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 A B S T R A C T

The advent of Maritime Autonomous Surface Ships raises many concerns about the safety of navigation, 
especially concerning how COLREG-compliant collision avoidance activities should be performed. To address 
these issues, autonomous navigation systems make use of COLREG Classification systems that detect the rules 
that apply to a given scenario, and proper algorithms that plan and execute evasive manoeuvres. In the 
literature, there is a third element that determines when the COLREG Classification system should be triggered 
and how its output should be handled by the collision avoidance algorithm. This paper proposes the term Meta-
Classification system to indicate this third element. The approach to Meta-Classification that makes use only of 
the current features of an encounter scenario is named by this paper Static COLREG Meta-Classification. Recent 
works in the literature have identified the issue of Classification Instability in these approach. To solve the 
issue of Classification Instability this paper proposes a novel approach to Meta-Classification named Dynamic 
COLREG Meta-Classification. This approach introduces a memory effect which increases the robustness of 
the classification process in two-vessel encounter scenarios. Static COLREG Meta-Classification and Dynamic 
COLREG Meta-Classification are compared by means of numerical simulations of encounter scenarios.
. Introduction

Marine vehicles of increasing autonomy have started to be more and 
ore present in the maritime industry since the 1960s, when the first 
emotely operated underwater drones were employed in offshore oil 
 gas extraction activities. The advances in computing and communi-
ation technology made in the last decades are allowing autonomous 
ommercial vessels to become a tangible reality, and even the Interna-
ional Maritime Organization (IMO) has begun working on a regulatory 
ramework for the coming advent of Maritime Autonomous Surface 
hips (MASSs) (IMO, 2021).
The introduction of MASSs in the maritime industry is expected to 

ncrease the efficiency of operations at sea (Alamoush et al., 2024) and 
o reduce their risk by removing human errors, which, still nowadays, 
epresent the leading cause of accidents at sea (EMSA, 2024). For all 
hese reasons, the development of MASSs is attracting considerable 
nterest from both academia and industry. However, there are still 
any challenges to solve before MASSs can be fully operational. One 
f the most pressing challenges is the safety of navigation: the lack of 
eafarers on board of MASSs is expected for those vessels reaching a 
evel of autonomy of 3 or 4 (IMO, 2021) and this raises the problem 
f how to make a MASS comply with current regulations regarding 
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the safe conduct of a vessel. To address this pressing issue, the topic 
of COLREG-compliant marine Collision Avoidance (CA) has gained 
significant attention in the scientific literature in recent years.

The process of COLREG-compliant CA for MASS requires two el-
ements: a COLREG Classification (CC) system capable of recognising 
the rules the MASS must comply with, and a CA algorithm capable of 
making the MASS deviate from the preplanned route to avoid collisions 
while complying with the requirements of the rules recognised.

The CA algorithms found in the current literature are, for the most 
part, derived from collision-free planning algorithms from robotics (Za-
ccone et al., 2026; Fruzzetti et al., 2026). The first classes of algorithms 
of this kind are Artificial Potential Field (APF) and Velocity Obsta-
cle (VO). Examples of APF-based algorithms are presented by Wang 
et al. (2020) and Lyu and Yin (2017), while different VO algorithms 
are discussed by Huang et al. (2018). More recently, optimal plan-
ning algorithms have been proposed, including heuristics such as Ant 
Colony Optimisation (Lazarowska, 2015), or Particle Swarm Optimiza-
tion (Kang et al., 2018), Rapidly-Exploring Random Trees (Zaccone and 
Martelli, 2020; Enevoldsen et al., 2021), grid-based search approaches 
such as Dijkstra’s algorithm (Singh et al., 2017), A∗ (Seo et al., 2023), 
Dynamic Programming (Zaccone, 2024). Huang et al. (2020) presents a 
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comprehensive review of marine CA algorithms. The CC systems found 
in the literature are, for the most part, based on geometric consid-
erations derived from interpretations of certain COLREGs. A detailed 
review of state-of-the-art CC systems is presented in Section 2.

The way CC systems are usually implemented make them unable to 
recognise whether or not it is necessary to classify a certain encounter 
scenario. Therefore, they cannot be put in direct connection with CA 
algorithms or they would require unnecessary evasive actions. A third 
element is then required to determine when the CC system should be 
used and how its output should be handled by the CA algorithm. This 
element is referred to as Meta-Classification system in this paper.

Most of the works from literature propose Meta-Classification pro-
cedures based on triggering the CC system only when an unacceptable 
risk of collision is detected. Examples can be found in Zaccone et al. 
(2019), Cho et al. (2022) and Eriksen et al. (2020). This naive approach 
is called Static COLREG Meta-Classification (SCMC), as it makes use 
only of the current features of the encounter scenarios.

However, compared with the way human seafarers handle CA ac-
tivities at sea, SCMC exhibits a major difference: the lack of memory 
of the previous states of the encounter scenario. A human seafarer 
is aware whether a certain situation is the outcome of an ongoing 
evasive manoeuvre or whether it is a new situation yet to be classified. 
An SCMC, by its very nature, cannot be aware of that and would 
continuously reclassify the encounter situation as long as the risk of 
collision persists. This phenomenon is referred to in this paper as 
Classification Instability and, as the next sections of this paper will 
show, it may decrease the performance of a CA system.

To overcome the issue of Classification Instability this paper pro-
poses a novel Meta-Classification technique named Dynamic COLREG 
Meta-Classification (DCMC), which introduces a rule that determines 
when it is necessary to reclassify a given encounter scenario. Such rule 
is referred to in this paper as the Past And Clear Condition (PACC).

The DCMC introduced in this paper is shown to not only solve 
the issue of Classification Instability, which could be solved by a CA 
planner or by a CA controller designed to handle it, but makes the 
output of CC systems more reliable, thus allowing their use for more 
complex decision-making tasks.

With respect to the current literature this paper offers the following 
novelties:

• A formulation for the PACC that adapts to each situation;
• An extensive numerical simulation campaign that highlights the 
issue of Classification Instability and provides insights on the 
performance of DCMC compared to SCMC.

The remainder of this paper is organised as follows. Section 2 
features a literature review of CC systems. Section 3 discusses the 
issue of Classification Instability. Section 4 introduces a mathematical 
formulation of the CA problem for MASSs. Section 5 describes DCMC 
in detail. Section 6 describes the simulations carried out to compare 
the performance of SCMC and DCMC, and Section 7 presents and 
discusses the results of such simulations. Finally, Section 8 presents the 
conclusions of this work and highlights weak points that future works 
should address.

2. Related works

CC systems are the elements of a marine autonomous navigation sys-
tem which identify the rules that apply to a given encounter scenario. 
However, given the vastness and complexity of COLREGs, the literature 
on CC systems focuses on recognising Rules 13 to 17, which describe 
overtaking, head-on, and crossing situations, as well as give-way and 
stand-on behaviours. For this reason a CC system can be considered as 
a function taking as input the current position, heading, and velocity of 
the own ship and the target ship and returning a triple (𝑆,𝐵𝑂𝑆 , 𝐵𝑇𝑆 ), 
where 𝑆 is a situation, 𝐵  is the behaviour required by the own ship, 
𝑂𝑆

2 
Fig. 1. Bearing-based static classification.

and 𝐵𝑇𝑆 is the behaviour required by the target ship. In this paper, the 
terms 𝐻𝑂, 𝐶𝑅, and 𝑂𝑇  are used to indicate the head-on, crossing, and 
overtaking situations respectively, and the terms 𝐺𝑊  and 𝑆𝑂 are used 
to indicate the give-way and stand-on behaviours, respectively.

An early attempt at CC can be found in Hasegawa (1987). This 
work proposes a rule-based controller for automatic collision avoidance 
which integrates CC reasoning. The main CC methodologies adopted in 
the current literature are the bearing-based approach and the course-
based approach. The bearing-based approach uses the relative bearing 
of the target ship from the own ship’s point of view 𝑏𝑟𝑂𝑆,𝑇𝑆 to determine 
the type of encounter situation. The value of 𝑏𝑟𝑂𝑆,𝑇𝑆 is calculated via 
Eq. (1): 

𝑏𝑟𝑂𝑆,𝑇𝑆 = sign
(

(

𝐯𝑛𝑂𝑆 ∧ 𝐫𝑇𝑆,𝑂𝑆
)

⋅ 𝐤̂
)

cos−1
⎛

⎜

⎜

⎝

𝐯𝑛𝑂𝑆 ⋅ 𝐫𝑇𝑆,𝑂𝑆
‖

‖

‖

𝐯𝑛𝑂𝑆
‖

‖

‖

‖

‖

𝐫𝑇𝑆,𝑂𝑆‖‖

⎞

⎟

⎟

⎠

(1)

where: 
𝐫𝑇𝑆,𝑂𝑆 = (𝐩𝑇𝑆 − 𝐩𝑂𝑆 ) (2)

and 𝐯𝑛𝑂𝑆 and 𝐯𝑛𝑇𝑆 are the velocity vectors of the own ship and target 
ship, respectively, expressed in the reference frame {𝑛}, and 𝐩𝑂𝑆 and 
𝐩𝑇𝑆 are the position vectors of the own ship and target ship, respec-
tively. The type of situation and behaviour are determined according 
to Fig.  1. Bearing-based CC systems have been successfully applied 
in various scientific papers. Wang et al. (2023) uses it as part of an 
algorithm based on deep reinforcement learning. Cho et al. (2022) 
adopts a slightly modified version of the bearing-based approach to 
guide a probabilistic velocity obstacle-based CA algorithm. Eriksen 
et al. (2020) employs a bearing-based CC system originally developed 
by Tam and Bucknall (2010) in a model predictive control-based CA 
algorithm.

The other main CC methodology is the course-based approach, 
which relies on the value of the relative course angle between the own 
ship and the target ship 𝛥𝜓𝑂𝑆,𝑇𝑆 . The value of 𝛥𝜓𝑂𝑆,𝑇𝑆 is calculated 
with Eq. (3): 

𝛥𝜓𝑂𝑆,𝑇𝑆 = sign
(

(

𝐯𝑛𝑂𝑆 ∧ 𝐯𝑛𝑇𝑆
)

⋅ 𝐤̂
)

cos−1
⎛

⎜

⎜

⎝

𝐯𝑛𝑂𝑆 ⋅ 𝐯𝑛𝑇𝑆
‖

‖

‖

𝐯𝑛𝑂𝑆
‖

‖

‖

‖

‖

‖

𝐯𝑛𝑇𝑆
‖

‖

‖

⎞

⎟

⎟

⎠

(3)

The situation and behaviours are determined according to Table  1. The 
course-based approach has been proven effective in Zaccone (2024), 
where it is used to generate the constraint of a dynamic programming 
problem to plan evasive manoeuvres. Martelli et al. (2024) uses the 
course-based approach for collision detection and classification.
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Table 1
Course-based static classification.
 Relative course Situation  
 −175◦ ≤ 𝛥𝜓𝑂𝑆,𝑇𝑆 ≤ 175◦ (𝐻𝑂,𝐺𝑊 ,𝐺𝑊 )  
 −175◦ ≤ 𝛥𝜓𝑂𝑆,𝑇𝑆 ≤ −67.5◦ (𝐶𝑅,𝑆𝑂,𝐺𝑊 )  
 67.5◦ ≤ 𝛥𝜓𝑂𝑆,𝑇𝑆 ≤ 175◦ (𝐶𝑅,𝐺𝑊 ,𝑆𝑂)  
 |𝛥𝜓𝑂𝑆,𝑇𝑆 | ≤ 67.5◦ (𝑂𝑇 ,𝐺𝑊 ,𝑆𝑂) or (𝑂𝑇 , 𝑆𝑂,𝐺𝑊 ) 

Besides these main methods, in recent years machine learning-based 
approaches have also emerged. Examples can be found in Namgung and 
Kim (2021), which utilised fuzzy logic-based CC system, and in Meyer 
et al. (2020), which employed deep reinforcement learning.

Despite their simplicity and effectiveness, bearing-based and course-
based methods do not embed any procedure to assess whether or not 
two vessels are on colliding routes. Therefore, if used alone, these CC 
methodologies could mistakenly classify encounter situations where 
there is no actual risk of collision. To avoid these problems, as already 
stated in Section 1, CC systems must be handled by Meta-Classification 
systems. Many works in the literature employ a similar approach for 
Meta-Classification: a scenario is classified only when an unacceptable 
risk of collision is detected. Such a Meta-Classification system is re-
ferred to in this paper as SCMC. In Zaccone et al. (2019) the CC system 
is triggered when the distance between the own ship and the target ship 
is less than a given threshold. In Cho et al. (2022) and in Eriksen et al. 
(2020) risk of collision is deemed to exist between two vessels using 
the CPA-TCPA method, presented later in this paper.

The element of an SCMC system responsible for detecting the pres-
ence of a risk of collision is referred to as Collision Risk Assessment 
(CRA) methodology. CRA methodologies are widely studied in the field 
of marine autonomous navigation. There are three main approaches 
to CRA: the Collision Risk Index (CRI), the Ship Domain (SD) and the 
CPA-TCPA method.

The CRI is a metric function that quantifies the risk of collision. 
There are different methods from literature to calculate it, but generally 
it is a function of the position, course, and speed of both the own 
ship and the target ship, and it ranges between a minimum of 0 and 
a maximum of 1. CRI-based CRA systems deem a risk of collision to 
exist if the CRI exceeds a threshold limit. Huang et al. (2020) presented 
a comprehensive review of different method for the calculation of the 
CRI.

The Ship Domain (SD) is a virtual region of space surrounding a 
vessel. SD-based CRA systems deem a collision risk to exist if the own 
ship’s SD gets violated in some way by the target ship. To determine 
whether a violation occurs, different approaches can be adopted. In Fu-
jii and Tanaka (1971), the first publication to introduce the concept 
of SD, the own ship’s SD is considered violated when the target ship 
crosses it. Tam and Bucknall (2010) considered the SD to be violated 
if the target ship’s future trajectory crosses it. In Kijima and Furukawa 
(2003), the target ship’s SD is also taken into account: a collision is 
deemed to exist if the two vessels’ SDs are overlapping. For a review of 
SD-based CRA systems, one should refer to Huang et al. (2020).

The CPA-TCPA method for CRA is widely adopted by seafarers 
and is based on the concept of Closest Point of Approach, i.e., the 
point in space where the distance between two vessels is going to be 
at its minimum if the vessels keep their current course and speed. 
Two quantities are relevant for this method: the distance between the 
two vessels 𝑉1 and 𝑉2 at the Closest Point of Approach, indicated as 
𝐶𝑃𝐴𝑉1 ,𝑉2 (𝑡), and the Time to Closest Point of Approach, i.e., the time 
interval before the vessels are expected to reach the Closest Point of 
Approach, indicated as 𝑇𝐶𝑃𝐴𝑉1 ,𝑉2 (𝑡). 𝐶𝑃𝐴𝑉1 ,𝑉2 (𝑡) and 𝑇𝐶𝑃𝐴𝑉1 ,𝑉2 (𝑡) are 
calculated as described in Eqs.  (4) and (5): 

𝐶𝑃𝐴 (𝑡) = min ‖‖𝐩 (𝑡) + 𝑡𝐯𝑛 (𝑡)‖‖ (4)
𝑉1 ,𝑉2 𝑡 ‖

𝑉1 ,𝑉2 𝑉1 ,𝑉1 ‖

3 
𝑇𝐶𝑃𝐴𝑉1 ,𝑉2 (𝑡) = argmin𝑡

‖

‖

‖

𝐩𝑉1 ,𝑉2 (𝑡) + 𝑡𝐯
𝑛
𝑉1 ,𝑉1

(𝑡)‖‖
‖

(5)

where 𝐩𝑉1 ,𝑉2 (𝑡) and 𝐯𝑛𝑉1 ,𝑉1 (𝑡) are the relative position at time 𝑡 and 
relative velocity expressed in the {𝑛} reference frame between the 
two vessels, respectively. According to the CPA-TCPA method, risk 
of collision is deemed to exist when 𝐶𝑃𝐴𝑉1 ,𝑉2 (𝑡) and 𝑇𝐶𝑃𝐴𝑉1 ,𝑉2 (𝑡)
are below certain threshold values 𝐶𝑃𝐴𝑎𝑙𝑒𝑟𝑡 and 𝑇𝐶𝑃𝐴𝑎𝑙𝑒𝑟𝑡 which are 
usually determined according to good seamanship practice.

SCMC systems have been proven effective in many works. However, 
since their output is based only on the current features of the encounter 
scenario, they are prone to the phenomenon of Classification Instability, 
properly described in Section 5. Gleeson et al. (2024) addresses Clas-
sification Instability in the context of COLREG compliance evaluation 
by assigning different priority levels to COLREG situations and using 
a condition on the distance between vessels to decide whether to 
reclassify a scenario.

3. Description of classification instability

This section aims to clarify what Classification Instability is and how 
it could affect the process of COLREG-compliant CA for MASS.

The current literature on COLREG-compliant CA is highly focused 
on ‘‘solving’’ encounter scenarios between MASSs, and, most of the 
time, CA systems are validated in simulations where planning and ex-
ecuting an evasive manoeuvre is the only mission objective. However, 
in reality, CA is only one of the many tasks a MASS must carry out 
during its operation to achieve its mission objective. When SCMC is 
applied in a realistic context where multiple conflicting tasks need to 
be performed, its drawbacks start to emerge.

Fig.  2 shows schematically how SCMC may fail in guiding a MASS 
through an evasive manoeuvre. In the picture, the blue MASS and the 
red MASS are sailing along the same route, but in opposite directions. 
At 𝑡1, their CRA systems detect a risk of collision. Therefore, according 
to the SCMC methodology, their CC systems are triggered and correctly 
classify the scenario as a head-on situation. As a consequence, both 
MASSs start to turn starboard. At 𝑡2, due to the evasive manoeuvres, 
the two MASSs are on parallel routes, thus their CRA methodologies 
do not recognise a risk of collision, therefore, according to the SCMC 
methodology, their CC systems are not triggered. This causes the MASSs 
to believe that it is not necessary to execute an evasive manoeuvre, 
causing them to revert to their original path following task, eventually 
causing a collision at 𝑡3.

This phenomenon of changing the classification output in the mid-
dle of an evasive manoeuvre is what this paper refers to as Classification 
Instability. Although theoretically, the scenario described in Fig.  2 
shows how Classification Instability can bring SCMC to failure. At 
the core of Classification Instability there is lack of a memory of the 
previous states of the encounter scenario: a human seafarer would 
recognise the situation at 𝑡2 as originating from an evasive manoeuvre 
and would continue the manoeuvre until past-and-clear from the other 
vessel; an SCMC is, by design, incapable of such behaviour.

To tackle the issue of Classification Instability, this paper introduces 
the DCMC methodology, which would implement a behaviour closer to 
human reasoning by introducing a memory effect in the classification 
process.

4. Marine collision avoidance framework

Before proceeding with the description of DCMC, it is necessary to 
define the kinematics of vessels and provide a mathematical formula-
tion of the CA problem.



N. Sabatino and R. Zaccone Ocean Engineering 361 (2026) 126168 
Fig. 2. Schematic representation of the instability mechanism of static COL-
REG Classification.

Fig. 3. Vessel kinematics.

4.1. Vessel kinematics

The vessel kinematics description employed in this paper is based 
on Fossen (2011). Two reference frames are defined: the Earth-fixed 
reference frame {𝑛}, and the body-fixed reference frame {𝑏}. The 
reference frame {𝑛} is centred on an arbitrary point 𝑛 on Earth, and 
its axes 𝑥𝑛 and 𝑦𝑛 are positive moving from South to North and from 
West to East, respectively. The reference frame {𝑏} is centred on the 
vessel midship point, and its axes 𝑥𝑏 and 𝑦𝑏 are positive moving from 
stern to bow and from port side to starboard, respectively.

The position of the vessel on the surface of the Earth is expressed 
with respect to {𝑛} and is denoted by the vector 𝐩, which elements are 
𝑥 and 𝑦 and represent the position on the axes 𝑥𝑛 and 𝑦𝑛 respectively, 
while its heading angle, i.e., angle between 𝑥𝑛 and 𝑥𝑏, is indicated by 𝜓 . 
The velocity of a vessel is expressed with respect to {𝑏} and is denoted 
by the vector 𝐯, whose elements are 𝑢 and 𝑣, and represent the speeds 
along axes 𝑥𝑏 and 𝑦𝑏 respectively. The velocities 𝑢 and 𝑣 are referred 
to as surge and sway speeds, respectively. The rate of change of 𝜓 is 
denoted by 𝑟 and is referred to as yaw rate. All the kinematics quantities 
discussed are shown in Fig.  3.

Finally, the vectors 𝜼 and 𝝂 are defined as the concatenation of 
𝐩 with 𝜓 and 𝐯 with 𝑟, respectively. The vectors 𝜼 and 𝝂 are not 
4 
independent of each other and their relation is shown in Eq. (6): 
𝜼̇ = 𝐑(𝜓)𝝂 (6)

where: 

𝐑(𝜓) =
⎛

⎜

⎜

⎝

cos(𝜓) − sin(𝜓) 0
sin(𝜓) cos(𝜓) 0

0 0 1

⎞

⎟

⎟

⎠

(7)

The concatenation of 𝝂 and 𝜼 is the state vector of the vessel and is 
indicated as 𝐱.

4.2. Two-vessel collision avoidance problem formulation

According to the notation introduced in Section 4.1 the dynamics 
of a vessel can be described by Eq. (8): 
{

𝜼̇(𝑡) = 𝐑(𝜓)𝝂(𝑡)
𝝂̇(𝑡) = 𝑓 (𝝂(𝑡),𝐮(𝑡))

(8)

where 𝑓 (⋅) is a system function and 𝐮(𝑡) is a vector of input commands.
COLREG-compliant CA in two-vessel scenarios can be defined ac-

cording to Definition  1: 

Definition 1.  COLREG-compliant CA is the process of steering a vessel 
away from the planned route so as to avoid collision with other vessels 
while complying with the requirements of COLREG.

Consistently with Definition  1 and Eq. (8) it is possible to define the 
COLREG-compliant CA problem stated in Definition  2: 

Definition 2.  Given a target ship on a collision route with the own 
ship, the COLREG-compliant CA problem consists of finding a control 
strategy 𝐮(𝑡) that would steer the own ship away from the planned route 
so that it avoids collision with the target ship while complying with the 
requirements of COLREG.

Therefore, consistent with Definition  2, a mathematical formula-
tion of the COLREG-compliant CA problem requires formalising what 
avoiding a collision means and the requirements of COLREG. Avoiding 
a collision can be easily formalised with a condition on the relative 
distance between the own ship and the target ship. This condition is 
represented in Eq. (9): 
∀𝑡 ∈ [𝑡𝑑 , 𝑡𝑒]. 𝑑𝑂𝑆,𝑇𝑆 (𝑡) ≥ 𝑑𝑠𝑎𝑓𝑒𝑡𝑦 (9)

where 𝑡𝑑 is the detection time, i.e., the time at which collision risk is 
detected for the first time, 𝑡𝑒 is the time at which the evasive manoeuvre 
ends, i.e., the time at which the vessels are past-and-clear, 𝑑𝑠𝑎𝑓𝑒𝑡𝑦 is the 
minimum distance that must be kept from the target ship to ensure the 
safety of the own ship, and 𝑑𝑂𝑆,𝑇𝑆 (𝑡) is the euclidean distance between 
the own and target ships at time 𝑡, defined as in Eq. (10): 
𝑑𝑂𝑆,𝑇𝑆 (𝑡) = ‖

‖

𝐩𝑂𝑆 (𝑡) − 𝐩𝑇𝑆 (𝑡)‖‖ (10)

where 𝐩𝑂𝑆 (𝑡) and 𝐩𝑇𝑆 (𝑡) are the positions of the own ship and the target 
ship.

The formalisation of the requirements from COLREG is a much more 
challenging task, and it remains an open problem in the field of marine 
autonomous navigation. However, most works from the literature focus 
on the requirements of rules 8 and 13 to 17, as these are the rules that 
actively affect how vessels are required to conduct evasive manoeuvres. 
Since it is beyond the scope of this paper to provide a formalisation of 
all the requirements from COLREG, only those from rules 8 and 13 to 
17 are considered.

Rules 13 to 17 describe the situations involving head-on, crossing, 
and overtaking, and define the obligations associated with the give-
way and stand-on behaviours. In the overtaking situation, the give-way 
vessel is required to keep out of the way of the stand-on vessel; thus, 
when the own ship is the give-way vessel in an overtaking situation, 
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the requirement from Eq. (9) is enough. Instead, in the head-on and 
crossing situations, the give-way vessel has additional requirements: in 
the head-on situation, it is required to avoid the collision by turning 
to starboard, and in the crossing situation, it is required to avoid the 
collision by passing astern of the target ship. The requirement for 
the head-on situation can be ensured constraining the relative bearing 
of the target ship with respect to the own ship to be negative. This 
condition is shown in Eq. (11): 
∀𝑡 ∈ [𝑡𝑑 , 𝑡𝑒]. 𝑏𝑟𝑂𝑆,𝑇𝑆 (𝑡) < 0 (11)

The requirement for the crossing situation can be ensured constrain-
ing the Bow Crossing Range (BCR) of the own ship from the target ship 
point of view to be negative. The BCR is a quantity originating from 
seamanship practice which is equal to the signed distance between the 
two vessels when one vessel crosses the longitudinal symmetry plane 
of the vessel for which the BCR is calculated. If this crossing happens 
astern of the vessel for which the BCR is calculated, then the BCR is 
negative, otherwise, it is positive. The negative BCR condition is shown 
in Eq. (12): 
∀𝑡 ∈ [𝑡𝑑 , 𝑡𝑒]. 𝐵𝐶𝑅𝑇𝑆,𝑂𝑆 (𝑡) < 0 (12)

𝐵𝐶𝑅𝑇𝑆,𝑂𝑆 (𝑡) is calculated as described in Eq. (13): 

𝐵𝐶𝑅𝑉1 ,𝑉2 (𝑡) = 𝑥𝑉1 ,𝑉2 (𝑡) − 𝑦𝑉1 ,𝑉2 (𝑡)
𝑉𝑥𝑉1 ,𝑉2
𝑉𝑦𝑉1 ,𝑉2

(13)

where 𝑥𝑉1 ,𝑉2 (𝑡) and 𝑦𝑉1 ,𝑉2 (𝑡) are the elements of 𝐩𝑉1 ,𝑉2 (𝑡) and 𝑉𝑥𝑉1 ,𝑉2  and 
𝑉𝑦𝑉1 ,𝑉2  are the elements of 𝐯

𝑛
𝑉1 ,𝑉2

.
Finally, Rule 8 imposes that all actions taken to avoid the collision 

must be large enough to be readily apparent to other ships. This 
requirement is formulated in Eqs.  (14) and (15): 
max

(

{|𝜓(𝑡) − 𝜓(𝑡𝑑 )| ∶ ∀𝑡 > 𝑡𝑑}
)

≥ 𝛥𝜓𝑎𝑝𝑝 (14)

(max
(

{|𝑈 (𝑡) − 𝑈 (𝑡𝑑 )| ∶ ∀𝑡 > 𝑡𝑑}
)

≥ 𝛥𝑈𝑎𝑝𝑝)

∨ (∀𝑡 > 𝑡𝑑 . 𝑈 (𝑡) = 𝑈 (𝑡𝑑 ))
(15)

where 𝛥𝜓𝑎𝑝𝑝 is the apparent course change threshold, 𝛥𝑈𝑎𝑝𝑝 is the 
apparent speed change threshold, and 𝑈 (𝑡) is the Speed Over Ground, 
i.e., the modulus of 𝐯(𝑡). Notice that the constraints in Eq. (14) and 
(15) could potentially be satisfied by a spike in the values of 𝜓(𝑡) and 
𝑈 (𝑡), making them ineffective. However, because this paper focuses on 
MASSs, which are characterised by slow dynamics, this issue can be 
safely neglected. Any spike in 𝜓(𝑡) and 𝑈 (𝑡) originated from a failure in 
the proprioceptive sensor suite of the vessel is also neglected.

The requirements for the stand-on vessel, regardless of the situation 
type, are to keep course and speed and are formalised in Eq. (16): 
∀𝑡 ∈ [𝑡𝑑 , 𝑡𝑒]. (𝜓(𝑡) = 𝜓(𝑡𝑑 )) ∧ (𝑈 (𝑡) = 𝑈 (𝑡𝑑 )) (16)

Therefore, the COLREG-compliant CA problem can be solved by 
finding 𝐮(𝑡) such that Eqs.  (9), (11), (12) and (14)–(16) are satisfied. 
This problem, however, may have multiple solutions, which is impracti-
cal. Therefore, additional requirements should be imposed to ensure the 
solution is unique. To tackle this issue, minimising the deviation from 
the planned route is required. The COLREG-compliant CA problem can 
then be formulated as the Optimal Control Problem (OCP) in Eq. (17):

argmin
𝐮(𝑡) ∫

𝑡𝑒

𝑡𝑑

‖

‖

𝜼𝑂𝑆 (𝑡) − 𝜼𝑟𝑜𝑢𝑡𝑒(𝑡)‖‖
2
𝐏 𝑑𝑡

s.t. C1: ∀𝑡 > 𝑡𝑑 . 𝑑𝑂𝑆,𝑇𝑆 (𝑡) ≥ 𝑑𝑠𝑎𝑓𝑒𝑡𝑦
C2: (𝜼𝑂𝑆 (𝑡), 𝝂𝑂𝑆 (𝑡)) ∈ X𝐶𝑂𝐿𝑅𝐸𝐺
C5: 𝐮𝑚𝑎𝑥 ≤ 𝐮(𝑡) ≤ 𝐮𝑚𝑖𝑛

C6: 
{

𝜼̇𝑂𝑆 (𝑡) = 𝐑(𝜓)𝝂𝑂𝑆 (𝑡)
𝝂̇𝑂𝑆 (𝑡) = 𝑓 (𝝂𝑂𝑆 (𝑡),𝐮(𝑡))

C7: 
{

𝜼̇𝑇𝑆 (𝑡) = 𝐑(𝜓)𝝂𝑇𝑆 (𝑡)

(17)
𝝂̇𝑇𝑆 (𝑡) = 𝑔(𝝂𝑇𝑆 )

5 
where 𝜼𝑟𝑜𝑢𝑡𝑒(𝑡) is the vector of the expected position and heading 
according to the planned route, 𝐏 is a weighting matrix applied to 
the norm ‖⋅‖2, X𝐶𝑂𝐿𝑅𝐸𝐺 is a feasible state set defined by COLREG-
compliance constraints, 𝐮𝑚𝑎𝑥 and 𝐮𝑚𝑖𝑛 are the saturation values of the 
input vector, and 𝑔(⋅) is the system function for the predictive model 
of the target ship. Notice that the predictive model for the target ship 
is assumed to be an autonomous system since the input vector of the 
target ship is unknown. X𝐶𝑂𝐿𝑅𝐸𝐺 is defined differently depending on 
the type of situation and behaviour. In case of a head-on situation 
where the own ship is the give-way vessel: 
X𝐶𝑂𝐿𝑅𝐸𝐺 ≡ {(𝜼, 𝝂) ∈ R6 ∶ ∀𝑡 ∈ [𝑡𝑑 , 𝑡𝑒]((𝑏𝑟𝑂𝑆,𝑇𝑆 (𝑡) < 0)

∧ (∃𝑡∗1 . |𝜓(𝑡
∗
1) − 𝜓(𝑡𝑑 )| ≥ 𝛥𝜓𝑎𝑝𝑝)

∧ ((∃𝑡∗2 . |𝑈𝑂𝑆 (𝑡
∗
2) − 𝑈𝑂𝑆 (𝑡𝑑 )| ≥ 𝛥𝑈𝑎𝑝𝑝)

∨ (𝑈𝑂𝑆 (𝑡∗2) = 𝑈𝑂𝑆 (𝑡𝑑 ))))}

(18)

in case of a crossing situation where the own ship is the give-way vessel: 

X𝐶𝑂𝐿𝑅𝐸𝐺 ≡ {(𝜼, 𝝂) ∈ R6 ∶ ∀𝑡 ∈ [𝑡𝑑 , 𝑡𝑒]((𝐵𝐶𝑅𝑇𝑆,𝑂𝑆 (𝑡) < 0)

∧ (∃𝑡∗1 . |𝜓(𝑡
∗
1) − 𝜓(𝑡𝑑 )| ≥ 𝛥𝜓𝑎𝑝𝑝)

∧ ((∃𝑡∗2 . |𝑈𝑂𝑆 (𝑡
∗
2) − 𝑈𝑂𝑆 (𝑡𝑑 )| ≥ 𝛥𝑈𝑎𝑝𝑝)

∨ (𝑈𝑂𝑆 (𝑡∗2) = 𝑈𝑂𝑆 (𝑡𝑑 ))))}

(19)

in case of an overtaking situation where the own ship is the give-way 
vessel: 
X𝐶𝑂𝐿𝑅𝐸𝐺 ≡ {(𝜼, 𝝂) ∈ R6 ∶ ∀𝑡 ∈ [𝑡𝑑 , 𝑡𝑒]((∃𝑡∗1 . |𝜓(𝑡

∗
1) − 𝜓(𝑡𝑑 )| ≥ 𝛥𝜓𝑎𝑝𝑝)

∧ ((∃𝑡∗2 . |𝑈𝑂𝑆 (𝑡
∗
2) − 𝑈𝑂𝑆 (𝑡𝑑 )| ≥ 𝛥𝑈𝑎𝑝𝑝)

∨ (𝑈𝑂𝑆 (𝑡∗2) = 𝑈𝑂𝑆 (𝑡𝑑 ))))}

(20)

in case of any situation where the own ship is the stand-on vessel: 

X𝐶𝑂𝐿𝑅𝐸𝐺 ≡ {(𝜼, 𝝂) ∈ R6 ∶ ∀𝑡 ∈ [𝑡𝑑 , 𝑡𝑒]
(

𝜓(𝑡) = 𝜓(𝑡𝑑 ) ∧ 𝑈 (𝑡) = 𝑈 (𝑡𝑑 )
)

}

(21)

5. Dynamic COLREG meta-classification description

The aim of this section is to describe how DCMC works and why it 
is able to overcome the issue of Classification Instability that affects 
SCMC. As the example in Section 3 showed, the key phenomenon 
behind Classification Instability is the lack of memory of the previous 
states of the encounter scenario in SCMC. To overcome Classification 
Instability it is thus necessary that DCMC exhibits a memory effect sim-
ilar to the physical phenomenon of hysteresis: once a scenario has been 
classified, DCMC should keep returning the same output even when 
the conditions that triggered that output are not in place anymore, 
then change the output only when very different conditions appear. 
This behaviour in COLREG classification is referred to as COLREG 
Hysteresis (Kuwata et al., 2014).

To achieve COLREG Hysteresis, DCMC makes use of four things: a 
CC system, a CRA methodology, a memory device, and a PACC. The CC 
system is used to classify a scenario when no previous information is 
available. The memory device is used to retain the information of the 
previous states of the encounter scenario together with the previous 
outputs of the CC system. The PACC is a rule that verifies whether 
the requirements from Rule 13 and Rule 8 from COLREG are satisfied. 
The aim of the PACC is to decide whether it is necessary to reclassify 
again the current state of the encounter scenario, thus triggering the CC 
system, or the previous classification result stored in the memory device 
should be used. To make DCMC achieve COLREG Hysteresis, the PACC 
must be stricter than the condition used by the CRA methodology of 
choice. The process of DCMC is described by Algorithm  1:

Algorithm 1 (Dynamic COLREG Meta-Classification).
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Step 1: At each time instant 𝑡𝑖 check if the pair (𝐱𝑂𝑆 (𝑡𝑖−1), 𝐱𝑇𝑆 (𝑡𝑖−1)) is 
in memory.

Step 2: If (𝐱𝑂𝑆 (𝑡𝑖−1), 𝐱𝑇𝑆 (𝑡𝑖−1)) is in memory, check the PACC, else go to 
Step 4.

Step 3: If PACC is not satisfied return the COLREG situation and be-
haviours associated with (𝐱𝑂𝑆 (𝑡𝑖−1), 𝐱𝑇𝑆 (𝑡𝑖−1)) and exit, else re-
move (𝐱𝑂𝑆 (𝑡𝑖−1), 𝐱𝑇𝑆 (𝑡𝑖−1)) from memory and go to Step 4.

Step 4: Check with the CRA methodology of choice whether a risk 
of collision is present or not. If it is, classify (𝐱𝑂𝑆 (𝑡𝑖), 𝐱𝑇𝑆 (𝑡𝑖))
according to the CC system of choice, add the (𝐱𝑂𝑆 (𝑡𝑖), 𝐱𝑇𝑆 (𝑡𝑖))
together with resulting COLREG situation and behaviours to 
memory and return them; else exit.

This paper proposes the PACC shown in Eq. (22): 
𝑇𝐶𝑃𝐴𝑂𝑆,𝑇𝑆 (𝑡) < 𝑇𝐶𝑃𝐴𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 (22)

with 𝑇𝐶𝑃𝐴𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 < 0. This formulation of the PACC achieves a double 
effect. Because 𝑇𝐶𝑃𝐴𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 is negative, Eq. (22) implies that reclassi-
fication is triggered only when the closest point of approach is past both 
vessels and, therefore, they are on diverging routes. 𝑇𝐶𝑃𝐴𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 acts 
as an adaptive buffer distance between vessels: in scenarios where the 
relative velocity between vessels is high and, therefore, the outcome 
of a collision would be catastrophic, Eq. (22) requires a relatively 
high distance between the vessels before reclassification is triggered; 
in scenarios where the relative velocity between vessels is low and, 
therefore, the outcome of a collision would be less severe, Eq. (22) 
requires a relatively small distance before reclassification is triggered.

6. Methodology

To assess the impact of DCMC on COLREG-compliant CA, a scenario-
based testing procedure is employed: multiple encounter scenarios are 
simulated and insights on the performance of DCMC are derived by 
means of a quantitative analysis based on relevant metrics.

All encounter scenarios replicate a high sea setting in which two 
vessels are required to perform both Path Following (PF) and CA 
activities, thus creating the conditions for Classification Instability to 
arise, as described in Section 3. Each encounter scenario is simulated 
twice: the first time embedding SCMC into the CA system, the second 
time embedding DCMC. A comparison between the simulations is made 
using proper metrics described in Section 6.4.

To allow the vessels to carry out both PF and CA activities, they are 
independently controlled by a GNC system described in Section 6.3. 
Moreover, to minimise the bias of this study, the simulated encounter 
scenarios are generated using a randomised approach similar to that de-
scribed by Pedersen et al. (2023) and properly described in Section 6.1. 
The simulations are carried out under the following conditions:

• All scenarios take place in open water, with perfect visibility 
between vessels which are considered to be on sight of one 
another;

• All vessels are Power-Driven Vessels as defined by Part B of 
COLREG;

• The course-based approach is the CC system of choice;
• The CPA-TCPA method is the CRA methodology of choice.

6.1. Randomised two-vessel encounter scenario generation

The encounter scenarios used for the simulation campaign are gen-
erated following a randomised approach to minimise the bias of this 
study. The encounter scenario generation procedure adopted in this 
paper is based on that proposed by Pedersen et al. (2023) with the 
difference that the desired COLREG situation is imposed based on the 
course-based CC approach instead of the bearing-based approach. The 
generated encounter scenarios must satisfy the following criteria:
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Table 2
Geometrical characteristics of the ship.
 Quantity Value  
 Length overall [m] 171.80 
 Maximum beam [m] 23.16  
 Design draft [m] 8.23  
 Design displacement [t] 19 004 

• When not at risk of collision, the vessels involved are required to 
sail along a straight route;

• Both vessels must detect a risk of collision after a given amount 
of time 𝛥𝑡𝑎𝑐𝑡𝑖𝑜𝑛;

• The vessels involved must end up in a collision situation after a 
given amount of time equal to 𝛥𝑡𝑎𝑐𝑡𝑖𝑜𝑛 + 𝑇𝐶𝑃𝐴𝑎𝑙𝑒𝑟𝑡;

The encounter scenario generation procedure proceeds as follows. 
The encounter scenario begins at 𝑡0, and the time when the collision 
happens is denoted as 𝑡∗ = 𝑡0 + 𝛥𝑡𝑎𝑐𝑡𝑖𝑜𝑛 + 𝑇𝐶𝑃𝐴𝑎𝑙𝑒𝑟𝑡. For a collision to 
occur between the two vessels it is necessary that their positions at 𝑡∗
satisfy the condition below: 
√

(𝑥𝑂𝑆 (𝑡∗) − 𝑥𝑇𝑆 (𝑡∗))2 + (𝑦𝑂𝑆 (𝑡∗) − 𝑦𝑇𝑆 (𝑡∗))2 = 0 (23)

Without losing generality, it is possible to select arbitrarily 𝑥𝑂𝑆 (𝑡0), 
𝑦𝑂𝑆 (𝑡0), 𝜓𝑂𝑆 , and 𝑈𝑂𝑆 . To simplify the procedure 𝑥𝑂𝑆 (𝑡0) and 𝑦𝑂𝑆 (𝑡0)
are taken as the origin of the {𝑛} reference frame, 𝜓𝑂𝑆 is set to 
the True North while 𝑈𝑂𝑆 is chosen randomly between a maximum 
and minimum value 𝑈𝑚𝑖𝑛 and 𝑈𝑚𝑎𝑥. Thus, 𝑥𝑂𝑆 (𝑡∗) and 𝑦𝑂𝑆 (𝑡∗) can be 
calculated as: 
{

𝑥𝑂𝑆 (𝑡∗) = 𝑥𝑂𝑆 (𝑡0) + (𝑡∗ − 𝑡0)𝑈𝑂𝑆 cos(𝜓𝑂𝑆 )
𝑦𝑂𝑆 (𝑡∗) = 𝑦𝑂𝑆 (𝑡0) + (𝑡∗ − 𝑡0)𝑈𝑂𝑆 sin(𝜓𝑂𝑆 )

(24)

and, since from Eq. (23) follows that (𝑥𝑇𝑆 (𝑡∗), 𝑦𝑇𝑆 (𝑡∗)) ≡ (𝑥𝑂𝑆 (𝑡∗),
𝑦𝑂𝑆 (𝑡∗)), 𝑥𝑇𝑆 (𝑡∗) and 𝑦𝑇𝑆 (𝑡∗) are known too.

If a COLREG situation and a pair of COLREG behaviours for the two 
vessels are selected randomly, a value for 𝛥𝜓𝑂𝑆,𝑇𝑆 can be determined 
by randomly choosing within the ranges described in Table  1. Then, 
the heading of the target ship is calculated as 𝜓𝑇𝑆 = 𝜓𝑂𝑆 + 𝛥𝜓𝑂𝑆,𝑇𝑆 .

𝑈𝑇𝑆 can be selected randomly with the only constraint emerging 
only in case an overtaking situation is desired. Finally, 𝑥𝑇𝑆 (𝑡0) and 
𝑦𝑇𝑆 (𝑡0) are calculated as follows: 
{

𝑥𝑇𝑆 (𝑡0) = 𝑥𝑇𝑆 (𝑡0) + (𝑡∗ − 𝑡0)𝑈𝑇𝑆 cos(𝜓𝑇𝑆 + 𝜋)
𝑦𝑇𝑆 (𝑡0) = 𝑦𝑇𝑆 (𝑡0) + (𝑡∗ − 𝑡0)𝑈𝑇𝑆 sin(𝜓𝑇𝑆 + 𝜋)

(25)

6.2. Dynamical models of the ships

For all ships in the simulations, the vessel model described in
Chislett and Strom-Tejsen (1965) is adopted. This model is derived from 
planar motion mechanism tests on the model of a real ship belonging 
to the Mariner class of cargo vessels from the 1960s. The geometrical 
characteristics of the ship is shown in Table  2. The mathematical model 
is derived from the one in Eq. (26) where the functions 𝑓𝑋 , 𝑓𝑌 , and 𝑓𝑁
are approximated by third-order Taylor expansions: 
⎧

⎪

⎨

⎪

⎩

(𝑚 −𝑋𝑢̇)𝑢̇ = 𝑓𝑋 (𝑢, 𝑣, 𝑟, 𝛿)
(𝑚 − 𝑌𝑣̇)𝑣̇ + (𝑚𝑥𝐺 − 𝑌 𝑟̇)𝑟̇ = 𝑓𝑌 (𝑢, 𝑣, 𝑟, 𝛿)
(𝑚𝑥𝐺 −𝑁𝑣̇)𝑣̇ + (𝐼𝑍 −𝑁𝑟̇)𝑟̇ = 𝑓𝑁 (𝑢, 𝑣, 𝑟, 𝛿)

(26)

For the hydrodynamic coefficients, one should refer to the original 
publication.

6.3. Simulated GNC architecture

In the simulations, the vessels are controlled by a GNC system which 
is designed to guide the vessel model from Eq. (26) to satisfy two 
control objectives: follow a predetermined route and execute evasive 
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Fig. 4. Architecture of the GNC system employed in the simulations of the encounter scenarios.
manoeuvres. The first objective can be achieved by any path following 
algorithm suited for underactuated vessels, the second objective would 
require a control algorithm capable of solving the OCP from Eq. (17), 
which is a challenging task.

Since it is out of the scope of this paper to propose a novel GNC 
system for COLREG-compliant collision-free path following, a mul-
tiple guidance law system based on well-known algorithms drawn 
from literature is employed. In particular, the GNC system consists 
of four modules: the PF Module (PFM), the CA Module (CAM), the 
Decision-Making Module (DMM), and the Heading Control Module 
(HCM).

The PFM and the CAM represent two alternative guidance laws that 
can be used during the simulations: both produce a heading set point, 
denoted as 𝜓𝑑𝑒𝑠, but the first produces a value for 𝜓𝑑𝑒𝑠 that ensures 
the convergence on the path, the second produces a value for 𝜓𝑑𝑒𝑠
which solves the OCP from Eq. (17). The choice of which of these two 
guidance systems should compute 𝜓𝑑𝑒𝑠 at each given instant is taken 
by the DMM. Finally, the HCM employs a Proportional, Integral, and 
Derivative (PID) controller to bring the own ship heading to 𝜓𝑑𝑒𝑠. A 
graphical schema of the architecture of the GNC system is provided in 
Fig.  4.

6.3.1. Lookahead-based Line Of Sight-based path following guidance
To achieve its aim, the PFM implements a Line Of Sight (LOS) guid-

ance algorithm. The reference implementation is described in Fossen 
(2011) as Lookahead-Based LOS. A graphical summary of the algorithm 
is shown in Fig.  5. At each time instant, the algorithm produces a 𝜓𝑠𝑒𝑡
that makes the own ship move towards a point on the route that lies 
a certain distance 𝛥, called lookahead distance, from the position of 
the own ship projected on the route. This value of 𝜓𝑠𝑒𝑡 is calculated as 
follows: 

𝜓𝑠𝑒𝑡(𝑡) = tan−1
(

−𝑒(𝑡)
𝛥

)

(27)

where 𝑒(𝑡) is the instantaneous cross-track error calculated as in
Eq. (28): 
𝑒(𝑡) = −(𝑥𝑂𝑆 (𝑡) − 𝑥𝑊𝑃1 ) cos(𝛼) + (𝑦𝑂𝑆 (𝑡) − 𝑦𝑊𝑃1 ) sin(𝛼) (28)

where 𝛼 is the route tangential angle with respect to the True North.

6.3.2. Linear velocity obstacle-based collision avoidance guidance
The aim of the CAM is to guide the MASS when a risk of collision 

is present. In such occasions the MASS is not necessarily required to 
execute an evasive manoeuvre; this depends on whether the MASS 
is the give-way vessel or the stand-on vessel in encounter scenario. 
The CAM must be able to guide the MASS in both cases. To do so, it 
embeds a Linear Velocity Obstacle (LVO)-based CA algorithm, to fulfil 
the give-way behaviour requirements, and a simple autopilot, to fulfil 
7 
Fig. 5. Line Of Sight algorithm graphical summary.

the stand-on behaviour requirements. The LVO-based CA algorithm is 
described in this section, the autopilot in Section 6.3.3

The LVO-based CA algorithm operates as follows. Firstly, an LVO 
algorithm is used to compute the set of all velocity vectors that lead 
to a collision with the target ship at a certain point in time. This set is 
denoted by . The reference implementation for the LVO algorithm 
adopted in this paper comes from Huang et al. (2018). For a detailed 
description of the algorithm, one should refer to the original publica-
tion. Finally, an optimisation problem, referred to in this paper as an 
Optimal Guidance Problem (OGP), is then used to select among , 
i.e., the set of all collision-free velocity vectors, the one which satisfies 
COLREG requirements and minimises deviation from the planned route. 
The OGP is derived from the OCP from Eq. (17) by introducing some 
simplifying hypotheses.

Firstly, the dynamics of the own ship is neglected, thus, instead of 
looking for a control law 𝐮(𝑡) which produces a collision-free velocity, 
it is possible to directly look for a collision-free velocity. Secondly, the 
constraints of Eq. (17) can be significantly simplified by neglecting the 
dynamics of the target ships and assuming they move on a straight line 
and at constant speed. Thirdly, the own ship is constrained to avoid 
collision using course change alone. This allows to rewrite the decision 
variable of the OGP as a heading 𝜓𝑑𝑒𝑠 instead of a velocity vector, and 
it is also possible to rewrite the objective function as the difference 
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Table 3
Parameters of the CPA-TCPA method and PACC.
 Parameter Value  
 𝐶𝑃𝐴𝑎𝑙𝑒𝑟𝑡 1 nm  
 𝑇𝐶𝑃𝐴𝑎𝑙𝑒𝑟𝑡 15 min  
 𝑇𝐶𝑃𝐴𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 −15 min 

between 𝜓𝑑𝑒𝑠 and 𝜓𝑟𝑜𝑢𝑡𝑒. The resulting OGP is shown in Eq. (29): 
argmin
𝜓𝑑𝑒𝑠

(𝜓𝑑𝑒𝑠 − 𝜓𝑟𝑜𝑢𝑡𝑒)2

s.t. C1: 𝐯𝑛𝑂𝑆 (𝑡) ∈ 

C2: 𝜓𝑑𝑒𝑠 ∈ 𝛹

C3: 
{

𝑥̇𝑂𝑆 (𝑡) = 𝑈𝑂𝑆 (𝑡0) cos(𝜓𝑑𝑒𝑠)
𝑦̇𝑂𝑆 (𝑡) = 𝑈𝑂𝑆 (𝑡0) cos(𝜓𝑑𝑒𝑠)

C4: 
{

𝑥̇𝑇𝑆 (𝑡) = 𝑈𝑂𝑆 (𝑡0) cos(𝜓𝑇𝑆 (𝑡0))
𝑦̇𝑇𝑆 (𝑡) = 𝑈𝑂𝑆 (𝑡0) cos(𝜓𝑇𝑆 (𝑡0))

(29)

where 𝐯𝑛𝑂𝑆 (𝑡) = [𝑥̇𝑂𝑆 (𝑡), 𝑦̇𝑂𝑆 (𝑡)] and 𝛹 is the feasibility set which 
represents the requirements of COLREG; in case of a crossing or head-on 
situation: 
𝛹 ≡ {𝜓 ∈ R ∶ (𝛥𝜓𝑚𝑎𝑥(𝑡0) ≥ 𝛥𝜓𝐴𝑃𝑃 ) ∧ (𝑏𝑟𝑂𝑆,𝑇𝑆 < 0)} (30)

in case of an overtaking situation: 
𝛹 ≡ {𝜓 ∈ R ∶ 𝛥𝜓𝑚𝑎𝑥(𝑡0) ≥ 𝛥𝜓𝐴𝑃𝑃 } (31)

6.3.3. Autopilot
The autopilot simply returns the heading of the vessel when the 

collision risk was first detected. This guidance law is meant to satisfy 
the obligations of the stand-on behaviour.

6.3.4. COLREG classifier-based decision-making module
The DMM implements an algorithm that decides whether the own 

ship should be guided by the PFM or by the CAM and, in such a 
case, whether by the LVO-based CA or by the autopilot. To make this 
choice, the DMM makes use of a CC system and a Meta-Classification 
system. In particular, if the Meta-Classification system does not return 
a classification output, then 𝜓𝑑𝑒𝑠 is calculated by the PFM; otherwise, if 
the own ship is recognised by the CC system as the stand-on vessel, then 
𝜓𝑑𝑒𝑠 is calculated by the autopilot while if the own ship is recognised as 
the give-way vessel, 𝜓𝑑𝑒𝑠 is calculated by the LVO-based CA algorithm.

A stated in Section 6, the CPA-TCPA method is adopted as CRA 
methodology, the course-based approach is adopted as CC system, and, 
for the first round of simulations, DCMC is used, while for the second 
round of simulations, SCMC is used. The parameters of the CPA-TCPA 
method and for the PACC are shown in Table  3.

6.3.5. PID-based heading control module
The HCM computes the rudder angle required to achieve 𝜓𝑑𝑒𝑠. The 

control algorithm is a single-input single-output PID controller. The 
control law is shown in Eq. (32). 

𝛿(𝑡) = 𝐾𝑃 (𝜓𝑑𝑒𝑠 − 𝜓(𝑡)) +𝐾𝐼 ∫

𝑡

0
(𝜓𝑑𝑒𝑠 − 𝜓(𝜏)) 𝑑𝜏 +𝐾𝐷

𝑑(𝜓𝑑𝑒𝑠 − 𝜓(𝑡))
𝑑𝑡

(32)

6.4. Simulation metrics

Proper metrics are defined to interpret the results of the simulations. 
In particular, four metrics are defined: Classification Quality (𝐶𝑄), to 
quantify the reliability of the classification output, distance at Closest 
Point of Approach (𝐶𝑃𝐴), to quantify the safety of the evasive manoeu-
vre, Rule Compliance (𝑅𝐶), to quantify COLREG-compliance during the 
evasive manoeuvre, and Manoeuvre Unfeasibility (𝑀𝑈), to quantify 
and compare the difficulty of actuating the evasive manoeuvre.
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6.4.1. Classification quality metric
The aim of the 𝐶𝑄 metric is to assess the reliability of the classifi-

cation output: the higher the numerical value of 𝐶𝑄, the more reliable 
the classifier output. To quantify this, this paper uses the mean over 
[𝑡𝑑 , 𝑡𝑒] of a function 𝑓0 ,(𝑡)(𝑡) defined as follows: 

𝑓0 ,(𝑡)(𝑡) =

{

1,  if 0 = (𝑡)
0,  otherwise (33)

where 0 is the expected classification output and (𝑡) is the classifi-
cation output obtained at time 𝑡. Using 𝑓0 ,(𝑡)(𝑡), 𝐶𝑄 is calculated as 
follows: 

𝐶𝑄 = 1
𝑡𝑒 − 𝑡𝑑 ∫

𝑡𝑒

𝑡𝑑
𝑓0 ,(𝑡)(𝑡) 𝑑𝑡 (34)

6.4.2. Distance at closest point of approach metric
The 𝐶𝑃𝐴 metric is identified as a relevant metric to compare 

collision avoidance algorithms (Zaccone et al., 2024). The 𝐶𝑃𝐴 metric 
is defined as the minimum distance between the two agent ships in the 
time window [𝑡𝑑 , 𝑡𝑒] normalised with respected to the safety distance 
𝑑𝑠𝑎𝑓𝑒𝑡𝑦 introduced in Section 4.2. 

𝐶𝑃𝐴 =
min({𝑑𝐴𝑆1 ,𝐴𝑆2 (𝑡) ∶ 𝑡 ∈ [𝑡𝑑 , 𝑡𝑒]})

𝑑𝑠𝑎𝑓𝑒𝑡𝑦
(35)

6.4.3. Rule compliance metric
The 𝑅𝐶 metric aims to assess how much an evasive manoeuvre is 

compliant with the requirements from COLREG. To do so, proper func-
tions called Compliance Functions, indicated with 𝐶𝑆 (𝑡), are defined. 
These functions return at each time instant 𝑡 a numerical value which 
quantifies how a certain vessel was in compliance with situation 𝑆 at 
time instant 𝑡. The numerical value of each 𝐶𝑆 (𝑡) ranges between 0 and 
1, with 0 indicating complete violation and 1 full compliance. Once 
all the values of 𝐶𝑆 (𝑡) in the range [𝑡𝑑 , 𝑡𝑒] have been calculated, 𝑅𝐶 is 
calculated as follows: 

𝑅𝐶 = 1
𝑡𝑒 − 𝑡𝑑 ∫

𝑡𝑒

𝑡𝑑
𝐶𝑆 (𝑡) 𝑑𝑡 (36)

Five different Compliance Functions are defined, namely, 𝐶𝐻𝑂(𝑡), 
𝐶𝐶𝐺𝑊 (𝑡), 𝐶𝑂𝐺𝑊 (𝑡), 𝐶𝐶𝑆𝑂(𝑡), and 𝐶𝑂𝑆𝑂(𝑡), which quantify the compli-
ance during a head-on, a crossing-give-way, an overtaking-give-way, 
a crossing-stand-on, and an overtaking-stand-on situation respectively. 
The complete definition of the Compliance Functions listed before can 
be found in the works of Woerner et al. (2019) and Gleeson et al. 
(2024). In this section, a brief description on the evaluation of these 
functions is shown.

The equations for the Compliance Functions are shown in Eq. 
(37)–(41): 
𝐶𝐻𝑂(𝑡) = (1 − 𝑃𝐷𝐴(𝑡))(1 − 𝑃𝑁𝐶𝐶 (𝑡))(1 − 𝑃𝑁𝑆𝐶 (𝑡))(1 − 𝑃𝑃𝑇 (𝑡)) (37)

𝐶𝐶𝐺𝑊 (𝑡) = (1 − 𝑃𝐷𝐴(𝑡))(1 − 𝑃𝑁𝐶𝐶 (𝑡))(1 − 𝑃𝑁𝑆𝐶 (𝑡))(1 − 𝑃𝑃𝑇 (𝑡)) (38)

𝐶𝑂𝐺𝑊 (𝑡) = (1 − 𝑃𝐷𝐴(𝑡))(1 − 𝑃𝑁𝐶𝐶 (𝑡))(1 − 𝑃𝑁𝑆𝐶 (𝑡)) (39)

𝐶𝐶𝑆𝑂(𝑡) = (1 − 𝑃𝐶𝐶 (𝑡))(1 − 𝑃𝑆𝐶 (𝑡)) (40)

𝐶𝑂𝑆𝑂(𝑡) = (1 − 𝑃𝐶𝐶 (𝑡))(1 − 𝑃𝑆𝐶 (𝑡)) (41)

where 𝑃𝐷𝐴(𝑡), 𝑃𝑁𝐶 (𝑡), 𝑃𝑃𝑇 (𝑡), 𝑃𝑁𝑆𝐶 (𝑡), 𝑃𝐶𝐶 (𝑡), and 𝑃𝑆𝐶 (𝑡) are Penalty 
Functions, i.e., functions quantifying a specific behaviour which re-
duces the compliance with the requirements of COLREG.

The penalty 𝑃𝐷𝐴(𝑡) is calculated as in Eq. (42) and it penalises 
the delay of the evasive manoeuvre after the detection of the risk of 
collision: 

𝑃𝐷𝐴(𝑡) = 𝑅(𝑡)
𝑑𝑂𝑆,𝑇𝑆 (𝑡𝑑 ) − min(𝑑𝑂𝑆,𝑇𝑆 (𝑡𝑑 ), 𝑑𝑂𝑆,𝑇𝑆 (𝑡𝑚)) (42)
𝑑𝑂𝑆,𝑇𝑆 (𝑡𝑑 )
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where 𝑡𝑚 is the time instant when the evasive manoeuvre starts, and 
𝑅(𝑡) is a penalty reduction function defined as in Eq. (43): 

𝑅(𝑡) = min

(

(𝑡 − 𝑡𝑑 )2

𝑇 2
𝑟

, 1

)

(43)

where 𝑇𝑟 is the reaction time of the own ship. The role of 𝑅(𝑡) is to 
reduce the value of a Penalty Function to account for the fact that 
vessels need a non-negligible amount of time to change their course. 
The value of 𝑡𝑚 is taken as the first time instant at which the variation 
of course with respect to the course at 𝑡𝑑 exceeds in absolute value a 
tolerance 𝛥𝜓𝑇𝑂𝐿. The variation of course is indicated as 𝛥𝜓(𝑡) and is 
calculated according to the equation: 
𝛥𝜓(𝑡) = 𝜓(𝑡) − 𝜓(𝑡𝑑 ) (44)

The penalty 𝑃𝑁𝐶𝐶 (𝑡) is calculated as in Eq. (45) and penalises a 
non-apparent course change: 

𝑃𝑁𝐶𝐶 (𝑡) =

⎧

⎪

⎨

⎪

⎩

𝑅(𝑡) 𝛥𝜓𝑎𝑝𝑝−𝛥𝜓𝑚𝑎𝑥(𝑡)𝛥𝜓𝑎𝑝𝑝
, 𝛥𝜓𝑚𝑎𝑥(𝑡) ≤ 𝛥𝜓𝑎𝑝𝑝

0, otherwise
(45)

where 𝛥𝜓𝐴𝑃𝑃  is the value of an apparent course change, and 𝛥𝜓𝑚𝑎𝑥(𝑡)
is the maximum value of 𝛥𝜓(𝑡) achieved until time 𝑡, calculated as in 
Eq. (46): 
𝛥𝜓𝑚𝑎𝑥(𝑡) = max({𝛥𝜓(𝜏) ∶ 𝜏 ∈ [𝑡𝑑 , 𝑡]}) (46)

The penalty 𝑃𝑃𝑇 (𝑡) is calculated as in Eq. (47) and penalises port 
side turns of give-way vessels: 

𝑃𝑃𝑇 (𝑡) =

⎧

⎪

⎨

⎪

⎩

0, 𝐴(𝑡) = 0

min
(

|𝛥𝜓(𝑡)|
𝛥𝜓𝑇𝑂𝐿

, 1
)

, 𝛥𝜓(𝑡) < 0

0, otherwise

(47)

where 𝐴(𝑡) is a switch function which checks whether the own ship and 
the target ship are on converging courses and is defined in Eq. (48): 

𝐴(𝑡) =

{

1, 𝑇𝐶𝑃𝐴𝑂𝑆,𝑇𝑆 (𝑡) > 0
0, otherwise

(48)

The penalty 𝑃𝑁𝑆𝐶 (𝑡) is calculated as in Eq. (49) and penalises 
non-apparent changes of speed: 

𝑃𝑁𝑆𝐶 (𝑡) =

⎧

⎪

⎨

⎪

⎩

𝑅(𝑡) 𝛥𝑈𝑎𝑝𝑝−𝛥𝑈𝑚𝑎𝑥(𝑡)𝛥𝑈𝑎𝑝𝑝
, 𝛥𝑈𝑚𝑎𝑥(𝑡) ≤ 𝛥𝑈𝑎𝑝𝑝

0, otherwise
(49)

where 𝛥𝑈𝑚𝑎𝑥(𝑡) is the maximum speed change achieved at time instant 
𝑡, calculated as in Eq. (50): 
𝛥𝑈𝑚𝑎𝑥(𝑡) = max({𝛥𝑈 (𝜏) ∶ 𝜏 ∈ [𝑡𝑑 , 𝑡]}) (50)

The penalty 𝑃𝐶𝐶 (𝑡) is calculated as in Eq. (51) and penalises changes 
in course angle: 

𝑃𝐶𝐶 (𝑡) =

⎧

⎪

⎨

⎪

⎩

0, 𝛥𝜓(𝑡) < 𝛥𝜓𝑇𝑂𝐿
𝛥𝜓(𝑡)−𝛥𝜓𝑇𝑂𝐿
𝛥𝜓𝐴𝑃𝑃 −𝛥𝜓𝑇𝑂𝐿

, 𝛥𝜓(𝑡) < 𝛥𝜓𝐴𝑃𝑃
1, otherwise

(51)

The penalty 𝑃𝑆𝐶 (𝑡) is calculated as in Eq. (52) and penalises changes 
in speed: 

𝑃𝑆𝐶 (𝑡) =

⎧

⎪

⎨

⎪

⎩

0, 𝛥𝑈 (𝑡) < 𝛥𝑈𝑇𝑂𝐿
𝛥𝑈 (𝑡)−𝛥𝑈𝑇𝑂𝐿
𝛥𝑈𝐴𝑃𝑃 −𝛥𝑈𝑇𝑂𝐿

, 𝛥𝑈 (𝑡) < 𝛥𝑈𝐴𝑃𝑃
1, otherwise

(52)

where 𝛥𝑈 (𝑡) is calculated as follows: 
𝛥𝑈 (𝑡) = 𝑈 (𝑡) − 𝑈 (𝑡𝑑 ) (53)

The values of the other parameters of the compliance functions are 
listed in Table  4. The values for 𝛥𝑈𝐴𝑃𝑃  and 𝛥𝑈𝑇𝑂𝐿 are not defined since 
the evasive manoeuvre was constrained to be executed with the use of 
the rudder alone.
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Table 4
Parameters of the compliance functions.
 Parameter Value  
 𝑇𝑟 200 s  
 𝛥𝜓𝑎𝑝𝑝 20◦  
 𝛥𝜓𝑇𝑂𝐿 2◦  
 𝛥𝑈𝑎𝑝𝑝 n/d Kn 
 𝛥𝑈𝑇𝑂𝐿 n/d Kn 

6.4.4. Manoeuvre unfeasibility metric
The 𝑀𝑈 metric is a quantification of the difficulty of the vessel 

actuators to execute an evasive manoeuvre: the higher the value of 
the 𝑀𝑈 metric, the more difficult it is to execute the manoeuvre. To 
quantify this, this paper proposes the use of the root mean square of 
the time derivative of the rudder angle. In this way, sudden changes 
in the rudder angle or continuous alterations make the manoeuvre 
score as more unfeasible for a real rudder machine, while slow changes 
make the evasive manoeuvre score as more feasible. The 𝑀𝑈 metric is 
calculated as follows: 

𝑀𝑈 =

√

1
𝑡𝑒 − 𝑡𝑑 ∫

𝑡𝑒

𝑡𝑑
𝛿̇2 𝑑𝑡 (54)

6.5. Simulation environment

The simulation environment and the GNC system have been imple-
mented with the Python programming language using the NumPy (Har-
ris et al., 2020) linear algebra library and the SciPy (Virtanen et al., 
2020) scientific computing library. The solver RK45 implemented in 
SciPy was used to numerically integrate the system in Eq. (26), and 
brute force was used to solve Eq. (29). The simulations were run on 
a laptop running Fedora Linux 40 (Workstation Edition) and equipped 
with an Intel Core i9-14900HX × 32 processor and 16 GB RAM.

7. Results of the simulation campaign

A pool of 100 scenarios was generated and used for the simulation 
campaign. In Fig.  6 the distribution of the COLREG situations in the 
scenario pool is shown. Since in the simulations both vessels were 
controlled independently by the GNC system described in Section 6.3, 
the usual terms own ship and target ship lose their meaning as there 
is no privileged point of view. Instead, the terms ‘‘agent ship 1’’ and 
‘‘agent ship 2’’ are used to indicate the vessels involved in the scenarios. 
Moreover, the terms 𝐻𝑂, 𝐶𝐺𝑊 , 𝐶𝑆𝑂, 𝑂𝐺𝑊 , 𝑂𝑆𝑂, and 𝑁𝐶 are used 
to indicate head-on situations, crossing situations where the agent ship 
1 is the give-way vessel, crossing situations where the agent ship 1 is 
the stand-on vessel, overtaking situations where the agent ship 1 is the 
give-way vessel, overtaking situations where the agent ship 1 is the 
stand-on vessel, and situations where no risk of collision is detected 
respectively. Section 7.1 features some notable cases from the pool of 
simulated scenarios, while Section 7.2 shows the overall results of the 
simulation campaign by means of violin plots and tables.

7.1. Comparative analysis of notable scenarios

Figs.  7 to 12 show examples of head-on, crossing and overtaking 
situations using DCMC and SCMC from the pool of simulations carried 
out for this study. The differences between the simulations employing 
SCMC and those employing DCMC become evident by comparing Figs. 
7(a), 9(a) and 11(a) with Figs.  8(a), 10(a) and 12(a), respectively, 
which show the trajectories of the evasive manoeuvres. While in Figs. 
7(a), 9(a) and 11(a) the manoeuvres are smooth and last longer in time, 
in Figs.  8(a), 10(a) and 12(a) the manoeuvres are sharper and last less 
time.
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Fig. 6. Simulation dataset description.

Despite the differences, however, the evasive manoeuvres are exe-
cuted correctly in all the simulations: the head-on and crossing situa-
tions feature a starboard turn, a wide initial course change, and in all of 
them the safety distance is respected, as show by Figs.  7(b), 8(b), 9(b),
10(b), 11(b) and 12(b). However, the consequences of Classification 
Instability become evident when examining Figs.  8(c), 8(d), 10(c),
10(d), 12(c) and 12(d).

Figs.  8(c), 10(c) and 12(c) show the time history of the rudder 
angle during the simulations employing SCMC. In all these figures, 
the rudder angle features an oscillatory behaviour in which the peaks 
of the oscillations come close to the maximum allowed value. Even 
though such rudder angles time histories can be actuated in a simulated 
environment, in a real world scenario they would cause excessive 
lateral accelerations that would harm crew, passengers and cargo and 
would cause fatigue to the rudder machine.

Figs.  8(d), 10(d) and 12(d) show the output of COLREG classifi-
cation during the simulations employing SCMC. In all situations the 
classification results oscillate between the correct situation and 𝑁𝐶
rendering the CC system unreliable.

The same problems do not appear the simulations employing DCMC. 
In Figs.  7(c), 9(c) and 11(c) the rudder angle stays for most of the 
time on the steady state value, which is not zero since the vessel 
model is equipped with a single-screw propeller, and it changes only 
when the vessel is required to deviate from the predefined path and to 
return to it. In Figs.  7(d), 9(d) and 11(d) the output of the classifier 
remains stable on the correct value for the whole duration of the 
evasive manoeuvre, shifting back to 𝑁𝐶 only once, when the vessels 
are past and clear.

7.2. Overall results

Figs.  13(a) to 13(d) show by means of violin plots the distribution 
of the values of the relevant metrics defined in Section 6.4 over all the 
simulations carried out during this study.

Fig.  13(a) shows the distribution of the 𝐶𝑄 metric with two violins: 
one for simulations carried out using the SCMC, the other for simula-
tions carried out using DCMC. The plot for the simulations driven by 
the SCMC alone shows that the realised values of 𝐶𝑄 are spread over all 
the domain of the metric and not even in one occasion its maximum 
value was reached. On the contrary, in all the simulations driven by 
DCMC the value of 𝐶𝑄 is always at its maximum showing reliability 
and absence of Classification Instability.

Fig.  13(b) shows the distribution of the 𝐶𝑃𝐴 metric with two 
violins: one for simulations carried out using the SCMC, the other for 
simulations carried out using DCMC. Both plots show a high concen-
tration of values around or even above the value of 1 showing that 
independently of the Meta-Classification system used in no scenario 
the vessels ended up in a collision. However, in the simulations driven 
10 
Table 5
Summary of results.
 Metric SCMC DCMC Improvement 
 𝜇𝐶𝑄 0.672 1 +48.77%  
 𝜇𝐶𝑃𝐴 0.996 1.001 +0.519%  
 𝜇𝑅𝐶 0.965 0.984 +2.045%  
 𝜇𝑀𝐹𝑆𝑂 4.525 ⋅ 10−4 3.617 ⋅ 10−6 −99.20%  
 𝜇𝑀𝐹𝐺𝑊 7.916 ⋅ 10−3 8.572 ⋅ 10−4 −89.17%  
 Share of violations 86% 3% −96.51%  

by DCMC, the 𝐶𝑃𝐴 assumes higher values on average and 𝑑𝑠𝑎𝑓𝑒𝑡𝑦 is 
violated more rarely.

Fig.  13(c) shows the distribution of the 𝑅𝐶 metric with two violins: 
one for simulations carried out using the SCMC, the other for simula-
tions carried out using DCMC. This figure shows that 𝑅𝐶 is only slightly 
affected by the choice of Meta-Classification technique, instead, both 
SCMC and DCMC manage to reach high level of 𝑅𝐶.

Fig.  13(d) shows the distribution of the 𝑀𝑈 metric with four 
violins: one for the stand-on vessel in simulations carried out using the 
SCMC (the violin named ‘‘SSO’’ in the figure), another for the stand-on 
vessel in simulations carried out using DCMC (the violin named ‘‘DSO’’ 
in the figure), another for the give-way vessel in simulations carried 
out using the SCMC (the violin named ‘‘SGW’’ in the figure), and the 
last one for the give-way vessel in simulations carried out using DCMC 
(the violin named ‘‘DGW’’ in the figure). This figure shows that the use 
of DCMC consistently reduces the unfeasibility of the manoeuvre both 
for the stand-on vessel and for the give-way vessel with compared to 
the SCMC.

Table  5 summarises the results already shown by Figs.  13(a) to 13(d)
showing the mean values of the metrics and the variation in percentage 
of these quantities between the simulations that used the SCMC and 
those using DCMC. Moreover, the share of simulations where 𝑑𝑠𝑎𝑓𝑒𝑡𝑦 is 
violated is shown.

8. Conclusions

This work features a study of the phenomenon of Classification 
Instability which arises in the process of COLREG-compliant marine 
CA for MASS. The concept of Meta-Classification system is introduced 
to indicate those elements that link together the CC system and the 
CA algorithm in a GNC system for COLREG-compliant CA. Then the 
lack of memory of the previous states of the encounter scenario is 
identified as the source of Classification Instability in SCMC. DCMC is 
introduced as a replacement for SCMC as Meta-Classification system to 
solve the issue of Classification Instability. The performance of DCMC 
and SCMC are compared with the use of numerical simulations of two-
vessel encounter scenarios. The results summarised in Table  5 show 
that DCMC is capable of solving the issue of Classification Instability 
and this fact is confirmed by the value of 𝜇𝐶𝑄 which is equal to 1.0 
for the simulations in which DCMC is used. The simulation campaign 
shows that DCMC is also able to reduce the usage of the rudder 
during evasive manoeuvres making them more feasible for a real rudder 
machine. The number of scenarios where 𝑑𝑠𝑎𝑓𝑒𝑡𝑦 is violated is also lower 
in simulations where DCMC is used. The small variations in the values 
of 𝜇𝐶𝑃𝐴 and 𝜇𝑅𝐶 between the simulations employing SCMC and those 
employing DCMC show that SCMC is still a valid Meta-Classification 
system, confirming its wide usage in the literature.

Further work can still be done in this direction. The simulations pre-
sented in this work could be carried out using different CC systems, CRA 
methodologies and CA algorithms. More COLREG situations could be 
simulated including different categories of vessels, e.g., sailing vessels, 
vessels engaged in fishing activities.
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Fig. 7. Notable head-on scenario simulated with DCMC.
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Fig. 8. Notable head-on scenario simulated with SCMC.
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Fig. 9. Notable crossing scenario simulated with DCMC.
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Fig. 10. Notable crossing scenario simulated with SCMC.
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Fig. 11. Notable overtaking scenario simulated with DCMC.
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Fig. 12. Notable overtaking scenario simulated with SCMC.
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Fig. 13. Relevant metrics over all simulations.
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