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Abstract 

Maritime AD(A)S products, the maritime counterpart to automotive advanced driver 

assistance and automated driving systems, currently lack the structured closed-loop testing 

methodologies that have become standard in the automotive sector. This report investigates 

whether model basin facilities can help fill that gap by serving as a hardware-in-the-loop 

component, a concept referred to as Basin-in-the-Loop (BiL) testing. The study focuses on the 

Maritime Dynamics Laboratory (MDL) at RISE/SSPA Maritime Center.  The core finding is that 

BiL is both useful and technically feasible. It offers genuine value when the system under test 

depends on accurate hydrodynamic coupling and environmental response, phenomena that 

simulation inevitably simplifies. The MDL measurement infrastructure already provides the 

essential building blocks: both measurement systems offer external-facing UDP interfaces 

capable of bidirectional real-time communication. The main barrier is not missing 

infrastructure but rather that the existin g interfaces have not yet been formally documented 

and standardized.  The report proposes formalizing these interfaces into a documented digital 

platform specification and outlines a proof -of-concept plan for exercising it in a real test 

context.  
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1 Executive summary 

The maritime industry is moving toward increasing automation and digitalization, yet the 
development of maritime AD(A)S products, the maritime counterpart to automotive Advanced 
Driver Assistance Systems and Automated Driving Systems, lacks the structured verification 
and validation methodologies that have become standard practice in the automotive sector. In 
particular, the absence of standardized closed-loop testing procedures has been identified as 
a barrier to the competitiveness and maturity of maritim e AD(A)S research and development. 

This report investigates whether model basin facilities can be usefully and feasibly 
incorporated into closed-loop testing setups for maritime AD(A)S products, a concept referred 
to as Basin-in-the-Loop (BiL) testing, focusing specifically on the Maritime Dynamics 
Laboratory (MDL) at RISE/SSPA Maritime Center. The short answer to both questions is yes, 
with qualifications.  

Is it useful? BiL offers genuine value when the system under test depends on accurate 
hydrodynamic coupling and environmental response, phenomena that simulation inevitably 
simplifies. For systems where accurate hydrodynamics matters less, the additional cost of 
basin time over simulation is harder to justify.  

Is it technically feasible? Yes. The MDL measurement infrastructure already provides the 
essential building blocks. The barrier is not the absence of a digital communication channel, 
but rather that the existing interfaces have not yet been formally documented and 
standardized. 

To support these conclusions, the report makes three main contributions: 

First, it introduces a working distinction between Conventional Basin Tests (CBT), Augmented 
Basin Tests (ABT), and Basin-in-the-Loop (BiL) testing, clarifying the different roles that 
physical, augmented, and closed-loop basin tests can play in maritime R&D. While the report 
focuses primarily on BiL, the taxonomy and the technical integration work apply equally to 
ABT, which represents an independent opportunity for extending the value of conventional 
basin testing through real-time environmental augmentation. 

Second, it proposes a four-stage verification and validation workflow for maritime AD(A)S 
products, progressing from Model-in-the-Loop (MIL) and Software-in-the-Loop (SIL) through 
Basin-in-the-Loop (BIL) to Vessel-in-the-Loop (VIL), adapted from the automotive V-model. A 
defect class taxonomy identifies the specific defect categories that each stage is designed to 
catch. BiL's unique contribution is the detection of defects arising from real hydrodynamic 
coupling and environmental response, phenomena that simulation inevitably simplifies.  

However, BiL does not benefit every use case equally. A framework of four fundamental 
questions, relating to the importance of accurate hydrodynamics, understanding of scale 
effects, scenario complexity, and system-under-test complexity, provides a structured basis 
for evaluating its usefulness case by case. Applying this framework to 14 candidate test 
setups identified through a brainstorming workshop, the report maps out which types of 
systems are good fits for BiL, which require further investigation or mitigation measures, and 
which are better served by simulation alone. 

Third, from a technical integration perspective, the report finds that the MDL measurement 
infrastructure already supports the essential building blocks for BiL: both measurement 
systems provide external-facing UDP interfaces capable of bidirectional real-time 
communication with external entities. The barrier is not the absence of a digital 
communication channel, but rather that the existing interfaces have not yet been formally 
documented and standardized. The report proposes formalizing these into a documented 
digital platform interface, separating a shared platform layer from project-specific integration 
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specifications. A concrete protocol specification and a proof-of-concept plan are provided in 
Appendix A and Appendix B respectively. The investment required to realize the formalized 
interface is modest, primarily software development, documentation, and organizational 
effort rather than new infrastructure.  

The natural next steps are a technical proof-of-concept that exercises the proposed interface 
in a real test context, exploration of hybrid environment setups that combine physical basin 
testing with real -time simulation to extend the range of viable BiL and ABT use cases, and a 
structured business value assessment to articulate BiL and ABT as concrete, well-defined 
testing capabilities for technology suppliers, classification societies, and research 
collaborators. 
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2 Introduction  

BADASS is an acronym for "Bringing AD(A)S to Shipping" where, in turn, ADAS is the 
established acronym for Advanced Driver Assistance System and ADS is the established 
acronym for Automated Driving System. Furthermore, BiL is an acronym for Basin-in-the-
Loop referring to incorporating model basins in a closed loop testing setup. These concepts 
will be further explained and explored in the following sections.  

2.1 What are Advanced Driver Assistance Systems (ADAS) and Automated Driving 
Systems? 

In an automotive context, Advanced Driver Assistance Systems (ADAS) refer to electronic 
systems in vehicles that support the driver in the driving process, enhancing safety and 
improving the overall driving experience. These systems typically use data from a variety of 
sensors--- such as cameras, radar, lidar, and ultrasonic devices--- to monitor the vehicle's 
surroundings and make real-time decisions or provide warnings to the driver. ADAS 
functionalities range from basic features like anti-lock braking systems (ABS) and electronic 
stability control (ESC) to more advanced capabilities including adaptive cruise control (ACC), 
lane-keeping assistance (LKA), blind spot detection, and automatic emergency braking (AEB) 
(SAE International, 2021). 

In the 6 levels of driving autonomy defined by the Society of Automotive Engineers (SAE), 
ADAS features typically fall in levels 1 and 2. 

 

Figure 1. SAE Levels of Driving Automation (ADAS) 

Automated Driving Systems (ADS) refer to hardware and software systems capable of 
performing the entire Dynamic Driving Task (DDT) under specified conditions without human 
driver input. Unlike ADAS, which supports the human driver, ADS replaces the human in 
executing operational and tactical control of the vehicle (SAE International, 2021). 

According to the SAE J3016Ƣ standard, ADS encompasses systems at SAE Levels 3, 4, and 5, 
where the automated system is responsible for monitoring the driving environment in 
addition to controlling vehicle motion. These systems are a key enabler of autonomous 
vehicles (AVs) and are designed to improve safety, mobility, and efficiency by reducing 
reliance on human drivers, who are prone to distraction, fatigue, and error. 

 

Figure 2. SAE Levels of Driving Automation (ADS) 

2.2 Why is this interesting?  

The maritime industry is undergoing a transformation driven by increasing digitalization, 
automation, and a growing need for intelligent decision support. From voyage optimization to 
condition monitoring, the sector is embracing a broad spectrum of technologies aimed at 
improving efficiency, safety, and sustainability. This evolution mirrors, in many ways, the 
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trajectory followed by the automotive industry over the past two decades. A trajectory 
marked by progressive integration of sensors, connectivity, advanced driver assistance 
systems, and ultimately, the pursuit of vehicle autonomy. 

In the automotive domain, this digital shift has not only led to new technological capabilities 
but has also catalyzed significant changes in development and validation methodologies. 
Simulation-based testing, hardware- and software-in-the-loop (HIL/SIL) setups, virtual 
prototyping, and the use of digital twins have become cornerstones of the automotive 
development cycle. Importantly, the integration of these tools into a continuous validation 
process has enabled the automotive industry to reduce time-to -market while managing safety 
and regulatory requirements in a cost-effective manner. 

As the shipping industry moves toward more autonomous and data-driven operations, there is 
a clear opportunity to draw insights from the structured and methodical approaches 
established in the automotive world. While differences in operational environments , system 
architectures, and regulatory landscapes must be acknowledged, many core principles and 
tools, such as closed-loop testing, scenario-based validation, and the use of high-fidelity 
simulation, are expected to be equally relevant at sea. 

2.2.1 Design Methodologies  

In engineering design, structured methodologies help manage complexity, guide decision-
making, and ensure the development of robust, well-integrated systems. Two foundational 
approaches are the Design Spiral and the Systems Engineering V-Model, each serving 
different purposes and phases of the design lifecycle. Their practical value is best understood 
when viewed through the lens of two specific industries, namely naval architecture and 
automotive.  

 

Figure 3. Naval Architecture: The Design Spiral 

In naval architecture, the Design Spiral is a core methodology during the conceptual and 
preliminary design phases. Ship design involves numerous interdependent parameters: hull 
form, stability, resistance, propulsion efficiency, weight distribution, struc tural integrity, and 
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cost. These aspects cannot be fully resolved in isolation, and their relationships are often 
nonlinear and sensitive to initial assumptions. The design spiral addresses this by structuring 
the process as a series of iterative loops, with each pass refining design parameters based on 
updated inputs from other disciplines. For example, an initial hull shape may be defined to 
meet speed requirements, followed by calculations of resistance and powering, which then 
feed into mass estimation and stability checks. As each loop converges, designers narrow in 
on a feasible and optimized configuration. The spiral supports flexibility and exploration---
critical when requirements are uncertain or performance trade-offs must be evaluated 
dynamically. 

 

Figure 4. The Systems Engineering V-Model 

In contrast, automotive systems engineering often employs the V-Model to manage the 
structured development and integration of complex, safety -critical systems, such as 
powertrains, driver-assistance systems, or vehicle control software. The V-model begins with 
the decomposition of system-level requirements into subsystem specifications, such as 
braking performance, emissions targets, or infotainment features. As the development 
progresses down the left leg of the "V", each level of design becomes more detailed, 
culminating in implementation. The right leg of the "V" emphasizes verification and validation: 
component tests (e.g., ECU firmware), subsystem integration tests (e.g., brake system 
hardware-in-the-loop), and system-level validation (e.g., road testing). The V-model ensures 
traceability between requirements and testing, facilitating compliance with standards like ISO 
26262 for functional safety. It enforces discipline in development, minimizes late -stage 
surprises, and is well-suited to organizations with established processes and regulatory 
obligations. 

While these two methodologies have traditionally belonged to separate domains, they are not 
mutually exclusive. Bottero and Gualeni (2024) argue that the design spiral and the V-Model 
are in fact complementary, and propose an integrated approach for naval warship design in 
which the iterative, solution -oriented nature of the spiral is combined with the structured, 
requirements-driven framework of the V -Model. Their work demonstrates that complex 
maritime systems can benefit from both paradigms simultaneously--- a perspective that aligns 



 

RISE Resea rch Institutes of Sweden AB  SSPA Maritime Center 

 9 (50 ) RISE Rapport: 2026:56 

with, and lends support to, the cross-domain transfer of verification and validation 
methodologies explored in the present study. 

2.2.2 Verification and Validation  

A core strength of the Systems Engineering V-Model lies in its structured approach to 
Verification and Validation (V&V), which ensures that the system is built correctly and fulfils 
its intended purpose. Verification confirms that each design element meets its specified 
requirements (i.e., "Are we building the system right?"), while validation assesses whether the 
overall system satisfies user needs and operational expectations (i.e., "Are we building the 
right system?"). These activities are systematically aligned with each design phase: unit testing 
validates individual components, integration testing checks subsystem interactions, and 
system testing evaluates overall functionality. 

2.2.2.1 Scenario-based testing using closed-loop setups 

In complex domains like automotive engineering, the V&V process often culminates in 
scenario-based testing using closed-loop setups. 

Scenario-based testing is a structured approach for evaluating system behavior in predefined, 
operationally relevant situations. Each scenario encapsulates a sequence of events, 
environmental conditions, and interactions with surrounding agents, designed to reflect 
typical, edge-case, or safety-critical situations the system under test (SUT) is expected to 
handle. This method supports systematic validation of system functionality, performance, and 
safety by placing the SUT in meaningful contexts derived from its intended use. 

When integrated with closed -loop test setups, scenario-based testing enables dynamic 
interaction between the SUT and its environment. In a closed-loop configuration, system 
outputs (e.g., control commands) affect the simulated or physical environment, which in turn 
generates updated inputs back to the system. This feedback loop is essential for assessing 
how the SUT perceives and reacts to its surroundings in real time. Combining scenarios with 
closed-loop execution ensures both realistic system-environment interaction and repeatable 
test conditions, facilitating robust validation of autonomous or adaptive systems under varied 
and controlled conditions. 

A testament to the importance and usefulness of these methodologies is the existence of 
AstaZero, located near Borås, Sweden, which is the world's first full-scale independent test 
environment dedicated to the development of future road safety and autonomo us transport 
systems. Established in 2014, the facility is co-owned by RISE Research Institutes of Sweden 
and Chalmers University of Technology and serves as a global hub for vehicle manufacturers, 
suppliers, researchers, and legislators to test and validate advanced safety systems and 
automated driving technologies. 

2.3 Purpose 

Burmeister and Constapel (2021) highlight that the development of autonomous maritime 
systems remains fragmented and lacks standardization, particularly in terms of safety 
verification protocols. This gap is largely attributed to the absence of universally accepted 
testing procedures. Given the proven effectiveness of closed-loop testing in other industries, 
such as automotive and aerospace, it presents a compelling opportunity for adoption within 
the maritime sector. 

However, establishing a full-scale, purpose-built closed-loop testing facility equivalent to 
AstaZero for the maritime sector is impractical and prohibitively expensive. Unlike road 
vehicles, ships require vast expanses of navigable water, deep draft conditions, and large-
scale instrumentation. Therefore, it is of interest to explore how these methodologies can be 
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combined with existing infrastructure such as model basins, where scaled physical models and 
controlled environmental conditions can be used to emulate complex operational scenarios, 
allowing for repeatable, cost-effective, and high-fidelity experimentatio n. 

The main purpose of this project is therefore to investigate the usefulness and possibility of 
introducing the model basin facilities at RISE/SSPA Maritime Center "in-the-loop" (i.e. to be 
an integral part of a closed-loop test setup) with the primary inte ntion of advancing the 
competitiveness and structure of Maritime AD(A)S research and development. 

To do so, focus is put on two main questions, with several sub-questions: 

¶ Is it useful to include model basin facilities "in -the-loop"? 

¶ Where does a basin-in-the-loop setup fit into a verification and validation 
workflow?  

¶ Where does a model basin (with a scaled ship model) theoretically fit into a closed-
loop setup? 

¶ What types of maritime systems are suitable (and preferable) to test in a closed-
loop setup? 

¶ Are there ways to increase the usefulness of including model basin facilities in a 
closed loop setup? 

¶ How can the model basin facilities at RISE/SSPA Maritime Center be technically 
integrated into a closed loop testing setup?  

¶ How does the current IT/OT system at RISE/SSPA Maritime Center function? 

¶ Are there any missing features in the current IT/OT system that are required for 
technical integration into a closed loop setup? 

2.4 Methodology  

This work uses a conceptual synthesis approach, meaning it combines ideas and methods 
from different areas to build new understanding. Instead of collecting new data through 
experiments, the study looks at how maritime model basin testing and automotive 
ADAS/ADS testing methods work, and explores how they could be connected--- theoretically, 
methodologically, as well as technically. 

This approach was chosen because the concept of Basin-in-the-Loop testing sits at the 
intersection of two well -established but largely separate domains: automotive closed-loop 
verification and validation, and maritime model-scale experimentation. Neither domain alone 
provides a ready-made answer to the research questions posed above. The contribution of 
this work therefore lies not in generating new empirical data, but in systematically bridging 
these domains and identifying how their respective strengths can be combined. 

The work draws on three principal knowledge sources: (1) automotive V&V practices, 
including the Systems Engineering V-Model, scenario-based testing, and established X-in-the-
loop methodologies; (2) maritime model basin testing practices, including hydrodynamic 
experimentation, model scaling, and instrumentation; and (3) the specific technical 
infrastructure and operational setup at the Maritime Dynamics Laboratory (MDL) at 
RISE/SSPA Maritime Center. 

The analysis proceeds in the following steps. First, the automotive closed-loop testing 
framework is reviewed and its generic components are identified (Chapter 2). Second, model 
basin capabilities and constraints are characterized, establishing what role a basin and its scale 
model can play within a closed-loop setup (Chapter 3). Third, these two perspectives are 
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brought together to evaluate the theoretical usefulness of Basin-in-the-Loop testing and to 
identify which types of maritime systems are suitable candidates for this approach (Chapter 
4). Finally, the current IT/OT infrastructure at MDL is assessed against the technical 
requirements identified in the preceding steps, resulting in a concrete integration plan 
(Chapter 4 and Appendices AƉB). 

Throughout this process, the analysis relies on the combined domain expertise of the project 
team, spanning naval architecture, hydrodynamics, control systems, and automotive testing. 
Where applicable, findings from published literature on hybrid model -scale experimentation 
and maritime autonomy are incorporated to support and contextualize the conclusions drawn. 

2.5 Limitations  

This study has several important limitations that should be acknowledged: 

¶ The results presented in this report focus exclusively on technical feasibility and 
methodological considerations. Business aspects such as cost-benefit analysis, market 
viability, return on investment, and commercial implementation strategies are not 
incorporated into the findings. Furthermore, the role of human operators in BiL testing 
scenarios, including training requirements, cognitive load, and human-machine interface 
design, is not covered in this study. 

¶ While the results should be generalizable to other testing facilities both within and outside 
of SSPA Maritime Center, this study primarily focuses on the Maritime Dynamics 
Laboratory (MDL) at RISE/SSPA Maritime Center. The specific technical requirements, 
infrastructure capabilities, and operational constraints discussed are tailored to this 
facility.  

¶ Most of the analysis performed are based on theoretical considerations and expert 
judgment within the project team, with limited external validation from potential users or 
industry partners. 
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3 Closed loop testing 

Closed-loop testing is a methodology used to evaluate systems that operate based on 
feedback from their environment. In this setup, the System Under Test (SUT) receives input 
signals, such as sensor data or environmental stimuli, processes them and then acts upon the 
environment. The consequences of these actions are subsequently fed back into the system, 
forming a continuous loop of perception, decision, and action. A closed-loop testing 
environment is designed to replicate the operational context of a SUT as realistically as 
possible, enabling it to sense, decide, and act as it would in the field. 

This contrasts with open-loop testing, where the SUT is subjected to predefined inputs 
without any feedback from its own behavior affecting subsequent inputs. While open -loop 
testing is useful for verifying isolated components or responses to static conditions, closed-
loop testing is essential for validating dynamic, interactive, or adaptive systems under realistic 
operating scenarios. 

 

Figure 5. Closed-loop testing overview 

Without loss of generality, we add two more components to describe a closed loop testing 
setup, namely Sensors and Actuators. Both of these act as directional interfaces towards the 
environment from the point of view of the System under test (SUT). Thus, we have 4 distinct, 
generic components; System under test (SUT), Actuators, Environment, and Sensors, see 
Figure 6. 

 

Figure 6. Generic closed-loop testing components 

Further, any one of these components can take on different forms depending on the goals, 
constraints, and maturity of the system under test. The environment may be fully physical, 
entirely virtual (e.g., a simulated), or a hybrid where digital elements augment physical 
conditions. Sensors can consist of actual hardware providing live data, or they can be 
emulated to replicate specific conditions, inject noise, or simulate edge cases that are difficult 
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or unsafe to reproduce physically. The System Under Test (SUT) can range from a software 
algorithm or behavioral model to a complete hardware prototype or even a human operator, 
depending on what aspect is being validated. Finally, actuators can be physical devices 
interfacing with the environment, or virtual interfaces that drive a simulated world. This 
modularity allows closed-loop setups to be tailored to different development stages, from 
early software-in-the-loop simulations using a fully virtual environment to full -scale physical 
tests with hardware and human interaction. 

 

Figure 7. Component forms in closed-loop testing 

3.1 Example of test setups 

The following are two examples of test setups ranging from a relatively simple, early-stage 
setup for use in development/verification to a relatively complex setup involving many 
different parts.  

3.1.1 Software -in-the-loop testing of indoor thermostat  

An indoor thermostat is a control unit that regulates the operation of a building's heating, 
ventilation, and air conditioning (HVAC) system to maintain a specified indoor temperature. It 
typically consists of a temperature sensor, a user interface for setting the desired temperature 
(setpoint), and control logic that determines when to activate or deactivate heating or cooling 
systems based on the measured room temperature. 

The thermostat operates as part of a closed-loop control system, where the controlled 
variable is the indoor air temperature. The thermostat compares the measured temperature to 
the setpoint and computes a control action (e.g., turning the heating system on or off) to 
minimize the error between the two. The effect of this action propagates through the thermal 
dynamics of the building, which describe how the indoor temperature responds to internal 
heat sources (e.g. heaters, appliances, occupants), external conditions (e.g. outdoor 
temperature, solar radiation), and heat transfer processes such as conduction through walls, 
convection via ventilation, and thermal storage in building materials. This system forms a 
natural feedback loop: the thermostat issues commands that alter the thermal state of the 
building, and the resulting indoor temperature feeds back into the thermostat's control 
algorithm. This interaction is continuous and dynamic, with system behavior dependent on 
both short -term factors (e.g., current weather) and long-term properties (e.g., insulation 
quality, thermal mass). 

Due to this structure, thermostat software is well suited for closed -loop testing in simulation. 
The physical building and HVAC system can be represented by a thermal model, typically 
formulated as a set of ordinary differential equations describing heat flows and temperature 
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changes. By coupling this model to the thermostat control software in a Software-in-the-Loop 
(SiL) setup, it is possible to run automated test scenarios that mimic realistic operating 
conditions. These may include daily temperature cycles, occupancy schedules, external 
weather profiles, and system faults. This enables functional testing, energy performance 
evaluation, and robustness analysis without requiring access to a physical building or HVAC 
system. 

 

Figure 8. SiL thermostat testing setup 

3.1.2 Vehicle-in-the-loop testing at AstaZero  

An Automated Driving System (ADS) requires comprehensive testing under a wide range of 
traffic scenarios to ensure functional safety, robustness, and performance. Due to the 
limitations of fully physical testing, including cost, safety, and repeatability, a hybrid test setup 
can be used where the ADS is deployed in a physical vehicle on a test track while receiving 
part of its sensory input from a simulated environment.  

In this setup, the test vehicle operates in a controlled physical area, such as a test track 
segment representing urban or highway environments. The vehicle's real-time position, 
orientation, and motion data are continuously tracked and fed into a co-simulated digital 
environment that mirrors the physical space. To create a consistent closed-loop, sensor 
emulation is introduced. The simulated environment generates synthetic sensor data streams, 
such as point clouds for lidar, radar reflections, or image data for cameras, which are injected 
into the ADS software as if they were coming from real sensors. At the same time, the 
physical vehicle continues to operate with its standard control stack, responding to the 
perceived environment by steering, accelerating, and braking. These control actions feed back 
into the simulation to maintain spatial consistency. For example, if the ADS performs an 
emergency stop in response to a simulated pedestrian, the vehicle's change in position is 
reflected in the simulation, allowing the scenario to unfold coherently.  
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Figure 9. Vehicle-in-the-loop testing at AstaZero 

This hybrid setup enables the combination of real-world vehicle dynamics, including tire-road 
interaction, latency effects, and actuator limitations, with the flexibility and safety of scenario 
virtualization. Additionally, it supports validation of percep tion stack behavior under simulated 
sensor degradations or occlusions, and it can be used to verify fail-operational behaviors and 
fallback strategies in a semi-realistic context.  
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4 Maritime model scale basins 

Maritime model scale basins are specialized hydrodynamic laboratories used to experimentally 
investigate the behavior of ships, offshore structures, and other marine systems under 
controlled conditions. These facilities typically consist of large water tanks equipped with 
wave generators, towing carriages, and sensor systems. Physical models of vessels or 
structures, built to a reduced geometric scale (commonly between 1:10 and 1:100), are tested 
in these basins to study performance characteristics such as resistance, propulsion, 
maneuvering, seakeeping, and dynamic stability. 

Such basins typically support a variety of standardized tests that are fundamental to ship and 
offshore engineering. Among the most common are: 

¶ Resistance tests, where a model is towed at constant speed to measure the hydrodynamic 

drag experienced by the hull. These results are used to estimate the full-scale power 

requirements of the vessel, accounting for frictional and wave-making resistance. 

¶ Propulsion tests , often performed in conjunction with resistance tests, where a propeller 

is installed on the model. The goal is to evaluate thrust, torque, and efficiency 

characteristics, as well as the interaction between the propeller and hull (propulsive 

coefficients). 

¶ Seakeeping tests, which assess the model's motion response (heave, pitch, roll, etc.) when 

subjected to regular or irregular wave patterns. These tests are critical for evaluating 

comfort, operability, and safety in realistic sea conditions. Data may include motion 

amplitudes, accelerations, and deck wetness. 

¶ Maneuvering tests , such as turning circles, zig-zag tests, and stopping maneuvers. These 

are used to determine the dynamic stability and controllability of a vessel, typically 

following procedures outlined in IMO and ITTC guidelines (ITTC, 2017; IMO, 2002). Free-

running or captive models may be used, depending on the setup. 

4.1 Scaling and similarity laws 

Geometric similarity is a foundational requirement in model tests. The model must replicate 
the shape and proportions of the full -scale object precisely. This includes not only the 
external hull form but also appendages, propellers, and other features that influence 
hydrodynamic performance. 

Further, to ensure physical accuracy, model tests adhere to other similarity laws, primarily 
Froude scaling, which preserves the balance between inertial and gravitational forces that 
dominate wave--body interactions. This principle is essential in hydrodynamic testing, where 
the behavior of a scaled model must accurately reflect the dynamics of the full-scale system. 

Froude similarity is achieved when the Froude number is kept constant between the model 
and the full -scale prototype. This ensures that wave patterns, resistance due to wave-making, 
and other gravity-driven phenomena scale correctly. It is particularly critical in maritime 
applications, where wave resistance and seakeeping behavior are dominant factors. 

However, Froude scaling alone does not account for all physical forces. Reynolds number, 
which characterizes the ratio of inertial to viscous forces, is also important, especially for 
viscous effects like boundary layer development and flow separation. Unfortunately, it is 
generally not possible to simultaneously match both Froude and Reynolds numbers in scaled 
models due to practical limitations in fluid properties and model size. As a result, viscous 
effects are often corrected using empirical methods or computational fluid dynamics (CFD) to 
supplement physical testing. 
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In cases involving air--water interactions, such as spray formation or wind loading, additional 
similarity laws may be considered, including Weber and Mach numbers, depending on the 
dominant forces. These dimensionless numbers help ensure that surface tension and 
compressibility effects are appropriately scaled. 

More detailed discussions on this topic can be found in Vrijdag (2016) and Gerhardt et al. 
(2021). 

4.2 Maritime Dynamics Laboratory at RISE/SSPA Maritime Center  

The Maritime Dynamics Laboratory (MDL) at SSPA Maritime Center, part of RISE Research 
Institutes of Sweden, is a large-scale hydrodynamic testing facility located in Gothenburg. The 
basin measures 88 meters in length, 39 meters in width, and has a variable water depth of up 
to 3.5 meters, including a deep-water pit of 8 meters depth. It is equipped with flap -type 
wave generators along two adjoining sides, capable of producing both regular and irregular 
waves with heights up to 0.4 meters and frequencies up to 3 Hz. 

4.2.1 Measurement infrastructure in MDL  

MDL's measurement infrastructure supports three phases of a test campaign: preparation 
(defining setup, configuring parameters), execution (real-time measurement, actuation, data 
logging, safety), and post-processing (archiving data according to in-house standards). This 
section focuses on the execution phase, the systems that operate during a test run. 

MDL operates two coexisting measurement systems: an established carriage-based system 
and a second system based on optical motion capture that is currently under development. 
The two systems differ in their measurement principles, communication architectures, and 
real-time characteristics. Both provide position and velocity measurements of scale models 
and provide the means for bi-directional communication with the scale model, but they serve 
complementary roles: the carriage system offers hard real-time guarantees and cabled 
connectivity, while the optical system enables testing at higher boat speeds and wireless, 
multi -vessel operation. The following subsections describe each system and how they relate 
to each other. 

4.2.1.1 Carriage-based measurement system (established) 

The carriage-based system is the established measurement setup in MDL. It consists of the 
following main parts: 

¶ The Real-time System, a computer operating under hard real-time constraints at 100 Hz 
(10 ms tick period). 

¶ The Carriage, with its internal control system for tracking (following) the scale model 
across the basin during a test. 

¶ The Measurement arm, for measuring the scale model's position and velocity in 6 degrees 
of freedom relative to the carriage.  

¶ The Scale model, equipped as required with sensors and actuators. 

The carriage tracks the model across the basin, providing a moving reference frame for 
position and velocity measurements. This also enables cabled communication between the 
Real-time System and the scale model, which is used both for sensor data acquisition and 
actuator commands. Communication with the scale model uses analog electrical signals (e.g., 
+/ - 10V) carried through the carriage and measurement arm. 
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Figure 10. MDL IT/OT communication flow 

The Real-time System operates at a fixed rate of 100 Hz, implying that each tick can take at 
most 10 milliseconds. During a tick, it carries out activities such as acquiring data from 
sensors, transforming and storing data, applying custom control logic, and provisioning data to 
actuators. A conventional test setup typically uses about 1Ɖ2 milliseconds of the available 10 
milliseconds. The Real-time System uses its own proprietary, integrated development 
environment for custom code; today, this is used for providing simple autopilots, speed 
controllers, and similar functions for conventional test setups. 

One limitation of the carriage is its top speed: 3.5 m/s in the X-direction and 3.0 m/s in the Y-
direction. This limits the possibility of testing high -speed crafts in the basin. 

4.2.1.2 Optical motion capture system (under development)  

To address the carriage's speed limitations and to enable simultaneous tracking of multiple 
vessels, MDL is being equipped with a second measurement system based on optical motion 
capture. This system measures positions and velocities by tracking optical reflections of 
markers on the scale model using specialised cameras mounted around the basin. Unlike the 
carriage-based system, it does not require physical tracking of the model and therefore 
imposes no hard speed constraint. 

The optical system consists of the following main parts: 

¶ Main measurement computer , the central hub of the optical system. Unlike the carriage-
based Real-time System, this is a regular Windows PC running custom measurement and 
control software. It does not provide hard real -time guarantees, a distinction with 
implications for closed-loop test setups, as discussed in the following chapter. 

¶ Tracking cameras, mounted around the basin, tracking optical markers on scale models. 
The cameras operate on an isolated network and stream position data to the main 
measurement computer. 
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¶ Onboard model computers , carried by each scale model. Two variants are being 
developed: a light version based on a single-board computer (e.g., Raspberry Pi) for basic 
servo control and sensor reading, and an advanced version based on a PLC platform for 
more demanding measurement setups. The light variant can also generate simulated 
sensor signals (e.g., GPS via NMEA). 

¶ Robust dedicated communication link , 2.4 GHz WiFi link providing wireless measurement 
and control communication between the main measurement computer and the onboard 
model computers. Data is streamed bidirectionally at 100 Hz using UDP, with each sample 
consisting of a header and 64 data channels of 4 bytes each. 

 

Figure 11. IT/OT setup with optical motion capture 

Since the optical system does not use a carriage, all communication with scale models is 
wireless. This removes the hard speed constraint imposed by the carriage, but introduces 
considerations around latency and reliability that are relevant for closed-loop test setups. 
These implications are explored in the following chapter. 

4.2.1.3 Coexistence and interconnection  

The two measurement systems coexist within MDL but currently operate largely 
independently. The main measurement computer has a network connection to the carriage 
measurement network, and routing between the two measurement networks is planned, with 
the requirement that such a connection must not disrupt either network in the event of 
connectivity issues. However, establishing a real-time bridge between the two systems is not 
a current priority. When a test setup requires data from both systems, the current  approach is 
to run both in parallel and correlate their data in post-processing. 

4.2.1.4 External UDP interfaces 

Both measurement systems, the carriage-based Real-time System and the optical system, 
already provide external-facing UDP interfaces that allow external entities to receive 
measurement data and send commands. These interfaces have grown organically over the last 
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few years, driven by needs from different commercial and internal projects. A typical setup 
consists of a single UDP stream carrying a fixed sequence of floats (or doubles) with project-
specific meaning, no headers, no metadata. This is a simple and effective protocol that works 
well in a project-driven setup where the data format is agreed upon directly between MDL 
staff and the external customer. 

External or internal customers can be given access to the relevant internal networks to 
communicate with these UDP interfaces. Where the current approach shows its limitations is 
in internal collaboration, which is not always project-driven: without docume ntation of the 
data formats used in previous projects, knowledge of how to set up and use these interfaces 
is held by individuals rather than captured in a reusable form. The implications of these 
existing interfaces, and the opportunity to formalize them into a documented, general-
purpose digital platform interface, are discussed in the following chapter. 

4.2.1.5 Future development: Robotic measurement arm  

A potential future development is the replacement of the current measurement arm (used in 
the carriage-based system) with a robotic arm that also includes actuators to apply forces and 
moments to the scale model during a test run. Such a development would add functionality to 
the existing carriage-based setup without altering the overall measurement infrastructure 
architecture. Further implications of this potential development are discussed in subsequent 
sections. 
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5 Basin in the loop -- BiL 

We begin by establishing a few definitions to ensure a common understanding of the 
concepts that will be discussed throughout this section: 

¶ Conventional Basin Tests (CBT) are the conventional, free-sailing tests performed in a 
model basin with a scale model of a ship as the System under test (SUT). 

¶ Augmented Basin Tests (ABT) are free-sailing tests performed in model basin with a scale 
model of a ship as the System under test (SUT), where the physical environment (the basin 
and scale model) is augmented by a simulated environment to extend its capabilities 
beyond what is currently possible in terms of emulation/simulation of physical 
phenomena. The augmentation may be performed in an open- or closed-loop manner. 

¶ Basin-in-the-Loop (BiL) are free-sailing tests performed in a model basin with a scale 
model of a ship. The System under test (SUT) is typically an external control system. For 
most cases we expect a BiL setup to be of the closed-loop form.  

In the following, we will primarily focus on the last type of test setups, BiL, although we will 
discuss some things related to ABT and how they share some pre-requisites. The chapter is 
structured along three perspectives: methodological (where does BiL fit in the broader 
verification and validation process?), theoretical (under what conditions does a basin-based 
closed-loop setup offer genuine value?), and technical (how can it be realized at MDL?). 

5.1 Methodological perspective: A proposed V&V workflow for MADAS  

As outlined in the introduction, the Systems Engineering V-Model provides a structured 
framework for verification and validation, with scenario -based testing in closed-loop setups as 
a key methodology. The automotive industry has operationalized this into mature V&V 
workflows for ADAS development, structured as progressions through well -defined stages, 
each with defined purposes, entry/exit criteria, and clear understanding of what defect 
classes each stage catches. ISO 26262 (functional safety) and ISO/PAS 21448 (SOTIF) 
provide the normative framework. The maritime industry has no equivalent for MADAS. This 
section proposes one, adapted from the automotive V-model for the maritime domain.  

5.1.1 Stage progression 

The proposed workflow defines four V&V stages, progressing from mathematical models to 
full -scale operational validation. The key maritime adaptation is the introduction of BIL as the 
intermediate physical validation stage, replacing the automotive HIL stage (which uses 
electrical simulation of vehicle dynamics) with physical hydrodynamics at model scale. 

Table 1. Proposed V&V stage progression for MADAS 

Stage Name Environment  SUT form Primary value 

MIL  Model-in-the-Loop Simulated vessel 
and environment 
(typically lower 
fidelity)  

Algorithm, 
behavioural 
model 

Verify algorithm logic and 
parameter tuning against 
idealised plant models 

SIL Software-in-the-Loop Simulated vessel 
and environment 
(typically higher 
fidelity)  

Compiled 
software on 
target 
platform or 
equivalent 

Verify software 
implementation, 
integration, timing; 
explore scenario space at 
scale 
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BIL Basin-in-the-Loop Physical model-
scale basin (± 
hybrid simulation) 

Production or 
near-
production 
software  

? 

VIL Vessel-in-the-Loop Full-scale vessel 
in operational 
waters 

Production 
system, 
installed 

Validate in operational 
environment; 
demonstrate regulatory 
compliance 

 

The primary value of BIL is deliberately left open here; it is examined in the defect coverage 
analysis below. The final stage, VIL, corresponds to what the maritime industry already 
practices as sea trials, full-scale validation in operational waters. It is included here for 
completeness of the workflow, not as a novel contribution.  

5.1.2 Defect coverage 

The central justification for BIL, and for any multi -stage V&V workflow, is that different 
stages catch different classes of defects. The following taxonomy identifies the defect classes 
relevant to MADAS products and maps them to the stage where they are primarily detected.  

Table 2. Defect class descriptions 

Defect class Description  Example 

D1: Algorithm 
logic 

Incorrect control law, wrong gain, 
flawed decision logic 

Autopilot PID gains cause oscillation at 
certain speeds 

D2: Software 
implementation  

Coding errors, numerical issues, 
race conditions 

Floating-point truncation in coordinate 
transform 

D3: 
Integration/timi
ng 

Interface mismatch, message 
ordering, latency 

Command message arrives one cycle late, 
causing overshoot 

D4: 
Hydrodynamic 
coupling 

Control instability from 
unmodelled physical interactions 

Rudder-propeller interaction not captured 
in simulation 

D5: Actuator 
limits  

Saturation, rate limits, backlash 
under realistic loads 

Rudder servo cannot follow commanded 
rate in beam seas 

D6: Sensor 
effects  

Noise, quantisation, drift, latency 
at physical scale 

Heading gyro noise causes unnecessary 
rudder activity  

D7: 
Environmental 
response 

Incorrect behaviour under real 
wave, wind, current forcing  

Autopilot over -corrects in quartering seas 

D8: Operational 
context  

Behaviour in conditions not 
covered by prior testing  

System fails in shallow water due to 
changed manoeuvring characteristics 

 

Table 3. Defect coverage mapping across V&V stages 

Defect class MIL SIL BIL VIL 

D1: Algorithm logic Primary Confirms Ɗ Ɗ 
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D2: Software 
implementation 

Ɗ Primary Ɗ Ɗ 

D3: 
Integration/timing  

Ɗ Partial Limited by test rig fidelity  Primary 

D4: Hydrodynamic 
coupling 

Ɗ Limited by sim 
fidelity  

Primary Confirms 

D5: Actuator limits  Ɗ If modelled Limited by model-scale 
fidelity  

Primary 

D6: Sensor effects Ɗ If injected Limited by model-scale 
fidelity  

Primary 

D7: Environmental 
response 

Ɗ Limited by sim 
fidelity  

Primary Primary 

D8: Operational 
context  

Ɗ Ɗ Partial Primary 

 

BIL's unique and unambiguous contribution is the detection of defect classes D4 and D7, 
defects arising from real hydrodynamic coupling and environmental response that simulation 
fidelity masks. Simulation models use parameterised manoeuvring coefficients that 
approximate coupled multi-DOF dynamics but inevitably simplify or omit phenomena such as 
wave-induced drift forces, rudder-propeller-hull interaction at off -design conditions, and 
shallow-water effects. BIL exposes the SUT to these real physical interactions, and this is the 
primary justification for the cost of basin time over simulation alone.  

For defect classes D3, D5, and D6, BIL offers an intermediate level of fidelity, higher than 
simulation but not representative of the production system. The integration and timing 
characteristics (D3) depend on the test rig's communication stack rather than the vessel's 
­«M­J³T J³N| ºXNºÄ³Xŵ J«T º ªX  ´ N­ª°³X´´XT MÉ ȃĚ. Model-scale actuators (D5) have 
different saturation points, rate limits, and load characteristics than their full -scale 
counterparts. Similarly, model-scale sensors (D6) exhibit different noise profiles, quantization, 
and latency than production sensors. For these defect classes, VIL (sea trials) remains the 
primary detection stage. 

5.2 Theoretical perspective: On the usefulness of BiL 

The defect coverage analysis above identifies BiL's primary contribution as exposing the SUT 
to real hydrodynamic coupling (D4) and environmental response (D7), phenomena that 
simulation inevitably simplifies. This is directly tied to what model scale basins fundamentally 
offer:  

¶ Accurate hydrodynamics compared to simulations, at relatively low cost compared to full 
scale 

¶ A controlled environment offering repeatability  

In the context of closed loop testing, a basin also offers existing systems and instrumentation 
for sensing the environment as well as performing actions that affect the environment, and 
this is further investigated and discussed in the technical perspective section. For closed loop 
testing, we can therefore imagine the following setup where the basin and scale model 
provide the environment in which the System under test (SUT) is tested. 
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Figure 12. BiL closed-loop setup 

However, this does not mean that every closed-loop test benefits from a basin environment. 
To understand whether BiL makes sense for a specific SUT and set of testing scenarios, we 
define a set of fundamental questions that together form an objective frame work for 
evaluating its usefulness. 

Our first question is straight -forward and relates to the main offering of a model scale basin: 

¶ How important is accurate hydrodynamics? 

Further, it is of importance to understand whether there are potential challenges arising from 
operating at model scale. This typically depends on what types and magnitudes of scale 
effects that can be anticipated for the specific testing scenarios. Vrijdag (2016) explores this 
question in the context of Hardware -in-the-Loop (HIL) simulation for propulsion systems in 
towing tank experiments. He proposes a setup where a scale model is equipped with an 
electric motor whose input torque is controlled by a simu lated drivetrain model running in real 
time, and identifies key challenges in handling scale effects and ensuring fidelity in the 
coupling between the simulated and physical components. His work concludes that scale 
effects and the handling of those is an important question with a possibly case-dependent 
answer for determining the relevance of a closed loop setup. Building on this, Huijgens, 
Vrijdag, and Hopman (2021) present a detailed implementation and validation of the HIL 
approach, integrating a real-time simulation of a full-scale diesel-electric propulsion system 
with a physical scale model. A key contribution is their analysis and correction of scale effects, 
ensuring that the interaction between simulated and physical components preserves dynamic 
similarity. Their study confirms that the HIL approach can reproduce realistic propulsion 
behavior, including load variations due to waves, but that its accuracy depends on proper 
correction of scale effects and reliable real-time coupling between the simulated and physical 
components. 

Another practical aspect of using scaled models is that the time scale is also affected. Under 
*³­ÄTX ´NJӃ «zŵ º ªX Jº ª­TXӃ ´NJӃX  ´ N­ª°³X´´XT MÉ J ZJNº­³ ­Z ȃĚ. For a typical model at Ě = 
25, events in the basin unfold 5 times faster than at full scale. This raises two questions for 
any closed-loop setup: can the MDL measurement system update fast enough, and can the 
SUT complete its sense-compute-actuate cycle within the compressed time frame? For the 
majority of MADAS use cases, such as autopilots, track controllers, DP systems, and collision 
avoidance, the answer to both is comfortably yes, given MDL's 100 Hz real-time system and 
the relatively low control rates of these systems (typically 1Ɖ5 Hz full -scale, i.e. 5Ɖ25 Hz at 
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model scale). However, two types of cases may prove problematic. High-bandwidth control 
such as hydrofoil ride-height control, where full -scale control rates of 10Ɖ50 Hz translate to 
50Ɖ250 Hz at model scale, risks exceeding the MDL system's tick rate. Conversely, a SUT 
with computationally expensive processing, such as an autonomous navigation system 
performing real-time image recognition or path planning, may not be able to compress its 
°³­NX´´ «z ° °XӃ «X MÉ J ZJNº­³ ­Z ȃĚ, even if its nominal control rate is low. 

A further temporal constraint applies to human-in-the-loop setups: humans must perceive, 
TXN TXŵ J«T JNº ȃĚ times faster than normal. Whether this is feasible depends on the time 
scales of the task itself. For ship manoeuvring, where events typically unfold over minutes, 
the 5× compression at Ě = 25 still leaves operators with reaction times on the order of 
seconds. This is well demonstrated in practice: manned model training facilities such as Port 
Revel (France, est. 1967) and the Timsbury Lake Ship Handling Centre (UK) routinely train 
pilots and masters on 1:25 scale models, with operators aboard the models handling 
manoeuvres, bank effects, and canal effects at compressed time scales. For tasks requiring 
faster human responses, such as fine manual docking adjustments or emergency decision-
making with very short time horizons, the time compression may become problematic. 

We can condense these observations into the following question: 

¶ How well understood are the scale effects and the implications from them? 

Furthermore, we need to acknowledge the inherent limitations of using a basin. This relates 
primarily to three categories of complexity, namely, inclusion of physics that is not 
hydrodynamics (such as aerodynamics), high-speed scenarios and scenarios with multiple 
entities. This is condensed into: 

¶ How complex are the anticipated testing scenarios? 

There is also a need to understand whether the SUT requires sensor input that cannot be 
provided (or is difficult to provide) by the basin and scale model, most notably, this includes 
sensor data from perception sensors such as maritime radar, lidar and cameras. This is 
arguably a direct result of the complexity of the SUT itself and, therefore, we say: 

¶ How complex is the SUT? 

We can interpret these questions as four orthogonal dimensions forming a four-dimensional 
decision space. However, upon further examination, we acknowledge that only the first 
question relates to an actual strength offered by a model scale basin whereas the other 
questions all relate to limitations with such a setup. For this reason, we can reduce the four-
dimensional decision space to three two-dimensional ones. Furthermore, we can, subjectively 
and without clear thresholds, map out areas on these two-dimensional decision spaces which 
can be considered as a good fit, not a fit or maybe a fit for closed loop testing with  BiL, see 
Figures 13, 14 and 15. 
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Figure 13. Decision space: Hydrodynamics importance vs. Scale effects understanding 

 

Figure 14. Decision space: Hydrodynamics importance vs. Scenario complexity 
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Figure 15. Decision space: Hydrodynamics importance vs. SUT complexity 

5.2.1 Brainstorming workshop  

Early in the project, a brainstorming session was held with all project participants to come up 
with closed loop testing setups that includes a basin with a scale model. The result from that 
workshop is summarized in the table below. 

Table 4. Brainstorming workshop: Candidate BiL test cases 

# Case name Case description 

1 Roll-damping at 
forward speed  

A scale model is equipped with actuatable roll-
damping fins. These can be continuously controlled 
using a controller in a closed loop setup, effectively 
controlling the angle of attack of the fins to 
counteract the roll motions of the model when 
operating at a forward speed. This is an example of a 
case that has already been executed on several 
occasions prior in MDL at RISE/SSPA Maritime 
Center. In all those occasions, the control algorithm 
was implemented directly as part of the Real-time 
System, executed at every "tick". 

2 Roll-damping at 
zero speed 

A scale model is equipped with actuatable roll-
damping fins. These can be continuously controlled 
using a controller in a closed loop setup to actively 
generate roll moments on the model through forced 
motions of the fins, counteracting roll motions due to  
external forces such as waves. This is an example of a 
case that has already been executed on a few 
occasions prior in MDL at RISE/SSPA Maritime 
Center. In all those occasions, the control algorithm 
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was delivered as a black-box hardware unit that was 
interfaced with the Real-time System. 

3 Dynamic 
positioning  

A scale model is equipped with multiple propulsors 
that together can be used for station-keeping 
(dynamic positioning) of the model even when 
exposed environmental forces. The propulsors must 
then be actively controlled by a controller in a closed 
loop setup. On at least one previous occasion has this 
type of setup been tested in MDL at RISE/SSPA 
Maritime Center. On that occasion, the software for 
the controller was developed internally at RISE/SSPA 
Maritime Center.  

4 Parametric roll 
damping 

A scale model with a rudder actuator that is, 
additionally, controlled to prevent parametric roll 
(using the rudder as an actuator). Parametric roll may 
for example be induced by waves or human steering 
input. This is a hypothetical case which has not 
previously been tested in MDL at RISE/SSPA 
Maritime Center.  

5 Automatic CPP A scale model equipped with a Controllable Pitch 
Propeller (CPP) which is actively controlled by a 
controller in a closed loop in both pitch and rpm with 
the target of optimizing the overall propulsive 
efficiency. This case is expected to be of interest for 
ships with additional means of propulsion, such as 
WAPS. This is a hypothetical case which has not 
previously been tested in MDL at RISE/SSPA 
Maritime Center.  

6 Keel AoA A scale model is equipped with actuatable fins and/or 
keels. These can be continuously controlled using a 
controller in a closed loop setup to change the hull 
underwater performance. This case is expected to be 
of interest for ships with additional means of 
propulsion, such as WAPS. This is a hypothetical case 
which has not previously been tested in MDL at 
RISE/SSPA Maritime Center. 

7 Ride-height control  A scale model is equipped with actuatable hydrofoils. 
These can be continuously controlled using a 
controller in a closed loop setup to adjust the ride 
height of the boat once foiling. This is a hypothetical 
case which has not previously been tested in MDL at 
RISE/SSPA Maritime Center. 

8 Auto -docking A scale model which is fully controlled by a control 
system with the target of performing a docking 
maneuver of the model towards a pre-defined quay 
without human intervention. This is a hypothetical 
case which has not previously been tested in MDL at 
RISE/SSPA Maritime Center. 

9 Autonomous 
vessel in canal 

A scale model which is fully controlled by an 
autonomous vessel control system with the target of 
navigating a constrained waters to test its ability to 
safely handle large, hard-to-predict hydrodynamic 
forces such as bank effects. Miller, Rybczak, and Rak 
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(2021) present a related setup, validating a modular 
autonomous navigation architecture using a 1:24-
scale model in a physical lake environment, with tests 
involving waypoint following, collision avoidance, and 
dynamic re-routing in closed-loop operation. This 
case has not previously been tested in MDL at 
RISE/SSPA Maritime Center. 

10 Autonomous 
vessel to safe state 

A scale model which is fully controlled by an 
autonomous vessel control system with the target of 
positioning the vessel in a "safe state" in terms of 
relative direction position towards wind/waves in 
"extreme" conditions. This is a hypothetical case 
which has not previously been tested in MDL at 
RISE/SSPA Maritime Center. 

11 Human-in-the-loop 
maneuvering 

A scale model which is fully controlled by a human 
operator in a remote location. On at least one 
previous occasion has this type of setup been tested 
in MDL at RISE/SSPA Maritime Center. 

 

The list of possible closed loop testing setups from the brainstorming session is extended with 
some additional cases, described in the table below. 

Table 5. Additional candidate BiL test cases 

# Case name Case description 

12 Human-in-the-loop 
navigation  

In maritime navigation, there are already several 
decision support systems in frequent use, including 
ECDIS, AIS and ARPA. These would classify as 
ADAS systems and require a human operator to 
close the loop, i.e. taking the decisions. As such, 
one could pose that such a system (decision 
support system + human) could be tested in a setup 
with BiL. This is a hypothetical case which has not 
previously been tested in MDL at RISE/SSPA 
Maritime Center.  

13 Collision avoidance Automatic collision avoidance systems subject to 
COLREG rules and regulations have been a hot 
topic of research over the last years. A possibility 
would be to evaluate and validate the functionality 
of such systems using pre-defined scenarios with 
the collision avoidance system in the loop together 
with the basin and scale models. Shen et al. (2019) 
present an innovative deep Q-learning (DQL) 
approach for multi -ship collision avoidance that was 
verified via physical model experiments, using three 
self-propelled ship models in a towing tank to 
demonstrate the system's capability in handling 
multi -vessel interactions under realistic 
hydrodynamic conditions. Their work closely aligns 
with the BiL concept, validating autonomous 
navigation policies in closed-loop tests where the 
control system interacts with actual model -
dynamics. This case has not previously been tested 
in MDL at RISE/SSPA Maritime Center. 
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14 Path following  An autopilot or path follower is a control system 
that automatically guides a ship along a predefined 
trajectory or set of waypoints without continuous 
human input. On at least one previous occasion has 
this type of setup been tested in MDL at 
RISE/SSPA Maritime Center, altough with an in-
house implementation of the path-following 
algorithm. 

 

5.2.2 Visual mapping of potential test setups  

By performing the exercise of answering the 4 fundamental questions, as defined above, for 
each potential test setup suggested from the brainstorming session, we, subjectively , map out 
the usefulness of BiL in a more visual and comprehensive way in Figures 16 to 18 below 

 

Figure 16. Visual mapping of test setups (1/3) 
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Figure 17. Visual mapping of test setups (2/3) 

 

Figure 18. Visual mapping of test setups (3/3) 

Dissecting the resulting figures, we can observe the following: 

¶ Cases 1Ɖ4 are positioned in the green zone across all three decision spaces: they combine 
high importance of accurate hydrodynamics with well -understood scale effects, low 
scenario complexity, and low SUT complexity. These cases typically involve well-
established control strategies that align closely with existing basin capabilities. That some 
of these cases have already been successfully run in MDL is consistent with this 
assessment. 




































