, and defense sectors—including 

hydrographic surveying, climate research, marine ecosystem mapping, fishery management, 

search-and-rescue assistance, and naval surveillance. The emergence of smart navigation 

algorithms and robust marine-grade hardware has further enhanced their operational endurance, 

reliability, and mission autonomy. 

 

This paper provides a detailed examination of ASV technology evolution, focusing on architecture, 

perception systems, autonomy levels, mission planning, and operational limitations. The goal is to 

present a structured understanding of current capabilities and future opportunities in marine 

robotics. 
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LITERATURE REVIEW 

Early Developments in Marine Robotics 

Marine robotics originated with remotely operated vehicles (ROVs) designed for underwater tasks. 

Over the past decades, increasing demand for safer and more efficient marine operations led to the 

development of Autonomous Underwater Vehicles (AUVs) and subsequently ASVs. Early ASVs 

relied heavily on manual remote control or basic waypoint navigation with limited sensing 

capabilities. 

 

Advances in Autonomy and Navigation 

The introduction of modern autonomy frameworks improved ASV navigation through real-time 

obstacle detection, predictive control, and adaptive mission planning. Machine learning-based 

prediction models, reinforcement learning controllers, and probabilistic algorithms have enabled 

ASVs to navigate dynamic ocean currents, avoid obstacles, estimate environmental conditions, 

and optimize routes. 

 

Sensor Fusion and Environmental Perception 

Recent literature emphasizes the importance of sensor fusion, integrating GPS, IMU, LiDAR, 

radar, sonar, optical cameras, and oceanographic sensors to improve situational awareness. These 

combined sensing systems enhance the ASV’s ability to interpret sea states, identify hazards, 

follow remote commands, and make autonomous decisions. 

 

Applications in Civil and Defense Sectors 

ASVs are increasingly used for hydrographic mapping, oil spill response, maritime security, 

coastal surveillance, port inspection, and environmental monitoring. Defense applications include 

autonomous patrol, anti-submarine warfare support, and mine countermeasures. Research also 

highlights the efficiency gains achieved when ASVs operate collaboratively with AUVs, aerial 

drones, or smart sensor networks. 
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ARCHITECTURE OF AUTONOMOUS SURFACE VEHICLES 

 

Table 1: Comparison of Common Autonomous Surface Vehicle Types 

ASV Type 
Hull 

Configuration 

Typical 

Endurance 

Primary 

Applications 
Advantages 

Solar-Powered 

ASV 

Catamaran / 

Trimaran 

Weeks to 

months 

Environmental 

monitoring, 

surveying 

Long mission 

duration, low 

maintenance 

Diesel/Electric 

Hybrid ASV 
Monohull 

Several days 

to weeks 

Defense patrol, 

offshore inspection 

High power for heavy 

payloads 

Wave-Powered 

ASV 

Long narrow 

hull 
Months 

Long-range 

oceanography 

Self-sustaining, ideal 

for deep ocean 

Small Survey 

ASV 

Compact 

monohull 
Hours to days 

Hydrographic 

mapping, nearshore 

tasks 

High maneuverability, 

easy deployment 

 

Mechanical and Hull Design 

ASVs employ catamarans, trimarans, monohulls, or wave-powered hulls depending on mission 

requirements. Hydrodynamic stability, endurance, payload capacity, and environmental conditions 

influence hull design. Advances in composite materials have made ASVs lighter, corrosion-

resistant, and energy-efficient. 

 

Power Systems 

ASVs utilize solar panels, batteries, hybrid diesel-electric engines, or wave-energy converters to 

support long-duration missions. Solar-powered ASVs can operate for months with minimal 

maintenance, making them ideal for oceanographic research. 
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Onboard Computing and Control Hardware 

High-performance embedded processors support real-time data processing, navigation, machine 

learning inference, and system diagnostics. Redundant computing units improve reliability in harsh 

maritime conditions. 

 

SENSING AND PERCEPTION TECHNOLOGIES 

 

Table 2: Key Sensors Used in ASVs and Their Functions 

Sensor Type Function Advantages Limitations 

GNSS / GPS 
Positioning and 

navigation 
Accurate localization 

Limited in high 

interference zones 

LiDAR 
3D mapping and obstacle 

detection 
High precision 

Performance drops in 

fog/rain 

Marine Radar Long-range detection 
Works in poor 

visibility 

Lower resolution than 

LiDAR 

Sonar 
Underwater detection and 

seabed mapping 

Essential for 

submerged hazards 

Limited range in 

shallow water 

Cameras 

(Optical/Thermal) 

Visual detection and 

classification 

High information 

content 

Affected by lighting 

and waves 

 

Global Navigation Satellite Systems (GNSS) 

GPS, GLONASS, and other satellite systems allow precise localization. Multi-constellation 

receivers improve accuracy during long-range missions. 

 

LiDAR and Radar Sensors 

LiDAR supports 3D mapping and obstacle detection in calm environments, while radar ensures 

long-range detection of ships, landmasses, and large obstacles during poor visibility or rough seas. 

 

 



 
 
 

71 Page 66-79 © MANTECH PUBLICATIONS 2025. All Rights Reserved 

 

International Journal of Robotics and Autonomous Systems 

Volume 10, Issue 2, July-December 2025 

ISSN: 3107-7382 (Online) 

 
 

 
Camera and Vision Systems 

Optical and thermal cameras provide visual perception for object detection, wave monitoring, and 

threat identification. AI-driven vision models classify vessels, buoys, marine animals, and floating 

debris. 

 

Sonar Systems 

Forward-looking sonars enable underwater obstacle detection, while side-scan sonar supports 

seabed mapping during coastal surveys. 

 

Environmental Sensors 

Temperature, salinity, turbidity, dissolved oxygen, and pH sensors are used for environmental 

research and ocean health assessment. 

 

INTELLIGENT NAVIGATION AND CONTROL 

Autonomous Path Planning 

ASVs use algorithms such as A*, RRT, Monte Carlo methods, and deep reinforcement learning to 

identify optimal paths while considering ocean currents, weather conditions, and obstacles. 

 

Collision Avoidance Systems 

Marine collision avoidance depends on sensor fusion and predictive modeling. ASVs employ 

COLREG-compliant algorithms to navigate safely among vessels and crowded maritime zones. 

 

Dynamic Positioning 

Using thrusters, rudders, and closed-loop control systems, ASVs maintain precise positioning 

during scientific sampling or reconnaissance missions. 

 

Behavior-Based and Hierarchical Autonomy 

Most ASVs operate under layered autonomy, combining low-level motor control, mid-level path 

tracking, and high-level mission planning. 
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COMMUNICATION AND DATA MANAGEMENT  

Effective communication and robust data management are essential for the reliable operation of 

Autonomous Surface Vehicles (ASVs), especially when missions span vast ocean regions with 

limited human intervention. ASVs must maintain seamless connectivity with ground stations, 

research vessels, and cloud servers while handling large volumes of sensor data generated in real 

time. Marine communication systems are uniquely challenging due to fluctuating environmental 

conditions, satellite coverage limitations, and constraints related to power consumption. This 

section provides an expanded overview of communication technologies and data-processing 

methods critical to modern marine robotics. 

 

Satellite Communication Systems 

Satellite communication forms the backbone of long-range ASV missions, particularly those 

operating beyond coastal boundaries or in remote oceanic regions. These systems support high-

latitude operation, real-time monitoring, and continuous command-and-control functionalities. 

 

Global Coverage and Accessibility 

Satellite networks—including geostationary satellites (GEO), medium Earth orbit (MEO), and low 

Earth orbit (LEO) constellations—enable near-global coverage. LEO systems such as Iridium or 

future broadband constellations offer improved reliability and reduced latency compared to GEO 

satellites, which may experience higher signal delays due to their greater distance from Earth. 

 

Data Transmission and Telemetry 

Satellite links allow ASVs to transmit: 

• Live telemetry (position, speed, health parameters) 

• Oceanographic and environmental data 

• High-value sensor outputs (e.g., radar snapshots or compressed imagery) 

• Navigation updates and mission-status reports 

 

These transmissions are often bandwidth-constrained; therefore, ASVs employ data prioritization 

techniques to ensure critical information is transmitted first. 
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Resilience in Harsh Conditions 

Marine environments frequently cause issues such as signal attenuation, cloud interference, and 

antenna misalignment due to waves. To counter this, ASVs use stabilized satellite antennas or low-

profile dome antennas designed to maintain connectivity even during rough sea states. 

 

Power-Efficient Operation 

Since satellite systems consume considerable power, ASVs implement duty-cycled transmission, 

adaptive bitrate encoding, and onboard data compression to minimize energy consumption while 

maintaining communication integrity. 

 

Radio and Cellular Networks 

Short- and mid-range ASV missions—such as coastal surveys, port inspections, and nearshore 

environmental monitoring—often rely on radio-frequency (RF) communication or terrestrial 

cellular networks. 

 

Radio Modems for Close-Range Control 

RF communication (VHF/UHF) is used for line-of-sight control and telemetry within a range of a 

few kilometers. These radio modems offer low latency and high reliability, making them suitable 

for: 

• Harbor operations 

• Test missions 

• Situations where high-bandwidth data transfer is not required 

 

Wi-Fi and Broadband Connectivity 

When ASVs operate near coastal infrastructures or support vessels, Wi-Fi networks provide a 

convenient option for high-speed data upload, mission reconfiguration, or firmware updates. These 

systems offer high bandwidth but are limited by short operational range and sensitivity to 

obstacles. 
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4G/5G Cellular Communication 

Modern ASVs integrate 4G/5G modules to utilize terrestrial mobile networks for: 

• Real-time streaming of sensor data 

• Cloud-based AI inference 

• Remote diagnostics and software updates 

 

5G networks introduce significant advantages due to their low latency, high bandwidth, and 

network slicing capabilities, which enable mission-critical communications. However, coverage 

gaps still exist in offshore regions, limiting their use to nearshore missions. 

 

Data Storage and Processing 

ASVs generate massive amounts of data from onboard sensors such as radar, LiDAR, multibeam 

sonar, high-definition cameras, and environmental probes. Efficient data storage, compression, and 

processing techniques ensure mission success and allow post-mission analysis. 

 

Onboard Storage Solutions 

ASVs typically carry solid-state drives (SSDs) or marine-grade data recorders with capacities 

ranging from a few terabytes to several dozen, depending on mission complexity. These storage 

units must be shock-resistant, waterproof, and capable of operating under extreme temperature 

fluctuations. 

 

Edge Computing and Local Processing 

To reduce bandwidth usage and improve decision-making, many ASVs implement edge 

computing, enabling real-time processing of raw sensor data. AI models running on embedded 

GPUs or low-power accelerators perform tasks such as: 

• Object detection and classification 

• Obstacle recognition 

• Environmental anomaly detection 

• Data compression and prioritization 
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This allows the ASV to: 

• Transmit only essential insights instead of raw sensor streams 

• React immediately to obstacles or environmental events 

• Continue autonomous operation without relying on continuous connectivity 

 

Data Compression and Prioritization 

Given the cost and limited bandwidth of satellite communication, ASVs use intelligent 

compression algorithms such as: 

• Video downsampling 

• Lossless compression for scientific datasets 

• Priority tagging for mission-critical events 

• Batch-transfer mechanisms for non-urgent data 

 

These strategies ensure efficient use of communication channels while preserving key mission 

information. 

 

Post-Mission Data Retrieval 

Once the ASV returns to a docking station or research vessel, high-speed data offloading via 

Ethernet or Wi-Fi enables comprehensive scientific analysis. Detailed mapping data, multi-sensor 

recordings, and high-resolution imagery are then processed using advanced analytics tools. 

 

CHALLENGES IN ASV AND MARINE ROBOTICS 

 

Table 3: Challenges in ASV Deployment Across Marine Zones 

Marine Zone Challenges Impact on ASV Operations 

Coastal Areas Dense traffic, floating debris 
High collision risk, frequent path 

replanning 

Open Ocean 
High waves, storms, energy 

limitations 
Power shortages, navigation difficulty 
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Marine Zone Challenges Impact on ASV Operations 

Polar Regions Ice coverage, extreme cold Sensor failure, restricted movement 

Harbors/Ports Radio interference, obstacles Reduced communication reliability 

Shallow 

Water 
Sonar distortion, ground risk Poor depth estimation 

 

Environmental Uncertainty 

High waves, storms, strong currents, and unpredictable weather patterns complicate navigation 

and mission accuracy. Robust modeling and real-time adaptation are necessary to maintain stability 

and safety. 

 

Energy Limitations 

Energy-intensive missions, particularly those involving heavy payloads or long operation 

durations, require efficient power management strategies. 

 

Sensor Degradation and Marine Biofouling 

Saltwater corrosion, marine growth on sensors, and mechanical degradation reduce performance 

over time. 

 

Communication Interruptions 

Remote missions often face signal loss due to obstacles, atmospheric interference, or limited 

satellite coverage. 

 

Legal and Regulatory Barriers 

Maritime laws typically assume human-operated vessels. Integrating autonomous navigation into 

legal frameworks poses challenges for international adoption. 
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SCOPE AND APPLICATIONS 

Oceanographic and Climate Research 

ASVs collect ocean data, track climate change indicators, monitor sea surface temperatures, and 

support long-term scientific missions. 

 

Environmental Protection 

They detect oil spills, monitor water quality, inspect coral reefs, and map marine habitats with 

minimal ecological disturbance. 

 

Maritime Surveillance and Security 

Defense agencies deploy ASVs for border patrol, intrusion detection, and persistent surveillance 

in restricted zones. 

 

Commercial and Industrial Operations 

ASVs assist in offshore asset inspection, port management, hydrographic surveys, and fishery 

monitoring. 

 

Search-and-Rescue Support 

Equipped with thermal cameras and AI detection, ASVs assist in locating missing individuals 

during maritime emergencies. 

 

FUTURE TRENDS IN MARINE ROBOTICS 

Swarm Robotics and Cooperative Systems 

Future ASVs will collaborate with fleets of autonomous drones and underwater vehicles to create 

multi-agent maritime systems. 

 

AI-Driven Predictive Navigation 

Advanced deep learning models will enable long-term prediction of ocean dynamics and optimal 

path selection. 
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Green and Self-Sustainable Energy Systems 

Next-generation ASVs will use renewable wave, wind, hydrogen, and solar energy systems for 

unlimited mission duration. 

 

Human-Robot Collaboration 

ASVs will increasingly complement human crews by taking over repetitive, hazardous, or long-

endurance operations. 

 

CONCLUSION 

Autonomous Surface Vehicles and marine robotics technologies are reshaping modern maritime 

operations by delivering high levels of autonomy, endurance, and intelligence. As advancements 

in AI, sensing, communication, and renewable power systems continue to progress, ASVs will play 

a central role in global maritime exploration, environmental protection, defense, and commercial 

activities. Overcoming challenges related to environmental uncertainty, energy consumption, and 

regulatory constraints will further enhance the operational reliability and acceptance of 

autonomous marine systems. The future of maritime autonomy lies in collaborative, intelligent, 

sustainable robotic platforms capable of navigating the world’s oceans with precision and minimal 

human intervention. 
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