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Abstract: Autonomous vessels have emerged as a prominent and accepted solution. However,
achieving full autonomy for marine vessels requires the development of robust and reliable
mission planning and control systems that can handle various encounters with manned
and unmanned vessels while operating effectively in various weather and sea conditions.
These algorithms need to account for various aspects of a mission like global/local planning,
manoeuvrability limitations, external disturbances, Collision Avoidance (COLAV), motion
regulations. A significant challenge in this pursuit is ensuring the autonomous vessels’ compliance
with the International Regulations for Preventing Collisions at Sea (COLREGs). This paper
proposes a (prototypical) realisation of an open-source simulator including replay of AIS Data.
The aim of this simulator is to provide fast simulation feeded with real data and including
autonomous agents.
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1. INTRODUCTION

Autonomous vessels are gaining acceptance, as they offer
an obvious means of removing human personnel from risks,
but they also need the acceptance of the classical vessels
(Wilkinson et al. (2024)). A critical requirement for achiev-
ing full autonomy for a marine vessel is the development of
a robust and trustworthy control and guidance system that
accommodates different approach encounters (considering
manned and unmanned vessels) while operating under a
wide range of weather and sea state conditions. To safely
accommodate vessel-on-vessel encounters, the autonomous
vessel must comply with the International Regulations for
Preventing Collisions at Sea (COLREGs (1972); Cockcroft
and Lameijer (2012)). COLREGs evolved from a set of
practices that were originally designed in the mid-19th
century for human interpretation, and the classical process
is given in Fig. 2. Therefore, these rules are written in
qualitative and sometimes ambiguous or qualitative prose,
assuming that their interpretation and execution were
carried out by highly experienced sailors and not by an
autonomous system even if the IMO (International Mar-
itime Organisation) is about to provide an automonous
ship code (IMO (2021)). Here is a list of the relevant
COLREGs rules (13 and 14 are illustrated in Fig. 1) that
are considered in our work:

• R8 - Actions to avoid collision: if there is sufficient
sea-room, alteration of course alone may be most
effective. Reduce speed, stop or reverse if necessary.

• R13 - Overtaking : Any vessel overtaking any other
shall keep out of the way of the vessel being overtaken.

• R14 - Head-on: Each head-on vessel shall alter her
course to starboard so that each shall pass on the
port side of the other.

Fig. 1. Illustration of Rule 13 (left) and Rule 14 (right) -
the dotted circle represent who has the priority and
G for green (port) and R for red (starboard)
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Fig. 2. Decision-making process based on COLREGs rules
from Sarhadi et al. (2022b)

• R15 - Crossing : The vessel which has the other on her
own starboard side shall keep out of the way.

• R16 - Actions by give-way vessel : Take early and
substantial action to keep things clear.

• R17 - Actions by stand-on vessel : Keep her course
and speed, but may take action to avoid collision if
the other vessel is not COLREGs-compliant.

Classical rule-based and model-based approaches to au-
tomated COLREG compliance have proven to be too
complicated to accommodate all possible encounters, envi-
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sea-room, alteration of course alone may be most
effective. Reduce speed, stop or reverse if necessary.

• R13 - Overtaking : Any vessel overtaking any other
shall keep out of the way of the vessel being overtaken.

• R14 - Head-on: Each head-on vessel shall alter her
course to starboard so that each shall pass on the
port side of the other.

Fig. 1. Illustration of Rule 13 (left) and Rule 14 (right) -
the dotted circle represent who has the priority and
G for green (port) and R for red (starboard)
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• R15 - Crossing : The vessel which has the other on her
own starboard side shall keep out of the way.

• R16 - Actions by give-way vessel : Take early and
substantial action to keep things clear.

• R17 - Actions by stand-on vessel : Keep her course
and speed, but may take action to avoid collision if
the other vessel is not COLREGs-compliant.

Classical rule-based and model-based approaches to au-
tomated COLREG compliance have proven to be too
complicated to accommodate all possible encounters, envi-
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and Lameijer (2012)). COLREGs evolved from a set of
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century for human interpretation, and the classical process
is given in Fig. 2. Therefore, these rules are written in
qualitative and sometimes ambiguous or qualitative prose,
assuming that their interpretation and execution were
carried out by highly experienced sailors and not by an
autonomous system even if the IMO (International Mar-
itime Organisation) is about to provide an automonous
ship code (IMO (2021)). Here is a list of the relevant
COLREGs rules (13 and 14 are illustrated in Fig. 1) that
are considered in our work:

• R8 - Actions to avoid collision: if there is sufficient
sea-room, alteration of course alone may be most
effective. Reduce speed, stop or reverse if necessary.

• R13 - Overtaking : Any vessel overtaking any other
shall keep out of the way of the vessel being overtaken.

• R14 - Head-on: Each head-on vessel shall alter her
course to starboard so that each shall pass on the
port side of the other.
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the dotted circle represent who has the priority and
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• R15 - Crossing : The vessel which has the other on her
own starboard side shall keep out of the way.

• R16 - Actions by give-way vessel : Take early and
substantial action to keep things clear.

• R17 - Actions by stand-on vessel : Keep her course
and speed, but may take action to avoid collision if
the other vessel is not COLREGs-compliant.

Classical rule-based and model-based approaches to au-
tomated COLREG compliance have proven to be too
complicated to accommodate all possible encounters, envi-
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ronment scenarios, and human behaviours (Statheros et al.
(2008)). Modern Machine Learning (ML) methods, such as
Deep Reinforcement Learning (DRL), could provide a flex-
ible and adaptable model-free guidance and obstacle avoid-
ance system, by which multiple possible interactions and
scenarios can be abstracted from previous observations
(Burmeister and Constapel (2021)). Nevertheless, the de-
ployment of high-fidelity simulation tools to develop and
test these algorithms will be a key enabler. This work is a
preparation for the development of an AI-based COLREG-
compliant model-free collision avoidance system that will
be trained using historical AIS (Automated Identification
System) of real-world scenarios, while the possible human
interpretations of the rules will take a central point in the
development presented in Clement et al. (2023).

For evaluation of our future work, we propose an open-
source custom-developed ship simulator that models ship
movement constraints such as engine force and drag and
reaction of the ship to environmental changes. The ex-
pected simulator is implemented in Python, light and
open-source with a collision avoidance system on every
simulated Unmanned Surface Vessel (USV), that adheres
to the COLREGs. The developed simulator can be used to
train ML techniques to deploy historical AIS-based simula-
tions of real-world scenarios. In this paper, the anticollision
algorithm is based on the Artificial Potential Field (APF).

2. COLSIM SIMULATOR

The proposed simulator is conceptually similar to two
existing simulation packages. The UTSeaSim simulator
(Agmon et al. (2011)) is a multi-agent simulation envi-
ronment for underwater robotics research. It allows users
to simulate underwater vehicles and their interactions with
the environment, as well as communication between vehi-
cles and with a surface station. The simulation environ-
ment includes several modules, such as a physics engine, a
sensor module, a communication module, and a behaviour
module. The simulator also encompasses a graphical user
interface (GUI) to visualise the simulation, control the
simulation parameters, and monitor the vehicle behaviour
(Crase et al. (2013)). COLAV (Hybrid Collision Avoid-
ance) (Eriksen et al. (2020)) represents a three-layered
collision avoidance system adapted for USV, designed to
adhere to rules 8 and 13-17 outlined in COLREGs. It
integrates several crucial components: a high-level planner
for generating energy-optimised trajectories, a mid-level
COLAV algorithm founded on model predictive control,
which takes into account dynamic obstacles and naviga-
tional regulations, and a branching-course model predic-
tive control algorithm. The latter ensures short-term col-
lision avoidance manoeuvres in emergency scenarios while
adhering to the COLREGs.

Our objective is to develop an easy-to-use simulator (con-
trary to very high fidelity ones like Lechene et al. (2024))
with low computational needs that is capable of generating
large amounts of simulated data. The ability to generate
high-quality and quantity data is ultimately the key to the
development of flexible and adaptable maritime autopilots,
and the proposed simulator aims to address this challenge.

Fig. 3. Illustrations of different simulation runs with dif-
ferent types of agents.

2.1 Description

To measure the success rate of the development of a colli-
sion avoidance system for autonomous, semiautonomous,
and manual ships, a new light simulator is under develop-
ment. The main objective of this simulator is to replay past
scenarios based on collected AIS data and to add multiple
USVs to the scene without causing any disturbance.

To include a USV in maritime traffic without any distur-
bance, any agent (USV or vessel) coming from the AIS
data is considered as an obstacle. Therefore, all added
USVs must correct their initial trajectory to avoid collision
with the USV AIS data. To solve this issue, we use a privi-
lege scale (from 0 to 1000). Before running the simulation,
multiple USV can be initialised, with a position (x and y),
a speed (v), a heading (θ), and a type of USV. The latter
are listed below and illustrated in Figure 3:

• Boat: a small vessel (size can be adjusted). Its
privilege degree is set to 0 because it is the most
mobile agent.

• Ship: a large boat to simulate bigger agents, slower
with less manoeuvrability. Its privilege degree is set
to 30.

• Whale: all agents for whom no information is known,
with uncertainty about their future trajectory (ma-
rine animals or any other agent too small to be reg-
istered or detected). Due to its unknown behaviour,
its privilege degree is set to 500.

• Island: any sort of static agent. It could be a natural
obstacle part of the environment, such as an island
or a mooring agent. The privilege degree is set to the
maximum value 1000.

The structure of the simulator offers the option of adding
new types of maritime objects.

2.2 Structure

This simulator is accessible through GitHub https://
github.com/clemenbe/COLSim and is under development.
This directory contains the most up-to-date and compre-
hensive version of the USV simulator, intoducing a more
sophisticated structure for the simulation of sea objects.
The main components are:

• Simulation Runner: This class initialises all objects
and constants for the simulation, such as s, dt, k,
num steps. A function called initialize sea objects()

creates various sea objects (Boat, Ship, Whale, Island,
etc.). A separate function initialize data displays the
rules of collision avoidance at sea (COLREGs). The
run() function then takes this sea objects vector and
the list of rules and MMSI (Maritime Mobile Service
Identity) numbers, passing them to the Simulation
class.

• Simulation: This class runs the simulation. It ac-
cepts the sea objects vector and runs the simulation.
It contains two functions run() and run with data().
The user will be able to choose between displaying
the simulation with the first one, or saving the data
in a .csv file. During each iteration, it calls the move()
methods for each object in the sea objects vector, and
the and draw() method if the user chose to run the
simulation with the display.

• SeaObject: This is the parent class for all sea ob-
jects (Boat, Ship, Whale, Island, etc.). Each time
the move() method is called for a SeaObject, the
in collision variable is set to False, indicating that
the object is not currently in collision with another.

· The move() method loops over every other object
in the sea objects vector and calculates the dis-
tance between the current object and every other
object. If the distance is smaller than the maxi-
mum radius of the two objects , the privilege of
the two objects is compared. If the current object
has a lower privilege, it needs to avoid collision. In
this case, the avoid collision() function is called,
and in collision is set to True.

· The move straight() function is called when the
SeaObject is either not in collision with any other
objects or is in collision but has higher privilege.
This function instructs the object to continue on
its initial path.

Regardless of the actions taken, a control vector up is
generated, which is then used by the update() function to
update the position of the object. The draw() function is
then called by Simulation to draw the new position of the
object. This process repeats in each iteration of the simu-
lation. Following this paradigm, each sea object is respon-
sible for its actions, deciding to avoid collision or not based
on the rules defined in its associated methods. Therefore,
the actions of an object are not correlated with the actions
of other objects, resulting in a fully autonomous decision-
making process based on the association of internal rules
and the perception of the environment.

3. COLLISION AVOIDANCE SYSTEM

3.1 Artificial Potential Field controller

The dynamics of the USV are represented by the following
state equations: 



ẋ = v · cos(θ),
ẏ = v · sin(θ),
v̇ = u1,

θ̇ = u2,

(1)

where p = [x, y]T is the USV position in the global
reference frame. In addition, an obstacle is denoted q and
its target position is denoted as q̂. USVs navigate through

a crowded environment, including mobile and static ob-
stacles such as other boats (manned and unmanned) or
rocks. As a first step, the chosen approach is based on
the APF method proposed in Khatib (1986). The USV
is conceptualised as an electric particle capable of being
either attracted or repelled by other objects based on
their electric charge. This approach is reactive, meaning
that the USV’s path is not predetermined but rather
dynamically influenced by the surrounding environment.
Therefore, this approach fits quite well with the context
and environment of the study. The following relation is
based on classical physics:

f = −grad(V (p)) = w(p, t) = −
�
∂V

∂p
(p)

�T

, (2)

where p is the position of the point particle in space, V is
the potential and f is the force applied to the particle. The
potential fields serve to articulate the intended behaviour
for the USV, with obstacles represented by potentials
creating a repulsive force on the robot, while the goal
creates an attractive force. Here is an expression of V
that includes the speed of the USV, represented in the
first term, the attraction field in the second term, and the
repulsion in the last term.

V (p) = −vT · p+ ∥p− p̂∥2 + 1

∥p− q̂∥
, (3)

where v is the speed of the USV. By deriving the potential
Eq. (3) and incorporating it in the formulation of the force
Eq. (2), we can determine the force applied to the USV as
a function of its position and speed:

f = +v̂ − 2 · (p− p̂) +
p− q̂

∥p− q̂∥3
. (4)

To complete the controller, the commands of the vector u
need to be calculated as shown in Fig. 4.

Fig. 4. Structure of the potential field based controller.

In this context, x3 is the current heading of the USV, and
ψ is the direction that the USV needs to follow, therefore:

Fig. 5. Clockwise (left), Counterclockwise (middle) and
Repulsive (right) APF.
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creates various sea objects (Boat, Ship, Whale, Island,
etc.). A separate function initialize data displays the
rules of collision avoidance at sea (COLREGs). The
run() function then takes this sea objects vector and
the list of rules and MMSI (Maritime Mobile Service
Identity) numbers, passing them to the Simulation
class.

• Simulation: This class runs the simulation. It ac-
cepts the sea objects vector and runs the simulation.
It contains two functions run() and run with data().
The user will be able to choose between displaying
the simulation with the first one, or saving the data
in a .csv file. During each iteration, it calls the move()
methods for each object in the sea objects vector, and
the and draw() method if the user chose to run the
simulation with the display.

• SeaObject: This is the parent class for all sea ob-
jects (Boat, Ship, Whale, Island, etc.). Each time
the move() method is called for a SeaObject, the
in collision variable is set to False, indicating that
the object is not currently in collision with another.

· The move() method loops over every other object
in the sea objects vector and calculates the dis-
tance between the current object and every other
object. If the distance is smaller than the maxi-
mum radius of the two objects , the privilege of
the two objects is compared. If the current object
has a lower privilege, it needs to avoid collision. In
this case, the avoid collision() function is called,
and in collision is set to True.

· The move straight() function is called when the
SeaObject is either not in collision with any other
objects or is in collision but has higher privilege.
This function instructs the object to continue on
its initial path.

Regardless of the actions taken, a control vector up is
generated, which is then used by the update() function to
update the position of the object. The draw() function is
then called by Simulation to draw the new position of the
object. This process repeats in each iteration of the simu-
lation. Following this paradigm, each sea object is respon-
sible for its actions, deciding to avoid collision or not based
on the rules defined in its associated methods. Therefore,
the actions of an object are not correlated with the actions
of other objects, resulting in a fully autonomous decision-
making process based on the association of internal rules
and the perception of the environment.

3. COLLISION AVOIDANCE SYSTEM

3.1 Artificial Potential Field controller

The dynamics of the USV are represented by the following
state equations: 



ẋ = v · cos(θ),
ẏ = v · sin(θ),
v̇ = u1,

θ̇ = u2,

(1)

where p = [x, y]T is the USV position in the global
reference frame. In addition, an obstacle is denoted q and
its target position is denoted as q̂. USVs navigate through

a crowded environment, including mobile and static ob-
stacles such as other boats (manned and unmanned) or
rocks. As a first step, the chosen approach is based on
the APF method proposed in Khatib (1986). The USV
is conceptualised as an electric particle capable of being
either attracted or repelled by other objects based on
their electric charge. This approach is reactive, meaning
that the USV’s path is not predetermined but rather
dynamically influenced by the surrounding environment.
Therefore, this approach fits quite well with the context
and environment of the study. The following relation is
based on classical physics:

f = −grad(V (p)) = w(p, t) = −
�
∂V

∂p
(p)

�T

, (2)

where p is the position of the point particle in space, V is
the potential and f is the force applied to the particle. The
potential fields serve to articulate the intended behaviour
for the USV, with obstacles represented by potentials
creating a repulsive force on the robot, while the goal
creates an attractive force. Here is an expression of V
that includes the speed of the USV, represented in the
first term, the attraction field in the second term, and the
repulsion in the last term.

V (p) = −vT · p+ ∥p− p̂∥2 + 1

∥p− q̂∥
, (3)

where v is the speed of the USV. By deriving the potential
Eq. (3) and incorporating it in the formulation of the force
Eq. (2), we can determine the force applied to the USV as
a function of its position and speed:

f = +v̂ − 2 · (p− p̂) +
p− q̂

∥p− q̂∥3
. (4)

To complete the controller, the commands of the vector u
need to be calculated as shown in Fig. 4.

Fig. 4. Structure of the potential field based controller.

In this context, x3 is the current heading of the USV, and
ψ is the direction that the USV needs to follow, therefore:

Fig. 5. Clockwise (left), Counterclockwise (middle) and
Repulsive (right) APF.
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Fig. 6. Illustration of the various vector fields applied in the
avoidance of a collision with similar heading USVs.




y = x3 − atan2(ψ2, ψ1),

ẏ = ẋ3 +
ψ1 · ψ̇2 − ψ2 · ψ̇1

ψ2
1 + ψ2

2

= u+
ψ2 · ψ̇1 − ψ1 · ψ̇2

ψ2
1 + ψ2

2

.

(5)
The command u is obtained using feedback linearisation:


u1 = 0,

u2 = u+
ψ2 · ψ̇1 − ψ1 · ψ̇2

ψ2
1 + ψ2

2

.
(6)

Three different situations can be identified and will there-
fore need an adapted potential field each. The potential
field applied to the USV will depend on the following
parameters: the position of the USV involved in a possible
collision, and also on their orientation with each other.
The evaluation of orientation will help determine whether
it is a situation of overtaking, or Red to Red i.e. rule 13
or 14 according to COLREGs (1972). Those fields will
be applied according to certain conditions developed in
Section 3. With p being the USV considered and its state
vector [xp, yp, vp, θp]

T , and q the USV obstacle, a case
disjunction can be established. Let us set the matrix D
as:

D =

�
R 0
0 R

�
, (7)

where R is the radius of the circle from the vector field.
Then, we can defined the vector field as:

ϕ0(p) =

�
−x3

p − xp · y2p + xp − yp
−y3p − yp · x2

p + xp − yp

�
. (8)

The coordinates of the centre of the circle of the potential
field is defined as C = [cx cy]

T . Finally, ϵ is a quantity
created to induce time delays in the launch of the collision
avoidance manoeuvre, allowing the USV to evade dangers
more smoothly with more realistic moves.

Case 1: If vq · vp > 0 (geometrical scalar product):
The USVs are approximately heading towards the same
direction, requiring an overtaking (rule 13). This case is
pictured in Fig. 6, resulting in different operating zones.

• Zone D : The USV is approaching the position of the
obstacle on its left side. The shortest way to avoid the
obstacle is to go clockwise, e is set to −1. Therefore,

g(p) = D ·
�
1 0
0 e

�
·p+c. The equation for the clockwise

vector field is the following:

ϕcw(p) = g ◦ ϕ0(p) =

�
R 0
0 −R

�
· ϕ0(

�
R 0
0 −R

�−1

(p− c)). (9)

• Zone C : The USV is approaching the position of the
obstacle on its right side. The shortest way to avoid

Fig. 7. Breakdown of the various vector fields applied in
the avoidance of a collision when USV have opposite
headings.

the obstacle is to turn counterclockwise; therefore e
is set to 1. The equation for the clockwise vector field
is the following:

ϕccw(p) = D · ϕ0(D
−1 · (p− c)). (10)

• Zone B : The USV is finishing to overtake the
obstacle from the right side. To complete the collision
avoidance manoeuvre, a repulsive field will be applied
to the USV considered, around the same circle of
radius R and centre c. Its point of repulsion will
be the centre of the obstacle. The equation for the
repulsive vector field is the following:

ϕrep(p) =

�
k · (xp − cx)
k · (yp − cy)

�
, (11)

with here k fixed to 0.5.
• Zone A : The USV finishes to overtake the obstacle
from the left side. The same repulsive field will be
applied to the USV considered, around the same
circle of radius R and centre c. The equation for the
repulsive vector field is the following:

ϕrep(p) =

�
k · (xp − cx)
k · (yp − cy)

�
. (12)

Case 2: If vq·vp > 0 : The two USVs are going in opposite
directions. This can lead to a situation of Red-to-Red (rule
14). This case is defined in Fig. 7

• Zone A. The Red-to-Red rule needs to be applied.
Therefore, a counterclockwise field ϕccw is chosen for
this zone.

• Zone B : This zone can have two different outcomes
depending on the heading of the two USV. If the
two USVs have a similar heading (calculate through
a scalar product) and are not too close to each other,
then there is no risk of collision, so no vector field will
be applied. But if their headings are too similar, then
the Red-to-Red rule (Rule 14) must be applied, using
a counterclockwise field ϕccw.

• Zone C and D : The final step of the collision
avoidance manoeuvre will apply a repulsive field ϕrep

will be applied.

These are the different APFs that will be used in the
simulator depending on the situation considered.

3.2 Overall operating

The main function of the simulator, avoid collision, is
called when there is a risk of collision and will start a

Fig. 8. (left) USV with DCPA in red following an APF,
(middle) 4 USVs collision avoidance, and (right) 2
USVs collision avoidance with corrected path.

collision avoidance process. The condition for starting the
process is that the distance between two USVs is less than
a predefined threshold r. It represents the DCPA (Distance
at Closest Point of Approach). Note that TCPA (Time to
CPA) is also used as a threshold to determine whether
a collision will occur soon or not. For more details on
the CPA concept and calculation, Sarhadi et al. (2022a)
provides the CPA calculation method in a simple form.
The concept of CPA and the experience of a sailor are
the key tools to determine the actions to take; the future
human factors studies will try to determine new efficient
and measurable indicators for this.

It is a crucial operational concept defined to deal with
COLREGs to ensure safe navigation of vessels. It repre-
sents the minimum separation between two vessels on a
collision course, indicating the closest distance they will
approach each other. It is a fundamental parameter used
to determine potential collision situations. Since it helps
sailors assess the risk of collision and take appropriate
actions to maintain a safe separation, this quantity is
essential to be implemented in the simulator. It is repre-
sented by a red circle around each USV. A second magenta
circle has been created which, once crossed by another
USV, activates the anti-collision system. Finally, the zone
between the red and magenta circle is denoted as the
manoeuvring zone where the boat performs avoidance
manoeuvre based on COLREGs.

Depending on the position of the USV in the obstacle
repository, one of the APF described in 3.1 will be applied.
Then, once the obstacle is avoided, the USV will go back
to its initial reference trajectory by Eq. (6) to follow the
path to its final destination. Figure 8 shows simulation
examples. The three examples represented in Figure 8 have
been generated. A real-time monitoring system was imple-
mented to track the application of COLREGs during col-
lision avoidance scenarios. A dynamic table illustrates the
rules used at any given time. This table offers a snapshot of
the specific rules that are being applied as vessels navigate
through potential collision scenarios by coloring in green
the corresponding cells. The USV are identified by their
MMSI number. Real-time feedback improves situational
awareness and facilitates an assessment of the effectiveness
of collision avoidance strategies implemented to facilitate
future work.

When a collision situation occurs, a table, as shown in
Fig. 9, is set up to make clear which kind of situation the
simulator is dealing with.

Fig. 9. The grid is displayed alongside the main simulation
to visualise which COLREG’s rules are applied.

Table 1. Different sources for AIS Data

Source Area Time Fees

Marine Traffic World All Not Free
AIS Hub World All Free
Searates World All Not Free
Datalastic World All Not Free
VT Explorer World All Not Free
My Ship Tracking World All Not Free
My Ship Tracking World All Free
MarineCadastre US USA 2015-2023 Free
AMSA Australia from 1999 Free
Spire Maritime World All Not Free

3.3 Cross-path situation

In some scenarios, a USV can enter the manoeuvring zone,
but its orientation and speed will not lead to an actual
collision with the second USV. In reality, an experienced
sailor will not start a full collision avoidance process if
it is not necessary and if there is no danger. Therefore,
the simulator can be improved by implementing a special
process for the cross path situation. For this purpose, a
new instance variable has been created in the SeaObject
class, a boolean cross path, set at False. The cross-path
situation can only be encountered when a USV is trying
to overtake another one. More specifically, if one of these
two conditions is verified, the boolean cross path will be
set to True :

• USV in the left lower zone heading to the
lower right zone: (yp < yq + ϵ) and (xp < xq) and
(p̂y < yq + ϵ) and (p̂x > xq)
Therefore, a counterclockwise APF ϕccw is applied
instead of clockwise, as there is no risk of collision.

• USV in the right lower zone heading to the
lower left zone: (yp < yq + ϵ) and (xp > xq) and
(p̂y < yq + ϵ) and (p̂x < xq). And a clockwise APF
ϕcw will be applied instead of a counterclockwise one.

4. AIS REPLAY

AIS is a protocol used by ships, drones, navigation aids,
and some aircraft to identify themselves and report their
position and trajectory. Analysing AIS data makes it pos-
sible to determine the behaviour of the vessel, including
speed, direction, and adherence to the priority rules out-
lined by COLREG. AIS data allows us to obtain informa-
tion such as position, speed, heading, and type of ship.
Table 1 gives different sources for the AIS data.
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Fig. 8. (left) USV with DCPA in red following an APF,
(middle) 4 USVs collision avoidance, and (right) 2
USVs collision avoidance with corrected path.

collision avoidance process. The condition for starting the
process is that the distance between two USVs is less than
a predefined threshold r. It represents the DCPA (Distance
at Closest Point of Approach). Note that TCPA (Time to
CPA) is also used as a threshold to determine whether
a collision will occur soon or not. For more details on
the CPA concept and calculation, Sarhadi et al. (2022a)
provides the CPA calculation method in a simple form.
The concept of CPA and the experience of a sailor are
the key tools to determine the actions to take; the future
human factors studies will try to determine new efficient
and measurable indicators for this.

It is a crucial operational concept defined to deal with
COLREGs to ensure safe navigation of vessels. It repre-
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collision course, indicating the closest distance they will
approach each other. It is a fundamental parameter used
to determine potential collision situations. Since it helps
sailors assess the risk of collision and take appropriate
actions to maintain a safe separation, this quantity is
essential to be implemented in the simulator. It is repre-
sented by a red circle around each USV. A second magenta
circle has been created which, once crossed by another
USV, activates the anti-collision system. Finally, the zone
between the red and magenta circle is denoted as the
manoeuvring zone where the boat performs avoidance
manoeuvre based on COLREGs.

Depending on the position of the USV in the obstacle
repository, one of the APF described in 3.1 will be applied.
Then, once the obstacle is avoided, the USV will go back
to its initial reference trajectory by Eq. (6) to follow the
path to its final destination. Figure 8 shows simulation
examples. The three examples represented in Figure 8 have
been generated. A real-time monitoring system was imple-
mented to track the application of COLREGs during col-
lision avoidance scenarios. A dynamic table illustrates the
rules used at any given time. This table offers a snapshot of
the specific rules that are being applied as vessels navigate
through potential collision scenarios by coloring in green
the corresponding cells. The USV are identified by their
MMSI number. Real-time feedback improves situational
awareness and facilitates an assessment of the effectiveness
of collision avoidance strategies implemented to facilitate
future work.

When a collision situation occurs, a table, as shown in
Fig. 9, is set up to make clear which kind of situation the
simulator is dealing with.

Fig. 9. The grid is displayed alongside the main simulation
to visualise which COLREG’s rules are applied.

Table 1. Different sources for AIS Data

Source Area Time Fees

Marine Traffic World All Not Free
AIS Hub World All Free
Searates World All Not Free
Datalastic World All Not Free
VT Explorer World All Not Free
My Ship Tracking World All Not Free
My Ship Tracking World All Free
MarineCadastre US USA 2015-2023 Free
AMSA Australia from 1999 Free
Spire Maritime World All Not Free

3.3 Cross-path situation
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collision with the second USV. In reality, an experienced
sailor will not start a full collision avoidance process if
it is not necessary and if there is no danger. Therefore,
the simulator can be improved by implementing a special
process for the cross path situation. For this purpose, a
new instance variable has been created in the SeaObject
class, a boolean cross path, set at False. The cross-path
situation can only be encountered when a USV is trying
to overtake another one. More specifically, if one of these
two conditions is verified, the boolean cross path will be
set to True :

• USV in the left lower zone heading to the
lower right zone: (yp < yq + ϵ) and (xp < xq) and
(p̂y < yq + ϵ) and (p̂x > xq)
Therefore, a counterclockwise APF ϕccw is applied
instead of clockwise, as there is no risk of collision.

• USV in the right lower zone heading to the
lower left zone: (yp < yq + ϵ) and (xp > xq) and
(p̂y < yq + ϵ) and (p̂x < xq). And a clockwise APF
ϕcw will be applied instead of a counterclockwise one.

4. AIS REPLAY

AIS is a protocol used by ships, drones, navigation aids,
and some aircraft to identify themselves and report their
position and trajectory. Analysing AIS data makes it pos-
sible to determine the behaviour of the vessel, including
speed, direction, and adherence to the priority rules out-
lined by COLREG. AIS data allows us to obtain informa-
tion such as position, speed, heading, and type of ship.
Table 1 gives different sources for the AIS data.
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4.1 Data Quality

The database is made up of records acquired from the
National AIS, which includes approximately 58 ports and
11 coastal areas up to 24 nautical miles offshore. For
further information on vessel reporting requirements and
participation in the AIS. The data were acquired directly
from primary sources, meaning that no additional testing
was performed to cross-reference or confirm either the
field or the geometry values from other sources. There
are a significant number of null values within the dataset
due mainly to vessel operator practices. The position
accuracy of each vessel position report depends on the
positioning device used by the vessel. In most cases, GPS
and differential GPS positional devices have been used,
ensuring an accuracy of +/- 10 metres horizontally.

4.2 Build a Database

To provide detailed information about the structure, con-
tent, and meaning of data within a dataset, a data dic-
tionary was built as a reference guide to understand the
various attributes or variables present in the dataset.

Our data dictionary includes the following:

• Variable Names or column headers in the dataset.
• Description or definition of each variable.
• Data Type.
• If applicable, scale of measurement for numerical
variables (e.g., nominal, ordinal, interval, ratio).

• If applicable, units in which the variable is measured.
• For categorical variables, a list of possible cate-
gories or values the variable can take.

• Information about how missing values are repre-
sented in the dataset.

• Additional details about the data format.
• Information about the source, including where it was
obtained and any relevant citations.

• For datasets with multiple tables, information about
how different tables are related to each other.

Data dictionaries are essential for data understanding,
data cleaning, data engineering, and analysis. They help
ensure consistency in data interpretation and facilitate
collaboration among team members working with the same
dataset. The dataset can used to replay a situation, add a
new agent in traffic or for an analysis to understand how
the rules are implemented in real life.

5. CONCLUSION

The development of a robust and trustworthy control
and guidance system for autonomous vessels is essential
to achieve full autonomy and ensure safe navigation in
various maritime environments. As a first step, COLSim
simulator simulates maritime traffic scenarios and collision
avoidance manoeuvres in accordance with COLREGs. The
simulator allows replay of historical AIS-based simulations
and training of ML methods using real-world scenarios. It
incorporates an Artificial Potential Field (APF) controller
for collision avoidance, which dynamically influences the
vessel’s path based on the surrounding environment. Ad-
ditionally, the simulator includes a real-time monitoring
system to track COLREGs compliance during collision

avoidance scenarios. In addition, we have discussed the
importance of AIS data in understanding the behaviour
of the vessel and predicting potential collision scenarios.
By analysing AIS data, we can determine vessel speed,
direction, and adherence to COLREG rules, crucial to
anticipate hazardous situations and ensure safe navigation.
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