


Unmanned and 
Autonomous Ships 



http://taylorandfrancis.com


Unmanned and 
Autonomous Ships 

An Overview of MASS 

R. Glenn Wright 



  

First published 2020 
by Routledge 
2 Park Square, Milton Park, Abingdon, Oxon OX14 4RN 

and by Routledge 
52 Vanderbilt Avenue, New York, NY 10017 

Routledge is an imprint of the Taylor & Francis Group, an informa business 

© 2020 by Taylor & Francis Group, LLC 

All rights reserved. No part of this book may be reprinted or reproduced or utilised in any form 
or by any electronic, mechanical, or other means, now known or hereafter invented, including 
photocopying and recording, or in any information storage or retrieval system, without permission 
in writing from the publishers. 

Trademark notice: Product or corporate names may be trademarks or registered trademarks, and 
are used only for identifcation and explanation without intent to infringe. 

British Library Cataloguing-in-Publication Data 
A catalogue record for this book is available from the British Library 

Library of Congress Cataloging-in-Publication Data 
A catalog record has been requested for this book 

ISBN: 978-1-138-32488-6 (hbk) 
ISBN: 978-0-367-41886-1 (pbk) 
ISBN: 978-0-429-45065-5 (ebk) 

Typeset in Sabon 
by Deanta Global Publishing Services, Chennai, India 



To Magdalena … 



http://taylorandfrancis.com


vii 

Contents 

Preface  xvii 
Acronyms and Abbreviations  xix 

 1  Introduction  1 

1.1  A Historical Perspective on Advances in Shipping  2 
1.1.1  Construction  3 
1.1.2  Function  4 
1.1.3  Propulsion  4 
1.1.4  Navigation  5 
1.1.5  Communications  5 
1.1.6  Electronic Navigation and Communications  6 
1.1.7  Command and Control  8 

1.2  Current Initiatives in Unmanned and Autonomous Shipping  9 
1.2.1  Industry and Academia  9 
1.2.2  Regulatory Authorities  12 
1.2.3  Classifcation Societies  12 
1.2.4  Non-Governmental Organizations  13 

1.3  A Mariner’s Perspective  13 
1.3.1  Human Senses Exceed Remote Operator 

and Full Autonomy Capabilities  14 
1.3.2  Implicit Devaluation of the Maritime Professions  15 
1.3.3  Maritime Jobs  16 
1.3.4  Other Issues  17 

References  17 

 2  Making the Case for Unmanned and Autonomous Ships  21 

2.1  Economic Perspectives  23 
2.1.1  Economical Transport  23 

2.1.1.1  Fixed Costs  24 
2.1.1.2  Operating Costs  25 



 viii Contents 

2.1.2  New Business Opportunities  26 
2.1.3  Data Monetization  27 

2.2  Safety  28 
2.2.1  Safety of Navigation  28 
2.2.2  Job Safety  29 

2.2.2.1  Hazard and Failure 
Prognostics and Detection  29 

2.2.2.2  Automation of Hazardous Tasks  30 
2.3  Environment  32 
References  33 

 3  Autonomy, Automation and Reasoning  37 

3.1  Metrics of Autonomy  37 
3.1.1  Lloyds Register  38 
3.1.2  Norwegian University of Science 

and Technology (NTNU)  40 
3.1.3  Norwegian Forum for Autonomous Ships (NFAS)  40 
3.1.4  Maritime UK  41 
3.1.5  Society of Automotive Engineers (SAE)  42 
3.1.6  IMO Defnition of Autonomy  42 
3.1.7  Comparisons between Different 

Approaches to Autonomy  42 
3.2  Process Automation  44 

3.2.1  Propulsion Control  44 
3.2.2  Power Generation, Distribution and Control  45 
3.2.3  Auxiliary Systems  46 
3.2.4  Navigation  46 
3.2.5  Communications  47 
3.2.6  Alarm Monitoring and Damage Control  48 
3.2.7  Integration of Process Automation  49 

3.3  MASS Reasoning  49 
3.3.1  Some Thoughts on Reasoning  50 
3.3.2  Artifcial Intelligence  51 

3.3.2.1  Neural Network Architecture  52 
3.3.2.2  Software Simulation  54 
3.3.2.3  Network Training  54 
3.3.2.4  Hardware Implementation  56 

References  57 

 4  MASS Design and Engineering  59 

4.1  Applications and Operational Settings  59 
4.1.1  Hull and Deck Design  60 



 Contents ix 

4.1.2  Propulsion and Power Generation  61 
4.1.2.1  Engines  61 
4.1.2.2  Fuel and Power Sources  62 

4.1.3  Sensors  64 
4.1.3.1  Environment Visualization  64 
4.1.3.2  Situational Awareness 

and Comprehension  65 
4.1.3.3  Sensor Suite Composition and Placement  65 

4.1.4  Maintenance  69 
4.1.4.1  Introduction of Highly Reliable Systems  69 
4.1.4.2  Multiple Redundant Systems  70 
4.1.4.3  Predictive Maintenance  72 
4.1.4.4  Robotic Maintenance  73 

4.2  Implementations of MASS  74 
4.2.1  Container and Bulk Shipping  74 

4.2.1.1  Yara Birkeland  74 
4.2.1.2  Project SeaShuttle  75 
4.2.1.3  Great Intelligence  75 

4.2.2  Ferries  76 
4.2.2.1  Folgefonn  76 
4.2.2.2  Falco  76 
4.2.2.3  Suomenlinna II  77 

4.2.3  Surveillance, Firefghting, Survey, 
and Search and Rescue  77 
4.2.3.1  Sharktech  77 
4.2.3.2  Sea Machines  78 
4.2.3.3  C-Worker 7  78 

4.2.4  Offshore Support  78 
4.2.4.1  Hrönn  78 
4.2.4.2  SeaZip 3  79 
4.2.4.3  Autonomous Spaceport 

Drone Ships (SpaceX)  79 
4.2.5  Tugboat  79 

4.2.5.1  RAmora 2400  79 
4.2.5.2  Svitzer Hermod  80 
4.2.5.3  Keppel Singmarine  80 

4.3  Harbor Enhancements to Accommodate MASS  81 
4.3.1  Port and Harbor Facilities  81 

4.3.1.1  Automatic Berthing and Unberthing  81 
4.3.1.2  Bunkering  82 

4.3.2  Harbor Approaches  83 
References  83 



 x Contents 

 5  Remote Control Centers  87 

5.1  Transition to Remote Control and Supervision  88 
5.2  Remote Control Center Functions  89 

5.2.1  Distribution of Authority  91 
5.2.1.1  Individual Ship Operations  91 
5.2.1.2  RCC Handling of Multiple 

Ship Operations  95 
5.3  Remote Control Center Facilities  96 

5.3.1  Management Level  97 
5.3.1.1  Corporate Representative  97 
5.3.1.2  Captain and First Mate  99 
5.3.1.3  Chief Engineer  101 

5.3.2  Operational Level  103 
5.3.2.1  Second and Third Mates  103 
5.3.2.2  Helmsman  103 
5.3.2.3  Second and Third Engineers  106 
5.3.2.4  Security Offcer  106 
5.3.2.5  Communications Offcer  108 
5.3.2.6  Automation Offcer  108 
5.3.2.7  Unmanned Air Vehicle (UAV)/ 

Unmanned Underwater 
Vehicle (UUV) Operator  109 

5.3.3  Support Level  109 
5.3.3.1  Technical Experts  109 
5.3.3.2  Other Support Staff  110 

5.4  Remote Control Center Organization  110 
5.4.1  Functional Organization  110 
5.4.2  Allocation of Physical Space  112 
5.4.3  Computational Facilities  112 

References  113 

 6  Navigation  115 

6.1  Aids to Navigation  116 
6.2  Collision Avoidance  117 
6.3  Environmental Sensor Systems  118 

6.3.1  Conventional vs. Smart Sensors  119 
6.3.2  Shipboard Sensors  120 

6.3.2.1  Surface Sensors and Systems  123 
6.3.2.2  Subsea Sensors  127 

6.3.3  Air-Based Sensors  129 



 Contents xi 

6.3.4  Space-Based Sensors  129 
6.3.4.1  Global Navigation Satellite 

System (GNSS)  129 
6.3.4.2  Automatic Identifcation System (AIS)  130 
6.3.4.3  Meteorological and 

Oceanographic (METOC)  130 
6.3.4.4  Other Sensors  131 

6.3.5  Sensor Data Types and Characteristics  131 
6.3.6  Sensor System Limitations and Vulnerabilities  133 

6.3.6.1  GNSS Outages, Spoofng, 
Jamming and Denial of Service  133 

6.3.6.2  AIS Range, Clutter, 
Spoofng and Jamming  134 

6.3.6.3  Database Hacking  135 
6.3.6.4  Multiple Sensor Modalities  136 

6.4  Navigational Reasoning  137 
6.4.1  Navigation under Nominal Conditions  138 
6.4.2  Navigation Absent Expected ATON  139 
6.4.3  Navigation under Threat of 

Collision, Allision or Attack  140 
6.4.4  Navigation under GNSS/AIS Denial 

of Service Attack or Spoofng  140 
6.4.5  Digital Twin Simulation  141 

References  141 

 7  Communications  145 

7.1  General Communication Requirements for Ships  145 
7.2  e-Navigation Enhancements to Communications  146 
7.3  Limitations of e-Navigation as Relate to MASS  147 
7.4  Communications Requirements for MASS  148 
7.5  Communication Internal to MASS  149 

7.5.1  Navigation Systems  149 
7.5.2  Engineering Systems  150 
7.5.3  Imaging Systems  151 
7.5.4  Local Area Networks  151 

7.6  Bridge-to-Bridge Communication  152 
7.6.1  Lights and Shapes  153 
7.6.2  Sound and Light Signals  154 
7.6.3  Signals to Attract Attention and Distress Signals  154 
7.6.4  VHF Radio  155 
7.6.5  Distress Radio Communications  155 



 xii Contents 

7.7  Communication between Ship and Shore  156 
7.7.1  Medium/High Frequency Radio  156 
7.7.2  Cellular Communication  157 
7.7.3  Satellite Communication  157 
7.7.4  Microwave Communication  157 

7.8  MASS Area Communications  158 
References  159 

 8  Security  161 

8.1  It Begins with the Vessel Security Plan  161 
8.2  MASS Ability to Maintain Security  162 

8.2.1  Qualifcations  163 
8.2.2  Capabilities  164 

8.3  Physical Security  164 
8.3.1  Unauthorized Entry  164 

8.3.1.1  Area Defenses  165 
8.3.1.2  Perimeter Defenses  166 
8.3.1.3  Exterior Defenses  167 
8.3.1.4  Internal Defenses  168 
8.3.1.5  Non-lethal Defenses  168 

8.3.2  Physical Attack  169 
8.4  Threats Internal to the Vessel  169 

8.4.1  Proper Vetting of Authorized Personnel  169 
8.4.2  Obsolete Software  170 
8.4.3  Crew and Vendor Awareness  171 

8.5  External Electronic Threats  171 
8.5.1  GNSS Spoofng and Denial of Service  172 
8.5.2  AIS Limitations  172 

8.6  Cyber Security  173 
8.6.1  Incidents  173 
8.6.2  Implications for MASS  174 
8.6.3  Cyber Security Program Implementation  174 

References  175 

 9  Training for MASS Operations  179 

9.1  Technological Change  179 
9.2  Training Curricula  181 

9.2.1  Bachelor of Science Degree considering 
Autonomous Shipping  181 

9.2.2  Master Degree with a Focus on 
Autonomous Shipping  182 

9.2.3  Maritime Training Centers  183 



 Contents xiii 

9.3  Licensing Requirements  183 
9.3.1  Licensing Endorsements  184 
9.3.2  Unlicensed Ratings  185 
9.3.3  Vessel Security Offcer (VSO)  186 
9.3.4  Communications Offcer  186 
9.3.5  Automation Offcer  187 
9.3.6  Maritime Drone Operator  187 

References  188 

 10  Regulatory Issues  189 

10.1  International Maritime Organization (IMO)  190 
10.1.1  Regulatory Scoping Exercise  192 
10.1.2  Interim Guidelines for MASS Trials  193 

10.2  Nation States  193 
10.2.1  European Union  194 
10.2.2  Denmark  194 
10.2.3  Finland  195 
10.2.4  The Netherlands  196 
10.2.5  Norway  196 
10.2.6  United Kingdom  196 
10.2.7  China  197 
10.2.8  Singapore  197 
10.2.9  Japan  198 
10.2.10  United States  198 
10.2.11  Other Countries and Related Issues  199 

10.3  Classifcation Societies  200 
10.3.1  American Bureau of Shipping (ABS)  200 
10.3.2  Bureau Veritas (BV)  200 
10.3.3  China Classifcation Society (CCS)  201 
10.3.4  Det Norske Veritas-Germanischer 

Lloyd (DNV-GL)  201 
10.3.5  International Association of 

Classifcation Societies Ltd. (IACS)  201 
10.3.6  Korean Register of Shipping (KR)  201 
10.3.7  Lloyd’s Register of Shipping (LR)  202 

10.4  Non-Governmental Organizations  202 
10.4.1  Baltic and International Maritime 

Council (BIMCO)  202 
10.4.2  Comité Maritime International (CMI)  203 
10.4.3  International Chamber of Shipping (ICS)  203 
10.4.4  International Federation of Shipmasters’ 

Associations (IFSMA)  203 



 xiv Contents 

10.4.5  International Group of Protection 
and Indemnity Clubs (IGP&I)  204 

10.4.6  Institute of Marine Engineering, Science & 
Technology (IMarEST) and the International 
Marine Contractors Association (IMCA)  204 

10.4.7  International Organization for 
Standardization (ISO)  204 

10.4.8  International Transport Workers’ 
Federation (ITF)  205 

10.4.9  Nautical Institute (NI)  205 
10.4.10  One Sea Autonomous Maritime Ecosystem  205 
10.4.11  Smart Ships Coalition (SSC)  206 
10.4.12  Unmanned Cargo Ship Development Alliance  206 

References  206 

 11  Legal Issues  213 

11.1  Instruments Requiring Amendments 
to Support MASS Operations  214 
11.1.1  International Convention for the Safety 

of Life at Sea (SOLAS Convention)  215 
11.1.2  International Ship and Port 

Facility Security (ISPS Code)  221 
11.1.3  International Safety Management (ISM Code)  222 
11.1.4  International Convention on Standards of 

Training, Certifcation and Watchkeeping  
for Seafarers (STCW Convention)  222 

11.1.5  Convention on the International Regulations 
for Preventing Collisions at Sea (COLREG)  223 

11.1.6  International Convention on Maritime 
Search and Rescue (SAR Convention)  225 

11.2  Some Signifcant Changes to Support MASS Operations  225 
11.2.1  International Code for Ships Operating 

in Polar Waters (Polar Code)  226 
11.2.2  International Maritime Dangerous 

Goods (IMDG Code)  226 
11.2.3  International Bulk Chemical (IBC Code)  226 
11.2.4  International Code for the Construction 

and Equipment of Ships Carrying 
Liquefed Gasses in Bulk (IGC Code)  227 



 Contents xv 

11.2.5  International Code on the Enhanced 
Programme of Inspections During Surveys of 
Bulk Carriers of Oil Tankers (ESP Code)  228 

11.2.6  International Code for the Safe Carriage 
of Packaged Irradiated Nuclear Fuel, 
Plutonium and High-Level Radioactive  
Wastes on board Ships (INF Code)  228 

11.2.7  International Code for Fire 
Safety Systems (FSS Code)  228 

11.2.8  Code of the International Standards and 
Recommended Practices for a Safety 
Investigation into a Casualty or Marine 
Incident (Casualty Investigation Code)  229 

11.2.9  International Maritime Solid Bulk 
Cargoes (IMSBC) Code  230 

11.2.10  International Code for the Safe Carriage of 
Grain in Bulk (International Grain Code)  230 

11.2.11  Code of Safe Practice for Cargo 
Stowage and Securing (CSS) Code  231 

11.2.12  International Convention on Standards of 
Training, Certifcation and Watchkeeping for 
Fishing Vessel Personnel (STCW-F Convention)  231 

11.2.13  International Convention on Load 
Lines (LL Convention)  232 

11.3  Little or No Signifcance to Regulations 
to Support MASS Operations  232 
11.3.1  IMO Instruments Implementation (III Code)  233 
11.3.2  International Code on Intact Stability (IS Code)  233 
11.3.3  International Code for Application of 

Fire Test Procedures (FTP Code)  233 
11.3.4  International Life-Saving Appliance (LSA Code)  233 
11.3.5  Code for Recognized Organizations (RO Code)  234 
11.3.6  International Convention on Tonnage 

Measurement of Ships (Tonnage Convention)  234 
11.3.7  International Convention for Safe 

Containers (CSC Convention)  234 
11.4  Instruments Not Yet Considered  235 

11.4.1  International Convention for the Prevention of 
Pollution from Ships (MARPOL Convention)  235 

11.4.2  International Code of Safety for 
High-Speed Craft (HSC Code)  235 



xvi Contents 

 11.4.3  International Code of Safety for Ships Using 
Gasses or Other Low-Flashpoint  
Fuels (IGF Code)  235

 11.4.4  Code for the Construction and 
Equipment of Ships Carrying Dangerous 
Chemicals in Bulk (BCH Code)  235

 11.4.5  Special Trade Passenger Ships 
Agreement (STP Agreement)  236

 11.4.6  Protocol on Space Requirements for Special 
Trade Passenger Ships (Space STP Protocol)  236

 11.4.7  Code of Safety for Nuclear Merchant Ships  236 
References  236 

 12  Future Directions of MASS  239 

12.1  Demonstrated Competency of MASS  240 
12.2  Fitness for Duty  241 
12.3  Security  241 
12.4  Environmental Concerns  243

 12.4.1  5G Broadband Technology  243
 12.4.2  Contribution of Greenhouse 

Gas to the Environment  244 
12.5  Smart Ports  245 
12.6  Aids to Navigation  245 
12.7  MASS Operator Complacency  246 
12.8    Is IMO Degree 4 Full Automation for 

MASS Ethical, or Even Possible?  248 
12.9  Situational Awareness below the Waterline  248 
12.10  Crowdsourcing MASS Subsea Sensor Data  250 
12.11  MASS Will Lead Shipping into the Future  250 
12.12  Post-IMO Regulatory Scoping Exercise  251 
References  252 

Index  255 



xvii 

Preface 

Unmanned and autonomous ships are quickly becoming a reality in an 
effort to make shipping safer and more effcient. However, traditional lines 
based upon function and scale become blurred as new technology changes 
how the unique needs of different sectors are met. In addition to large ves-
sels dedicated to the transport of goods and cargos across the oceans, major 
efforts are underway towards automation of small coastal shipping that 
includes ferries, tugboats, supply and service vessels, and barges. Further 
innovation is taking place in automated vessels replacing conventional ships 
for inspecting and servicing pipelines, drilling platforms, wind farms and 
other offshore installations. Tasks that have in the past been performed by 
large ships are planned to be accomplished by much smaller vessels, surface 
and undersea vehicles designed for specifc purposes. Innovations in hydro-
dynamics and aerodynamics are leading to the development of unmanned 
automated hybrid vessels that appear to be a cross between ships and air-
planes, sharing the advantages and disadvantages of both. 

The segment of unmanned and automated ships within the responsibili-
ties of both nation states and the International Maritime Organization 
(IMO) is considered in this book and, specifcally, Maritime Autonomous 
Surface Ship (MASS) operations that may be addressed by existing and 
future IMO instruments as adopted and implemented in national regu-
lations. The subject is introduced in Chapter 1 by providing a historical 
perspective on shipping and framing current initiatives in terms of ship, 
technology and test bed development within this context. In Chapter 2 
automated shipping is explored in terms of economics, technology, safety 
and the environment. Chapters 3 through 8 discuss details of autonomy 
and automation, ship design and engineering, command and control, navi-
gation, communications, training and security as pertain specifcally to this 
unique segment of the shipping industry. Chapter 10 is dedicated to describ-
ing regulatory issues at the international level, among nation states, clas-
sifcation societies and non-governmental organizations and in Chapter 11 
there is a discussion of the legal instruments and issues that have been con-
sidered with regard to automated maritime operations. Finally, in Chapter 
12 future short- and long-term directions for unmanned and autonomous 
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shipping are described, including predictions for civilian adoption of mili-
tary ship automation programs, new trends in instrumentation and recom-
mendations as to how mariners, industry and governments can enhance the 
opportunities presented through the adoption of these technologies. 

This book is aimed at mariners, ship owners and operators, regula-
tory authorities, protection and indemnity insurance clubs, environmen-
tal groups and others interested in maritime affairs. Others with interest 
include undergraduate students involved in deck offcer training, gradu-
ate students and academics involved in research pertaining to ship design, 
navigation and environmental studies. 
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1 

 Chapter 1 

Introduction 

This book examines unmanned and autonomous shipping within the con-
text of key design elements and systems necessary to accomplish multiple 
levels of automation. We begin with this chapter by providing relevant his-
tory and cite examples of present-day developments along with some topics 
of concern voiced by mariners. Subsequent chapters examine the future 
of maritime shipping and its impact on trade, national economies, tech-
nological advancement and the seafarers who have bravely pursued their 
trades over the centuries. Automation is being accomplished across all lev-
els of shipping from the smallest recreational boats to the largest oil tank-
ers, container ships, cargo carriers and cruise ships. While the contents 
of this book generally apply to vessels of all sizes and types supporting 
diverse functions and purposes, its goal is to examine the issues associ-
ated with larger surface vessels and their support craft that are operated 
by professional captains, mates, crews and pilots. No attempt is made to 
address issues associated with small drones, more commonly referred to 
as unmanned or autonomous surface vehicles (USVs/ASVs), except as they 
may be utilized by large vessels, even though there may be great commonal-
ity in the technical details of their implementation. 

A question exists of whether unmanned and autonomous ships represent 
the next step in the logical evolution of shipping and ship technology or if 
they exemplify disruptive innovation that will completely transform the 
face of maritime shipping as we know it. Although there are vested interests 
promoting both scenarios, rapid change generally does not occur in the 
shipping industry and there is no reason to believe that present-day masters 
and crews are destined for early retirement. Maritime jobs continue to be 
infuenced by changes in technology and economies and few would or even 
should take the time to argue over the virtues of oar versus sail, steam ver-
sus gas turbine, or nuclear versus liquefed natural gas (LNG) or hydrogen 
fuel cell propulsion. Some of these technologies are relegated to the past 
while others represent possible alternatives for the future. In the meantime, 
it is hoped this book can draw attention to the present state of events and 
activities surrounding the furtherance of what the International Maritime 
Organization (IMO) refers to as Maritime Autonomous Surface Ships 



  

   

 

 
 
 

 

 
 
 
 
 
 
 
 

 
 

 
 
 
 
 

 
 

 
 
 
 
 
 

2 Unmanned and Autonomous Ships 

(MASS). Readers may then decide for themselves as to what the future may 
hold and what infuence they have had. 

1.1 A HISTORICAL PERSPECTIVE ON 
ADVANCES IN SHIPPING 

There are certain events considered key milestones in the development of 
ships and shipping technology that were hallmarks of change. Sails har-
nessed the wind to propel ships across vast distances, while oars provided 
a means of propulsion that made vessels more maneuverable and could 
be depended upon when the wind was unreliable. Iron ships eventually 
replaced wooden ships, and steam power replaced sails in general but wind-
powered ships using new technologies are still being actively developed. 
These changes occurred gradually with iron being used initially to con-
nect fasteners and strengthen hulls decades before the appearance of the 
frst iron ships. However, new technology also introduced new problems. 
One example is how iron ships adversely affected the operation of magnetic 
compasses. Through the experimentation of astronomer Sir George Biddell 
Airy in 1839, this problem was solved with his development of correction 
tables that were subsequently adopted by the Merchant and Royal Navies 
in England and spread throughout the rest of the world [Airy 1839; Wright 
1988]. Such innovations originated from a broad cross-section of people and 
professions including naval architects as well as inventors, practical trades-
men and scientists, many of whom were not mariners, shipbuilders, or even 
seafarers. Nevertheless, their discoveries and inventions changed the face of 
shipping, opened up worldwide trade routes and set the stage for explora-
tion and mass migration on a large scale. Today, similar advances are being 
made by engineers, metallurgists, chemists, computer scientists and others 
that may have never set foot on the deck of a ship. Yet, their contributions 
in the development of new electronic control and guidance systems along 
with the software through which they operate are essential for today’s ships. 
The introduction of new technology to aid in vessel communication, naviga-
tion and overall situational awareness is summarized by the timeline shown 
in Figure 1.1. The timeline is not to scale and many of the dates given are 
approximations as conficting dates and claims are often present in the lit-
erature. However, it provides a good illustration of how developments have 
accelerated during recent times in four primary disciplines: Construction, 
propulsion, navigation and communications. The convergence of many 
aspects of these four disciplines in the modern era has ultimately lead to the 
present day where the concept of MASS can now be entertained through the 
establishment of automated command and control over all of the systems 
needed to operate the vessel and therefore the entire vessel itself. 

The following paragraphs provide brief descriptions of new develop-
ments in technology and ship function that have taken place relatively 



  

  

  

3 Introduction 

Figure 1.1 Timeline of new technology introduction on ships. 

independently of each other, yet are essential components to achieve ves-
sel autonomy. The common denominator in modern times among these 
disciplines is the advent of computer-aided design and simulation of all 
aspects of ship construction and performance combined with electrical and 
electronic control of all major ship propulsion, navigation and communica-
tions systems. 

1.1.1 Construction 

Wood foats, and it was a natural progression to build log canoes to large 
sailing vessels from this material. Towards the late 1700s iron plates began 
to appear on inland barges, in part out of necessity due to shortages of 
lumber [Walker 2010]. Ships with hulls made of iron started to appear 
in 1818, when the iron barge Vulcan was built near Glasgow, Scotland. 
Overcoming prejudices and concerns among early seafarers as to whether 
iron ships could actually foat was a key inhibitor of early progress [Benson 
1923]. Once new processes were developed for manufacturing steel and it 
became available in suffcient quantities (i.e., tons), large plates of various 
thicknesses were used to build ships of steel. Improvements in riveting and 
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welding helped to increase vessel size from the 5,000-ton ships of the 1880s 
to the 250,000-plus-ton ships that are commonplace today. In some cases, 
attempts have been successful in creating hulls using aluminum. However, 
diffculties related to welding and galvanic corrosion, especially where a 
steel shaft passes through the hull, reduce reliability and impose greater 
maintenance requirements. Carbon fber composite materials providing 
lightweight and strong hull forms are presently being developed for smaller 
vessels but its use for large ships is yet to be realized due to the high costs 
involved in its production. 

Of greatest signifcance to make possible automated ships are the rev-
olutionary changes in modern era methods and processes used in their 
construction. As ships have increased in size the former methods of using 
curves, drawing frames and templates have given way to computer-aided 
design (CAD), computer-aided engineering (CAE) and computer-aided 
manufacturing (CAM), making it possible to visualize, evaluate and test 
design concepts long before the frst metal is cut. This includes determin-
ing the types of onboard physical and virtual sensors necessary and their 
proper placement to assess ship performance. The outcome includes better 
processes that result in improved design and production times at less cost 
than would otherwise be possible. 

1.1.2 Function 

Ship designs originated to perform two distinct functions as warships 
and cargo ships, each with their own unique design features that made 
them suitable for their task. Cargo ships were also used to transport small 
numbers of passengers. As the use of sails gave way to steam propulsion, 
ships of different designs began to be developed for the transportation of 
inland freight and passengers. Cargo ships continued to develop to sup-
port more specialized cargos separating into bulk carriers, tankers and 
container ships in the 20th century. During this same period passenger 
ships, with and without cargo, also began to fourish from small river boats 
and passenger ferries, to great ocean liners and cruise ships designed for 
pleasure excursions. In the meantime, other specialized ships for fshing, 
offshore construction and support, drilling, cable laying and a myriad of 
other uses entered the scene. A broad cross-section of vessels performing 
these functions is the focus of many autonomy research and development 
efforts today. 

1.1.3 Propulsion 

Sails have been present on ships since antiquity and are historically the 
primary mode of ship propulsion up until modern times. Wind power pro-
vided by rotors and other inventions is still being considered for auxiliary 
ship propulsion. The use of paddles and oars has also complemented sail 
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power. However, the advent of the steam engine heralded the modern age 
of ship propulsion. Early problems with steam engines and their lack of 
power were eventually overcome as experience and lessons learned in their 
use were acquired. However, other problems persisted. Robert Fulton’s 
steamboat Clermont, otherwise known as Fulton’s Folly, caused spectators 
to fear when the smoke, fames and steam of the engine made it appear 
about to explode [Sale 2017]. The 1900s found coal-fred boilers replaced 
with oil, and today steam has become obsolete and replaced by diesel and 
turbine power. Nuclear power was used on an experimental basis in the 
mid-1900s to power commercial ships. However, except for a few special-
ized ships such as icebreakers, its maritime use is generally relegated to war-
ships. Today on many vessels large engines connected to propellers using 
drive shafts are being replaced with electric engines connected directly to a 
propeller enclosed in a steerable gondola or pod suspended below the hull. 
Liquefed natural gas (LNG) is appearing as a fuel of choice that provides 
much cleaner performance in terms of environmental emissions. Hydrogen 
and green ammonia are other potential clean fuel sources being considered 
for the future. 

Just as signifcant as the types of engines and fuels used on board ships 
has been the evolution of automated engine and power monitoring and 
control systems that enable many ships to operate with reduced staffng 
requirements and unattended machinery spaces. These electronic systems 
can automatically monitor and control temperatures, pressures, fows, lev-
els, torque and other characteristics of propulsion systems necessary for 
safe operation. 

1.1.4 Navigation 

Basic navigation capabilities have been achieved through the invention of 
the leaded line, nautical chart, compass, chronometer and sextant. The 
leaded line used to measure water depth was mentioned by Herodotus in 
the ffth century B.C. [Macaulay 1890]. Early marine charts can be traced 
back to Marinus of Tyre in the second century [Deetz 1943]. The compass 
was used for maritime navigation in China around the year 1115 [Ronan 
1986]. The chronometer, used for obtaining precise timing information, 
became available in 1759 [Gould 1921]. The modern sextant had its origins 
around 1791 [Ifand 1998]. These inventions form the core instruments 
found in all modern ships. However, the use of electronic systems in the 
modern era has changed the face of ship navigation. 

1.1.5 Communications 

The primary method of communication between ships began in the 15th 
century with the appearance of systems of signal fags and pennants hoisted 
for communication [Sterling 2011]. These were eventually replaced in the 
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19th century with the advent of semaphore systems. Light signals were used 
at night and became more viable with the invention of the electric light 
bulb. Paralleling advances in navigation, communications by ships with 
land sites and between ships greatly improved with the invention of the 
wireless telegraph and other electrical and electronic systems. 

1.1.6 Electronic Navigation and Communications 

Although slow to occur at frst, the pace of evolution of navigation and com-
munications technology has dramatically accelerated beginning in the last 
century with the advent of electrical and electronic devices as illustrated in 
Table 1.1. The introduction of radio detection and ranging (Radar) equip-
ment for shipboard use occurred in 1937 [Eagle 2008]. The effective use of 
Radar on ships was stymied by a lack of standards and training that even-
tually resulted in the frst Radar-assisted collision between Andrea Doria 
and Stockholm [Meurn 2013]. Techniques were developed over the decades 
to plot range and bearings to stationary landmarks and buoys to establish 
position fxes for navigation, and to other ships as a means of collision 
avoidance. Radar beacon (RACON) transponders that reside on buoys and 
structures and emit a signal when interrogated by a Radar transmission 
were introduced in 1962 [ITU-R M.824-4]. In 1979, Automatic Radar 
Plotting Aid (ARPA) technology was introduced to acquire and track tar-
gets and automatically compute and display information to aid the bridge 
watch in collision risk assessment and collision avoidance [Hayashi et al. 
1994]. 

Automated Identifcation System (AIS) was introduced in 2000 to auto-
matically exchange static and dynamic ship information pertaining to the 
voyage, safety and security between vessels and to shore stations [Noris 
2008]. AIS has also been introduced onto the Radar display whereby ship 
name, speed, heading and other information may be shown, aiding in tar-
get identifcation and providing a means to establish direct communications 
with specifc vessels of interest to exchange passing and other information 
[Pillich and Schack 2002]. This was followed by the introduction of satel-
lite AIS beginning in 2005 for the tracking of vessels at sea beyond the 
range of shore-based receivers [ESA 2009]. 

Electronic Chart Display Information System (ECDIS) is a navigation 
information system intended to display all chart information necessary for 
safe and effcient navigation originated by, and distributed on the author-
ity of, government-authorized hydrographic offces [MSC 82/24]. With 
adequate back-up arrangements it may be accepted as complying with the 
Convention on the Safety of Life at Sea (SOLAS) up-to-date chart require-
ments [SOLAS 1974]. ECDIS provides access to the electronic equivalent 
of a paper chart for vessel navigation through the means of an electronic 
navigation chart (ENC) and system electronic navigation chart (SENC) 
comprised of database attributes used for display generation and navigation 


