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Abstract - Significant developments in autonomous and self-steering vehicle technology have already begun to spread into 
the maritime sector, with the first autonomous commercial cargo ship being expected to launch later this year. This paper 
presents an outline for what may be the next application in the marine sector, autonomous control of tugboats and barges and 
discusses similarities and differences compared to vehicular and shipboard self-driving systems. A plan for implementation 
is presented, along with opportunities that may arise in the future.  
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I. INTRODUCTION 
 
The past few years have seen significant growth in 
the developments in autonomous and self-steering 
vehicle technology and implementation. Following 
the success of early innovators from the technology 
sector (Google, Tesla, Uber, etc.), major automakers 
around the world are now developing passenger cars 
that will extend various driver-assist features to offer 
higher levels of self-driving capability. Meanwhile in 
the commercial sector, Uber-owned tech startup Otto 
has teamed with AB Inbev to successfully 
completewhat is said to be the first delivery by a self-
driving truck operating on the open road (1), laden 
with an inauspicious cargo of 50,000 cans of 
Budweiser beer. And since October 2017, 
autonomous trucks built by the startup firm Embark 
(2) have been making regular deliveries along a 650-
mile stretch of Highway from El Paso, Texas to Palm 
Springs, California; for now, there is a human driver 
in the cab, but the intent is to demonstrate an ability 
to operate on the highway with no driver assistance. 
Automakers are progressively seeking ways to 
eliminate the need for human drivers entirely, 
especially for taxi and commuting services in major 
metropolitan areas. The Gateway project in the UK 
(3) has begun testing autonomous taxis that lack both 
human drivers and conventional controls while Ford 
plans to produce autonomous vehicles that lack 
steering wheels and gas pedals by 2021. 
Even the notoriously conservative shipping industry 
is preparing for a future where ships may transit 
oceans and waterways without traditional crews on 
board. The Norwegian classification society DNV GL 
has designed a fully autonomous vessel and is 
presently testing its navigation and control systems 
on a 1:20 scale model operating in the waters of the 
Trondheim Fjord. Moreover, the first crewless ship in 
the world, christened the Yara Burkeland, is due to be 
launched in 2018. Developed by the agricultural firm, 
Yara International and the guidance system company, 
Kongsberg, the vessel will initially carry an onboard 

crew but is intended to transition to fully autonomous 
operation along a 37-mile route in southern Norway 
by 2020, when regulations governing the operation of 
fully autonomous vessels are expected to be in place. 
Certainly there are aspects related to autonomous 
control of vehicles and vessels that are quite similar; 
e.g. sensors and related technology used to establish 
situational awareness for over the road vehicles might 
be quite similar to technologies for floating vessels. 
However, the algorithms necessary to define a route 
and to execute the corresponding control functions to 
traverse a target route are likely to be quite different 
for floating vessels compared to vehicles. 
For over the road vehicles (cars or trucks), the 
relationship between steering wheel position and rate 
of turn is generally consistent and predictable for any 
given vehicle (discounting the effects of varying road 
conditions, such as snow or ice.) Similarly, if the 
vehicle’s mass and the pitch of the road surface are 
known then the response to throttle and/or brakes can 
be anticipated by the control system. In addition, the 
operational boundary for a vehicle is extremely well 
defined, usually by either physical barriers or highly 
visible markers that define the roadway or prevent the 
vehicle from deviating from the defined lane. 
 
For a floating vessel having a typical ship-shaped 
hull, however, the turning rate for any given rudder 
angle is heavily influenced by hydrodynamic effects, 
which may vary considerably depending on the draft 
and trim of the vessel, as well as varying with water 
depth if the water is relatively shallow, and possible 
bank effects in narrow channels. Despite the greater 
complexity, for a given hull form the hydrodynamic 
coefficients can be determined by a combination of 
computation, scale model testing and full scale trials. 
The operational boundaries for a vessel underwayare 
often poorly defined, thereby giving the vessel more 
freedom to maneuver and more opportunities to make 
an incorrect decision. The situation of a tugboat 
operating with one or more barges attached or under 
tow represents an even greater degree of complexity. 
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The characteristics of a particular tugboat might be 
readily determined for its normal operating condition, 
but the tugboat could be mated to a single barge or a 
combination of multiple barges having highly 
variable dimensions and mass. Thus, it is simply not 
feasible to fully characterize the hydrodynamic 
characteristicsin a sufficiently general manner ahead 
of time (or a priori), because the number of possible 
tugboat and barge combinations is far too vast. 
 
II. PROPOSED APPROACH 
 
2.1. Equations of Motion 
Because of large time delays associated with how a 
tugboat and barge will respond to changes in rudder 
angle and engine rpm, the autonomous control system 
must be capable of ‘looking ahead’ at the anticipated 
path and determining well in advance how to position 
the barges to execute any required maneuver. Thus, in 
addition to monitoring conditions in the present state, 
the control system must be capable of simulating the 
effects of changes in rudder angle and rpm, the same 
way that an experienced pilot would anticipate based 
on experience. 
The autonomous control algorithm will therefore 
incorporate a predictive capability that can simulate 
the responses to changes in rudder angle and rpm that 
may be required in order to successfully accomplish a 
necessary maneuver. This algorithm will be based on 
well-established linearized equations of motion, such 
as discussed in (7) for motions in a horizontal plane, 
i.e. surge, sway and yaw, which govern maneuvering 
responses of a vessel underway. 
These equations take into account the mass and added 
mass of the vessel (tugboat and barges), as well as the 
hydrodynamic forces due to movement through the 
water and the forces and moments due to changes in 
rudder angle. Additional terms may be included to 
take into account the effects of shallow water and/or 
channel boundaries. 
 
2.2. Hydrodynamic Coefficients 
Formulation of the equations of motion assumes that 
coefficients can quantify changes in surge force, sway 
force, and yaw moment as a result of variations in 
rudder angle, yaw rate and drift angle (the angle of a 
resultant velocity vector formed by the longitudinal 
and lateral components of the vessel’s velocity.) 
Normally, these coefficients could be determined by 
means of scale model tests and/or hydrodynamic 
computation, based on the geometry of the vessel and 
control surfaces to characterize a range of operating 
conditions. However, as noted previously, this is not 
feasible for tugboats and barges that can be combined 
in a virtually infinite variety of configurations. 
Instead, the governing hydrodynamic coefficients will 
be determined at the beginning of each voyage by 
having the tugboat and barge combination perform a 
simple set of maneuvers, similar to tests conducted as 
part of standard ship trials; e.g. spiral, zig-zag and 

turning maneuvers, but carried out in a specified 
manner to facilitate an estimate of the hydrodynamic 
derivatives. Conducting this initial set of trial 
maneuvers will certainly require a human pilot. 
However, it is almost certain that a human pilot will 
be required to get the tugboat and barges away from a 
pier and into an open channel, much like having a 
human driver maneuver a tractor-trailer from a 
warehouse to the entrance of a limited-access 
highway. During this limited period of manual 
control, the human pilot can perform a set of 
prescribed maneuvers that will ‘train’ the autonomous 
control system so it ‘understands’ the hydrodynamic 
properties of the tugboat and barge combination. 
Keeping humans on the vessel will certainly be 
necessary for the near future for both the training 
period and the standard transit period. The system 
will also need protection from accidents in transit, 
either mechanical or environmental.  
 
2.3. Route Definition and Constraints 
Unfortunately, routes for a tugboat environment are 
more loosely defined than for an automotive 
environment. There are no curbs or lanes markings 
and there is no observable difference between the 
traversable route surface and the surrounding terrain. 
Shipping channels are extremely well defined in 
terms of global positioning coordinates, however. 
Utilizing these data points, a map for safe, hazardous, 
and no-go regions can be defined. Implementations 
from here in will vary significantly depending on the 
approach used. Small-scale and single vehicle 
implementations will typically plan an optimal path 
within these regions utilizing either minimum fuel, 
minimum time, or similar objectives. Large-scale, 
multivehicle implementations will likely utilize a 
centralized planning node to plan a path through the 
environment. By defining and updating routes for all 
of the vehicles in a system, the planning node can 
develop routes that optimized the entire system 
instead of optima for individual vessels. 
 
2.4. Situational Awareness 
Primary situational awareness will be relegated to 
localization data: latitude, longitude, speed, and 
heading. When operating in a clean environment, this 
information is sufficient for most operations. 
Realistic environments are neither clean nor simple, 
so this approach would be limited. Future iterations 
would need to include systems to track and identify 
information that cannot be included on standard 
charts, such as other vessels. Radar is the most 
obvious solution, but computer vision approaches 
may also prove beneficial. Future considerations will 
also involve incorporating feedback on the tugboat 
attachment. While this is trivial in certain 
configurations, the system needs to know the position 
and orientation of the barges to control them 
accurately. Again, radar and computer vision may be 
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beneficial, but additional hardware measurements 
may be needed. 
2.5. Command and Control System 
For initial trials, the system will display desired 
rudder angles and engine rpm and a human will 
implement these commands manually. Due to the 
slow responses of the tugboat/barge system, 
introducing a human into the process will not 
significantly delay the commands and the human can 
filter the commands to ensure nothing catastrophic 
occurs. Once the system has been proven safe and 
reliable, it will be allowed to interface directly with 
the tugboat controls, but a human will always have 
override control of the system. 
The predictive route planning will be performed 
through the Open Motion Planning Library (OMPL). 
OMPL (8) provides a variety of tools for 
definingaroute. Of particular interest is the ability to 
plan with in a changing environment with a vehicle 
model that can be varied. Since the vessel dynamics 
will vary significantly, this is of critical importance. 
After running trials to determine the hydrodynamic 
coefficients, they can be fed into the OMPL vehicle 
model.OMPL has been used for various applications 
including rigid bodies as well as under-articulated 
kino-dynamic systems with drift (9). 
Figure1 shows an example OMPL output. Within the 
figure, there are large or dangerous obstacles, shown 
in black, minor obstacles, shown in red, and the 
vessel path, shown in blue. The generated trajectory 
finds the minimum time path through the field while 
giving the obstacles a wide berth. This path is 
generated while obeying the vehicle dynamics of a 
standard passenger car. 
Once the path is planned, the vessel can be made to 
follow the path utilizing any standard tracking 
technique that utilizes minimal model knowledge. 
This could include a sufficiently generic PID 
controller or a robust controller designed to account 
for variable plant parameters. In either case, these 
controllers will incorporate the vessel dynamics as 
much as possible. Future work would focus on 
increasing the accuracy of the hydrodynamic 
coefficients by utilizing the performance of the vessel 
while underway.  
 
III. PLAN FOR IMPLEMENTATION 
 
3.1. Collaboration with Industrial Partner(s) 
Early in the process, the authors seek to engage one 
or more industrial partners, specifically tugboat 
owners who also operate a fleet of barges. Ideally, the 
owner’s fleet would include a mix of barge sizes and 
at least one articulated tug/barge (ATB) unit. 
Initially, hydrodynamic coefficients for the ATB unit 
(which is typically similar to a ship-shaped hull) will 
be determined using CFD or other computational 
methods. Data from builder’s trials can then be used 
to benchmark the maneuvering simulation, to assess 
how closely it simulates the actual trial data. 

3.2. Verify the Command and Control Algorithm 
Running a free-standing version of the control 
software (i.e. not connected to the tugboat’s controls, 
but receiving situational awareness data), have the 
ATB perform a series of simple maneuvers, such as a 
zig-zag course or turns of a specified radius. Output 
from the autonomous control algorithm (rudder angle 
and shaft rpm) would guide a human pilot to execute 
the specified commands, in order to verify that the 
commands produce the desired response. 
3.3. Develop Suitable User Interfaces 
Develop protocols for specifying a target route along 
with appropriate operating constraints similar to 
conditions imposed on a human pilot. Integrate the 
output commands from the autonomous control unit 
to electro-mechanical devices controlling rudder and 
engine rpm commands. 
3.4. Verify the Command and Control System 
Repeat the series of maneuvers used previously to 
verify the control algorithm, to verify the system is 
capable of performing basic maneuvers. It is expected 
that a series of maneuvering tests will be conducted 
during this phase,with successive exercises gradually 
becoming more challenging. A human pilot will be in 
attendance at all times, but the system will function in 
an autonomous control mode. 
3.5. Self-driving ATB on an Open-Water Route 
Similar to autonomous tractor-trailer units on the 
Interstate highways, the ATB (See Figure 2) would 
operate as a self-steering unit on open-water route 
with a human pilot in attendance, but only as a 
monitor. While operating in congested waters, 
docking, or emergency situations the human pilot 
would assume command. 
3.6. Application for Tugboats Pushing from Stern 
Conduct a similar series of tests for a variety of barge 
configurations, with a tugboat pushing from the stern 
of the barge flotilla. (See Figure 3) This phase is 
intended to verify that a series is simple maneuvers 
conducted by a human pilot can indeed ‘teach’ the 
autonomous control system how to control a tugboat 
and barge. 
3.7. Application with Barges Alongside the Tug 
Conduct a similar series of tests for a variety of 
configurations having a tugboat towing one or more 
barges alongside. This phase is intended to verify that 
the autonomous control system can be adapted to a 
wide variety of configurations. 
3.8. Application with Barges Pulled Behind a Tug 
This situation may prove to be less complicated, in so 
far as the hydrodynamics of the tugboat can be 
determined independently of the barges and the effect 
of the barges could be represented simply as a force 
vector applied to the tow point of the tugboat. 
3.9. Application to Channels or Inland Waterways 
This situation is analogous to the tractor-trailer 
situation, where the technology has been proven and 
public acceptance has risen to allow the autonomous 
vehicle to maneuver in congested local conditions, 
not just on the open highway. 
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IV. FUTURE OPPORTUNITIES 
 
The present concept envisions an autonomous 
steering system suitable for installation or retrofit on 
a variety of conventional tugboat configurations, but 
primarily intended to provide self-steering capability 
during long-haul operations. As an aid for navigating 
winding channels and/or close quarters 
maneuvering,an auxiliary steering module (positioned 
forward of the barges) can significantly improve 
controllability by providing a controllable thrust 
vector at the bow. 
One such system uses a patented design, V-Best, 
configured as a remotely controlled steering module 
that a human pilot can use in much the same manner 
as a bow thruster on a ship. However, incorporating 
such a unit into an autonomous steering system would 
greatly enhance the controllability of the self-steering 
unit by providing much more control of the turning 
moments and side forces required for maneuvering in 
close quarters. And if the steering module had its own 
self-steering capability, units could be stationed along 
a route at critical sections of the channel; units could 
then self-deploy to assist barges as necessary and then 
return to an established depot to await the passage of 
another tug/barge unit requiring assistance, without 
the need for human control. 

In the future, multiple independent self-steering 
modules could be ganged together at eliminate the 
tugboat altogether, and provide fully vectored thrust 
at the bow and stern of the barge train. While in open 
waters, a flotilla of barges could be driven by a single 
autonomous module with enough power to maintain 
speed. But in confined or congested waterways, one 
or more additional steering modules could be added 
as necessary to navigate that segment of a route, all 
the while under autonomous control and without the 
need for human control. This would assure optimal 
deployment of assets while requiring minimum labor 
expenditure. 
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FIGURES AND PHOTOS 

 
Figure1. Visualization of OMPL simulation output

 
Figure2. Typical ocean-going ATB Configuration 

 
Figure3. Typical inland-waterway Configuration 
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Figure4. V-Best Thruster Module 

 
Figure5. V-Best (bottom) Allows Larger Barge Flotilla 

 
 
 
 
 
 
 

 
 


