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Safe Autonomous Maritime Transport



Maritime Autonomy & Safety

Fig. 1 Maritime Safety in (a) conventional vessels, and  (b) autonomous vessels

(b)(a)

Image Credits: Maritime Cyprus, American Bureau of Shipping



• Guidance system: 
• generation of the desired 

path/trajectory/energy consumption using 
high-level information & local information

• Defines safe path/speed (e.g., collision 
avoidance)

• Navigation system: situational awareness, 
state estimation, environmental perception

• Control system: computes the signals to the 
actuators to make the system achieve the 
desired safe behavior

The GNC System



What is missing?

1. Multi-environment operation not considered 
(e.g., change of physical constraints, 
dynamics)

2. Rule awareness using both regional and 
international traffic rules (e.g., COLREGS, 
BPR/ CCNR)

3. Consideration of both vessel-to-vessel (V2V) 
and vessel-to-infrastructure (V2I) collisions

4. Handling of navigation sensor inaccuracies and 
faults, is required for precise path following 

Image Credits: The Atlantic



The SEAMLESS Approach

Model 1
inland 

waterways 
navigation

Model 2
short sea 
navigation

switch

- Current

- Water depth 

- Bank effects

- Wind

- Waves

Environmental Disturbances

Objectives: Develop a Guidance, Navigation &
Control scheme:

✓Adaptive to both short sea and inland waterway
navigation

✓ Safe against physical (e.g., static obstacles,
grounding) and cyber (e.g. faults) threats

✓Compliant to various collision avoidance
regulations (e.g., COLREGS, CCNR, BPR)

✓ Fault-Tolerant against sensor and actuator
faults



Manoeuvring Model Formulation

(1)

✓ Based on the Maritime Modelling Group (MMG) model due to its inherent modularity

✓ Transformed into state-space format

Kougiatsos, N., Dhyani, A., & Reppa, V. (2026). Integrating Rule Awareness and Semantic Reasoning in Collision-Free Vessel Path Planning. 

Submitted to IFAC World Congress 2026 as a Dual Journal-Conference Submission (under Review).



Sensor inaccuracies modelling

(2)

noise faults

Kougiatsos, N., Dhyani, A., & Reppa, V. (2026). Integrating Rule Awareness and Semantic Reasoning in Collision-Free Vessel Path Planning. 

Submitted to IFAC World Congress 2026 as a Dual Journal-Conference Submission (under Review).



Semantic Database

ℱ = ℱ𝑑 ∪ ℱ𝑠 ∪ ℱ𝑒 ∪ ℱ𝑟

Database component Examples of stored information

ℱ𝑑: vessel design 𝐿𝑏𝑝, 𝑈𝑑 , 𝑛𝑎𝑚𝑒 𝑜𝑓 𝑣𝑒𝑠𝑠𝑒𝑙

ℱ𝑠: vessel sensors sensor name, noise level

ℱ𝑒: operational environment wave height, current speed

ℱ𝑟: traffic rules BPR, COLREGS



Database Implementation

Classes

Instances

Comments/ Context

Class information

Dependencies

Kougiatsos, N., Dhyani, A., & Reppa, V. (2026). Integrating Rule Awareness and Semantic Reasoning in Collision-Free Vessel Path Planning. 

Submitted to IFAC World Congress 2026 as a Dual Journal-Conference Submission (under Review).



Semantic Reasoning: Decision on safe reference 
trajectory deviation

• (Give-way Vessel) Determination of safe trajectory deviation based on safe distance from

other vessels, safe lane distance (in case of waterway), and VTS information on other vessel’s

position and heading

• Generation of collision-free envelope for inland waterway and short-sea operations

Traffic Role

Kougiatsos, N., Dhyani, A., & Reppa, V. (2026). Integrating Rule Awareness and Semantic Reasoning in Collision-Free Vessel Path Planning. 

Submitted to IFAC World Congress 2026 as a Dual Journal-Conference Submission (under Review).



Examples of collision free envelopes

(a) Inland waterways (b) Short sea

Kougiatsos, N., Dhyani, A., & Reppa, V. (2026). Integrating Rule Awareness and Semantic Reasoning in Collision-Free Vessel Path Planning. 

Submitted to IFAC World Congress 2026 as a Dual Journal-Conference Submission (under Review).



Semantic Reasoning: Decision on traffic rules 
and role

V2V 

collision

V2I 

collision

Determination of applicable traffic rules 

(based on operational area)

Calculation of relative heading and 

bearing

based on (Tsolakis et al., 2024)

A. Tsolakis, R. R. Negenborn, V. Reppa, L. Ferranti, Model predictive trajectory optimization and control for autonomous surface vessels 

considering traffic rules, IEEE Transactions on Intelligent Transportation Systems (2024).

Traffic role generated through the use of Finite State Machine



Modular Finite State Machine
Short-sea Shipping (SSS)

Kougiatsos, N., Dhyani, A., & Reppa, V. (2026). Integrating Rule Awareness and Semantic Reasoning in Collision-Free Vessel Path Planning. 

Submitted to IFAC World Congress 2026 as a Dual Journal-Conference Submission (under Review).



Modular Finite State Machine

Inland waterway Transport (IWT)

Kougiatsos, N., Dhyani, A., & Reppa, V. (2026). Integrating Rule Awareness and Semantic Reasoning in Collision-Free Vessel Path Planning. 

Submitted to IFAC World Congress 2026 as a Dual Journal-Conference Submission (under Review).



Case study: Head-On Scenarios in a mix of 
SSS and Dutch IWT Environments

• Two head-on scenarios

• Implementation of Semantic Database, Reasoner and Modular FSM to prevent collision

• Consideration of COLREGs and BPR Regulations

• Pusher-Barge vessels are simulation (3 vessels/ 1 own and 2 other vessels)

Image credits: K.K. Koh and H. Yasukawa. “Comparison study of a pusher–barge system in shallow water, medium shallow water and deep water 

conditions”. In: Ocean Engineering 46 (June 2012), pp. 9–17. ISSN: 00298018. DOI: 10.1016/j.oceaneng.2012.03.002. 



Example: Intelligent and Rule-Aware Capabilities



Tsolakis, A., Ferranti, L., & Reppa, V. (2024). Set-Membership Estimation for Fault Diagnosis of Nonlinear Systems. Proceedings of the European 

Control Conference (ECC) 2025

Vessel Motion under Thruster Faults

Loss of Effectiveness



Tsolakis, A. (2025). Rule-compliant and Fault-Tolerant Motion Planning With Application to Autonomous Surface Vehicles, PhD Thesis, TU Delft

Rule-Compliant & Fault-Tolerant Motion Planning

Fault Accommodation
Fault

Rule-Compliance

෡𝜃𝑡 , ഥΘ𝑡



Fault Diagnosis

❑ Fault Detection Logic: if                           , a fault is guaranteed to have occurred.  

❑ Fault Isolation Logic: if where 

then parameter 𝜃𝑖 is faulty (i.e. < 1)

❑ Time of Detection:

❑ Time of Isolation:

Tsolakis, A., Ferranti, L., & Reppa, V. (2024). Set-Membership Estimation for Fault Diagnosis of Nonlinear Systems. Proceedings of the European 

Control Conference (ECC) 2025. http://arxiv.org/abs/2411.03011

http://arxiv.org/abs/2411.03011


Navigational Sensor Fault Diagnosis

Dhyani, A., Negenborn, R. R., & Reppa, V. (2024). A Multiple Sensor Fault Diagnosis Scheme for Autonomous Surface Vessels. IFAC-

PapersOnLine, 58(4), 31–36. https://doi.org/10.1016/j.ifacol.2024.07.189

How to diagnose sensor faults affecting multiple navigational sensors considering 

modelling uncertainty?

❑Sp: GPS/GNSS measuring position (xp,yp)

❑Sψ: Gyroscope measuring heading (ψ)

❑Sν: accelerometer measuring velocities (ν)

https://doi.org/10.1016/j.ifacol.2024.07.189


Sensor Fault Diagnosis

𝒪 1 : ቐ
ሶƸ𝜂(1) = 𝑅 ෠𝜓 1 ෝ𝓋 1 + 𝐾 1 ෤𝜂 1 ,

ሶෝ𝓋 1 = 𝑀−1 −𝐶 ෝ𝓋 1 ෝ𝓋 1 − 𝐷 ෝ𝓋 1 ෝ𝓋 1 + 𝜏 + 𝐾 2 𝑅𝑇 ෠𝜓 1 ෤𝜂 1 .

Dhyani, A., Negenborn, R. R., & Reppa, V. (2024). A Multiple Sensor Fault Diagnosis Scheme for Autonomous Surface Vessels. IFAC-

PapersOnLine, 58(4), 31–36. https://doi.org/10.1016/j.ifacol.2024.07.189

Analytical Redundancy 

Relations

Decision Logic

Residuals Thresholds

Fault Detector

𝐷 𝑡

https://doi.org/10.1016/j.ifacol.2024.07.189
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Analytical Redundancy 

Relations

Decision Logic

Residuals Thresholds

Fault Detector

𝐷 𝑡• ARRs:

ℰ𝑖: 𝑟𝑖 𝑡 = 𝑦𝑖 𝑡 − ො𝑦𝑖(𝑡) ≤ ത𝑦𝑖(𝑡)

• Detection Decision Logic: assuming 

permanent sensor faults

𝐷 𝑡 = ቊ
0, 𝑡 ≤ 𝑡𝐷
1, 𝑡 > 𝑡𝐷

𝑡𝐷: first time that 𝑟𝑖(𝑡) > ത𝑦𝑖(𝑡)
for at least one 𝑖

∀𝑖 ∈ {1,2, … , 𝑛}

https://doi.org/10.1016/j.ifacol.2024.07.189


Multiple Sensor Fault Isolation

Dhyani, A., Negenborn, R. R., & Reppa, V. (2024). A Multiple Sensor Fault Diagnosis Scheme for Autonomous Surface Vessels. IFAC-

PapersOnLine, 58(4), 31–36. https://doi.org/10.1016/j.ifacol.2024.07.189

𝑓𝑝 𝑓𝜓 𝑓𝑣 𝑓𝑝, 𝑓𝜓 𝑓𝑝, 𝑓𝑣 𝑓𝜓, 𝑓𝑣 𝑓𝑝, 𝑓𝜓, 𝑓𝑣

ARRs

-1

1 * 0 1 1 * 1

ARRs

-2

0 1 0 1 0 1 1

ARRs

-3

0 1 1 1 1 1 1

ARRs

-4

0 0 1 0 1 1 1

𝐷(𝑡) =

𝐷1 𝑡

𝐷2 𝑡

𝐷3 𝑡
𝐷4(𝑡)

Observed pattern • Consistency test: Compare 
at every time instant the 
observed pattern to the 
theoretical patterns 
(columns of FSM) 

https://doi.org/10.1016/j.ifacol.2024.07.189


Fault-tolerant Guidance system design

Kougiatsos, N., & Reppa, V. (2026). Virtual Sensor-Informed Motion Planning for Safe Autonomous Waterborne Navigation., to appear in the

Proceedings of the Transport Research Arena 2026, Budapest, Hungary

• Faults in the navigation sensors negatively 

affect Guidance decisions

• Novel Virtual Sensor Line-Of-Sight (VS-

LOS) Guidance Law for Sensor Fault 

effect mitigation

• Monitoring agent interconnection

VS-LOS = Adaptive LOS (drift compensation) + Virtual Sensors



Virtual sensor-informed LOS (VS-LOS) Guidance

Design

Stability and 

Computation

Filtering Term

Cross-tracking 

error
Deadzone

lEstimator Gain

Learning rate

Parameters

Kougiatsos, N., & Reppa, V. (2026). Virtual Sensor-Informed Motion Planning for Safe Autonomous Waterborne Navigation., to appear in the

Proceedings of the Transport Research Arena 2026, Budapest, Hungary
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