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Summary: The rapid development of computer technology and widely application of artificial

intelligent provide technology support for realizing navigation automation on the sea, which has
achieved great success in shipping advanced countries like Japan, England, America, Germany and
also in the developing country, China. However, it still remains in the studying period up to now in
aspects of collision avoidance decision-making mathematical model and reasoning mechanism. In
this paper, approaches are proposed to establish the collision avoidance automation system. One of
them is based on the former studies to realize automation system by make use of finite state
machine theory and following the International regulations for Preventing Collision at Sea, 1972,
The others are to establish the new idea about automatic collision avoidance system by taking
advantage of the free flight idea, hybrid system, game theory used in air traffic management studies
in recent years and the common characteristics in both air and sea traffic management.

1. Introduction

Together with the rapid development of technology in field of navigation, GPS, GMDSS and
ECIS are popularized in the bridge of ships. It enhances the safety of navigation at sea greatly and
promotes the automation of shipping management and navigation. However, it still remains a long
way to go for realizing automatic navigation completely. The key problem is to realize automatic
collision avoidance. Since 80's of 20 century, with the development in computer technology, the
studies in the field of automatic collision avoidance at sea ran into rather new stage, and great
successes have been achieved in the shipping developed countries, such as Japan, Great England,
US and Germany M, In China, studies of automatic collision avoidance system (ACAS) began in
70's of 20 century. Some achievements have been got in about thirty years in mathematical model of
collision avoidance decision making, ship's domain and ACAS FIIEL],

Though a lot of studies have been done by specialists and experts in domestic and abroad in the
aspects of mathematical model of collision and ACAS, it does still not reach agreement in models
and reasoning mechanism. Especially there are few studies in multi-ship collision avoidance
comparing with the studies in the land traffic and air traffic control. William A. O'Neil®, Secretary-
General of International Maritime Organization once said in a IPS-IMO International Conference
on the Malacca and Singapore Straits: 'the comparison between air traffic control and that of ship
has often been made and it is accepted that there is no doubt that positive traffic control is essential
in civil aviation. The principles of control exists in all other modes of transport and there is no
reason for extending it to shipping, when safety would be enhanced'. In view of this, this paper tries
to make use of some thinking, such as concepts of free flight, hybrid system and differential game
in air traffic control in the study of ship collision avoidance automation, proposes new idea about
automatic collision avoidance realization.



2. Future Sea Traffic Control System

C. Tomlin and others in the UCB "'} proposed a new architecture for Air Traffic
Management through studying the present ATM and its facing challenge. Within the proposed ATM,
the concept of free flight allows each aircraft to plan its trajectories in real time, and in the new
decentralized architecture some of the current air traffic control functionality is moved on board
aircraft. The hybrid control and theory of games are applied in the new ATM to make conflict
prediction and generate resolutions.

J. Godhavn™® and others proposed
future Sea Traffic Management Systems SeaTrafficControl
(STMS) motivated by the ATMS. A .
hierarchical structure has to be utilized
due to the high complexity with both a
great number of control decisions | #—————M Tactical Planner
(Discrete events) and a multiple set of
low-level control laws (Continuous
systems). A hierarchical  control
architecture for an STMS is shown in
Fig.1.
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of the ships with its own position sensors,
which typically is a set of radars. The actual commands from the STC are packages with a sequence

of via-points to each ship. A via-point is a set of coordinates (x,,y;)and a time interval
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The second level of the STMS is a Tactical Planner. A detail tactical plan is generated from the
information given by the STC. A tactical plan takes the via-points and partitions the route into
segments with different control modes. Typical control modes are:

—Conventional mode: constant speed along strait lines or parts of circles .

—Speed mode: Change speed, most often during strait line motion.

—Stop-on-track mode: Stop ship and hold position.

—Come alongside quay (CAQ) mode: Special trajectories for approaching the dock.

The via-points generated by the STC have to be very dense to guarantee safety. To reduce the
workload and to increase the flexibility of the system, it is desired that only a limited number of via-
points be considered for regular traffic. Some rules for collision avoidance are hence necessary for
the Tactical Planner. The autopilots on board should be able to detect and solve possible conflicts
without involving the STC.

The third level is a Trajectory Planner. A smooth reference trajectory is generated, where
performance limitations of the ship and detailed dynamical model of the ship with disturbances and
input saturation limits are considered.



The fourth level is Regulation Layer. The trajectory generated on the previous level is fed to the
Regulation Layer. Individual robust linear or nonlinear controllers are then applied for the fifferent
control modes. Each of these controllers has its own set of active and inactive actuators and
measurements.

The Lowest layer is Physical Layer. The commands are realized in this layer and the actual
states of the ship feedback to the Regulation Layer through sensors and actuators.

3. Future Automatic Navigation System at Sea

In fact we can get the future Automatic Navigation System at Sea (ANSS) if we change our
view of the STMS. The functions of the STC actually are the functions of the future VTS. The tasks
and functions of the second layer to the lowest layer are totally the tasks and functions of the ship
itself.

The major objectives of the first layer of the ANSS are to design trajectory and to resolve
conflicts between ships. The objectives of the other layers are to control the ship on its designed
trajectory to the destination under the condition of itself and the prevailing circumstances.
Therefore, to realize the future STMS or ANSS completely, the key is to realize the autornatic
collision avoidance at sea.

4, Assessment of the risk of collision at sea

The challenge confronted to realize automatic collision avoidance at sea is to predict if there
exists any risk of collision between ships. Specialists and expert in domestic and abroad have done
a lot researches on this problem and achieved success 'l The main assessment method used at
present are numeric method, probability of collision calculation, plotting, PAD, collision course and
speed method, ship domain. There are different assessment method in numeric evaluation the risk of
collision, such as Fuzzy comprehensive assessment, Fuzzy reasoning and artificial network
assessment method.

5. Automatic Decision-making System for Collision Aveidance at Sea

There are two ways 1o make automatic decision-making system for collision avoidance at sea
(ADSCAS) at present. One of them PIPIPI i5 10 make use of the artificial intelligent, and the system
consists of databank, database of knowledge and inference unit. The kernel of the system is its
database of knowledge, in which are the rules of the road. The advantages of the system are: the
decisions made are in compliance with the rules of the road, the practice of the sea, and satisfied
with the requirements of seamanship. On the other hand, it is very difficult for the system to make
good decision when one of the two ships in situation does not comply with the rules of the road,
especially when more than two ships encounter. The another way is to take the advantages of the
differential games to establish ADSCAS. Its advantage is in certain condition, no matter what action
the other ship took it is impossible for the other ship to enter the domain of owhship. However, the
computation is complicated, and for more than two ships encounter situation it is very difficult to
generate resolution. It is still under study, and remains long way to go.

6. New idea about realizing automatic decision-making for collision



avoidance between ships

6.1 Realize automatic decision make by making use of Finite State Machine

A finite state machine (FSM) is a representation of an event-driven system. In an event-driven
system, the system transitions from one state to another prescribed state provided the condition
defining the change true.

For example, use a state machine to represent a car's automatic transition. The transmission has
a number of operating states: park, neutral, drive , reverse, and so on. The system transitions from
one state to another when a driver shifts the stick from one position to another, for example, from
park to neutral.

We consider applying the FSM 1o the first way to establish automatic decision-making system
in the inference unit. Literature [14] has details about event-driven hybrid system and its
verification.

6.2 Making use of Differential Games in Automatic Decision-making System

Non-cooperative decision-making for collision avoidance means that one of the encountered
ships takes action to avoid collision without coordination with the others. The ships are treated as
players in a n players, zero-sum noncooperative dynamic game. Each player is aware only of the
possible actions of the other ships. These actions are assumed to lie within a known set but with
their particular values unknown and uncontrolled. Each ship solves the game considering the worst
possible case. The performance index over which the ships are competing is the relative distance
between the ships, required to be above a certain threshold which is determined by the size of its
domain.

A two-ship scenario is considered. Let

= f(x,u,d,t) x(t,) = x, )]

model the dynamics of the relative motion, where u € U is the control input of one ship, called it
the evader, and 4 e D is the control of the other, called the purser. The actions of the evader are
controlled whereas the actions of the purser are unknown and uncontrolled, but are known to lie
within the disturbance set D. Thus, the actions of the evader are modeled as control inputs
whereas the actions of the purser as disturbances.

The requirement for collision avoidance is encoded in a cost function J, (x,,u,d) and is

simply the distance between the two ships. A trajectory of system (1) is called safe if

J (xgu,d)=C 2)

for some constant C determined by the size of ship domains. I a zero-sun, noncooperative game,
the purser tries to minimize the distance between the ships whereas the evader tries to maximize it.

A saddle solution to the game exists when there exists input #* and disturbance d’ such that

L] * = .n — .
J (xg.u ,d) max mir J, (xq,u,d) r"nEl(pI}llggcJ:(xo,u,d) )

If a saddle solution exists, the optimal policy for the evader is " whereas the worst possible



distance by the purser is " . If the trajectory of (1) corresponding to the saddle solution (u' .d ) is

safe, then collision is avoided by the evader for the worst possible purser disturbance. In this case,
collision is avoided regardless of what the purser will do as long as the evader chooses its optimal
policy. This allowed the evader to choose a control policy which guarantees safety without having
to communicate or cooperate with the purser. This is the fundamental idea in noncooperative
conflict resolution.

The safety of a particular conirol policy also depends on the initial relative configuration x,.
The set of safe initial relative configurations is defined as
V,={x, e R" |J, (xp0",d") > C} (4)

If the initial relative configuration does not belong in ¥, then collision avoidance is not guaranteed.

In that case, noncooperative methods alone will not suffice. If, however,x, €V, , then safety

guaranteed by choosing the control policy u'. In general, given an initial relative configuration
x, €V, , the following set

U, (x,)={ueU|J,(xy,d )2 C} (5)
is defined as the set of control policies which guarantee safety from relative configuration x,.

Since all u €U (x,)guarantee safety from x,, it is advantageous to find control policy ueU,(x,),
which minimizes deviation from the nominal trajectory. Deviation from the nominal trajectory is

encoded in a cost function .J,, which is usually a quadratic function of the tracking error. Therefore

minimization of the tracking error, which guarantees safety from relative configuration x,, is

performed by solving the following optimal control problem
min J, (6

el (x5)

6.3 Using Potential and Vortex field to realize automatic decision-making

Potential and vortex field approach was adopted to solve the conflicts among aircraft in
literature [16). We consider applying it in the automatic decision-making for collision avoidance at
sea. Ship's domain and arena are applied here. When the domains of the ships encountered crossing
the collision is assumed to exist. A ship can take any effective avoidance action when the other ship
is outside its arena and prevent the other ship coming into its domain.

Consider a scenario of m ships encountered. There are n ships around ith ship, its current

position is denoted by x, =(x,»,) and desired destination (next via-point for example)

—
xa; = (X;;,V4,)- Then an attractive potential function is defined as



@, =%(§f—xd,,)2 7

In order to achieve the desired destination, a force proportion to the negative gradient of the

@, is required.

To prevent collisions between neighbors iand j, the following symmetric repulsive field is
defined associate with each ship

1 2
(Dr= —E(ry—(r-ké'r)) rSrUEr+5, (8)
0

where 1, = \/(x,. —-x, Y+ (y, - yj)2 is the distance between ship/and ship j, (x,,y,)and (x, 2¥,)

is the function of time, #, isthe 7th ship's domain, &, is the radius of arena. The repulsive force

is generated by the gradient of @, .

A vortex field, tangential to the repulsive field, is also associated to each ship's arena to ensure
that all ships turn in the same direction:
oo,

O = % (9

Ox
The trajectory is given by the superposilion of the forces generated form the potential and
vortex fields. The attractive force gives the heading to the destination and is independent of the

distance from the destination. The x position full planner governing differential equations for ship
iin r<r, <r+d,,are given as:

x; = Xy, K, 1 r+a, 1yx, —x,)

+
& =%, + 0, -5, ,; S | @& %)+, -p,)

X =-

: LI | r+d
Jel,j=i Or \/(X,—x,) +(.V.—y,)

: Y=Y 51 ’"+5r
y, == — =+k, D — . =—1{(y, - ¥,)
\/('x,—xd.,) (= V) so1J#i Or J(x,—x,) +(v,-»,)
+kv L r+5r __.1 (x’_xj) (11)

=1,y 5,- .\/(x‘ —-x_,)z + (y, _yj )2
where £, andk,are the strengths of the repulsive and vortex field respectively. It is assumed that all



the ship have the same field strength. For r,, >r+§,,V/, the differential equations for ship i are

simplified because only the atiractive potential contributes to its velocity potential field.
Using the differential equations above, several different conflict resolution scenarios can be
generated for two or more ships.

6.4 Using Brownian Motion for realizing automatic decision-making for collision

avoidance at sea

Hu Jianghai "SI0 yorked out a Brownian-motion method for computing the probability,
which was used to analyze the highway safety and predict the conflicts among aircraft and generate
resolution. He used braid group to classify maneuvers for multiple aircraft, and computed
demonstrations with eight and sixteen aircraft.

We consider using the Brownian-motion method to caleculate the probability of conflicts
between ships and collision resolution generation. It may be a better way to solve multi-ship
collision avoidance problem.

The major contributors to the uncertainty in the ship motion are wind, sea and current. Which
can be defined as perturbation and modeled as a Brownian motion (BM). Intuitively, the probability
of conflicts is the proportion of sample paths leading to a collision among all possible paths. BM
gives us a measure of the probability of each path. This approach enables us to easily derive a
resolution algorithm for collision avoidance.

1. Model and Probability of Conflicts (PC) Approximation
Consider two ships, labeled 1 and 2, moving on the sea. Assume without loss of generality
that at time ¢=0, ship 1 is at the origin of a coordinate frame, sailing from left to right with a

velocity s, = (u,0)" &€ R?, while ship 2 is at position Z, € R?, sailing with a velocity #, € R?

which makes an angle ¢ wit ship 1. If ship 2 enters the domain of ship 1 a conflict oceurs, or vice
versa.

For the positions Z,(f) and Z,(t) of the two ships, we propose a kinematic model of the

following form:

Z,() = ii,t+ Y B (12)
Z,(1) = Z, +il,t +T@)Y B, (1) (13)

where Zz diag(c, 0.}, 0,,0, model the variance growth rate in  the along track and cross

track component respectively (o, > o). T(f)is the matrix corresponding to a counterclockwise

rotation by 4. E’l () and Ez (t) are independent standard 2-D BM's. Subtracting (123 from 13

leads to
AZ(t)=Z, + Ali -t —W (1) (14)
By transformation, we can assume that the motion of ship 1 is a standard 2-D BM starting from

the origin, while the motion of ship 2is of constant velocity ¥ =(v,,v,)" starting from



§= (57,5, )T
5=P7%,, V= PAl (15)
Define x, as the distance from the origin to the trajectory of ship 2, and gas the distance from

ship 2 at =0 to the projection of the origin on the direction line of ¥ = (v,,v,)".

SiV, _ngll a__SIV2 +52V1

_|

o H
v +vy v +v:
In the new coordinate system, a positive indicates that the two ships are approaching each

other and the minimal separation during the encounter is x,. On the other hand, a negative «

indicates that they are sailing away from each other and the minimal separation occurs at =0,
Moreover, the circular domain of sip 2 is transformed into an ellipse centered initially at 5§ and
with the boundary described by:

Ax—5)Y +2(y-5)=R"/2 (16)

moving along with ship 2. A conflict occurs if and only if the 2-D BM ever wanders into this
moving ellipse.

PC for collision can be approximated by

. —L x,+1

P,,sz(x\/t_ )0 A

2. Algorithm for Collision Avoidance

In the section of 7.3, an algorithm for collision avoidance is propesed based on the potential
and vortex field method. However, since the potential and vortex field defined depends only on the
distance, the generated maneuvers sometimes contain abrupt turn. Since PC derived in  (17)
contains information about both distance and relative velocity, it is expected to be a better candidate
for forming a conflict resolution algorithm.

[191.

) (an

Consider the case when two ships start from position Z,(0),Z,(0) sailing at a constant speed

u,,u, and have destinations d,,d, respectively. At each time ¢, P,, can be calculated based on

their position and velocity. We define three headings of interest:

Current heading C,: Course along which the ship is sailing.
Destination heading C,: Course defined by the current position and its destination.

Gradient heading C,: Course corresponding to the highest decrease of PC, i.e., the course

determined by the negative gradient of P, as a function of the current position.

nm
The proposed resolution scheme is quite simple: at each time step. each ship updates its course
as



C

next

_JC iflf—C‘,]<ﬂ
“\C. + Bsen(C -C,)

where f is the maximum allowed turn angle per time step, and C =P, .C, +(1-P,.)C,.

Intuitively, if B, is high, then decreasing F,, becomes a priority, hence C, should be pursued

Mt nm

more. If instead, P, is negligible, then C. should be kept. In any case, the deviation of the new

nm

course from the current one should not exceed J.

7. Coneclusion

The key problem of automatic collision avoidance study is the automatic decision-making for
collision avoidance. Whereas the foundation for realizing automatic decision-making for collision
avoidance is that once the risk of collision is deemed exist, what algorithm should be taken to find a
safe and effective resolution. One way is to follow the rules of the road taking inference method,
which is used in the present available automatic collision avoidance system. The shortage of this
way is that because there are a lot of uncertainties in the rules of the road and some situation is not
defined in the rules, such as multiple ship encounter situation, it is difficult to realize automation in
those special cases. Another way is adopting Differential Games theory, Hybrid System to design
the algorithm without thinking of the rules of road. The shortage is that the generated resolution
may not compliance with the rules of the road. Together with the rapid development of science and
technology, and the advanced computer technology, the revolution will surely happen in the filed of
navigation technology at sea. To realize automatic collision avoidance at sea is not a far away to go.
In fact this paper only proposes some new idea about realizing automatic collision avoidance, it still
need further study to verify.
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