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Abstract—This paper considers complex marine operations 
involving the coordinated motion of several ships. Each ship is 
controlled by an on-board computer, under captain supervision; 
so the ship is a quasi-robot ship. A computational procedure, able 
to embed a priori knowledge, was devised for planning of the 
ships motion control, to make them follow adequate trajectories. 
The main idea has been to mimic the typical maneuver when 
parking a car: turn the wheel to one side, and then to the other 
side; this may be seen as a partial bang-bang control strategy. In 
general, this type of maneuver do adapt to the control of non-
holonomic vehicles, when a vehicle starts from a certain position 
and attitude and must arrive to another position and attitude. 
The paper introduces a genetic procedure for control planning 
using partial bang-bang control. A complete operation, the case 
of oil spill over confinement, is described, presenting results of 
the genetic optimization procedure. 

 

Keywords—ship motion control, marine surface robots, robot 
trajectory planning, genetic algorithms 

I.  INTRODUCTION 
In this paper a control planning methodology using Genetic 

Algorithms, is introduced. The methodology is presently in use 
as part of a research on automation of coordinated marine 
operations [1]. The idea is to make the ships involved in a 
complex scenario, requiring the cooperation of these ships, 
behave as robots (under the supervision of ships captains). 
Examples of the scenarios considered are spill over 
confinement, salvage of shipwrecked persons, helping of ships 
with problems, etc. In particular, this paper focuses on the case 
of three ships towing a boom for spill over confinement (Figure 
1). Usually the ships participating in a scenario must go from 
one location to another, and must change their attitude. We 
want to calculate before the operation satisfactory trajectories 
for the ships.  

 

 

 

 

 
Figure 1.  Three ships towing a boom for spill over confinement. 

 Scaled down experiments in a large basin is an important 
part of the research. Autonomous scaled ships and a scaled 
boom has been built for the experimental testing of the 
computer planning results. (Figure 2) 

 

 

 

 

 
Figure 2.  Two of our autonomous scaled ships, and a boom. 

A main idea of the research is to mimic the typical 
maneuvers with cars, which usually are of the type “partial” 
bang-bang (turn the wheel first to one side, then to the other 
side). When we say “partial” we refer that frequently it is not 
necessary to reach the wheel angular limits. The trajectory 
obtained is of sigmoid nature. The reason for this type of 
maneuver is that cars are non-holonomic [2]. Conventional 
ships are usually non-holonomic. Moreover, contrary to the 
normal behaviour of cars, the ships exhibit sway motions when 
turning. There is an increasing interest on the control of non-
holonomic vehicles, in special when coordination of multiple 
vehicles is desired [3,4,5]. 

The problem considered in the paper involves a 
multiobjective optimization [6]). A good approach for this kind 
of problems is to consider Pareto fronts, trying to get 
appropriate agreements. This kind of criteria can be easily 
considered in the general context of Genetic Algorithms [7,8]. 
Taking advantage of our previous experience with genetic 
algorithms [9], we state the partial bang bang maneuver in 
terms of chromosomes. A multi-objective criterion to be 
optimized by the ship trajectory is established. The genetic 
algorithm gets with modest computational cost a satisfactory 
solution. This solution is a simple sequence of 5 control orders 
(each one consists in a time and a torque constant value to be 
applied from this time to the next). 

It turns out that planning is a complete topic, with old roots 
in the robotics context. An extensive review is given by [10]. 
An example of the planning approach based on maneuvers is 
[11] for helicopters. There is a distinction between path 
planning, which is geometry, and trajectory planning that also 



         

considers time. A closely related topic is trajectory 
optimization, which is reviewed in [12].  

In this paper, the trajectory is embedded into the problem of 
control actions along time. The results we are to obtain are 
directly applicable by ships, since what is obtained is a 
sequence of control actions that the ships can implement (the 
control authority is inside the range allowed by the ship 
actuators). The control planning method can first be applied 
off-line, to obtain a control plan for the experimental ships, and 
then can be re-applied on-line to compensate for perturbations 
effects. This seems to be an interesting approach in light of the 
Brockett theorem [13,14]. 

Marine coordinated operations is a recent research topic 
that is considering several cases and scenarios, like [15] on ship 
rendezvous, [16] on coordinated motion of marine robots, [17] 
on towing, etc. In relation with the use of Genetic Algorithms 
for marine path planning, there are some papers like [18,19,20] 
for AUVs 

The paper begins with a description of the spill over 
scenario and the mathematical model of ship surge-yaw 
motion. Then the application of genetic algorithms to the 
problem is described. This is continued with the proposed 
partial bang-bang control genetic planning, for one ship 
trajectory. Then the genetic control planning for three ships 
making a spill over confinement is fully described. Finally the 
paper draws some conclusions. 

II. APPLICATION SCENARIO: SPILL-OVER CONFINEMENT 
Suppose a particular marine operation, such the case of spill 

over confinement. We decompose the operation into team 
maneuvers. For instance, in a case of spill over confinement we 
could consider three team maneuvers: approaching to the 
spillage, confinement, and return to haven.  

 

 

 

 

 

 

 

 

 
Figure 3.  Operation with 3 maneuvers. 

In a maneuver, each ship must follow proper trajectories. 
We are going to consider three phases in a trajectory. For 
instance, consider one of the ships approaching the spillage. 
The first phase is devoted to abandon the haven and get a good 
heading towards the target. The last phase is devoted to take the 
right attitude to get close to the target. The middle phase just 
connects the other phases. We shall consider a partial bang-
bang for the first phase and another partial bang-bang for the 
last phase. The middle phase may be an arc. 

 

 

 

 

 

 

 

 
Figure 4.  Phases of one maneuver. 

III. MATHEMATICAL MODEL OF SHIP MOTION 
The mathematical model we take for the ship is a subset of 

the standard six differential equations (Lloyd, 1998), three for 
longitudinal motions and three for lateral motions, which 
constitute a linear approximation with variable coefficients 
(added masses, damping, restoring forces). 

The equations selected for the research are the following: 
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where suffix 1 is surge, suffix 2 is sway, and suffix 6 is 

yaw. Note that there are no restoring forces. 

Using Laplace transform to obtain polynomials, and then 
using Cramer’s rule with the following terms: 
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The coefficients in these equations have been determined 

with experiments using the scaled ships in the basin. 

We control F1, surge force, and F6, yaw torque, using 
swivel waterjets. The control planning problem is to determine 
proper values of F1 and F6 along time. 

Figure 5 shows several examples of ship trajectories, for the 
same maximum value of F6 and several, marked values of F1. 
Notice the effect of sway, which represents a problem when 
towing a boom. Dimensions are meters; the experiments must 
fit the basin size. 



         

 

 

 

 

 

 
Figure 5.  Turning arcs, same yaw torque, different surge forces.  

IV. GENETIC ALGORITHM APPLICATION  
FOR PARTIAL BANG-BANG 

The two main issues for the application of Genetic 
Algorithms are the codification in terms of chromosomes and 
the definition of a fitting function. 

For the chromosomes we use integer quantities, from 0 to 
999. Suppose for instance that we have the number 374, 
corresponding to the yaw torque in the middle arc. That means 
that 37.4 percent of the maximum yaw torque will be applied in 
this arc. The chromosomes contain ten integer quantities, 
corresponding to control parameters for each of the five arcs.  

For example, suppose a ship trajectory is decomposed into 
five arcs, and we must determine when each arc starts, and 
which yaw moment must be applied along each arc. Figure 6 
shows the type of chromosomes for this example: T1 and YM1 
correspond to time and moment for arc 1; T2 and YM2 
corresponds to time and moment for arc 2, and so on. Every 
cell in the diagram has three integer numbers inside. 

 

 
Figure 6.  Structure of chromosomes. 

Each chromosome means a specification of the control 
effort (partial bang bangs) along the operation. Figure 7 shows 
an example of the control efforts along time that have been 
specified by a certain chromosome. The figure depicts the five 
values of yaw moment along the five time intervals.  

 

 

 

 

 

 

 
Figure 7.  Traslation of genetic encoding to control efforts. 

By using the ship mathematical model, the GA evaluates 
the chromosomes, obtaining and evaluating the ship trajectory 
obtained by the control efforts. This is the GA fitting function. 
A multi-objective criterion is defined for trajectories 
evaluation. There are two groups of objectives: 

• The primary objectives are to get precisely to the target 
position, with the specified attitude angle. In addition, 
some characteristics of the trajectory geometry are also 
considered. 

• The secondary objectives are time and energy 
minimization. 

Both groups are treated with Pareto fronts. When a good 
compromise is obtained in the first group, the Genetic 
Algorithm searches for another good compromise in the second 
group and then, it comes back to refine the first compromise, 
and so on, till no significant improvements are gained keeping 
iterating. 

V. GENETIC CONTROL PLANNING FOR THE  
CENTRAL SHIP 

Let us consider three ships towing a boom. There is a 
central ship, and the other two occupy left and right 
symmetrical positions. There is an oil spill over on the coast. 
The three ships will execute the three maneuvers already 
named as approaching, confinement and return (Figure 3).  

As a first step, let us focus on the central ship during the 
approaching maneuver. Let us limit the surge force between 
F1max and F1min, and let us denote as F1dif the difference 
between both limits. Also yaw moments are limited to F6max, 
F6min, and there is the difference F6dif. Define a parameter 
0<c<1. We want to make turns at lower speed than when going 
straight; for such purpose the surge force and the yaw moments 
are put in function of c as follows: 
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The ten parameters codified into the chromosomes are, in 
the case of the central ship, five time intervals and five values 
of c. Figure 8 shows the sigmoidal trajectory that was obtained 
by the genetic optimization. Figure 9 shows the corresponding 
surge and yaw partial bang-bang control efforts. 

 

 

 

 

 

 

 

 

 
Figure 8.  Approaching trajectory for the central ship. 



         

 

 

 

 

 

 

 

 

 

 

 
Figure 9.  Partial bang-bang control efforts for the central ship approaching. 

VI. PLANNING THE CONFINEMENT OPERATION 
As said before, let us consider the operation sketched in 

Figure 2. The operation involves three maneuvers with a team 
of three ships. Let us describe step by step the proposed 
planning procedure. 

A. The Confinement Maneuver 
The first thing to do when facing the planning of the oil 

spill over operation is to study the confinement maneuver. 
Consider for example a simplified scenario where is enough 
that the two ships at both sides of the central ship deploy the 
boom and then get closer, while the central ship continues 
straight on with a moderate speed. 

This case has been genetically encoded by considering a 
virtual ship that executes a schematic maneuvering –using 
straight intervals- and then approximating the virtual ship 
trajectory with the five partial bang-bang arcs. The ten 
parameters represented by a chromosome are surge force and 
yaw moments along five prescribed time intervals. Figure 10 
shows the results for one of the lateral ships, the other just 
follows a symmetrical trajectory. 

 

 

 

 

 

 

 

 
Figure 10.  Confinement maneuver: the top half part. 

Figure 11 shows the partial bang-bang efforts of the lateral 
ship represented in Figure 10. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 11.  Partial bang-bang efforts of the lateral ship during confinement. 

The results of the confinement maneuver planning, define 
the final state that must be reached by the approaching 
maneuver and the starting state for the return maneuver. 

B. The Approaching and the Return Moeuvres 
The control planning method just introduced was conceived 

taking into account ship formations, where the motion problem 
may be decomposed into two: to move the “centre of gravity 
(CoG)” of the formation along a feasible trajectory, and to keep 
or change the formation along the trajectory (with reference to 
the CoG). In the particular scenario we are now considering, 
the oil spill over confinement, the three ships must go to target 
positions and attitudes, keeping their mutual distance and angle 
into a certain range (a certain degree of alignment). 

The reason to limit the dynamic behaviour of the central 
ship is that in a turn one of the ships must go faster than the 
central ship and the other ship must go slower. This is way the 
parameter c was introduced. 

Once the trajectory of the central ship is established for the 
approaching maneuver, two virtual ships are obtained. The 
other two ships must follow as close as possible these virtual 
ships. Figure 12 shows the virtual ships for the approaching 
maneuver. In a similar form, the return trajectory for the central 
ship is found with the genetic procedure. Figure 13 shows this 
return trajectory and the virtual ships for this maneuver. Notice 
that a line joining the ships has been added periodically, so the 
figures also show that ships are well coordinated along the 
maneuvers. 

 

 

 

 

 

 

 
Figure 12.  Central and virtual ships along the approaching maneuver. 



         

 

 

 

 

 

 

 
Figure 13.  Central and virtual ships along the return maneuver  

The next steps are devoted to find with the genetic 
optimization procedure the best approximation of the virtual 
ships with the real ships, using five arcs in each case. 
Chromosomes encode five surge forces and five yaw moments, 
the time intervals have been already determined when the 
trajectory of the central ship was found.  

Figure 14 shows one example of genetic partial bang-bang 
approximation for a lateral ship during the approaching 
maneuver. Figure 15 shows the control efforts for this lateral 
ship, compared with the control efforts of the central ship 

 

 

 

 

 

 

 

 

 
Figure 14.  Approximation of a lateral virtual ship. 

 

 

 

 

 

 

 

 

 

 

 
Figure 15.  Control efforts of the central ship and the lateral ship 

 in previous figure. 

In the genetic procedure the position error of the ship2 with 
respect to the virtual ship is measured along each candidate 
trajectory. The maximum positional error is minimized as one 
of the objectives to be taken into account by the multiobjective 
optimization. 

C. The Complete Operation 
Figure 16 shows the final result obtained along the 

operation planning. It was obtained by joining the three 
maneuvers. The confinement is on top of the figure. Indeed the 
joining of maneuvers could be refined by a final local 
optimization. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 16.  The complete operation of the three ships. 

 

VII. CONCLUSION 
The paper introduces a genetic method to obtain partial 

bang bang control profiles to get satisfactory ship trajectories, 
according with multi-objective criterion. The decomposition of 
the motion control into five arcs makes simple the genetic 
encoding and fast results are obtained. The control profile is 
described with simple vectors (with ten float numbers) that can 
be easily injected into ship on-board processors for 
experimental execution. 

A preliminary extension of the five arcs idea to consider 
several linked ships was also presented. It seems to give 
satisfactory results but it still requires study, since it is 
important to include all available a priori knowledge to restrict 
the heuristic searching. 
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