
AIS-enabled collision avoidance strategies for
autonomous sailboats
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Abstract Autonomous sailing boats are a valuable resource for ocean monitoring,
sampling and surveillance due to their intrinsic very low energy requirements and
extreme capability for long term navigation. However, the extended presence in the
ocean is vulnerable to a multitude of hazards that may compromise the success of a
mission. Although the conventional manned sea crafts must comply to the interna-
tional rules of the road (or COLREGS), unmanned (small and slow) robotic boats
should actively anticipate close encounters with (large and fast) ships that in prac-
tical situations may not be able to avoid collisions with small vessels. This paper
proposes a set of simple rules for implementing a defensive and conservative colli-
sion avoidance strategy for autonomous sailing boats, based solely on the AIS data
received from large ships.

1 Introduction

Unmanned autonomous sailing boats are a proven technology for ocean monitoring,
sampling and surveillance due to their intrinsic very low energy requirements, good
navigation ability and extreme potential for long navigation journeys [9]. However,
maintaining an operation in the sea surface for long periods of time is susceptible
to various risks of failure due to external threats. Environmental conditions can now
be predicted for a few days window with high degrees of confidence, thus allow-
ing re-plan a mission in advance to avoid potential dangerous wind and sea states.
However, the risk of collision with other vessels or floating debris represents a sig-
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nificant menace especially when operating in regions of intense marine traffic, like
the English Channel or the west coast of Portugal and Spain.

The detection of small boats, floating fishing nets or partially submerged wrecks
(e.g. lost containers) requires onboard active devices like radar, image or acoustic
sensors and the effective detection range depends significantly on the size of the boat
(more precisely the height of the sensors), the state of the sea and, for underwater
imaging, the transparency of the water. Although the avoidance of collisions with
such small objects may be effectively done with last minute maneuvers executed at
a short distance of the object (in a practical range of tens of meters), the situation
with large ships must be handled in a very different manner in order to ensure a
comfortable distance of safety, that depends on the size of the meeting ships and
hence on their relative maneuverability. This is a general principle clearly stated in
the COLREGS [4] and adopted by captains of real ships: for example, if 1m may
be a safe minimum distance between two small sailing dinghies, a 100m separation
between two large tankers sailing at cruising speed is certainly considered a severe
near miss. Thus, an effective mechanism for avoiding collisions with large ships1

must be able to guarantee the appropriate means for executing a convenient and
timely maneuver to improve the safety margin.

Although all ships must obey to the international collision avoidance regulations
(COLREGS), when ships meet in a potential collision route the decision to maneu-
ver for avoiding the collision may be dictated by other factors than the simple right
of way stated by the rules. For example, both ships must be aware of the speed,
course and approximate position of each other, and the relative maneuverability of
the meeting ships must be taken into account. Considering situations involving the
encounter between a small (and slow) robotic vessel (ASV) and a large (and fast)
ship, some realistic assumptions need to be taken into consideration:

• Large ships navigate most of the time under autopilot and human surveillance.
A small and possibly intermittent radar echo may be ignored if it is not visually
confirmed by the crew.

• A large ship will only have clear visual contact with a small ASV within a few
hundred meters range (by night the navigation lights may improve the visibility).
This may be too close for effectively maneuvering to avoid a collision.

• Small ASVs, and specially robotic sailing vessels, may not be able to carry
or generate enough energy to power a AIS (Automatic Identification System)
transponder, so they will not be detected at large distances from other vessels.

If the robotic vessel is a sailing boat, several additional constraints must be con-
sidered for implementing collision avoidance maneuvers, in spite of the default rule
stated in COLREGS giving the right-of-way to sailing ships. A sailing boat can-
not naturally navigate outside of the feasible wind angles, cannot increase its speed
(usually sailing boats always seek its maximum speed) and in certain situations a
sailing boat may also not be able to reduce its speed, as for example in a dead down-
wind course with certain types of rigs.

1 The term large must be understood in relation to the size of the autonomous boat
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Presently the situational picture of the surrounding (large) vessels can be easily
done by decoding the AIS (Automatic Identification System) messages transmitted
in the maritime VHF band. Although the transmission of AIS data is not yet com-
pulsory for all ships, presently all commercial ships and fishing vessels longer than
16m must broadcast their navigation status using the AIS. With the continuous re-
duction of the cost of transponders, many pleasure vessels also opt to use AIS as
an additional safety asset and in the next years it is expected that more and more
boats will be equipped with AIS. Even though to transmit AIS data it is required
a certified equipment, an operating license and a unique ship identification number
(MMSI - Maritime Mobile Service Identity), the reception of AIS data only needs a
dedicated AIS receiver or a radio receiver for the AIS radio frequencies and software
to decode, extract and interpret the AIS data.

To minimize the risk of collision with other ships, a (small) robotic sailing craft
can adopt a defensive behavior to avoid possible near miss situations and anticipate
maneuvers for reducing the risk of collision. In this paper we propose a defensive
navigation strategy for collision avoidance, based on the AIS received data or by any
other means capable of providing quasi-real-time the position, course and speed of
other vessels. Instead to comply to the COLREGS, which in most situations gives
the right-of-way to sailing boats, our strategy is to actively avoid any known AIS
target, regardless of the type of vessel and its possible change of behavior to give
the way.

The rest of the paper is organized as follows. Section 2 reviews some efforts to-
wards the automation of the application of COLREGS for autonomous ships. Sec-
tion 3 includes a brief description of the AIS system and references to software-
defined radio projects implementing AIS receivers. The proposed strategies for de-
fensive collision avoidance are discussed in section 4 and the paper is closed in
section 5 with the concluding remarks and proposals for future directions.

2 Automating COLREGS for robotic surface vessels

It is clear that the current technology status of various perception systems allow
ASVs to build a clear situational picture of its surroundings and provide to the com-
puting system driving it the necessary information for avoiding collisions with other
ships [3]. To be accepted in environments shared with conventional manned crafts
they cannot be considered a potential danger for people or property. Many works
have been proposing various techniques for implementing the rules stated in COL-
REGS without direct human intervention. However, the interpretation of these rules
is not strict and in many cases the common sense of captains is crucial to assess
practical situations and avoid collisions.

As discussed in [1], the COLREGS were designed for being used by humans and
contain ambiguities that must be interpreted with a certain degree of flexibility. In
that work the authors employ a behavior-based control architecture to coordinate be-



4 José C. Alves and Nuno A. Cruz

haviors that lead to a flexible application of the rules, using an interval programming
procedure for multi-objective optimization.

Other techniques exploit Genetic Algorithms (GAs) to generate near optimal
COLREGs-compliant escape maneuvers [6], fuzzy logic theory [8], neural net-
works [10] or line-of-sight navigation with course biasing to deviate from detected
obstacles [7].

A recent work [2] uses the concept of Velocity Obstacles to implement a real-
time navigation planning system for roughly equivalent size and power motorized
vessels, considering uncertainty in the speed and course of the meeting boats. As
in several other works, this is focused on scenarios where the ASV navigates close
to other vessels and perceive its surrounding environment with onboard sensors (in
this case a stereo vision system).

Although many work has been done on adapting the human-based COLREGS
to automatic unmanned surface vessels, the application of the rules by the boats
involved in a potential collision route assumes that each vessel is able to observe the
other and give the right of way when obliged by the rules. However, when the sizes,
and consequently maneuverability, of two approaching boats are very different, the
safest rule to apply for the smaller boat is to go away timely, regardless of what is
written in COLREGS.

3 The Automatic Identification System - AIS

AIS is a ship location and tracking system mandatory to commercial ships above
300tons under international navigation, all passenger ships and fishing ships above
16m in length [5]. As the prices of the AIS equipments drop, this technology is
being more and more adopted by smaller and pleasure ships. The system uses two
radio channels in the maritime VHF band and transmits periodically various short
messages reporting ship’s data and its navigation status. The most important AIS
message broadcasts the ship identification, navigational status, position, course and
speed, which is sufficient for evaluating the potential risk of collision.

Although there are in the market various AIS receivers that are becoming
cheaper, smaller and less power hungry, one alternative solution is the implemen-
tation of a fully software-defined AIS receiver in the sailboat’s onboard computer.
The recent launch of the low cost RTL2832/R820T/E4000-based universal radio re-
ceiver USB dongles has enabled the development of various software-defined radio
projects capable of running in embedded low power computers like the Raspber-
ryPi or the BeagleBone, including a complete AIS receiver and decoder chain (eg.
the GNU AIS project - gnuais.sourceforge.net). AIS data is becoming affordable to
small and power constrained robotic sailing boats and is thus an important resource
for mitigating the risk of collision with medium to large ships.
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4 Strategies for defensive collision avoidance

4.1 Why defensive collision avoidance?

In this work we consider situations arising from a potential risk of collision when a
small sailing ASV encounters a large ship reporting AIS data. We assume the sailing
ASV is receiving the AIS data (but not transmitting), or it has any other perception
system capable of providing in real-time the location, speed and course information
of the neighbor vessels. Although the location of the GPS antenna in the reporting
ship is part of the AIS messages, we consider only the reported geographic position
and the boat size is not relevant for the large minimum safe distance.

Instead of embedding in the navigation control system the mechanisms to apply
the rules of priority established by COLREGS, we adopt an early defensive behavior
to reduce the risk of collision and assume that the ASV will never have right-of-way
with respect to the other vessels. This can be justified with the following arguments:

• To make use of a eventual right-of-way, a ASV must be clearly identified by the
other vessel. In practical situations it may be difficult for a large ship to establish
visual contact at a safe distance to allow the implementation of give-way ma-
neuvers. On the other hand, a ASV will perceive (using the AIS data) the other
ships much sooner and will have enough time to alter its navigation to avoid the
encounter.

• Even if the crew of a large ship identifies a small sailboat in route of collision,
with evidences of being unmanned and harmless to the ship, it is very unlikely
they will change course to avoid the collision.

Additionally, a small sailing ASV is prone to the wind turbulence caused by the
hull of a large ship. This wind shadow can extend leeward for a distance significantly
longer than the length of the hull, affecting the sailing ability of the ASV to perform
a last minute avoidance maneuver. It is thus desirable that the ASV should actively
maneuver to maintain a safe distance from any moving ship significantly larger than
the minimum to comfortably avoid a physical contact.

To keep clear of the other ships, a robotic sailing boat can, in some courses,
reduce its speed by luffing the sails while keeping its course, or temporarily deviate
from the risky route. Although a sailing robot can only navigate within the feasible
points of sailing, we consider that if a escape route requires a temporary upwind
course, that will be done by tacking along a narrow corridor with a few tens of
meters wide. Also, the collision avoidance maneuver should not increase the risk of
collision in the event of the other ship decided to maneuver to deviate, according to
the rules stated in COLREGS.
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4.2 Assumptions and definitions

In this work we consider a scenario where a ASV A and a large ship S navigate
along different but fixed courses and move with constant speeds. To keep the com-
putational effort low and affordable to low performance microcontrollers, our ap-
proach is based on the continuous computation of the closest point of approach for
both vessels (XCPA,YCPA), the time to reach that point (TCPA) and the minimum dis-
tance between them (MDCPA), assuming that the wind speed, wind direction and
sea state, which dictates the effective speed of the sailing boat along its course, will
stay constant during the time interval required for the collision avoidance maneu-
ver. For now we consider both vessels navigate through a straight line, and later
extend to the case when a sailboat navigates upwind tacking periodically within a
narrow corridor. Other variables not considered explicitly in this simple formulation
(sea currents, the boat’s kinematics and dynamics) are indirectly considered as we
assume both ships are sailing in a straight line course with constant speed.

If the current positions of the vessels are (Xa,Ya) and (Xs,Ys), and vx∗ and vy∗
represent the X ,Y components of the velocities of the two vessels, the future distance
between them, das(t) is given by:

das(t) =
√
[(Xa + vxa.t)− (Xs + vxs.t)]2 +[(Ya + vya.t)− (Ys + vys.t)]2 (1)

The time to the closest point of approach (TCPA) and the minimum distance of
approach (MDCPA) can then be calculated by minimizing function das(t). Defining
the difference of velocities and positions along X and Y as dvx = vxa − vxs, dvy =
vya − vys, dx = Xa −Xs and dy = Ya −Ys we obtain:

TCPA =−(dvx.dx +dvy.dy)/(d2
vx +d2

vy) (2)

MDCPA =
√
(d2

vx +d2
vy).t2 +(dvx.dx +dvy.dy).t +(d2

x +d2
y ) (3)

XaCPA = Xa + vxa.TCPA (4)
YaCPA = Ya + vya.TCPA (5)
XsCPA = Xs + vxs.TCPA (6)
YsCPA = Ys + vys.TCPA (7)

(8)

If the courses are not parallel, a positive TCPA means that the minimum distance
of approach MDCPA will happen at time TCPA in the future. If TCPA is negative
then the positions of the two vessels are monotonically diverging and there is no risk
of collision.

When the sailboat navigates a upwind route, tacking periodically, the exact cal-
culation of the previous parameters is far more complex as it depends on the geo-
graphic positions where the sailboat will effectively tack. When a robotic sailboat
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sail upwind for long distances in the same tack, this can be treated as if it is fol-
lowing a straight line. In the case an upwind navigation is constrained to a narrow
corridor (tens to few hundreds of meters) we apply a conservative but simple rule:
approximate the course of the sailboat to the straight line defining the side of the
corridor closer to the approaching ship, and the sailboat speed equal to the average
VMG observed along that route in the present conditions. As illustrated in figure 1,
when the sailboat is in position P it is considered in position PA (PB) for analysing
the CPA with ship A (ship B).

Fig. 1 Approximating the course upwind of the sailboat ASV to the limits of the upwind corridor.

4.3 Collision avoidance maneuvers

To reduce the risk of a collision with a ship, the robotic sailboat performs two ba-
sic maneuvers: if possible and advantageous to increase MDCPA, keep the course
and reduce speed until MDCPA increases above the minimum acceptable; if the
speed cannot be reduced while keeping the course (for example in a dead down-
wind course) or if slowing down will further reduce MDCPA, then set an escape
course COGe perpendicular to the ship’s course, along a direction that will not cross
it. While these behaviors naturally will not guarantee the avoidance of a collision,
neither prove that a collision can not be avoided, they provide a very simple mech-
anism to mitigate practical situations when tho very dissimilar ships meet in the
ocean. Besides, in this work we only address the cases when a single ship is in po-
tential risk of collision with a ASV, what may be too restrictive under situations of
dense marine traffic.
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As in COLREGS, we distinguish three different situations with respect to the rel-
ative courses of the approaching ships: heading on, overtaking and crossing routes.
In the first case (heading on or opposite courses, figure 2-a), it is clear that reducing
the speed of the sailboat will not contribute significantly to increase MDCPA. The
same happens in the second situation (similar courses, figure 2-b: if the large ship
that is overtaking the sailboat, slowing down the sailboat will increase the risk of
collision; in the (unlikely) situation of being the sailing boat overtaking the ship,
reducing speed will only decrease MDCPA temporarily. In these cases, the strategy
should be changing to the new course referred above until MDCPA measured with
respect to the original course increases above the minimum. These two cases are
considered when the angle difference between the absolute directions is below a
certain threshold.

When the vessels are in crossing routes (figure 2-c), slowing down the sailboat
will only increase MDCPA if maintaining the current speed the sailboat already
guarantees a passage behind the large ship. If keeping the current route the sailboat
will pass in front if the large ship, then the strategy is to sail to the escape course
until the large ship has passed and MDCPA increases above the safe threshold.

Fig. 2 The basic collision avoidance maneuvers.

Although slowing down can be an effective way to reduce the risk of collision in
the cases illustrated above, the ability to do that will depend strongly on the type of
rig and the mechanism to regulate it, and the apparent wind angle. For example, a
sailboat rigging a traditional two soft sail configuration with a shrouded mast will
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not be able to slow down for large apparent wind angles, when the boom is already
pushing into the shrouds.

4.4 When to initiate a collision avoidance maneuver?

Not too late but also not too early. A late decision will naturally compromise the
efficacy of the collision avoidance maneuver and deciding too early may introduce
unnecessary disturbances in the mission being accomplished by the sailboat. This
time will depend on the TCPA, MDCPA and also the estimated speed of the sailboat
along possible escape courses to increase the minimum distance between the ves-
sels. The practical rule is to consider only the approaching ships when MDCPA is
smaller than a minimum safe radius MSF and TCPA is less than the time required to
sail the distance MSF along the escape route COGe: TCPA<MSF/vca (where vca is
the minimum between the current VMG and estimated VMG of the sailboat along
the escape route COGe). This guarantees that the maneuver to avoid the collision
will start before crossing the route of the approaching ship.

Figure 3 illustrates two different scenarios that require sailing to a different route
for avoiding a collision, showing the position where the decision to change route
should occur. The sailboat navigates downwind (left) and upwind (right), the min-
imum safe distance MSF is equal to 0.5nm, the downwind speed of the sailboat is
5ktn and the VMG upwind equal to 2ktn. In both cases the sailboat should initi-
ate the collision avoidance maneuver when TCPA equals 15min = 0.5/min(2,5) =
0.25hour, which guarantees enough time to navigate more than MSF away from the
ship route.

Fig. 3 Examples of points of decision for setting an escape route.
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5 Conclusions

Although the navigation rules established in the international regulations for pre-
venting collisions at sea should guarantee a safe navigation for all ships adhering to
them, there are many exception situations in the case of mismatch in maneuverabil-
ity, size or observability of the vessels in a collision path. In long oceanic missions
one real threat for small robotic sailing boats is the risk of collision with large ships
that may not be able to change its route or speed for giving way, if the sailboat
is identified too late or even ignored due to its small size. The basic set of rules
proposed in this paper intends to establish a defensive and conservative behavior
to avoid close encounters with AIS-transmitting vessels, promoting early maneu-
vers to reduce the risk of collision. Naturally this strategy does not make a robotic
sailboat compliant with the international collision-avoidance rules, neither prevent
other important hazards like collisions with small boats or entangling with floating
debris for which other perception technologies are necessary. Even though this pa-
per only considers a single ship at a time in route of collision, we will later extend
the strategies presented here to take into account the identification of various ships
in potential route of collision.
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