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 a b s t r a c t

This paper presents the design of an intelligent guidance framework for collision-free navigation of Autonomous 
Surface Vessels (ASVs), integrating traffic rule awareness and reasoning characteristics. The proposed framework 
leverages the available qualitative information related to traffic rules and the operational environment(s), in the 
form of semantic information, as well as sensor information to make online path planning decisions. A modular 
finite-state machine assigns traffic roles, while the path planner computes a collision-free envelope and reasons 
over a path, considering both vessels and infrastructure. A Line-of-Sight algorithm and controller enforce the 
selected path. The method’s effectiveness is demonstrated in a multi-environment case study involving head-on 
and crossing encounter scenarios, showcasing its adaptability and efficiency across short-sea and inland waterway 
operations.

1.  Introduction

Nowadays, waterborne transport is responsible for more than 80% 
of global cargo services (Pratson, 2023). In an effort to realise the Euro-
pean’s Green Deal’s target of climate-neutrality by 2050, the shift from 
road transport to inland waterways and the automation of multi-modal 
mobilities have been identified as two of the European Union’s thematic 
priorities (Smeds & Cavoli, 2021). Autonomous Surface Vessels (ASVs) 
have emerged as a popular research topic within this context due to their 
potential to reduce operational costs, enhance traffic flow and improve 
navigational safety. Among navigational safety risks, collision events are 
the most prominent, representing 36% of vessel casualties in 2023, as 
recorded by the European Maritime Safety Agency (2024). The recorded 
casualty events incorporate both collisions with the surrounding infras-
tructure (e.g., banks, bridges, locks) and other vessels.

Motion planning and control are essential functionalities in ASV ap-
plications, and are usually handled by a dedicated Guidance, Navigation 
and Control (GNC) system. The guidance system is primarily responsible 
for planning collision-free paths, considering the operational environ-
ment of the ASV (e.g., Inland waterways, short sea) and its associated 
spatial constraints (e.g., water depth, bank effects) that influence the 
dynamic behavior of the vessel (Zhang et al., 2025). In addition, dif-
ferent traffic rules apply to different types of environments and should 
be transcribed in the design of the guidance system. To efficiently in-
tegrate and reason over the knowledge required for safe ship guidance 

∗ Corresponding author.
 E-mail addresses: n.kougiatsos@tudelft.nl (N. Kougiatsos), a.dhyani-1@tudelft.nl (A. Dhyani), v.reppa@tudelft.nl (V. Reppa).

under different and potentially challenging encounter scenarios, Artifi-
cial Intelligence methods are increasingly applied (Luo et al., 2022).

In Yang et al. (2019), a cooperative collision avoidance mechanism 
is developed for a network of vessels. The online path planning for each 
vessel involves a selection from a set of possible routes with different 
characteristics (e.g., closest time of approach between vessels) through 
the application of a genetic algorithm. Nonetheless, the authors only 
consider vessel to vessel collisions in their study, excluding collisions 
with the infrastructure. The authors of Hinostroza et al. (2021) con-
sider the risk of collision with static obstacles and propose a guidance 
scheme targeted at path planning and the calculation of the reference 
heading signal, through a Line-of-Sight (LOS) guidance law. The devia-
tion of the reference path is selected through an optimization process, 
similar to Dijikstra’s algorithm, called the Fast Marching method. Li 
et al. (2023) in their work consider both static and dynamic obstacles. 
The optimal path deviation to avoid collisions is selected through the 
formulation of vessel speed and distance constraints in a robust opti-
misation framework. While these papers contribute significantly in the 
calculation process of the optimal deviation from the original route to 
avoid collisions, most of the proposed algorithms are associated with 
high complexity and can prove computationally intensive in heavy traf-
fic scenarios. To handle this complexity, He et al. (2022, 2025), Zhou 
et al. (2021) employ the Velocity Obstacle (VO) method for collision 
avoidance. VO optimises the generated path deviation based on infor-
mation about the own vessel’s course and position, the other vessel’s 
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Fig. 1. Proposed Guidance Framework. Dashed arrows are used for signals that are provided offline while continuous arrows signify the online flow of information. 
The contributions of this paper are highlighted with colored/ curved boxes.

position and velocities and the safe distance between vessels. The com-
putational burden associated with the optimisation process is addressed 
by a pseudo-algorithm, though the implementation aspects of obtain-
ing and using the information about other vessels and obstacles are 
left out of the discussion. Zhou et al. (2022), instead propose stream 
functions to calculate the course deviation for collision avoidance, in-
spired by the field of hydrodynamics. Nevertheless, the previous meth-
ods consider that both the position and the velocities of other vessels are 
known, excluding details on how this information is obtained. Regard-
ing learning-based methods, Deep Reinforcement learning algorithms 
for vessel to vessel collision avoidance are investigated in single and co-
operative AI agent settings in Yoshioka and Hashimoto (2022), Yosh-
ioka et al. (2024). Positive and negative rewards are assigned when 
the vessel follows the waypoints, enters defined dangerous areas for 
collision, and performs according to the traffic rules. The assignment 
of the traffic roles to the involved vessels is left out of the discus-
sion though in these papers. The majority of reviewed literature fo-
cuses on the integration of the Convention on the International Reg-
ulations for Preventing Collisions at Sea (COLREGs) (International Mar-
itime Organization (IMO), 1972) in the guidance system. Meanwhile, 
regional regulations applicable to Inland Waterway traffic, such as 
the Binnenvaartpolitiereglement (BPR) (Overheid.nl, 2025) and the Po-
lice Regulations for the Navigation of the Rhine (RPR) (CCNR, 2024) 
have not been adequately discussed (Tran et al., 2025) for the same
purpose.

In this research work, an intelligent guidance framework is designed, 
incorporating rule awareness and reasoning characteristics, to ensure 
the collision-free navigation of marine vessels. The overall framework 
is illustrated in Fig. 1. More specifically, this paper examines changes 
in the type of environment, and the subsequent switching between ap-
plicable traffic rules. Rule awareness relies on the qualitative modelling 
of applicable traffic rules and operational environment characteristics 
in a computer-cognitive format, using semantics in  , before the start 
of the operation. The path planner is designed to avoid collisions with 
both other vessels (dynamic obstacles) and the surrounding infrastruc-
ture (static obstacles). To this end, a semantic reasoner is incorporated, 
leveraging both the semantic information and sensor feedback from the 
own vessel sensors and from other vessels (e.g., via the Vessel Traffic 
System (VTS)), to make well-informed decisions on the applicable traf-
fic rules and environment, as well as the required reference path devi-
ation to avoid collisions. The calculation of the reference path devia-
tion relies on the derivation of geometrical conditions, without requir-

ing information on the vessel velocities. The reasoner is assisted by a 
modular Finite-State Machine (FSM) approach, considering both COL-
REGs and other regional rules, for the classification of the encounter 
scenario and the assignment of the traffic role. Tracking of the modified 
reference path is accomplished through the use of an already-developed 
LOS guidance law (Kougiatsos & Reppa, 2026) and applied using a PID 
controller, tracking the provided heading reference. A well-established 
3-DoF First-Principle model Σ, provided by the Maneuvering Modelling 
Group (MMG), is used for simulation purposes.

Previous work of the authors (Tsolakis et al., 2024) focused on 
the translation of COLREG requirements using a Finite-State Machine 
Approach. However, regional traffic rules were left out of the discus-
sion. Kougiatsos et al. (2025) semantically described and reasoned be-
tween different topology and control design choices for marine vessels. 
Though, the semantic translation and reasoning between regulations 
was not considered. Finally, Kougiatsos and Reppa (2026) developed 
a Virtual-sensor informed LOS guidance law, shown in Fig. 1, for the 
adaptive estimation of both sensor faults and the unknown sideslip an-
gle. Nonetheless, collision avoidance objectives were not explored in 
this work.

The main contribution of this paper is the development of an intel-
ligent collision-free path planner (Section 4) that utilizes the available 
sensor and semantic information to make decisions on the applicable 
traffic rules and environment characteristics and reasons over a safe 
path envelope to avoid collisions. The consideration of the infrastruc-
ture for collision avoidance allows for safe vessel operation in restricted 
waterways. The modular Finite-state machine approach allows for the 
consideration of multiple traffic rules, dictating different behavior for 
the vessel. As a result, the vessel operation (Section 2) can safely adapt 
to different operational environments. The translation of traffic rules as 
part of the semantic database, in Section 3, facilitates the collaboration 
between of the relevant regulatory bodies and engineers for the design of 
the collision avoidance system. Simulation results from the application 
of the proposed methodology in head-on and crossing scenarios, occur-
ring between a short-sea and an inland waterway environment are used 
to verify the applicability and efficiency of the method, in Section 5. 
Finally, concluding remarks are provided in Section 6.

2.  Problem formulation

We assume that the ASV moves in a workspace  ⊆ ℝ2. Similar 
to Zhang et al. (2025), we use the MMG model formulation. To this 
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Fig. 2. Encounter situation analysis between own (orange) and an encountered other vessel (green) while moving through restricted waters. The basic geometrical 
characteristics of the planar motion in the plane X-Y are shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.)

end, the ASV’s configuration is described by its planar position state 
(𝑥(𝑡), 𝑦(𝑡), 𝜓(𝑡))⊤ ∈ ℝ3, its longitudinal and lateral velocities 𝑢(𝑡) ∈ ℝ and 
𝑣(𝑡) ∈ ℝ and its yaw rate 𝑟(𝑡) ∈ ℝ. The overall state of the vessel is de-
noted as 𝑥𝑥𝑥(𝑡) = (𝑥(𝑡), 𝑦(𝑡), 𝜓(𝑡), 𝑢(𝑡), 𝑣(𝑡), 𝑟(𝑡))⊤ ∈ ℝ6 and the control input 
to the vessel as 𝑢𝑢𝑢(𝑡) = 𝛿(𝑡) ∈  ⊆ ℝ, where 𝛿(𝑡) represents the rudder an-
gle.

Assuming a coordinate system with its center at the origin of the 
vessel’s local coordinate system, the evolution of the ASV’s state is de-
scribed by the following nonlinear differential equations:

Σ ∶ 𝑥̇𝜁𝑥̇𝜁𝑥̇𝜁 (𝑡) =
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0 0 0 0 −
𝑥𝐺𝑚
𝐶𝑦𝜓

(𝑚 + 𝑚𝑥)
𝐶𝑦𝜓

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎦

⋅

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎣

𝑢
𝑣
𝑟

(𝑚 + 𝑚𝑦)𝑣𝑚𝑟 + 𝑥𝐺𝑚𝑟2 +𝑋𝐻 (𝑥𝑥𝑥𝜁 ) +𝑋𝑃 (𝑥𝑥𝑥𝜁 ) +𝑋𝑅(𝑥𝑥𝑥𝜁 , 𝑢𝑢𝑢)
𝑌𝐻 (𝑥𝑥𝑥𝜁 ) + 𝑌𝑅(𝑥𝑥𝑥𝜁 , 𝑢𝑢𝑢) + 𝜎𝑏𝑌𝐵(𝑥𝑥𝑥𝜁 ) + (𝑚 + 𝑚𝑥)𝑢𝑟
𝑁𝐻 (𝑥𝑥𝑥𝜁 ) +𝑁𝑅(𝑥𝑥𝑥𝜁 , 𝑢𝑢𝑢) + 𝜎𝑏𝑁𝐵(𝑥𝑥𝑥𝜁 ) − 𝑥𝐺𝑚𝑢𝑟

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎦

,

(1)

where 𝐶𝑦𝜓 = (𝑚 + 𝑚𝑥)(𝐼𝑧 + 𝑥2𝐺𝑚 + 𝐽𝑧) − (𝑥𝐺𝑚)2, 𝑚 is the mass of the ves-
sel, 𝑚𝑥 and 𝑚𝑦 denote the added mass in the longitudinal and transverse 
directions, 𝐼𝑧 is the moment of inertia and 𝐽𝑧 denotes the added mo-
ment of inertia, 𝑥𝐺 is the longitudinal position of the center of gravity, 
𝑣𝑚 expresses the sway velocity at midship, and 𝜎𝑏 ∈ {0, 1} is a param-
eter explained in the Section 3. The hull forces 𝑋𝐻  (surge direction), 
𝑌𝐻  (sway direction) and yaw moment 𝑁𝐻 , the rudder forces 𝑋𝑅 (surge 
direction), 𝑌𝑅 (sway direction) and yaw moment 𝑁𝑅, the bank forces 
𝑌𝐵 (sway direction) and yaw moment 𝑁𝐵 , and the propeller force 𝑋𝑃
compose the sums in the right hand side of (1). Note that the influence 
of the state 𝑥𝑥𝑥 of the vessel and the control input 𝑢𝑢𝑢 in the calculation of 
the forces acting on the vessel is explicitly stated in (1). The modeling 
of the vessel hydrodynamic forces is discussed in Zhang et al. (2025). 
The vessel incorporates a set of sensors  described as:

 ∶ 𝑦𝑦𝑦𝜁 (𝑡) = [𝑥, 𝑦, 𝜓]⊤ , (2)

where 𝑦𝑦𝑦𝜁 ∈ ℝ3 denotes the sensor values.
During navigation, the ASV’s path planning decisions are influenced 

by (i) the sensor feedback from  (quantitative), (ii) the information 
communicated from other traffic participants (e.g., using VTS) (quanti-
tative), and (iii) the applicable traffic rules to be respected for collision 
avoidance (qualitative). The goal of this paper is to develop an intelli-
gent guidance framework for ASVs that is aware of traffic rules, is able 
to reason using the available quantitative and qualitative knowledge for 
collision avoidance, and can plan a set of collision-free paths.
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3.  Navigation-oriented semantic database

The backbone of the proposed guidance framework is a navigation-
oriented Semantic database. Similar to our previous work in Kougiatsos 
et al. (2025), the database  can be defined as:
 = 𝑒 ∪ 𝑟, (3)

where 𝑒 stores the semantic information related to the vessel’s “oper-
ational environment”, and 𝑟 stores the semantic information related 
to the “traffic rules” that the vessel should follow. These are defined as 
follows:
“Operational environment”: During the vessel’s mission, the type of 
operational environment dictates the physical infrastructure limitations 
that the vessel is required to take into account (e.g., waterway width 𝑤
and water depth 𝑑). An “operational environment” can be thus expressed 
by the parameters 𝑤 and 𝑑, as well as a bank force switching variable 
𝜎𝑏 ∈ {0, 1}, implemented in the right half side of Eq. (1).
“Traffic Rules”: Depending on the location where the vessel operates, 
certain rules will dictate its traffic behavior. These rules can be gen-
erally categorized in three categories, the “Situation Invariant Rules”, 
“Situation Analysis Rules” and “Situation Dependent Rules”. The first 
are always followed regardless of the traffic scenario. A vessel can 
assume one of the following three roles in an encounter situation with 
another vessel; Stand On (when expected to keep the same course and 
speed), Give-way (when expected to take collision avoidance action) 
and Emergency Give-way (in situations when the Stand-On vessel 
finds herself so close to collision and is expected to take any action to 
aid in avoiding said collision). “Situation Analysis Rules“ are used to 
assign the role 𝑟 ∈ {1, 2, 3} (1: give-way, 2: stand-on and 3: emergency 
give-way) of the vessel in the specific encounter scenario. “Situation 
Dependent Rules“ are used to dictate a safe distance 𝜌𝑠 from other 
vessels, a safe lane distance 𝑑𝑙 and a safe speed 𝑈𝑠 for the own vessel, 
depending on 𝑟.

The collision-free path planner presented next considers the safe dis-
tances to perform decisions on the safe path deviation to avoid collision. 
The safe speed constraint, though important, requires the consideration 
of velocity measurements in (2) and of speed as part of the control ob-
jectives. As such, it is left out of the scope of the present research work.

4.  Collision-free path planner

The collision-free path planner module presented in this section in-
volves the design of two cyber agents, the semantic reasoner and the 
modular FSM. Semantic reasoning aims at effectively utilizing the avail-
able semantic information stored in the database  for online opera-
tional decisions (Kougiatsos et al., 2025). The reasoner is responsible 
for the assessment of the encounter conditions, the decision on the ap-
plicable traffic rules and the planning of a collision-free path. To ac-
complish the third task, the semantic reasoner is assisted by a modular 
Finite-State Machine, mapping the calculated encounter parameters to 
specific traffic roles.

4.1.  Semantic reasoner

The assessment of the encounter conditions typically involves per-
forming several geometrical calculations using the inputs from sensors 
in  to assess quantities such as the relative bearing and relative head-
ing between the own and other vessels, the distance between the own 
and other vessel(s) 𝑑 and the distance between the own vessel and the 
bank in case of inland waterway navigation (𝑑𝑙). Based on the various 
applicable traffic rules (i.e., COLREGS, BPR, PRR), “ample time” should 
be allowed to make decisions related to collision avoidance, while the 
vessels are expected to “keep well clear” of each other. These require-
ments geometrically translate to an encounter distance 𝜌𝑒𝑛𝑐 , used to ini-
tiate the assessment of the encounter situation when other vessels are in 

range of this radius, and a safe distance 𝜌𝑠, used to enforce the vessels 
to keep well clear of each other. Moreover, a vessel radius 𝜌𝑝 = 𝐿∕2 and 
𝜌𝑞 = 𝐿′∕2 is prescribed for the own and other vessel, respectively, where 
𝐿, 𝐿′ denote the lengths of the own and the other vessel, respectively. 
While a circular ship domain choice is made in this paper, non-circular 
shapes can also be used for the semantic reasoner. The relative bearing 
𝜓𝛽 is used to characterize the relative position between the two vessels, 
while the relative heading 𝜓𝑐 characterizes the difference in the heading 
of the two vessels. The main geometrical parameters of the encounter 
scenario between the own and another vessel can be seen in Fig. 2, while 
the formulas used for the calculation of 𝜓𝛽 , 𝜓𝑐 can be found in Tsolakis 
et al. (2024).

The selection of the applicable traffic rules from the semantic 
database takes the form of a mapping using the GPS signal measure-
ment, as follows:
𝐺𝑃𝑆 ×  ↦  𝑠, (4)

where 𝐺𝑃𝑆 denotes the space of GPS sensor measurements and
 𝑠 =  𝑠

𝑒 ∪  𝑠
𝑟 ⊆  (5)

denotes the active part of the semantic database for the current envi-
ronment ( 𝑠

𝑒 ⊆ 𝑒) and applicable traffic rules ( 𝑠
𝑟 ⊆ 𝑟).

In cases where the own vessel assumes a Give-Way or an Emergency 
Give-Way role, appropriate action needs to be taken to avoid collisions. 
In the context of this paper, the appropriate action to avoid collisions 
is the modification of the vessel’s reference waypoints, produced by the 
global planner before the start of the mission. This change occurs dur-
ing operation and is implemented in discrete time steps using the same 
sampling rate as the controller until the encounter situation is resolved.

Let us assume a constant reference path provided at the start of 
the mission, and discretized in waypoints 𝑘 = 0, 1,… , 𝑛, denoted as 
(𝑥𝑘, 𝑦𝑘)⊤. We modify the waypoints 𝑘 + 1 at each time 𝑡 using the terms 
(𝛿𝑥𝑘+1(𝑡), 𝛿𝑦𝑘+1(𝑡))⊤, so that the new path is defined as (Ali et al., 2024):
𝑥′𝑘+1(𝑡) = 𝑥𝑘+1 + 𝛿𝑥𝑘+1(𝑡), (6)

𝑦′𝑘+1(𝑡) = 𝑦𝑘+1 + 𝛿𝑦𝑘+1(𝑡), (7)

where 𝑥′𝑘+1(𝑡) and 𝑦′𝑘+1(𝑡) denote the coordinates of the modified refer-
ence path.

4.1.1.  Collisions with other vessels
If the current position (𝑥𝑜,𝑖, 𝑦𝑜,𝑖)⊤ and heading 𝜓𝑜,𝑖 of each of the other 

vessels i (𝑖 = 1, 2,… , 𝑛𝑣) is known, where 𝑛𝑣 denotes the total number of 
the other vessels, similar to Johansen et al. (2016), we assume that its 
movement until the following time step 𝑡 is constrained on a line:

𝑖 ∶

{

𝑥′𝑜,𝑖(𝑎) = 𝑥𝑜,𝑖 + 𝑎 cos(𝜓𝑜,𝑖),
𝑦′𝑜,𝑖(𝑎) = 𝑦𝑜,𝑖 + 𝑎 sin(𝜓𝑜,𝑖),

(8)

where 𝑎 ∈ (−∞,∞) is the path parameter, (𝑥′𝑜,𝑖, 𝑦′𝑜,𝑖)⊤ denote the set of 
positions that the other vessel is expected to occupy until the next time 
step 𝑡, based on the current knowledge of its position and heading. For 
each of the new future waypoints 𝑘 + 1 of the own vessel, we calculate 
its distance from each 𝑖 according to the following formula:
𝑑𝑊 𝑖 (𝑡) =

|

|

|

−𝑠𝑖𝑛(𝜓𝑜,𝑖)
(

𝑥′𝑘+1(𝑡) − 𝑥𝑜,𝑖
)

+ 𝑐𝑜𝑠(𝜓𝑜,𝑖)
(

𝑦′𝑘+1(𝑡) − 𝑦𝑜,𝑖
)

|

|

|

,

∀𝑖 ∈ {1, 2,… , 𝑛𝑣}.
(9)

In order to guarantee a vessel-to-vessel collision-free path, our vessel 
should maintain a safe distance 𝜌𝑠 from every other vessel that allows 
for “ample time for decision-making”, meaning that:
𝑑𝑊 𝑖 (𝑡) ≥ 𝜌𝑠 + 𝜌𝑝 + 𝜌𝑞 . (10)

Substituting (6), (7), (9) in (10) and after some algebraic manipulations, 
the following set of constraints is obtained for collision avoidance with 
every other vessel 𝑖:
|

|

𝛿𝑦𝑘+1 cos(𝜓𝑜,𝑖) − 𝛿𝑥𝑘+1 sin(𝜓𝑜,𝑖)|| ≥
(

𝜌𝑠 + 𝜌𝑝 + 𝜌𝑞
)

+ |

|

(𝑦𝑜,𝑖 − 𝑦𝑘+1) cos(𝜓𝑜,𝑖)

+(𝑥𝑘+1 − 𝑥𝑜,𝑖) sin(𝜓𝑜,𝑖)||,∀𝑖 ∈ {1,… , 𝑛𝑣}. (11)
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4.1.2.  Collisions with infrastructure
For inland waterway operations, collision avoidance with the banks 

of the waterway demands that a certain safe distance needs to be re-
spected. For instance, Rule 9 of COLREGS dictates that “A vessel pro-
ceeding along the course of a narrow channel or fairway shall keep as 
near to the outer limit of the channel or fairway which lies on her star-
board side as is safe and practicable […]”.

Let us define w, (𝑥, 𝑦) ↦ 𝑤, as the non-constant but known waterway 
width, dependent on the planar coordinates of our vessel, and 𝑠𝑤 as a 
safety factor defining the safe distance from the bounds of the canal and 
receiving values in [0, 0.5). This factor serves as a heuristic, and its value 
can be set for limiting vessel-to-bank interactions (Lataire et al., 2018). 
Assuming that the position of each buoy 𝑗 (𝑗 = 1,… , 𝑛𝐵), where 𝑛𝐵 is 
the total number of buoys, scattered throughout the waterway or the 
shore, denoted as (𝑥𝐵,𝑗 , 𝑦𝐵,𝑗 )⊤ is known, we can define a line, passing 
between two consecutive buoys 𝑗, 𝑗 + 1 as:

𝑗 ∶

{

𝑥′𝐵,𝑗 (𝑏) = 𝑥𝐵,𝑗 + 𝑏
(

𝑥𝐵,𝑗+1 − 𝑥𝐵,𝑗
)

,

𝑦′𝐵,𝑗 (𝑏) = 𝑦𝐵,𝑗 + 𝑏
(

𝑦𝐵,𝑗+1 − 𝑦𝐵,𝑗
)

,
(12)

where 𝑏 ∈ [0, 1] is the path parameter, (𝑥′𝐵,𝑗 , 𝑦′𝐵,𝑗 )⊤ are the coordinates 
of each point that lies on 𝑗 . For each of the new future waypoints 𝑘 + 1
of the own vessel, we calculate its distance from 𝑗 according to the 
following formula:

𝑑𝑊 𝑗 (𝑡) =

|

|

|

|

𝛿𝑥𝐵,𝑗
(

𝑦𝐵,𝑗 − 𝑦′𝑘+1(𝑡)
)

−
(

𝑥𝐵,𝑗 − 𝑥′𝑘+1(𝑡)
)

𝛿𝑦𝐵,𝑗
|

|

|

|

√

𝛿𝑥2𝐵,𝑗 + 𝛿𝑦
2
𝐵,𝑗

,

∀𝑗 ∈ {1, 2,… , 𝑛𝐵},

(13)

with 𝛿𝑥𝐵,𝑗 = 𝑥𝐵,𝑗+1 − 𝑥𝐵,𝑗 and 𝛿𝑦𝐵,𝑗 = 𝑦𝐵,𝑗+1 − 𝑦𝐵,𝑗 denoting the longitu-
dinal and lateral distances between two consecutive buoys.

The clearance requirement to the waterway banks can then be math-
ematically translated as:
𝑠𝑤𝑤(𝑥, 𝑦) ≤ 𝑑𝑊 𝑗 (𝑡) ≤ (1 − 𝑠𝑤)𝑤(𝑥, 𝑦), (14)

which after some algebraic manipulation renders the following con-
straints:
|

|

|

𝛿𝑥𝐵,𝑗 ⋅ 𝛿𝑦𝑘+1 − 𝛿𝑦𝐵,𝑗 ⋅ 𝛿𝑥𝑘+1
|

|

|

≤ (1 − 𝑠𝑤)𝑤(𝑥, 𝑦)
√

𝛿𝑥2𝐵,𝑗 + 𝛿𝑦
2
𝐵,𝑗 −

|

|

|

𝛿𝑥𝐵,𝑗
(

𝑦𝐵,𝑗 − 𝑦𝑘+1
)

−
(

𝑥𝐵,𝑗 − 𝑥𝑘+1
)

𝛿𝑦𝐵,𝑗
|

|

|

,∀ 𝑗 = {1, 2,… , 𝑛𝐵}, (15)

|

|

|

𝛿𝑥𝐵,𝑗 ⋅ 𝛿𝑦𝑘+1 − 𝛿𝑦𝐵,𝑗 ⋅ 𝛿𝑥𝑘+1
|

|

|

≥ 𝑠𝑤𝑤(𝑥, 𝑦)
√

𝛿𝑥2𝐵,𝑗 + 𝛿𝑦
2
𝐵,𝑗 +

|

|

|

𝛿𝑥𝐵,𝑗
(

𝑦𝐵,𝑗 − 𝑦𝑘+1
)

−
(

𝑥𝐵,𝑗 − 𝑥𝑘+1
)

𝛿𝑦𝐵,𝑗
|

|

|

,∀ 𝑗 = {1, 2,… , 𝑛𝐵}. (16)

When the risk of collision exists for the own ASV described by (1) 
and it assumes a Give Way (GW) or Emergency Give Way (EGW) role, 
potential collisions with other vessels and the available infrastructure 
can be avoided, if the planned waypoints are horizontally and vertically 
displaced in the earth-fixed frame by 𝛿𝑥𝑘+1(𝑡) ∈ ℝ and 𝛿𝑦𝑘+1(𝑡) ∈ ℝ, re-
spectively, abiding by the constraints (11), (15) and (16). This implies a 
collision-free envelope for the own vessel, dependent on the traffic con-
ditions and evolving over time, where the risk of collision is eliminated.

The various traffic rules also determine the specifics of the behav-
ior that the vessels should adopt to avoid collisions. For instance, for 
head-on encounters, COLREGS mention that the vessels should take ap-
propriate action to pass each other port to port. This can be translated 
in terms of a preference to the envelope as:
−(𝑦𝑘+1 − 𝑦𝑘) ⋅ 𝛿𝑥𝑘+1 + (𝑥𝑘+1 − 𝑥𝑘) ⋅ 𝛿𝑦𝑘+1 ≤ 0. (17)

At each time t, the smallest possible path deviation would be pre-
ferred. This translates to an optimization problem, formulated as fol-
lows:

min
𝛿𝑥𝑘+1 ,𝛿𝑦𝑘+1

{

𝛿𝑥2𝑘+1(𝑡) + 𝛿𝑦
2
𝑘+1(𝑡)

}

, ∀𝑘 = {0,… , 𝑛 − 1} (18)

, subject to:

Collision-free 
envelope

⎧

⎪

⎪

⎨

⎪

⎪

⎩

Eq. (11), ∀𝑖 ∈ {1, 2,… , 𝑛𝑣},
Eq. (15), ∀𝑗 ∈ {1, 2,… , 𝑛𝐵},
Eq. (16), ∀𝑗 ∈ {1, 2,… , 𝑛𝐵},
Eq. (17).

4.2.  Modular finite-state machine

In open and short-sea environments, where COLREGS are in effect, 
the traffic roles can be related to specific encounter situations, as (Tso-
lakis et al., 2024):

• GW: Head-On, Overtaking and Starboard-Crossing
• Stand-On (SO): Port-Crossing and Overtaken with no needed action
• EGW: Port-Crossing and Overtaken with emergency action
For inland waterway navigation, different traffic rules apply (i.e., 

BPR, PPR) and the relation between the traffic roles and encounter sit-
uations can change. For instance, according to Chapter 6 of BPR (Over-
heid.nl, 2025), the following different-to-COLREGS traffic rules apply:

• Head-on situation (Article 6.04): If two vessels are approaching each 
other on opposite courses in such a way that there is a risk of colli-
sion, the vessel not following the starboard side of the fairway shall 
give-way to the vessel following the starboard side of the fairway. 
If neither vessel follows the starboard side of the fairway, each shall 
give-way to vessels on the starboard side so that they pass each other 
port to port.

• Crossing situation (Article 6.17): If the courses of two ships cross 
each other in such a way that there is a risk of collision, the ves-
sel not following the starboard side of the fairway shall give way to 
the vessel following the starboard side of the fairway. In case none 
of the ships follows the starboard side of the fairway, the ship ap-
proaching from the port side gives way to the vessel approaching 
from starboard side.

From the above, it is clear that the relation of the traffic role and the 
various encounter situations changes to:

• GW: Head-On (port side of the waterway), Overtaking and Crossing 
(port side of the waterway),

• SO: Head-On (starboard side of the waterway),Crossing (starboard 
side of the waterway) and Overtaken with no needed action,

• EGW: Crossing (starboard side of the waterway) and Overtaken with 
emergency action,

with the lane distance from the port and starboard side of the waterway, 
𝑑(𝑝)𝑙  and 𝑑(𝑠)𝑙 , the relative heading 𝜓𝑐 and the relative bearing between 
the vessels 𝜓𝛽 being important parameters for the role assignment.

The traffic role of the own vessel and other vessels can be determined 
using a Finite-State Machine (FSM) approach, such as the one shown in 
Fig. 3. When COLREGS are in effect, the design of the left hand side FSM 
in Fig. 3 has been already described in Tsolakis et al. (2024). Following 
a similar rationale, we construct the FSM corresponding to BPR traffic 
rules, and shown in the right hand side of Fig. 3. The following transition 
expressions of the FSM are proposed to determine the traffic role in this 
case:

𝑇̃ 𝑒𝑛𝑡𝐺𝑊 = 𝑇𝑒𝑛𝑐 ∧ {𝑇𝑟𝑠𝑘 ∧ 𝑇𝑏𝑝𝑟 ∧ [((𝑇ℎ𝑑𝑛 ∨ 𝑇𝑠𝑡𝑟) ∧ ¬𝑇𝑠𝑡𝑏)

∨ (𝑇𝑏𝑟𝑛 ∧ (𝑇𝑜𝑣𝑟 ∨ 𝑇𝑠𝑡𝑏))]}, (19)

𝑇 𝑒𝑥𝑡𝐺𝑊 = ¬𝑇𝑒𝑛𝑐 , (20)

𝑇 𝑒𝑛𝑡𝐸𝑀 = 𝑇𝑒𝑚𝑔 , (21)

𝑇 𝑒𝑥𝑡𝐸𝑀 = ¬𝑇𝑒𝑚𝑔 , (22)

where the logic symbols ∧, ∨, ¬ stand for “and”, “or” and “not” respec-
tively,

𝑇enc = 𝑑(𝑡) < 𝜌enc, (23)

Control Engineering Practice 175 (2026) 107113 

5 



N. Kougiatsos et al.

Fig. 3. Assignment of the traffic role using a modular Finite-State Machine Approach.

Algorithm 1 Collision-free Path Planner (at every timestep 𝑡).
Input: 𝑦𝜁 , 𝑦𝑜,  ⊳ Vessel sensor data, semantic database
Parameters: 𝑤, 𝑠𝑤 ⊳ waterway width, safety factor
Output: 𝛿𝑥𝑘+1(𝑡), 𝛿𝑦𝑘+1(𝑡) ⊳ Deviation of future planned waypoints 
1: Calculate relative bearing 𝜓𝛽 , and relative heading 𝜓𝑐 between own 
vessel and vessel i, 𝑖 = 1, 2,… , 𝑛𝑣 in 𝜌𝑒𝑛𝑐 ⊳ Tsolakis et al. (2024)

2:  𝑠 ← 𝐺𝑃𝑆 ×  using ⊳ Eq. (4)
3: Apply FSM in Fig. 3 to determine Traffic Role
4: if (Traffic Role is "GW") or (Traffic Role is"EGW") then
5:  𝑘 ← 1
6:  while 𝑘 ≤ 𝑛 − 1 do ⊳ n: number of waypoints
7:  (𝑥, 𝑦) ↦ 𝑤
8:  Evaluate constraints (11), (15), (16), (17)
9:  Calculate 𝛿𝑥𝑘+1, 𝛿𝑦𝑘+1 from (18)
10:  𝑘 ← 𝑘 + 1
11:  end while
12: end if

𝑇rsk = 𝑑CPA(𝑡) < 𝜌𝑝 + 𝜌𝑞 + 𝜌𝑠, (24)

𝑇bpr = 𝑑(𝑠)𝑙 ≥ 𝑑(𝑝)𝑙 (25)

𝑇hdn = (𝜓𝑐 (𝑡) ≥ 𝜋 − 𝜓ℎ) ∧ (𝜓𝑐 (𝑡) < 𝜋 + 𝜓ℎ), (26)

𝑇str = (𝜓𝑐 (𝑡) ≥ 𝜋 + 𝜓ℎ) ∧ (𝜓𝑐 (𝑡) <
13𝜋
8

), (27)

𝑇brn = (𝜓𝑐 (𝑡) ≥
13𝜋
8

) ∧ (𝜓𝑐 (𝑡) <
3𝜋
8
), (28)

𝑇ovr = (𝜋 + 𝜓𝛽 (𝑡) − 𝜓𝑐 (𝑡) ≥
5𝜋
8
)∧

(𝜋 + 𝜓𝛽 (𝑡) − 𝜓𝑐 (𝑡) <
11𝜋
8

), (29)

𝑇stb = (𝜓𝛽 (𝑡) ≥ 0) ∧ (𝜓𝛽 (𝑡) <
5𝜋
8
), (30)

𝑇emg = 𝑑(𝑡) < 𝜌emg, (31)

with 𝜌𝑒𝑚𝑔 defining the radius of a circular area around the ASV within 
which, if a GW vessel enters, it is inferred it does not comply with the 
rules. The derived modular FSM considering both COLREGS and BPR 
is shown in Fig. 3. Online switching between the two branches is en-
abled through the use of a condition block activated by  𝑠. Algorithm 1 
outlines the integration of the traffic rule-aware role assignment by the 
FSM in Fig. 3 with the semantic reasoning capabilities of Section 4.1.

5.  Simulation results

In this section, the results from the application of the collision-free 
path planner developed in Section 4 are presented. To this end, a Pusher-

Barge ASV case study is employed, with dynamics described by (1) and
(2), operating between a short-sea and a Dutch inland waterway en-
vironment. The prinicpal dimensions and parameters of the ASV model 
have been already provided in Zhang et al. (2025). A PID reference head-
ing tracking controller is designed for path following, with the rudder 
angle 𝛿 updated for this purpose, as follows: 

𝛿(𝑡) = 𝐾𝑝

(

𝜓̃(𝑡) + 𝑇𝑑 ̇̃𝜓(𝑡) +
1
𝑇𝑖 ∫

𝑡

0
𝜓̃(𝑡)

)

, (32)

where 𝜓̃(𝑡) ≜ 𝜓𝑟𝑒𝑓 (𝑡) − 𝑦𝜁𝑦𝜁𝑦𝜁{3}(𝑡) represents the heading angle tracking 
error at time step t, 𝜓𝑟𝑒𝑓  is calculated by the VS-LOS guidance law 
(Kougiatsos & Reppa, 2026), 𝐾𝑝 is the controller’s proportional gain, 
𝑇𝑑 and 𝑇𝑖 are the derivative and integral time constants, respectively. 
The controller is tuned using a closed-loop natural frequency of 𝜔𝑛 =
0.1 𝑟𝑎𝑑∕𝑠 and a damping factor 𝜁 = 0.95 (Fossen, 2011). Since the mea-
surements of the yaw rate 𝑟 are not available, a command filter is used 
for its estimation (Farrell & Polycarpou, 2006). For simulation purposes, 
both the controller and the collision-free path planner are used with a 
sampling time 𝑇𝑠 = 1 𝑠.

For the simulation purposes, the own vessel is tasked to follow 
a reference route starting at (𝑥, 𝑦) = (100, 0)⊤ and finishing at (𝑥, 𝑦) =
(5800, 0)⊤, discretized in 𝑛 evenly-spaced waypoints. The distance be-
tween waypoints is selected based on the Pusher-Barge vessel’s advance 
distance, which is equal to 2.5 times the vessel’s length (≅ 250 m) (Zhang 
et al., 2025). The waterway has a width w=750 m (i.e., more than two 
times the length of the own vessel) and the safety clearance factor from 
the banks is taken as 𝑠𝑤 = 0.2. Based on previous results of experiments 
related to ship-to-ship interaction (Vantorre et al., 2002), a minimum 
value for the safe distance 𝜌𝑠 between the vessels equal to 0.5𝐵, where 𝐵
is the own vessel’s breadth, is assumed. This choice of value is shown to 
minimize the lateral force and yaw moment between the vessels during 
head-on and overtaking encounter situations. A value of 𝜌𝑒𝑛𝑐 = 5𝐿 ≈ 500
m is assumed for the encounter distance of the own vessel. In order to 
semantically capture the effects of regulations in the path planner, Rules 
6–8, 14, 16, 17, and 18 of COLREGS and Articles 6.03, 6.04, and 6.07 of 
BPR are semantically described in  . The planner is tested in two sce-
narios. The first scenario involves head-on encounters, while the latter 
features crossing encounters. In each scenario, the own vessel transfers 
from a short-sea to an inland waterway environment. Based on the en-
vironment type at the time instant 𝑡, COLREGs or BPR may be used.

5.1.  Head-on scenario

In this scenario, the own vessel encounters 𝑛𝑣 = 2 opposite-moving 
Pusher-Barge vessels, posing risks for head-on collisions, as seen in 
Fig. 4. The encounter between the own vessel (blue) and vessel 𝑖 = 1
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Fig. 4. Paths of the own (blue), other vessel 𝑖 = 1 (green) and other vessel 𝑖 = 2
(purple) on the X-Y plane for the head-on scenario. The geographic boundaries 
of the simulation map are denoted with yellow boxes. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web 
version of this article.)

Fig. 5. Distance between the own vessel and other vessel 𝑖 = 1 (𝑑1 shown in 
blue), and between the own vessel and other vessel 𝑖 = 2 (𝑑2 shown in purple), 
during each head-on encounter. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.)

(green) occurs at the short-sea environment, where the other vessel 𝑖 = 1
starts from the point (𝑥𝑜,1, 𝑦𝑜,1) = (2500, 0)⊤. The encounter between the 
own vessel and vessel 𝑖 = 2 (purple) occurs in the Dutch Inland water-
way environment, where the other vessel 𝑖 = 2 starts from the point 
(𝑥𝑜,2, 𝑦𝑜,2) = (4000, 0)⊤. The path of each vessel over time, the timestamps 
corresponding to specific events (e.g., start and end point of each vessel, 
points where the vessels are at the closest distance), as well as the geo-
graphical bounds used in the simulation are shown in Fig. 4. From the 
same Figure, the distances 𝑑(𝑝)𝑙  and 𝑑(𝑠)𝑙  of each vessel from the banks of 
the inland waterway can also be inferred.

Fig. 5 illustrates the difference between the achieved distance be-
tween the own vessel and vessel 𝑖 ∈ {1, 2}, denoted as 𝑑𝑖 and the safe 
distance 𝜌𝑠. More specifically, the difference 𝑑1 − 𝜌𝑠 is shown with a 
blue color, while the difference 𝑑2 − 𝜌𝑠 is shown with a purple color. 
Both curves receive values greater than 0, which signifies that vessels 
keep well-clear from each other, respecting the safe distance.

Fig. 6 illustrates the time histories of the heading angles correspond-
ing to the three simulated vessels for the case study. During the first en-
counter, the own vessel (blue) and other vessel 𝑖 = 1 (green) both make 
evasive maneuvers to avoid collision, as seen in Fig. 4. Thus, the head-

Fig. 6. Time history of the recorded heading angles for the own vessel (blue), 
other vessel 𝑖 = 1 (green), and other vessel 𝑖 = 2 (purple), in the examined head-
on scenario. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.)

ing measurement 𝑦𝜁𝑦𝜁𝑦𝜁{3} drops below 0 deg (turn to starboard), while 𝜓𝑜,1
assumes values between 180 and 150 deg (turn to starboard) in Fig. 6. 
As a result, the two vessels pass each other port to port, in accordance to 
COLREGs, before starting to correct their headings again to their orig-
inal values, as shown in Fig. 4. The own vessel continues with almost 
zero heading in the inland waterway environment (see Fig. 6), where 
it encounters the other vessel 𝑖 = 2 (purple) coming from the opposite 
direction. According to Fig. 4, the distance of the own vessel from the 
starboard side bank is less than the distance of the other vessel 𝑖 = 2 from 
the same bank. As a result, the own vessel follows the starboard side of 
the waterway. Based on Rule 6.04 of BPR, the modular FSM in Fig. 3 
assigns the Stand-On role to the own vessel. Symmetrically, the other 
vessel 𝑖 = 2 assumes a Give-Way role and should take action to avoid 
collision. The appropriate action for vessel 𝑖 = 2 is to alter its reference 
path in such a way as to pass the own vessel port to port, illustrated by 
the reduction of the heading angle between 180 deg and 150 deg (turn 
to starboard) in Fig. 6. The own vessel proceeds on its original path, 
without an action required to avoid collision. Thus, the two vessels re-
solve the second head-on encounter scenario in accordance to the BPR 
rules, as illustrated in Fig. 4.

5.2.  Crossing scenario

For the second scenario, illustrated in Fig. 7, the own vessel encoun-
ters 𝑛𝑣 = 2 Pusher-Barge vessels, crossing from a −150 𝑑𝑒𝑔 and 90 𝑑𝑒𝑔
angle, respectively. The encounter between the own vessel (blue) and 
vessel 𝑖 = 1 (green) occurs at the short-sea environment, where the 
other vessel 𝑖 = 1 starts from the point (𝑥𝑜,1, 𝑦𝑜,1) = (2495.7, 575)⊤. The 
encounter between the own vessel and vessel 𝑖 = 2 (purple) occurs in 
the Dutch Inland waterway environment, where the other vessel 𝑖 = 2
starts from the point (𝑥𝑜,2, 𝑦𝑜,2) = (4750,−700)⊤. The path of each vessel 
over time, the timestamps corresponding to specific events (e.g., start 
and end point of each vessel, points where the vessels are at the clos-
est distance), as well as the geographical bounds used in the simula-
tion are shown in Fig. 7. From the same Figure, the distances 𝑑(𝑝)𝑙  and 
𝑑(𝑠)𝑙  of each vessel from the banks of the inland waterway can also be
inferred.

Fig. 8 illustrates the difference between the achieved distance be-
tween the own vessel and vessel 𝑖 ∈ {1, 2}, denoted as 𝑑𝑖 and the safe 
distance 𝜌𝑠. More specifically, the difference 𝑑1 − 𝜌𝑠 is shown with blue 
colored line, while the difference 𝑑2 − 𝜌𝑠 is shown with a purple colored 
line. Again, both curves remain positive, which signifies that vessels stay 
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Fig. 7. Paths of the own (blue), other vessel 𝑖 = 1 (green) and other vessel 𝑖 = 2
(purple) on the X-Y plane for the crossing scenario. The geographic boundaries 
of the simulation map are denoted with yellow boxes. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web 
version of this article.)

Fig. 8. Distance between the own vessel and other vessel 𝑖 = 1 (𝑑1 shown in 
blue), and between the own vessel and other vessel 𝑖 = 2 (𝑑2 shown in purple), 
during each crossing encounter. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.)

clear from each other, respecting the safe distance. The time windows of 
the two head-on encounters are highlighted, based on the defined 𝜌𝑒𝑛𝑐 .

Fig. 6 illustrates the time histories of the heading angles correspond-
ing to the three simulated vessels for the case study. From the own’s 
vessel’s perspective, the encounter scenario with the other vessel 𝑖 = 1
is perceived as a port crossing situation, and, according to the FSM in 
Fig. 3, the stand-on role is assumed. Similarly, the other vessel 𝑖 = 1
assumes a give-way role and is required to alter its course to avoid col-
lision. In Fig. 7, the own vessel (blue) indeed stands on its path, while 
the crossing vessel 𝑖 = 1 makes an evasive maneuver to avoid collision. 
During this maneuver, 𝜓𝑜,1 assuming values between -180 and -150 𝑑𝑒𝑔, 
according to Fig. 9. As a result, the other vessel 𝑖 = 1 crosses behind the 
own vessel, and then returns to its original path. The own vessel con-
tinues with almost 0 𝑑𝑒𝑔 heading in the inland waterway environment, 
where it meets the other vessel 𝑖 = 2 (purple) crossing at a 90 𝑑𝑒𝑔 an-
gle, as seen in Fig. 7. According to the same Figure, the distance of the 
own vessel from the starboard side bank is bigger than the distance of 
the other vessel 𝑖 = 2 from its respective starboard side bank. As a re-
sult, the other vessel 𝑖 = 2 is the one following the starboard side of the 

Fig. 9. Time history of the recorded heading angles for the own vessel (blue), 
other vessel 𝑖 = 1 (green), and other vessel 𝑖 = 2 (purple), in the examined cross-
ing scenario. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.)

waterway, and the own vessel should give way according to the BPR 
branch of the FSM in Fig. 3. The appropriate action for the own vessel 
is to alter its reference path and cross behind the other vessel 𝑖 = 2. This 
is illustrated by the reduction of the heading angle between 0 𝑑𝑒𝑔 and 
−50 𝑑𝑒𝑔 in Fig. 9. The own vessel returns to its original path, after the 
encounter scenario has been resolved. The other vessel 𝑖 = 2 has no need 
to alter its heading, as illustrated with the purple line in Fig. 9. Thus, 
the two vessels resolve the crossing scenario in accordance to the BPR 
rule 6.17, as shown in Fig. 7.

6.  Conclusion

This paper presented an intelligent guidance scheme enabling 
collision-free navigation of vessels across diverse operational envi-
ronments. By integrating semantic knowledge with quantitative sen-
sor data, the framework was able to support rule-aware and context-
sensitive decision-making, accounting for traffic interactions with both 
other vessels and the surrounding infrastructure. The multi-environment 
head-on and crossing encounter scenarios demonstrated the frame-
work’s capability to adapt seamlessly to varying regulatory require-
ments, ensuring rule-aware collision avoidance behavior while main-
taining the required safe distances and clearances.

Dealing with more complex scenarios (e.g., high traffic) will impact 
the decision-making of the collision-free path planner, in terms of the 
calculation of the collision-free envelope using (11), (15), (16), and (17). 
As such, future research will focus on the stress testing of the developed 
algorithm in a multitude of encounter scenarios. A more thorough design 
of the control system is required to ensure that the vessel is able to follow 
the path deviations suggested by the planner, under the influence of 
disturbances and faults. The inclusion of the propeller speed as a control 
input, and of the safe speed as a constraint in the path planner, is crucial 
in this respect.
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