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The SEAMLESS project aims to develop and adapt missing building blocks and enablers into a fully
automated, economically viable, cost-effective, and resilient waterborne freight feeder loop service
for Short Sea Shipping (SSS) and Inland Waterway Transport (IWT). The development of Building
Block #2: “Modular vessel and operations concepts” is the main focus of Work Package 4.

Deliverable D4.2 — “Autonomous GNC Scheme development and monitoring agent prototype” is
based on the research carried out in the context of Task 4.2 — “Development of Autonomous vessels
GNC scheme”. Delft University of Technology is the leader of Task 4.2, with other participating
partners being IRTSX, SO, NTUA, and NTNU. The task description in the Grant Agreement (GA) is
as follows:

“This task will develop a GNC scheme for SSS and IWT autonomous vessels, exploiting precise
positioning (i.e., Galileo/EGOS) which will be: 1) COLREG-compliant for safe navigation within
waterways with mixed traffic, and 2) fault-tolerant for contributing towards reducing redundancy
requirements. COLREG-compliance will be achieved by exploring the capability to express
regulations with a suitable mathematical representation and deriving requirements for sensors,
including water depth sensors (e.g., sonars) or lidars/cameras to avoid collision with spatial
boundaries (where the GNSS measurements are not accurate). In addition, the effect of COLREGs
alterations on this predicament, will be explored. Fault-tolerance will be implemented through the
development of a monitoring module capable of: (i) detecting local fault occurrence, (ii) isolating the
fault type (e.g. sensor fault, engine fault) and/or location (e.g. radar sensor fault, GNSS sensor fault),
(iii) distinguishing between local faults and falsified communicated data (e.g. spoofing of AIS data)
and propagated faults, and (iv) managing remedial actions (e.g. by reconstructing the faulty sensor
information using virtual sensors, or by using virtual actuators to reconstruct the actions, or by
adapting the controller). Analytical redundancy (e.g., quantitative, and qualitative models of the
vessels and their components) will be utilized to develop the fault diagnosis and fault management
techniques.”

This deliverable presents the development of two key components within the SEAMLESS project’s
Work Package 4: the traffic rule-compliant autonomous Guidance, Navigation, and Control (GNC)
scheme, and the monitoring agent prototype for actively ensuring fault tolerance. These innovations
aim to enhance the safety, adaptability, and reliability of autonomous vessels operating across
diverse European waterborne environments. It is of high importance to achieve this aim considering
that autonomous navigation in inland waterways and short-sea operations face critical challenges:
dynamic environments, differences in traffic rules between geographical areas of different
jurisdiction, risks posed by abnormal events (e.g., faults) and mixed traffic scenarios involving both
manned and autonomous traffic participants.

The deliverable demonstrates a significant step toward intelligent, rule-aware, and fault-resilient
autonomous vessel navigation. It concerns the design of an intelligent GNC scheme, whose primary
role is to dynamically (i) estimate the position and velocity of the vessel using sensors including
GNSS, gyrocompass, Inertial Measurement Unit (IMU), Automatic Identification System (AIS), and
perceive the operational environment (navigation), (ii) compute the path/trajectory that the vessel
should follow (guidance), and (iii) render the vessel follow the computed path/trajectory (control).
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The GNC scheme that we developed in Task 4.2 is also able to (i) handle the effects of malfunctions
(fault-tolerance), and (ii) effectively switch between applicable regulations when the operational
environment changes (i.e., when the vessel transits from inland waterways to a port area).
“COLREG-compliance” is “achieved by exploring the capability to express regulations with a suitable
mathematical representation and deriving requirements for sensors, including water depth sensors
(e.g., sonars) or lidars/cameras to avoid collision with spatial boundaries (where the GNSS
measurements are not accurate).”, using semantics and a modular Finite-State Machine in Chapter
2. More specifically, traffic regulations are transcribed as ontologies in a navigation-oriented
database (.owl format). Safe distance requirements from other traffic participants and from spatial
boundaries, and velocity requirements are translated as sensor requirements for the determination
of the traffic roles (e.g., stand-on, give-way vessel) in Chapter 2, and for the determination of a safe
trajectory deviation to avoid collisions in Chapter 4. To manage mixed traffic conditions, we establish
a new traffic role for emergency situations where compliant actions are not applied. The novelty of
embedding regional regulations (e.g., BPR) as part of the semantic database with the COLREGS
and of the Finite-State Machine (Chapter 2) addresses the need to handle “the effect of COLREGs
alterations on this predicament”. Fault-tolerance is “implemented through the development of a
monitoring module capable of: (i) detecting local fault occurrence, (ii) isolating the fault type (e.g.
sensor fault, engine fault) and/or location (e.g. radar sensor fault, GNSS sensor fault), (iii)
distinguishing between local faults and falsified communicated data (e.g. spoofing of AlS data) and
propagated faults”, with the relevant design showcased in Chapter 3. To handle the effects of
“falsified communicated data”, the diagnosis logic design in Section 3.1 considers the propagation
of sensor faulty information via the communication of monitoring agents and distinguishes between
local and propagated sensor faults. The management of “remedial actions (e.g. by reconstructing
the faulty sensor information using virtual sensors, or by using virtual actuators to reconstruct the
actions, or by adapting the controller)” is handled by a high-level risk mitigation framework developed
to interact with the GNC system in Chapter 4. As a result, the vessel operation can always result in
a safe fallback state. The “fault-tolerant capabilities” of the GNC scheme are enhanced by
embedding virtual sensors as part of the Guidance system in Chapter 4. Virtual sensors
quantitatively express the “analytical redundancy” of the system and help reduce hardware
“redundancy requirements” (i.e., duplicate sensors) onboard the vessel.

The methods presented in this work have the potential to work alongside and boost the performance
of other important SEAMLESS solutions, such as the low-attention Remote Operation Center (ROC)
architecture and ModalNET. The reasons for that are the collision-free and fault-tolerant capabilities,
which would allow for higher system uptime, continuous support in the decision making by remote
operators, and fewer disruptions in the waterway traffic network (i.e.., due to the avoidance of
accidents). The proposed solutions contribute to the SEAMLESS vision of safe and autonomous
waterborne transport.
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Nowadays, waterborne transport is responsible for more than 80 % of global cargo services (Pratson,
2023). To realise the European'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). Effectively, pursuing
those goals in the maritime domain would require (1) the seamless adaptation of marine vessels in
multi-environment (e.g., Inland Waterways, Short-Sea) operations, and (2) the enhancement of the
operational safety of new autonomous vessel concepts.

Motion planning and control are essential functionalities for navigation in diverse environments.
These tasks are usually handled by a dedicated Guidance, Navigation and Control (GNC) system,
such as the SEAMLESS proposed GNC system shown in Figure 1. Guidance is the function of an
experienced helmsman (F. Liu et al., 2019), responsible for motion planning since it is used to assess
the navigational situation and provide the reference signals to the controller (e.g., reference
heading). The most safety-critical guidance objective is the planning of a safe path for the vessel to
avoid collisions with other traffic participants, and the surrounding infrastructure. Processed sensor
information is typically communicated to the Guidance from the Navigation system, during the
vessel's operation. The navigation system integrates multiple hardware sensors to determine the
vessel’s position, velocity, and orientation. Like any hardware component, these sensors are
susceptible to faults. Sensor faults problem is usually overlooked; however their effects may result
in accidents such as collisions. Finally, the control system is responsible for the implementation of
the guidance decisions, using the information from the navigation system. Path following, and
collision avoidance are standard operational objectives handled by this system. Considering collision
avoidance, the implemented system should be able to handle the vessel interactions with other traffic
participants (i.e., manned or unmanned vessels) and the surrounding infrastructure (e.g., locks,
bridges, banks).
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GNC scheme developed in Task 4.2 featuring fault-tolerant and collision-free guidance capabilities. The
novelties presented in this report are shown with dashed boxes.
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The operational environment is associated with different spatial constraints (e.g., water depth, port/
waterway topology) that influence the dynamic behaviour of the vessel (e.g., bank/squat effects). In
addition, different applicable traffic rules determine the expected behaviour of the vessel (e.g.,
actions to avoid collision). Most of the available literature considers traffic rules expressed in the
Convention on the International Regulations for Preventing Collisions at Sea, 1972, commonly
referred to as COLREGs. Meanwhile, regional regulations applicable to Inland Waterway traffic, such
as the Binnenvaartpolitiereglement (BPR) (Overheid.nl, 2025) and the Police Regulations for the
Navigation of the Rhine (PRR) (Commission Centrale pour la Navigation du Rhin (CCNR), 2024) are
not adequately discussed (Hu et al., 2022; Tran et al., 2023). When the vessel navigates in port
areas and inland waterways of different flag states, the difference in the expected traffic behaviour
should be recorded (e.g., using a semantic database like the one in Figure 1), and implemented by
the collision avoidance system, to successfully prevent accidents and secure the infrastructure
investments.

According to the European Maritime Safety Agency (European Maritime Safety Agency, 2025), over
the period 2014-2024, accidents of navigational nature (i.e., collisions, contacts, and
groundings/strandings) represented almost 46.2 % of all occurrences. Moreover, another 26.1% of
all incidents were attributed to loss of directional (e.g., rudder) and propulsion power (e.g., propeller).
System failures (e.g., due to sensor or actuator faults) are often a root cause for the occurrence of
loss of control events. To contain all these risks and reduce the number of accidents, proper collision
avoidance systems and monitoring agents should be developed.

Hazard identification and risk assessment analysis are essential steps to ensure their safe and
reliable operation of autonomous vessels. The use of techniques such as systems theoretic process
analysis (STPA) has been widely explored in the literature for safety assessment and verification
(Wrébel et al., 2018). Additionally, providing the analysis results as inputs to the control system
during system operation can further enhance the decision-making capabilities of autonomous
vessels (Thieme et al., 2023). Arguably, one of the most critical decision-making tasks is to identify
a hazardous situation and prevent an accident by bringing the system to a minimum-risk condition
(MRC). According to (DNV GL, 2018), an MRC is defined as “a temporary as-safe-as-possible state
that the vessel enters when it experiences situations which, if continued, involves operating outside
the safe operating envelope”. These situations can arise from unsafe actions taken during vessel
operation, originating from factors such as sensor faults, communication delays, or sudden change
of operational conditions (e.g., traffic environment, traffic rules), and can potentially disrupt nominal
operations. Enhancing the operational safety against physical threats in the navigational
environment (e.g., other vessels, infrastructure) should be equally important to the diagnosis and
handling of malfunctions (e.g., faults), affecting the single vessel operation.

Partially observable Markov decision processes (POMDPs), on the other hand, can directly model
the effect of decisions taken on the system’s state by incorporating them as “actions” in their
framework. Furthermore, unlike the static structure of Bayesian networks, POMDPs offer a dynamic
modeling approach that enhances their ability to assess risks more effectively. However, this
approach to risk modeling for Autonomous Surface Vessels (ASVs) remains unexplored in the
literature, as the number of states and associated properties in a POMDP model can rapidly
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proliferate. This could significantly increase the computational cost of real-time evaluation, which
stands as a key consideration favouring the adoption of Bayesian networks (Rothmund, 2023).
Furthermore, determining the transition probabilities for the POMDP model is also a challenge.

Typically line-of-sight (LOS) laws are very popular for the design of the Guidance system, due to
their low computational cost and simplicity (Gu et al., 2022). The primary objective of LOS methods
is to adjust the vessel’s heading angle to minimize the cross-tracking error, i.e., the lateral deviation
from the desired path. Extensions of the basic proportional LOS (PLOS) guidance law include
integral LOS (ILOS) (Chen et al., 2024) and extended-state-observer-based LOS (ELOS) (Wu et
al., 2024) guidance methods for compensating unknown sideslip and ocean currents. Adaptive LOS
(ALOS) guidance laws have also attracted particular attention, as they are able to estimate uncertain
parameters such as sideslip angle or current effects in real time, thereby improving robustness
without relying on costly sensors. To this end, parameters such as the lookahead distance are varied
(C. Liu et al., 2018) while others such as the unknown drift angle are estimated (F. Liu et al., 2019).
In (Fossen, 2023), the authors develop an ALOS guidance law, able to compensate for drift forces
due to wind, waves, and ocean currents. The performance of the proposed method is shown to be
comparable to that of ILOS Guidance law, which assumes a fixed sideslip angle, with less overshoot
than ELOS, which can handle rapidly varying sideslip angles. A 3-Dimensional (3D) ALOS guidance
law is derived by the authors in (Fossen & Aguiar, 2024), considering both heading and depth-
changing maneuvers. A stability proof for the guidance law is provided, although only under healthy
conditions for the actuators and sensors (i.e., in the absence of faults). (Su et al., 2021) develop a
similar adaptive guidance law , also providing the stability analysis for the guidance system.
However, this work only considers the kinematic model of the vessel excluding the dynamical
aspects (forces and moments). On the contrary, a 3-Degrees-of-Freedom (DoF) dynamical model is
used by (X. Liu & Zhang, 2024), and actuator faults are modelled as loss of efficiency. Sensor noise
as well as the influence of sensor faults are not considered though in the aforementioned research
works. The timely diagnosis and mitigation of the effects of this type of faults is particularly important
for the overall safety of the vessel, expressed by its accurate motion planning and collision avoidance
capabilities.

In (Yang et al., 2019), a cooperative collision avoidance mechanism is developed for a network of
vessels. The reference trajectory modification for each vessel is selected by a set of possible routes
with different characteristics (e.g., closest time of approach between vessels) through the application
of a genetic algorithm. Nonetheless, only vessel-to-vessel collisions are considered in their study
while the generation of the initial reference trajectory for each vessel is left out of discussion. The
authors of (Hinostroza et al., 2021) consider the risk of collision with static obstacles and propose a
guidance scheme for trajectory tracking and collision avoidance. To this end, the Line Of Sight (LOS)
algorithm is used to calculate the reference heading based on the vessel's position and its reference
trajectory. Collision avoidance is reinforced by selecting a deviation from the reference trajectory
through an optimization process, similar to Dijikstra's algorithm, called the Fast Marching method.
The use of LOS is discussed in (Li et al., 2023) considering collisions with both other vessels and
static obstacles. Through the formulation of vessel speed and distance constraints in a robust
optimisation framework, the optimal course deviation is selected and collisions are avoided. While
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the previous papers contribute significantly to the minimization of the deviation from the original route
to avoid collisions, the proposed algorithms are associated with high complexity and can prove
computationally intensive in heavy traffic scenarios.

Considering traffic rule-awareness, ongoing research has mostly focused on incorporating
COLREGs in the motion planning algorithm. In (Tsolakis, et al., 2024), the authors address the
problem of determining the traffic scenario and decision-making using the dynamically computed
relative bearing and heading between the vessels and a Finite-State Machine Approach. The
integration of the guidance subsystem in the controller, through rule-compliant constraint generation,
significantly streamlines the implementation at the expense of modularity in the GNC scheme.
(Hinostroza et al., 2021) discuss a combination of the LOS algorithm for trajectory tracking with the
Velocity Obstacle (VO) method for collision avoidance. VO optimises the generated trajectory
deviation based on information about the own vessel's course and position, the other vessel's
position, velocities and the safe distance between vessels. The computational burden associated
with the optimisation process is addressed by a pseudo-algorithm, though the implementation
aspects of obtaining and using the information about other vessels and obstacles are left out of the
discussion. (He et al., 2022; Zhao et al., 2022) also employ the VO method for collision avoidance,
further integrating COLREGS, while (Zhou et al., 2022) propose stream functions to calculate the
course deviation for collision avoidance, inspired by the field of hydrodynamics. Nevertheless, the
previous methods consider that both the position and the velocities of other vessels are known,
excluding details on how this information is obtained. Regarding learning-based methods, Deep
Reinforcement learning algorithms for vessel-to-vessel collision avoidance are investigated in single
and cooperative Al agent settings in (Yoshioka et al., 2024; Yoshioka & Hashimoto, 2022). 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 discussion, though.

To enable safe autonomous vessel operations, multiple sensors and actuators must be installed and
integrated before the intended operation in the Navigation system of the GNC scheme. These
hardware components are susceptible to faults, due to exposure in the harsh marine environment,
wear and degradation. One or multiple monitoring agents are designed to handle the tasks of Fault
Detection, Isolation and Identification (FDI), enabling the system to precisely pinpoint and identify
the nature, location and magnitude of the fault. The design of the agents should also be incorporated
in the safety design philosophy, as part of the GNC scheme.

Considering sensor faults, (Q. Zhang et al., 2021) proposed a nonlinear observer for sensor fault
estimation, which is subsequently employed in designing a fault-tolerant model reference
reinforcement learning control scheme to guarantee stable tracking for ASVs. The proposed scheme
assumes the occurrence of a single fault, limiting its capability of isolating multiple sensor faults. In
the work of (Blanke, 2006), structural analysis is performed to exploit the analytical redundancy of
sensors for fault diagnosis, accompanied by a fault-tolerant fusion of sensor data. In (Rogne et al.,
2014) the authors proposed a scheme for the FDI of navigational sensors using a nonlinear observer
in conjunction with a “reliable” inertial measurement unit (IMU) sensor. A limitation of the model-
based schemes proposed in (Blanke, 2006; Rogne et al., 2014) is that the effects of modelling
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uncertainties such as external disturbances (e.g. wind force) on vessel kinetics are not considered.
Wind forces represent the dominant external force in ports and inland waterways (Kepaptsoglou et
al., 2015) and may lead to erroneous fault diagnosis if neglected.

In case of faults affecting the on-board sensors, additional hardware redundancy in the design has
been proposed so far as a way to recover operation. Alternatively, the automation design could
benefit from the availability of heterogeneous sensors and model information to construct virtual
(software-based) sensor instances. The concept of virtual sensors remains underexplored in
maritime applications, with only a limited number of studies addressing the topic (Bryne et al., 2017;
Hashemi & Shami, 2021). These cyber devices offer several advantages, including lower installation
costs and the lack of spatial constraints. When sensors are affected by faults, the vessel's safety
and control stability can be ensured by switching between hardware and virtual sensors.

Regarding the monitoring of actuator faults, in (Corradini et al., 2011), an actuator fault-tolerant
control scheme designed for an underwater Remotely Operated Vehicle integrates detection,
isolation, and accommodation modules. This work relies on residual generation modules for
detection and exploits the specific actuator configuration for isolation through the sliding surface of
a designed sliding mode controller (Cocquempot et al., 1998). The same vehicle was studied in
(Freddi et al., 2013) where the authors focus on the problem of detection only, based on a nonlinear
Thau observer for residual generation and on a sequential change detection algorithm for residual
evaluation. In (Baldini et al., 2022a), an active Fault Diagnosis method is proposed for the same
system so that actuator faults can be discerned from other disturbances by applying an auxiliary
sinusoidal input system that is designed to propagate into the control system when a fault occurs
while having minimal impact on the system dynamics. In (Baldini et al., 2022b), a bank of observers
is used for FDI in cascade with a nonlinear disturbance observer for fault estimation under the
assumption that only a single fault may occur. Fault detection, which is only the first step of fault
diagnosis, was studied for an underactuated surface vessel in (Park & Yoo, 2016), where a robust
fault detection observer and a time-varying detection criterion are presented to detect the actuator
faults distinguished from uncertainties and external disturbances. A Fault-Tolerant Control (FTC)
strategy for linear systems is proposed in (Cristofaro & Johansen, 2014) with active FD that relies
on the control redundancy of an overactuated ASV by constraining the inputs in prescribed
configurations for Fault Detection, Isolation, and Reconfiguration (FDIR). However, this work relied
on the linearization of vessel dynamics, assuming that the vessel’s rotation is negligible.

This document is structured in 6 chapters.

Chapter 2 focuses on the integration of traffic rules in the GNC scheme, to allow the seamless
adaptation of ASVs to both Short-sea and Inland waterway operations;

Chapter 3 focuses on the design of the monitoring architecture, built to handle both sensor and
actuator faults;
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Chapter 4 discusses the specifics of the developed GNC scheme, including the management of
remedial actions, fault-tolerant and collision-free path planning and the integration of semantic
reasoning;

Chapter 5 provides application results for the proposed methods, using multiple Use Cases. The
Use Cases are linked to the Task 4.2 Description in the Grant Agreement.

Chapter 6 concludes the document, summarizing the findings and linking to SEAMLESS defined
Key Performance Indicators (KPIs).

The integration of traffic rules in the GNC scheme is done considering two aspects; (1) the GNC
system should be aware of the rule-context and the characteristics of the operational environment,
and (2) the matching between the encounter situations (e.g., head-on) and the traffic roles (e.g.,
stand on) should be clearly defined. The first task is handled using semantic annotation tools and is
presented in Section 2.1. A modular Finite-state Machine Approach is used to handle the second
task, with the relevant design presented in Section 2.2. This research is featured as part of the
SEAMLESS registered publication (Kougiatsos et al., 2026). It is worth to note that the integration
of traffic rules is necessary for mixed traffic environments, assuming that the manned vessels will
follow the rules. When there is unexpected deviation from the rules, the proposed GNC scheme
takes emergency actions to preserve safety.

A semantic database F can be defined for navigational purposes as (Kougiatsos et al., 2026):
F=FUEFE, (D)

where F, stores the semantic information on the vessel's “operational environment” and F,. stores
the semantic information related to the “traffic rules” that the vessel should follow. These concepts
are further outlined as follows:

e Operational environment": During the vessel's mission, the type of operational
environment dictates the physical infrastructure limitations that the vessel is required to
consider (e.g., waterway width and water depth).

¢ Traffic Rules": Depending on the location where the vessel operates, certain rules will
dictate its traffic behaviour. These rules can be generally 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 (i.e., give-way, stand-on and
emergency give-way) of the vessel in the specific encounter scenario. " Situation Dependent
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Rules™ are used to dictate a safe distance from other vessels, a safe lane distance and a
safe speed for the own vessel, depending on the traffic role and encounter situation.

To realise the semantic database, the open-source software Protégé is used, as shown in Figure 2.
Classes are created for traffic rules (F.), the operational environment (F,), while future expansions
might include the “sensors”, multiple types of “vessels”, the vessel “design space”, “operator profiles”
etc. Two additional classes, namely “encounter situations” and “operational actions” are used to
interface with the methods in Section 2.2 and Chapter 3, respectively. The result of the software is

a Web Ontology Language (OWL) document, which can be later be accessed by the GNC scheme.
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Semantic Translation of traffic rule requirements using Protégé

2.2 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 (Tsolakis, Negenborn, et al., 2024):

¢ Give way (GW): Head-On, Overtaking and Starboard-Crossing
¢ Stand-On (SO): Port-Crossing and Overtaken with no needed action
e Emergency give way (EGW): Port-Crossing and Overtaken with emergency action

For inland waterway navigation, different traffic rules apply (i.e., BPR, PRR) and the relation between
the traffic roles and encounter situations can changes. For instance, according to Chapter 6 of BPR
(Overheid.nl, 2025), the following different-to-COLREGS traffic rules apply (Kougiatsos et al., 2026):

¢ 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 collision, the vessel not following the starboard
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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 vessel 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 approaching from the port side gives way
to the vessel approaching from starboard side.

Thus, the relation of the traffic role and the various encounter situations changes to (Kougiatsos et
al., 2026):

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

S0: 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, the relative heading and the
relative bearing between the vessels being important parameters for the role assignment.
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Assignment of the Traffic Role using a modular Finite-state Machine Approach.

The traffic role of the own vessel and other vessels can be determined using a Finite-State Machine
approach, as shown in Figure 3. When COLREGS are in effect, the design of the left-hand side
Finite-State Machine in Figure 3 has been already described in (Tsolakis, Negenborn, et al., 2024).
Following a similar rationale, we construct the Finite-State Machine corresponding to BPR traffic
rules and shown in the right-hand side of Figure 3.

The following conditions are used for the determination of the traffic role of the own and other vessels
during an encounter. In the case of COLREGSs, the conditions have been adequately defined in
(Tsolakis, Negenborn, et al., 2024), whereas in (Kougiatsos et al., 2026), the authors of this
deliverable derived the conditions for BPR. As a result, the Finite-State Machine in Figure 3 is
composed by two branches.
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e COLREGs Branch:
See (Tsolakis, Negenborn, et al., 2024)
e BPR Branch:
As featured in (Kougiatsos et al., 2026), the following conditions apply:
TeGnVIIt/ = Tenc A {Trsk A [((Thdn \% Tstr) A prr A _'Tstb) \% (Tbrn A (Tovr \% Tstb))]} ’ (2)
TGeI)/IC; = Tenc) 3)
TEe'I\rflIt = Temg: (4)
Tgljlflt = _'Temgr (5)
where the logic symbols AV, = stand for “and”, “or” and “not” respectively,
Tene = d(t) < Pencs (6)
Trsk = dCPA (t) < pp + pq + Ps» (7)
Than = @Wc(t) 2 —Pp) A @ (t) <7+ Pp), (8)
13m
Toor = @e®) = 7+ ) A (0 < 5-), ©)
13w 3
Tyrm = ($e® 2 =) A (w0 < 5, (10)
5 11n
Tour = (7 +p(6) = $e(®) = °5) A (7 + 950 = () < 5-), (11)
5t
Tow = (¥© = 0) A (50 < 35), (12)
Temg =d(t) < Pemg> (13)

with ¥, = 6 deg, and p,,,4 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 evaluation of conditions (2)-
(13) for BPR and the corresponding conditions for COLREGs (Tsolakis, Negenborn, et al., 2024)
requires input from sensors of the navigation system, as recorded in the following Table 1.

To evaluate the transition conditions and define the traffic role, the “sensor requirements” (as
mentioned in the Task 4.2 description) are summarized in Table 1.

Sensor Measured Useful for parameter Input to
Parameter(s) calculation condition
GNSS Position (latitude, Distance between vessels (6), (7),
longitude) d, Closest point of approach (11)-(13)
distance dcp4, Relative
bearing ¢rﬁ
Dual-Antenna Heading Relative heading ¢, Relative (8)-(12)
GNSS or bearing 1,
Gyrocompass or
Magnetic Compass
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Doppler Velocity Log

Velocity through water
or over ground in
surge, sway directions

Closest point of approach
distance d¢py

(7)

AIS (Automatic
Identification
System)

Other vessel’s
position (latitude,
longitude), heading,
and speed

Distance between vessels d,
Closest point of approach
distance dcp4, Relative
bearing 1/)3, Relative heading

(6)-(13)

b

3 MONITORING AGENT PROTOTYPE

This Chapter presents the design of the monitoring agent prototype. This agent is responsible for
the timely diagnosis of both sensor and actuator faults affecting the vessel navigation. Multiple
monitoring agents are designed for the diagnosis of faults affecting the navigation sensors, while a
single agent handles the diagnosis of actuator faults, as shown in Figures 4a and 4b, respectively.
The presented research are featured in the SEAMLESS registered publications (Dhyani, et
al., 2024a; Tsolakis, et al., 2024a, 2024b).

D;
—){ — V
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Developed fault diagnosis frameworks considering (a) sensor (Dhyani, et al., 2024a) and (b) actuator faults
(Tsolakis, et al., 2024a).

3.1 DIAGNOSIS OF SENSOR FAULTS

The material of this section is featured in the SEAMLESS registered publication (Dhyani et
al., 2024). Sensor fault diagnosis, as shown in Figure 6a, is performed by a bank of monitoring
modules, designed to have structured sensitivity to a set of sensor faults, i.e. Module M is sensitive

and detects faults in the set of sensors S&. The decision on the detection of a fault is obtained based

. (L))
b Z4 €y ¢

(the computation of residuals and adaptive thresholds is presented in the next section). For the

on a set of Analytical Redundancy Relations (ARRs) of residuals €,,’* and adaptive thresholds

monitoring module MDD the set of ARRs Sg,? are defined for detecting faults in the sensor set S,

Funded by the European Union. Views and opinions expressed are however those of the author(s) only and do not
necessarily reflect those of the European Union or CINEA. Neither the European Union nor CINEA can be held
responsible for them. Grant Agreement N° 101096923.

Funded by
the European Union

Page 20 of 50



D4.2 - Autonomous GNC Scheme development and

monitoring agent prototype Gl SEAMLESS

as Egg = U; (83(,2’")) . If for example I € {1,2}, then the j—th ARR 85,2’” is given by (Dhyani et al.,
2024):

8(1}) | @pn (11) <0,j €{1,23}, (14)

8(21) | (2.)) (21) <0,j €{1,2,3,4}. (15)

A violation of the j—th ARR implies the occurrence of at least one sensor fault in the corresponding
sensor set SO Let define Tgl’j) to be the first instance of violation of the j—th ARR 5}(}1{,1') in MO je.,
(Dhyani et al., 2024):

Tlgl.J) _ mm{ | @i —(IJ) > 0} (16)

The fault detection time for module M® is defined as TD = min {Té””,‘v’j}. The output of the

monitoring module M is the I-th decision D@ (t) = [D("l)(t),...,D(”ml)(t)]T, where (Dhyani et al.,
2024),

0,if t < T

DUEN(¢t) = .
Lif t = TS

(17)

o
yg

between the measurement of a state of the vessel (e.g. position) and its observer-based estimation
(Dhyani, et al., 2024a)

Let us consider I = 1,2. The residual vectors €’ € RN, = 1,2 are defined as the difference

(1,1)
€ Vi
1,2 N
€D = |2 = |y | - 4, (18)
(1 3) Y
y(
r (2 1)1
yc’
(2 2) Yy ~2)
€y ek) W @1
€ Vr
(2,4)
€y,

where AV = [£®, D), p(V] is the estimation of the generalised position and heading vector n =
[x,y,9]7, P@is the estimation of the heading and #@® = [2®),¥®,7@] s the estimation of the
generalized velocity vector v = [u,v,7]T. The estimation of these variables is derived using
nonlinear observers designed based on the kinematic and kinetic model of the vessel. Particularly,
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for MM, being the monitoring module for the Galileo/GNSS and gyroscope sensors, the observer
dynamics are described by (Dhyani et al., 2024)

. A = R(PD)p® + KOFW,
0 W = M (-c(#W)e® - p(#W)pW + 1) + KDRT(HPW)7FW, (20)

For M®), being the monitoring module for the gyroscope and accelerometer sensors, the observer
dynamics are described by (Dhyani, et al., 2024):

$(2) — #(2 3) .72
o[ §® = 5 4 KO F@), on
O = M1(~C(2@)5®@ - D(3D@)p®@ 4 1) + KOFD,
where Y@ =y, — @ and 5@ = [y, ,, )’(,s.yq,6]T — 9@ Here, K e R and K® e R3*3 is a
diagonal matrix.

Under healthy sensor conditions (i.e., no sensor faults) the residuals should be bounded by certain
thresholds that are necessary to capture the effects of unknown but bounded uncertainties (e.g.
sensor noise). More specifically, the designed thresholds are adaptive and defined as (Dhyani, et
al., 2024a):

t J -
&) = EWD 4 pdpP J 720D (8)e~E*"EDqt + d;, forj € {1,2,3}, (22)
0

t i -
&7 = E@D 4 p@DAY JO 72@D(£)e~§*"tDqt + d.,,, forj € {1,234}, (23)

where

@p 7

. ) ; d; @wj) t ;
W () = pWN) =MDtz L Pa Yy e8P %) —f(l'])(t—r)[ _ ]
EFI() = pTe 70+t (1) + e 7, + 7y + @ — )] 40 2
d
) @ 3. . t .

E@D(t) = p2e=t* 172 +M(1-e-6§2")f)+ p@De=t¢ [0 (55

2.)) 0 Te

d
t .
, , , : . AHAD _g@N)(p—
7D = A (p) _|_p(1,])A(11)J E(l,])(t)e(p LOAP - @D (e T)dt, (26)
0

p @) Agf)_g(z.j))

t
Z2@0) = @D (t) 4+ p@NAY J E@D (el =gt (27)
0

where p@), WD, pD 0D gre positive design constants satisfying |e‘K(I'j)t| < pUNe=§tPt £ 5

Agj)p(l'f) , and Agj) are Lipschitz constants (i.e., represent the continuity of the system model
equations), KU/ represent the elements of the gain matrices K© |, (I,j)€
{(1,1),(1,2),(1,3),(2,1),(2,2),(2,3),(2,4)}. The term d denotes the bound of the sensor noise.

Funded by Funded by the European Union. Views and opinions expressed are however those of the author(s) only and do not
the European Union necessarily reflect those of the European Union or CINEA. Neither the European Union nor CINEA can be held
responsible for them. Grant Agreement N° 101096923.

Page 22 of 50



D4.2 - Autonomous GNC Scheme development and

monitoring agent prototype Gl SEAMLESS

Upon obtaining the decisions D@ (t) from each monitoring module, fault isolation is performed by
combining the decisions in the aggregator module A into a decision vector D(t). Thereafter, a

consistency test is performed between D(t) and a binary fault signature matrix (FSM) F that consists

@i
ye

where s is the total number of monitored sensors. The g-th column F,, g € {1,...,Nc} is referred to

as a theoretical sensor fault pattern, and F,, = 1 (p € {1,...,1}), suggests that at least one sensor

@y
yg

affects SO0 . F,, = “+” is used instead of “1” to distinguish a possible violation due to the weak

of [ rows, | = };; m; , with each row corresponding to the j-th ARR &/, and Nc = 2% — 1 columns,

fault included in the combination F, is responsible for the violation of the ARR & , and therefore,

sensitivity of the ARR 83(’?) to a sensor fault included in F,. Otherwise, E,, is taken to be zero. The

observed fault pattern in D(t) is said to be consistent with the theoretical pattern in F;, when D, (t) =
E,,Vp € {1,...,1}. Finally, the diagnosis set D,(t) is obtained as the output of the aggregator, which
consists of all the possible fault combinations F,, obtained because of the consistency test. An
example of an FSM is shown as Table 2 in Section 5.2.

For the diagnosis of actuator faults (i.e. faults in the thrusters), as shown in Figure 4(b) a model-
based approach, using observer-based residuals and adaptive thresholds, was developed (Tsolakis,
et al.,, 2024a). However, considering that the actuator faults appear as variations of model
parameters, a parameter identification technique was also developed following a Set-Membership
Estimation (SME) approach. This technique is analyzed in detail in the SEAMLESS registered
publication (Tsolakis, et al., 2024b), and presented, as is, in this section.

SME eliminates the need for knowing statistical distributions by relying solely on boundedness
assumptions (Tsolakis, et al., 2024b). Fault Diagnosis based on SME facilitates a direct approach
by concentrating on fault parameters rather than indirectly inferred residuals, employing inverse tests
for fault detection, and concurrently estimating the feasible parameter set from historical input-output
data (Tsolakis, et al., 2024b). The four steps of SME are shown in Figure 5, with more details on the
first three and the last step provided in the follow-up subsections. The final subsection concerns the
use of SME for fault diagnosis.

This section explains the method to compute the Unfalsified Parameter Set (UPS) and the Feasible
Parameter Set (FPS), within which the true faulty parameter lies. Supposing that the disturbance
and noise are upper and lower bounded by w, d respectively (i.e., |w| < w, |d| < d), the UPS can
be derived as (Tsolakis, et al., 2024b):

A, ={6 € RP|—HG (uy_1)0 < hy, + hy + he(yi—1) — Hyi ), (28)

which can be computed at each time step k based on the input-output measurement set
{Uk-1, Vk—1,Vic}. Term hy(d) directly sums the measurement bounds while hs (Vk-1,d) is a time-
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varying term that sums the noise bounds implicitly after they are mapped through the nonlinear
autonomous term f(z;) = f(yx, dy) via interval arithmetic. The term h,, (W) bounds the uncertainties
of the model, while G(-) denotes the input map of the system, H = [I,, — I,,]T € R?",I,, € R"*" is the
identity matrix of dimension n.

) (23
- Ay = Ap(Ur—1,Yr-1,Yk) - O =05,_1NAL
Aj 4. UPS Ay 3. FPS
Calculation Calculation
= O
Ok-1 s
()1 @ ()1

) 1. Estimate ) 2.  Polytope

Calculation approx.
0, € 6;\. O C 61\

_____________

0, 0

Overview of the different steps in SME in a 2-D example (adapted from Tsolakis, et al., 2024b).

The computation of the Feasible Parameter Set consists of the following steps (Tsolakis, et al.,
2024b):

1) Recursively compute a set of predefined, normalized directions, E = {e;, e;,...}, normal to the
faces of the outer-approximating polytope. These directions are based on the number of parameters
p and a user-defined accuracy iterator ¢. This is computed offline.

2) Compute the new FPS 0, = 0,_; n 4, based on the outer-approximation of the previous time
step and the new UPS computed at time k starting with 0, = @,.

3) Compute the set of vertices V, = {v}, vZ,...} of the convex polytope Ok.

4) Compute the outer approximation 0, of the convex polytope 0, based on the set of vertices
and the set of predefined directions.

5) Go back to Step 2.
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The final step is to derive an estimate 8, for the unknown parameter 6, that belongs to the derived
parameter set 6,. We can exploit here the fact that the system is linear to the parameters of interest
and use the following equation (Tsolakis, et al., 2024b):

G(ug-1)0 = yx — fk-1), (29)

which is a linear algebraic equation to the unknown parameter 6, and where the disturbance and
the noise are included in the measurement. If we concatenate (29) for the last N,, measurements,
to leverage more data, we can get a regression equation (Tsolakis, et al., 2024b):

D0 =2¢ (30)

where 6 here is the regress and, @ = [G(ux-1-w,,), ...,G(uk_l)]T is the regressor and & =

[yk_Nm — fVk—1-N)) 0 Vi —f(yk_l)]T the observation. Solving this equation at every time step
renders the estimation 6.

Under healthy conditions, the actual parameter 6, lies in both UPS and FPS, implying the
intersection of the two sets. However, if 8;,_; n 4, = @, then a fault is guaranteed to be detected. A
fault is detected at the first timestep k, when the following condition occurs (Tsolakis, et al., 2024b):

kp = ming(@p_, N A = 0,k > ky), 31D

where ki indicates that the timestep that a fault has occurred. To isolate the fault, we follow a similar
approach as for the detection, but now we need to check the projection of the FPS on the different
principal axes of the parameter space first. The projection of the FPS on the principal axes of the
parameter space is given by (Tsolakis, et al., 2024b):

Projg,(0y) = [Igleig(egiv), r51€i1r]1(e;—i4r)], (32)

where eg,i = 1,2,...,p denotes the unit vectors of the orthonormal basis of the parameter space,
and v € V represents the vertices of the FPS. Since the FPS is a convex set by construction, this
one-dimensional projection results in an interval. We can then compare these intervals before and
after fault detection. If Projg,(@x) N Projg,(0y,-1) = @, then §; is guaranteed to be faulty.

A fault is isolated at the first timestep k!,i = 1,2,...,p when the following condition occurs (Tsolakis,
et al., 2024b):

ki = mkin(Projgi(Qk) n Projgi(@kD_l) =0,k > kD). (33)

Following fault detection and isolation, the parameter set is reinitialized and begins to converge
toward a “faulty" FPS, accompanied by a new estimate for the fault parameters.
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In this Chapter, the development process of the GNC scheme, applicable to both Short-Sea an
Inland Waterway operations, is discussed. The GNC system decisions are managed by a higher-
level Risk control layer. In the context of project SEAMLESS, this layer features a POMDP (Partially
Observable Markov Decision process) model-based risk mitigation framework and a Bayesian Belief
Network (BBN), outlined in Figure 6, with the details presented in the SEAMLESS registered
publication (Dhyani, Wang, et al., 2024). The BBN computes the transition probabilities for the
POMDP model. Inputs from various metrological and communication sources, such as onboard
sensors, Automatic ldentification System (AIS), electronic navigational charts (ENC), metocean
services, and sensor monitoring agents are required for this purpose. The POMDP model provides
risk mitigation support in the form of a Safe Control Strategy (SCS), prompting the vessel into a safe
state, i.e., a minimum risk condition (MRC). The SCS suggests the use of a fail-safe or fail-
operational action. For instance, the following actions are proposed in the case of Inland Waterway
Transport (IWT) (Dhyani, Wang, et al., 2024):

1) Fail-safe strategies
a) Ap;:“Limp home”
b) A, : “Keep position and heading (DP control strategy is selected)”
c) A;s:“Move away from the quay and other vessels”
2) Fail-operational strategies
a) A, : “Fault-tolerant control strategy is selected”
b) A;4 : “Human supervision is requested”
c) A¢: “Vessel's speed is reduced”

fmemmememmmemmmmemmemeememmm-mmmemmmemmemmm—e————- Risk control
___________________ ' X layer
1 i
Y : : o Kaeen (o) a :
1 1 1 T( )
! 1 1 0 1
1 1 Transition 1 B 1
! 1 probabilities 1 1
. ——
> ; : s > s '
1 1 1 1
! 1 1 1
1 1 1 Y 1
1 1 1 1
1 Bayesian network 1 1 r 1
"""""""""" 1 POMDP model !
e il ke Safe control
strategy
_______________________________________________ GNC layer
Observations ¢
Guidance
Navigation system
stem
Y Navigation plan l

Control system <«—

land vessel

Online risk mitigation scheme for autonomous inland vessels and connection to GNC system (Dhyani, et al.,
2024b).
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The proposed GNC design integrates awareness to both COLREGs and regional (e.g., BPR) traffic
rules (Chapter 2) with semantic reasoning functions, to increase the safety of ASVs, when carrying
out their navigational objectives. Interfacing with the monitoring agents, described in Chapter 3,
allows for fault-tolerant capabilities. The following sections will thus report on the fault-tolerant
(Ar2) and collision-free (A, 5) path planning actions, as well as the semantic reasoning capabilities.
Parts of the relevant research are featured as part of the SEAMLESS registered publications
(Kougiatsos et al., 2026; Kougiatsos & Reppa, 2026).

Assuming a continuous path curve C consisting of n waypoints (x;,v,)T, k = 1, ,n, with x;, €
R, yx € R denoting planar coordinates, as shown in Figure 7, the path-tangential reference frame
is rotated by an angle (Kougiatsos & Reppa, 2026):

Y, = atan2(Xy41 — X Vis1r — Ve VK E 1,2, ...,n (34)

with the function atan2 (x,y) returning the angle between the positive x-axis of the plane and the
point given by coordinates (x,y) on it.

(Tny Yn) "

(3, y3)T

(1’27 ’yz)T
(.561, yl)T

&

Definition of the Path following objective.

When the own ASV is located at a point (ym,ym)T, defined by the position measurements y;
(longitude measurement) and y , (latitude measurement), its cross-track error e is defined as the

orthogonal distance between the vessel's position and the tangential path, which renders the
following mathematical expression (Fossen, 2023; Kougiatsos & Reppa, 2026):

e(t) = _(J/m(t) - () - xk)COS(’Pk) + ()’(,2 () — f(6) — )’k')sm(l/)k)' (35)
L Y J T
x — position error y — position error
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where k € {0,--- ,n } chosen to represent the following waypoint from the current position of the
vessel, and f;, i = 1,2 denotes the estimation of the x-position (i = 1) and y-position (i = 2) sensor
faults, respectively. The fault estimation is essential for ensuring the fault tolerance in the guidance.
Measurements from the GNSS sensor (latitude, longitude), the gyrocompass/ dual-channel GNSS
(heading) are required for the implementation of the estimator. The Speed Over Ground (SOG) of
the vessel can be obtained either by AIS data, or by former GNSS positions (Fossen, 2022), thus
limiting the need for further redundancy in hardware sensors. The minimum required sensors are
collectively denoted as S in Figure 8. The estimation process further requires information related to
the diagnosed faults. As shown in Figure 8, this data is provided by the monitoring agents, with the
relevant design specifications explained in Chapter 3.

1 a(t)
Tk, Uk lj"ault-tolerant and Monitoring agents Y C(t)
= = = = 9 Disturbance-tolerant —1.... N
path planner ool

lwmf(t), Ho

Rudder controller o) —> Hg 1)
L 5 . .

‘\ UC7 /BC I(t)
yc(t) B

K Navigation /

Integration of the monitoring agents in the GNC scheme and fault accommodation using virtual sensors
(Kougiatsos & Reppa, 2026).

More specifically, an ALOS guidance law is designed to reduce the cross-tracking error e, defined in
(35), by providing suitable reference heading angle v, signals to the controller. The guidance law
is able to mitigate the sensor fault effects and the effects of drift-inducing external disturbances (e.g.,
currents), and is defined as (Fossen, 2023; Kougiatsos & Reppa, 2026):

e A
Yrer = Yy — atan (X_ + ﬁ>, (36)
D
where X, is the lookahead distance (typically assuming values between 1.5L — 3L, L is the length of

the vessel, f € R is the estimate of the unknown slip angle. To this end, the following nonlinear
adaptive estimator formulation applies (Kougiatsos & Reppa, 2026):

Xg =y(x;,u)+/1(y{—x(—f)+.(2f, (37)
0 =-A, (38)
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s U,-X
B =h = e, (39)
\/XDZ + (e +Xp - p)?
f =n@+ DDy, - 2 - f], (40)

where £ = [%;,%,,%;]" contains the estimates of the position and heading states, 4 € R3 denotes
the nonlinear estimator gains , I; € R and I, € R? are the learning rates of the adaptive laws in (39)
and (40), respectively and f € R? are the estimates of unknown sensor faults. A filtering term 2 €
R3 is added to ensure the stability of the state-equation adaptive scheme. Finally, D[] is the dead-
zone operator, used to activate the sensor fault identification, given as (Kougiatsos et al., 2026):

0,if DD =0

N . 41
ye =% — f,if DV =1 “D

bk % - 71 - |

To avoid collisions, the waypoints k + 1, k =1, ..., N at each timestep t need to be modified using
the terms (8x,41(t), 5yk+1(t))T, so that the new path is defined as (Kougiatsos et al., 2026):

{x,'ﬁl(t) = Xg41 + Oxp41(0), (42)

Vier1(t) = Yier1 + 8yis1 (D),

where x;,,,(t) and y;.,(t) denote the coordinates of the modified reference path. The following

sections are used to derive conditions, relevant to (§x.4(t), 8yk+1(t))T, for collision avoidance with
both other vessels and the surrounding infrastructure.

The assessment of the encounter conditions between the own vessel and other vessels typically
involves performing several geometrical calculations using sensor measurements to assess
quantities such as the relative bearing and relative heading 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 (d;). 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. In the majority of literature works, these requirements geometrically
translate to an encounter distance p.,., used to initiate the assessment of the encounter situation
when other vessels are in range of this radius, and a safe distance pg, used to enforce the vessels
to keep well clear of each other (Hu et al., 2022),. Moreover, a vessel radius p, = L/2 and p, =
L'/2 is prescribed for the own and other vessel, respectively, where L’ denotes the length of the
other vessel. The relative bearing i is used to characterize the relative position between the two

vessels, while the relative heading . characterizes the difference in the heading of the two vessels.
The formulas used for the calculation of 14z , 1, can be found in (Tsolakis et al., 2024).

If the current position (x,,,i,yo,i)T and heading y, ; of each of the other vessels i (i = 1,2,---,N,,) is
known (e.g., using a combination of GNSS coupled with AIS data), where N, denotes the total
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number of the other vessels, we can deduce that the other vessels’ movement at every following
time step t is constrained on the lines (Kougiatsos et al., 2026):

Ei:Yo () = yoi + (x5,(t) = x,;)tan(y,;), (43)

-
where (xg,i(t),y(’,,i(t)) denotes the future estimated positions of the other vessel i =1, ..., N,,. For

each new future waypoints k + 1 of the own vessel, we calculate its distance from each &;
according to the following formula (Kougiatsos et al., 2026):

|}’1'c+1 + (xo,i - x,’(+1(t)) tan(lﬁo,i) — Yo,

J1+tan2y,;

To guarantee a vessel-to-vessel collision-free path, our vessel should maintain a safe distance pg
from every other vessel that allows for “ample time for decision-making”, meaning that (Kougiatsos
et al., 2026):

dw e, (t) = ,Vi € 1,2, N,. (44)

dwe,(t) = pp + pg + ps, (45)

which after some algebraic manipulations renders the following set of conditions (Kougiatsos et al.,

2026):
|5}’k+1 - 5xk+1tan(lpo.i)| = (ps + pp + pq) ’1 +tan2(lpo,i)1 +

Vi€{l,.. Nv) (46)

|(y0,i - yk+1) + (xk+1 - xo,i)tan(lpo,i)

In Figure 9 conditions (46) bound the displacement of the own vessel (blue) waypoints to keep clear
from each other vessel (green), by a distance greater than a certain threshold (green/ dashed line).

Envelope of collision-free vessel trajectories, considering other traffic participants.
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During navigation, a certain safe distance needs to be respected from the physical limits (e.g., bank)
of the waterway. For instance, Rule 9 of COLREGS dictates that “A vessel proceeding 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 starboard side as is safe and practicable [...]".

Let us define (x,y) — w, as the non-constant but known waterway width on the planar coordinates
of our vessel, and s,, as a safety factor defining the safe distance from the bounds of the canal and
receiving values in [0, 1]. This factor serves as a heuristic, and its value can be set for limiting vessel-
to-bank interactions (Lataire et al., 2018). Smart Buoy systems have been amongst the research
interests of the European Union for the past years, through union-wide and regional projects, such
as CRISTAL (Fraunhofer CML, 2025) and “Safe beach zones” (Dimitrov et al., 2025), respectively.
These buoys inform the guidance system decisions using their transmitted GNSS sensor position
data, as follows. Assuming that the position of each buoy j = 1,---,Ng, where Ny is the total

number of buoys, scattered throughout the waterway or the shore, denoted as (xB,j,yB,j )T is

known, we can define a line, passing between two consecutive buoys {j,j + 1} as (Kougiatsos et
al., 2026):

YBj+1 — YB,j
7

€:¥p; =Yg + (xlls.j — Xp,;) (47)

XB j+1 — XB,j

where (x,’glj VB, )T are the coordinates of each point that lies on €; . For each of the new future
waypoints k + 1 of the own vessel, we calculate its distance from E; according to the following
formula (Kougiatsos et al., 2026):

YBj+1 — YB,j
XB j+1 — XB,j

_ N2
14 (YB,j+1 J’B,])
XB j+1 — XB,j

The clearance requirement to the waterway banks can then be mathematically translated as
(Kougiatsos et al., 2026):

Vi1 T (xB,j - x1’<+1(t)) — YB,j

dy ¢, (t) = ,Vj €1,2,+, Ng. (48)

(1= )W = dyg,(8) = s,w, (49)

which after some algebraic manipulations renders the following constraints (Kougiatsos et al., 2026):

2
<1 -s,w |1+ <—de+1 yB”)
XBj+1 — XB,j

YBj+1 — ¥B,j

B,j+1 — XB,j
YBj+1 — YB,j
— |vis1 + (x5, _xk+1)—_ — VBl (50)
XB,j+1 — XB,j
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y y y e\’
Bj+1 — JVB,j Bj+1 — JB,j

) —Oxpyy ——|=syw (1 +| ——mm

‘ Vi+1 k+1 Xp o1 —Xp; w (xB,j+1 — xB,j)
YBj+1 — VB,j ,

+ (Viewr + (¥ — Xiewr) ————L — yp |, ¥j € 1,2, Ng (51)
XB,j+1 — XB,j

When the risk of collision exists for the own ASV 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 éx,.1(t) € Rand dy,,1(t) € R, respectively, abiding by the constraints (46), (50) and (51). This
implies a collision-free envelope for the own vessel, dependent on the traffic conditions and evolving
over time, where the risk of collision is eliminated. An example of a collision-free envelope is
illustrated in Figure 10, with the green dashed and purple dashed lines representing the lower and
upper bound of the envelope, respectively.

The various traffic rules also determine the specifics of the behavior that the vessels should adopt
to avoid collisions. For instance, for head-on encounters, COLREGS mention that the vessels should
take appropriate action to pass each other port to port. This can be translated in terms of §x;.4,
dyr+1, and added as a preference to the envelope as (Kougiatsos et al., 2026):

OYk41(t) - 0xp11(£) <0 (52)

At each time t, the smallest possible trajectory deviation would be preferred. This translates to an
optimization problem, formulated as follows (Kougiatsos et al., 2026):

min {6xk+1,2+ 6y,%+1}, vk=0,..,.N—1 (53)

8Xk41, OVk41
subject to:
Eq.(46)Vi € {1,2, ..., N}
Eq.(50)Vj € (1,2, ..., Ng)

Eq.(51)Vj € (1,2, ..., Np)

Collision-free
envelope
1

Eq.(52)
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‘ y WPT. 4

Collision-free
path envelope

Envelope of collision-free vessel trajectories, considering other traffic participants, and the infrastructure
limitations.

During operation, the selection of the applicable traffic rules from the semantic database takes
the form of a mapping using the GNSS signal measurement, as follows (Kougiatsos et al., 2026):

Yonss X F o F?, (54)

where Y;nss denotes the space of GNSS sensor measurements and F° = £’ U F° c F denotes
the applicable part of the semantic database to the current traffic situation.

The traffic roles for the traffic participants are assigned using the Finite-State Machine Approach
presented in Chapter 2. To this end, the geometrical parameters of the encounter situation, like the
relative bearing ¥ , the relative heading . and the lane distance are fed by the semantic reasoner
to the Finite-State Machine. The approach also requires information on %, to choose between the
two branches in Figure 3. More specifically, the COLREGs branch applies to Short-Sea
environments and the regional regulations (e.g., BPR) branch applies to Inland Waterways.

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. The action to avoid collisions that is considered in
the design of the semantic reasoner is that of changing the reference trajectory of future waypoints
that the own vessel should follow (see A, s), based on the method described in Section 5.1. This
change occurs during operation and is updated at every following time step, until the encounter
situation is resolved. When one or multiple faults affect the sensors of the ASV, their timely detection
by the monitoring agents, discussed in Chapter 3, allows for the activation of fault tolerant capabilities
(see A;;), outlined in Section 5.1.
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This Chapter presents some practical use cases for the SEAMLESS solutions developed in the
context of WP4, Task 4.2, and presented through the course of this deliverable. Some of them are
targeted at the use of a single proposed solution, while others combine multiple of the presented
solutions.

The presented Use Cases are constructed to clearly show the fulfilment of the promises made in the
Grant Agreement, by the methods designed in Chapters 2-4.

e The management of “remedial actions (e.g. by reconstructing the faulty sensor information
using virtual sensors, or by using virtual actuators to reconstruct the actions, or by adapting
the controller)” is illustrated through an IWT example in Use Case 1.

e “The monitoring module” capabilities in “(i) detecting local fault occurrence, (ii) isolating the
fault type (e.g. sensor fault, engine fault) and/or location (e.g. radar sensor fault, GNSS
sensor fault), (iii) distinguishing between local faults and falsified communicated data (e.g.
spoofing of AIS data) and propagated faults”, is showcased through Use Cases 2 and 3.

e Use Case 4 presents the fault-tolerant capabilities of the GNC scheme applied to Demo Use
Case 1 (DUC1) of SEAMLESS.

e “COLREG-compliance” alongside “the effect of COLREGSs alterations on this predicament”
are showcased in Case study 5, involving operation in a mix of IWT and SSS.

In this section, a case study is conducted to illustrate the performance of the proposed POMDP
model-based framework, briefly introduced in Chapter 4, in terms of “managing” different “remedial
actions” to ensure safety. In the considered scenario, a fault affects the onboard GNSS sensor and
is diagnosed by the vessel's sensor monitoring module (see Chapter 3). The considered Inland
Waterway Transport (IWT) environment is characterized by rough weather conditions and moderate
traffic. All other conditions are assumed to be in a moderate or medium state.

The BBN computes the output risk probabilities, considering various Risk Influencing Factors (RIFs),
including but not limited to the traffic density, navigational sensors health and weather conditions.
To discourage excessive dependence on remote or onboard crew intervention, as part of the
calculation of the state transition probabilities, higher rewards are assigned to fail-operational actions
than those reading to fail-safe actions. In addition, a penalty is assigned to transitions leading the
vessel to remain in the same state for the subsequent time step. This prevents stagnant behavior
and promotes a prompt transition to a safe state (i.e, MRC). The POMDP model is initialized at the
unsafe state S, (i.e., “vessel does not follow the desired path”), as a result of taking action 4, (i.e.,
“‘R&T commands provided based on incorrect vessel's navigational states, leading to the vessel
being unable to follow the planned path.”). The initial state belief is set at S, (i.e., “Vessel does not
follow the desired path”), and the Monte Carlo Tree Search runs until a terminal state (i.e., safe state)
is reached. In most of the algorithm run cases, the simulation ends after 2 epochs (i.e, 2000
simulation runs), whereas in the rest of cases, the simulation ends after 1 epoch (i.e., 1000 simulation
runs). Nonetheless, a safe state is reached successfully in all algorithm’s runs, with the following
SCSs for the hazardous situations selected:
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(1) Sy, : “Keep position (DP control strategy is selected)” (4, )
(2) Sy, : “Vessel's speed is reduced” (4,,)

The reader can find more information on the considered probabilities, RIFs and the obtained
results in the SEAMLESS registered publication (Dhyani, et al., 2024).

In this section, the monitoring agent prototype, presented in Chapter 3, is simulated for a sensor fault
case affecting the vessel’s navigational sensors. The relevant results and analysis are featured
in the SEAMLESS registered publication (Dhyani, et al., 2024).

The case study considers the navigation of the “Tito-Neri” model vessel, developed at TU Delft, along
a predefined trajectory to evaluate the effectiveness of the proposed FDI approach. The
hydrodynamic model parameters are provided in (Bruggink et al., 2018). Wind effects are considered
in the simulation with a velocity of V = 2m/s and an angle of g, = 45deg, coming from the
southwest direction.

The navigation system is simulated for 3000 seconds. The fault detection observer gain matrices
KD K@ K® are taken to be equal to a diagonal matrix diag([100, 100,100]), and K® is equal to
100. Each sensor is corrupted by Gaussian noise, having an amplitude within 3% of the mean
absolute value of the noiseless sensor measurement. Further, the design parameters for the

adaptive thresholds in each of the monitoring modules are selected as follows: p(tV = p(12) =
p(2,1) = 0.001 : 5(1,1) — 5(1,2) — 5(2,1) =1 pc(i1,1) =pél’2) — p((iz,l) =10 : 1,1) _ (1,2 _

d ~— Sd
22,1) = 1; p22 =1, £ = 95,,0,(12'2) = 0.1, fc(iz,z) - 4

The theoretical fault signatures used in the aggregator module are provided in Table 2, where, F, =

{fp}' FCz = {flp}’ FC3 = {fv}r FC4 = {fp’fw}’ch = {fprfv}' FC& = {flp’ﬁ/} and FC7 = {fp'fw’fv}- Given
the structure of the FSM matrix, any combination of faults can be isolated, which can be further
verified by simulating different fault scenarios.

Sensor fault signature matrix for the aggregator A (Dhyani, et al., 2024)

11011 * 1
O/ 1/0/1]0/|1]1
o111 1{1]1]1
O 0|1 0|1]1]1

Permanent faults in the gyrocompass and GNSS sensors occur at Tr, = 500 sec and Ty, =
1500 sec, during the considered scenario. The residual signals and the corresponding adaptive
thresholds for the j-th sensor monitored by M are plotted under M"/) in Figure 11. As shown, the
residuals corresponding to the gyrocompass (in M2 and M?1) exceed the thresholds at t =

Funded by Funded by the European Union. Views and opinions expressed are however those of the author(s) only and do not
the European Union necessarily reflect those of the European Union or CINEA. Neither the European Union nor CINEA can be held
responsible for them. Grant Agreement N° 101096923.

Page 35 of 50



D4.2 - Autonomous GNC Scheme development and

monitoring agent prototype Gilly SEAMLESS

500 sec, whereas, the residuals corresponding to the GNSS (in M(V) exceed the thresholds at t =
1500 sec. For t < 500 sec, the components of the detection vectors D(t) remain zero, and the
diagnosis set corresponds to a null set. For 500 <t < 1500 sec, the occurrence of the first fault is
detected by the residual exceeding the adaptive threshold, which results in D(t) = [0110]T. For
t > 1500 sec, the second fault is detected, leading to D(t) = [1110]". At the end of the simulation,
a consistency test is performed by comparing the observed pattern D(t) to the theoretical patterns
ch, which results in a diagnosis set Ds(t) = {F,,F., } = {{fyp}, {fp, fp}}, thereby isolating the faulty

Sensors.
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Simulation results of the residual signals, the corresponding adaptive thresholds, and the decision vectors for
each monitoring module (Dhyani, et al., 2024).

5.3 CASE STUDY 3: ACTUATOR FAULT DIAGNOSIS CAPABILITIES OF THE MONITORING AGENT

This section presents the results of the monitoring agent prototype application, introduced in Chapter
3, for an ASV navigation case facing actuator faults. The relevant results and analysis are
featured as part of the SEAMLESS registered publication (Tsolakis, et al., 2024b).

In the considered scenario, the ASV follows a sinusoidal reference path, having access to full-state
measurements, corrupted by uniformly bounded noise. The disturbances are also considered
uniformly bounded, with known bounds. Figure 12 illustrates the evolution of two different FPSs at
six equidistant time instances. The FPS using the proposed UPS formulation and accounting for
measurement noise is shown in blue. The FPS from the existing UPS formulation without considering
measurement noise is shown in orange. The blue FPS is feasible under healthy conditions,
monotonically converging towards a “healthy area" around the healthy value 8 = (111)7, while
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preventing false alarms. In contrast, the orange FPS becomes infeasible, preventing consistent
convergence to the “healthy area" and triggering false alarms.

Feasible Parameter Set Comparison

t=0,00s 10 o0 t=13,80s 1.0 o0

t=20.80s 10 00 t=27.60s 10 00 t=34.61s 10 g0

Evolution of the FPS in healthy conditions. In blue, the FPS considers measurement noise, converging towards
the “healthy" region. In contrast, the orange FPS, which neglects noise, becomes infeasible multiple times and fails to
converge uniformly (Tsolakis, et al., 2024b).

The ASV is also simulated in a straight, horizontal reference path-following scenario while avoiding
collisions with other vessels (assuming COLREGs apply). The system is subjected to both
disturbance and noise and at time t; = Atk; = 20s, a permanent fault 6, = 0.2 is injected in the
right thruster. Different outer approximations of the FPS are compared and evaluated based on their
sensitivity, while a comparison of the regularized parameter estimate proposed in Chapter 3 with the
conventional one is performed. Both FPSs are constructed from UPSs that account for measurement
noise. Figure 13 shows the evolution of the FPS using two different outer approximations. A “tighter"
outer approximation with ¢ = 1, and a “looser" approximation with ¢ = 0 are presented with cyan
and pink lines respectively. At time t = 20.41sec, after the fault occurs, the cyan approximation
leads to an infeasible set, indicating fault detection, as it starts converging towards a “faulty area".
The pink approximation also converges towards the faulty region, delayed due to its larger volume.

The parameter estimates are shown in Figure 14. More specifically, the regularized parameter
estimate is displayed in cyan, followed by the un-regularized estimate displayed in pink. The
corresponding FPS bounds are shown in matching colours. The moment of the fault is marked by a
red dashed vertical line. The fault is detected at t = 20.56 sec using the tighter approximation (blue
dashed vertical line) and at t = 21 sec using the looser approximation (purple dashed vertical line).
The regularized parameter estimate (cyan continuous line) is generally more stable than the
unregularized one (pink continuous line), making it a more reliable nominal estimate to evaluate the
true fault value.
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Feasible Parameter Set Comparison

o
t=0,00s 10 00 t=1021s 10 o0 t=2041s 10 o0

t=3082s 10 g0 t=4102s 10 o0 t=5123s 10 g0

Comparison of the FPS evolution using two different outer approximations. The top-right sub-figure highlights
the moment just after the fault occurs. The tighter outer approximation (cyan) detects the fault faster and begins to
converge toward the faulty region, while the looser approximation (pink) converges more slowly (Tsolakis, et al., 2024b).

Regularized Parameter Estimate & Tighter Bounds
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Parameter estimate with corresponding bounds (shaded areas). In the second sub-plot for 6, , the
discontinuity in FPS bounds indicates the fault in the right thruster. The fault occurs at the red dashed vertical line, with
the detection time shown in purple. The regularized estimate (cyan) is more stable and closer to the true value compared
to the unregularized estimate (pink) (Tsolakis, et al., 2024b).
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5.4 CASE STUDY 4: FAULT-TOLERANT CAPABILITIES IN THE NORTHERN EUROPEAN USE CASE

To showcase the efficiency and performance of the guidance system developed in Chapter 4 in the
presence of sensor faults, diagnosed by the monitoring agent in Chapter 3, a case study of the Ro/Ro
cargo vessel MARIT travelling a parabolic route between the areas of Horten and Moss (Norway) is
used. The follow-up results and analysis are featured as part of the SEAMLESS registered
publication (Kougiatsos & Reppa, 2026).

The actual routes (red and green colors) and the translation of the red one in a computer-based
simulation are shown in Figure 15. The total travel time for this route is approximately T = 50min.
The principal dimensions and characteristics of the MARIT vessel are shown in Table 3. Regarding
the used model parameters, commonly referred to as the hydrodynamic coefficients, these were
estimated using empirical relations identified in (Abkowitz, 1980) and the data of Table 3.

—e— Moss-Horten ||  Time: 2845
—— Horten-Moss
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Routes of the ASKO vessel MARIT, used in the SEAMLESS North European Demonstration, between Horten
and Moss, shown on the left. The red route is used in this Case study and inserted in the simulation environment, as
shown on the right.

Principal dimensions and characteristics of the RO/RO cargo vessel MARIT operating between Horten and Moss
(Kougiatsos & Reppa, 2026).

Dimension | Value | Description [Units]
L 67 Length [m]
B 15 Beam [m]
T 1.6 Design draft [m]
Cy 0.3 | Block coefficient [—]
U 8 Speed [kn]

The ASV operation is simulated under the occurrence of a sensor fault, affecting the heading angle
measurement y.{3}. The magnitude of the fault is chosen as f{3} = 1rad, with its time of
occurrence at t; = 1200 sec (= 20min). The sensor measurements are corrupted by uniformly
bounded sensor noise d of 3 % magnitude. Ocean currents affect the vessel’s velocities with a
magnitude of U, = 0.02 m/sec and an angle of §. = 26 deg. To account for the unknown drift due
to the effects from the ocean currents and the lack of speed measurements, as well as the
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occurrence of sensor faults, the guidance law (37) - (40) is designed with the following parameters:
A =1[2,22]",I; = 1075, = [400,400,400]7,X, = 200 m.

A PID reference heading tracking controller is designed for path following, with the rudder angle &
updated for this purpose, similar to (Fossen, 2023) :

- 1t .
5(t) = u(t) = K, <1p(t) + TJ Y()dt + Ty l/)(t)), (55)
LJ0

where Y(t) = Yrep () — ye{3}(t) — f{3}(t) is the heading angle tracking error at time step t, Yrer IS
calculated by (36), f{3} is estimated by (40), K, = 80 is the controller’s proportional gain, T; = 10
and T; = 0.5 are the derivative and integral time constants, respectively.
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Estimates of (a) the unknown sideslip angle # using (42), and (b) the sensor fault {3} using (43) and
comparison with actual values. The estimates are styled in red and dashed lines, while the actual values are shown in
black, continuous lines (Kougiatsos & Reppa, 2026).

The simulation results regarding the adaptive estimation process and the achieved cross-tracking
error are shown in Figures 16 and 17, respectively. Further quantification results are provided in
Table 4, such as the mean value and standard deviation of the derived error signals. Figure 16(a)
illustrates the adaptive estimation of the unknown sideslip angle , shown in black colour/ continuous
line, by the adaptive estimator 8 designed in (39), and shown in red colour/dashed line. As observed
in this Figure, the estimation can follow the trend of the actual unmeasured sideslip angle, though
unable to catch its peaks. Nonetheless, the estimation error remains rather small, with a mean of
—0.02 deg, and a standard deviation of 1.15 deg, as recorded in Table 4. Similarly, Figure 16(b)
showcases the adaptive estimation of the inserted sensor fault f{3}, shown in black color/ continuous
line, by the adaptive estimator f{3} designed in (40), and shown in red colour/dashed line.
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Satisfactory estimation results are obtained with a mean error of —0.03 rad and a standard deviation
of 0.03 rad, in Table 4.

Performance Indicators related to the fault-tolerant capabilities described in Chapter 4 (Kougiatsos & Reppa,

2026)
Parameter | Indicator Value
o Mean 0.17 m
Std 46 m

A Mean 0.03rad
BB} st | 0.03rad

5 Mean | -0.02 deg
p—F Std | 1.15 deg

To showcase the efficiency of the path following capabilities, Figure 17 presents the calculation of
the cross-tracking error e, defined in Chapter 4. For the most part of the simulation, e remains
confined between the values of =10 m = —67% - Band 10m =~ 67% - B, with two peaks outside
this margin close to the time t; = 1200 sec of insertion of the simulated sensor fault. A mean error
value of 0.17 m with a standard deviation of 4.6 m is recorded in Table 4, advocating for the
resilience of the developed Guidance system against sensor faults and environmental disturbances.
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Calculation of cross-tracking error e during the vessel’s operation, using (38) (Kougiatsos & Reppa, 2026).

5.5 CASE STUDY 5: COLLISION-FREE CAPABILITIES IN DIFFERENT TRAFFIC ENVIRONMENTS

In this section, the results from the application of the collision-free path planning in multi-environment
operations developed in Chapter 4 are presented. To this end, a Pusher-Barge ASV case study is
employed operating between a short-sea and a Dutch inland waterway environment. The principal
dimensions and parameters of the ASV model have been already provided in (C. Zhang et al., 2025).
The follow-up results and analysis are featured as part of the SEAMLESS registered
publication (Kougiatsos et al., 2026).
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The sensor measurements are corrupted by uniformly bounded random sensor noise, with |d| < d.
The PID reference heading tracking controller from (55) is applied with K, = 80 is the controller’s
proportional gain, T; = 10 and T; = 1 are the derivative and integral time constants, respectively.

For the simulation purposes, the own vessel is tasked to follow a reference route starting at (x,y) =
(100,0)T and finishing at (x,y) = (6000,0)T, discretized in N = 20 evenly spaced waypoints.
During the mission, the own vessel encounters N,, = 2 opposite-moving Pusher-Barge vessels,
posing risks for head-on collisions. The encounter between the own vessel and vessel i = 1 occurs
at the short-sea environment, where the other vessel i = 1 starts from the point (x,1,¥,1) =
(2400,0)T. The encounter between the own vessel and vessel i = 2 occurs in the Dutch Inland
waterway environment, where the other vessel i = 2 starts from the point (x,2,,2) = (6000,0)".
The waterway has a fixed width w = 750m and the safety clearance factor from the banks is taken
as s,, = 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 p, between the vessels equal to 0.5B is
assumed, where B is the own vessel’s breadth. 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 p.,. = 6L = 600m is assumed for the encounter distance of the own vessel. To capture
the effects of regulations in the path planner for the head-on scenario, 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 F.

Assuming a noise level d = 3%, Figure 18(a) illustrates the difference between the achieved
distance between the own vessel and vessel i € {1,2}, denoted as d; and the safe distance p;.
More specifically, the difference d; — ps is shown with blue color/ continuous line, while the
difference d, — p, is shown with magenta/ dash-dotted line. Both curves turn out to be positive,
which signifies that vessels stay clear from each other, respecting the safe distance. The time
windows of the two head-on encounters are highlighted, based on the defined p,.,.. The lane

distances dl(p) and dl(s) from the banks of the waterway are shown in Figure 18(b) for both the own
vessel (blue and red/ continuous lines) and vessel i = 2 (purple and orange/ dash-dotted lines). All
curves are bounded according to (49), where the upper and lower bounds are illustrated with green/
dashed lines. As a result, the clearance requirement from the banks of the waterway is indeed well
respected.

Figure 19 illustrates the time histories of the heading angles corresponding to the three simulated
vessels for the case study. As shown in this Figure, the own vessel (blue line) and other vessel i =
1 (green line) both make evasive manoeuvres to avoid collision in the first encounter time-window
(translated from Figure 18(a)), with y;{3} dropping below 0 deg and v, ; assuming values between
120 and 180 deg. As a result, the two vessels pass each other port to port, as described in
COLREGs, before starting to correct their headings again to their original values, following the first
encounter time window. The own vessel continues with almost zero heading in the inland waterway
environment, where it meets the other vessel i = 2 (heading drawn in purple) coming from the
opposite direction. This encounter happens in the second time- window, also translated from Figure
18(a). According to Figure 18(b), the distance of the own vessel from the starboard side bank (red
continuous line) is less than the distance of the other vessel i = 2 from the same bank (orange
dash-dotted line). As a result, the own vessel follows the starboard side of the waterway. Based on
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Rule 6.04 of BPR, the modular Finite State Machine in Figure 3 assigns the SO role to the own
vessel. Symmetrically, the other vessel i = 2 assumes a GW 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 160 deg
and 180 deg. The own vessel proceeds on its original course, not needing to take action to avoid
collision. Thus, the two vessels resolve the head-on encounter scenario as defined in the BPR rules.
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(a) Distance between the own vessel and other vessel i = 1 (d; shown in blue), and between the own vessel
and other vessel i = 2 (d, shown in purple), and (b) distance between own vessel and the waterway banks (blue/red
continuous lines), and between other vessel i = 2 and the waterway banks (orange/purple dash-dotted lines). The bounds
in (49) are shown with green/ dashed lines (Kougiatsos et al., 2026).

Encounter 1: Encounter 2:
COLREGs BPR
200 A
150 -
2 100 4
3 100
Y
50 A
0 .

0 500 1000 1500 2000 2500
Time [sec]

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 defined simulation scenario (Kougiatsos et al., 2026).
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This deliverable presented solutions related to the Autonomous GNC scheme development and
monitoring agent prototype. Rule awareness was achieved using a semantic database and a
modular Finite-State Machine, in Chapter 2, transcribing the parameters corresponding to the
operational environment and to both international and regional traffic rules in a computer-cognitive
format. An online framework based on a POMDP approach, briefly discussed in Chapter 4, is
responsible for the mitigation of navigational risks through proper decision making on the strategies
to follow. More specifically, two types of strategies were identified: the fail-operational and the fail-
safe strategies.

The fail-operational strategies correspond to a joint need for action by the monitoring agent and
the guidance system of the vessel to mitigate the risks. In those cases, the monitoring agent is used
to detect and isolate the occurrence of multiple sensor and/or actuator faults affecting the navigation.
Model-based residual generation and adaptive threshold computation, as well as Set-Membership
Estimation are used for this purpose, as discussed in Chapter 3. Following the fault diagnosis, fault-
tolerant capabilities can be used to restore the health of the navigation system components, such as
the virtual-sensor informed guidance law presented in Chapter 4.

The fail-safe strategies mostly concern operation under healthy system conditions, with external
forces of risks (e.g., collision risks posed by other traffic participants) being most prevalent. In those
cases, the vessel may be required to modify her original trajectory to mitigate the collision risk.
Chapter 4 discussed the generation of a collision-free envelope, considering both other vessels
(dynamic obstacles) and the surrounding infrastructure (static obstacles). Collision avoidance is
executed following the applicable traffic rule guidelines, selected by the semantic reasoner.

The obtained results from the case studies in Chapter 5 highlighted the individual strengths but also
the matching between the different proposed solutions. Considering DUC1 of SEAMLESS, that is
the Northern European Use Case, the combination of the monitoring agent prototype with the virtual
sensor-enhanced guidance allowed for minimal cross-tracking error in the presence of sensor faults
and external disturbances. The collision-avoidance behaviour was shown to adapt to the relevant
traffic rules when switching from a short-sea environment, where COLREGS apply, to a Dutch inland
waterway environment, where BPR applies. The inland waterway scenario where the risk mitigation
method was applied highlights the associated navigational risks and favourable strategies.

The methods presented in this work have the potential to work alongside and boost the performance
of other important SEAMLESS solutions, such as the low-attention Remote Operation Center (ROC)
architecture and ModalNET. The reason for that are the collision-free and fault-tolerant capabilities,
which would allow for higher system uptime, less attention by remote operators, and fewer
disruptions in the waterway traffic network (i.e., due to the avoidance of accidents).

To enable multi-environment operations, this deliverable considered both international (COLREGS)
and regional (BPR) traffic rules. Rule awareness was enabled using a semantic database, populated
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with information on the operational environment characteristics and traffic rule requirements and, a
modular Finite-state machine matching the various encounter scenarios to the traffic roles assumed
by the vessels, in Chapter 2. Future amendments, if needed, to the traffic rules can easily get
reflected in the design of the database and Finite State Machine. These tools are also scalable and
could potentially incorporate more regional regulations (e.g., PRR), as well as different requirement
(e.g., design) standards. Our aspiration is for the ASV operation to more closely follow updates in
requirements for approval purposes. To this end, the embedded rule awareness contributes to
SEAMLESS KPI 2.2: “Reduce general cost and time required for approving deployment of
autonomous ships by at least 75%”.

The development of a monitoring agent prototype, able to diagnose both sensor and actuator faults
in a timely manner enables the inclusion of fault-tolerant capabilities in the GNC scheme. By
employing virtual sensors in the decision-making of the Guidance system, sensor fault effects can
be automatically mitigated, and the operation resumes as intended. Moreover, the online
navigational risk mitigation framework discussed in Chapter 4 ensures that at least one minimum
risk condition of the vessel is reached until the remote operator(s) are available to intervene in the
decision-making of the system. As a result, this deliverable contributes to SEAMLESS KPI 2.3:
“Reduce workload for ROC operators, ships per operator > 1”. The proposed solutions
contribute to the SEAMLESS vision of safe, intelligent, and autonomous waterborne transport.
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