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Abstract

Autonomous surface vehicles (ASVs) must operate safely in open-

sea maritime traffic while complying with the International Regu-

lations for Preventing Collisions at Sea (COLREGS). However, the

COLREGS rely on human judgment and contain ambiguities, mak-

ing the compliance assurance of ASVs a challenging problem. Exist-

ing simulation-based testing approaches generate realistic scenarios

but provide limited guarantees regarding the completeness of as-

surance suites and often struggle with scalable scenario generation,

simulation execution, and compliance evaluation. This research

proposes a model-based assurance methodology for ASVs that for-

mally models open-sea encounters and systematically generates

simulation-ready assurance suites that are relevant, functionally

complete, diverse, and robust. We then execute these scenarios at

scale and provide simulation-based evidence of COLREGS compli-

ance through runtime monitoring.
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1 Introduction

Significant efforts are directed towards developing autonomous
surface vehicles (ASVs) for civilian and military applications. A

critical requirement for ASVs in these contexts is the ability to

complete missions without posing risks to other maritime traffic. To

prevent collisions, the International Maritime Organization (IMO)

has established the International Regulations for Preventing Collisions
at Sea (COLREGS) [6], a set of 41 rules that guide vessel maneuvers

in open-sea close-encounter situations to avoid collisions. However,

since these regulations were designed with human operators in

mind, many rules are subject to subjective interpretation and rely

on human judgment. This presents a major challenge when it comes

to ensuring that ASV control systems comply with the COLREGS.

Moreover, in May 2026, IMO adopted a new International Code of
Safety for Maritime Autonomous Surface Ships (MASS Code)

1
, which

highlights the need for assurance methods capable of systematically

demonstrating the safety and COLREGS compliance of ASVs.
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An effective assurance method requires functionally complete and
diverse assurance suites [8] that cover all semantically distinct open-

sea scenarios, each with uniformly robust attention. Moreover, the

included scenariosmust be relevant, i.e., meaningful and challenging

from a COLREGS testing perspective [15].

Problem statement. Simulation-based testing is widely used to

find safety violations in ASV systems operating in simulated open-

sea encounters. Existing approaches rely on manually designed

scenarios [1, 29], search- or sampling-based simulation [21, 24],

or historical AIS traffic data [3, 20]. While these techniques can

derive realistic test cases, they provide limited guarantees of the

functional completeness of the resulting test suite. Consequently,

they often fail to cover rare, safety-critical edge-case scenarios

that are essential for assurance. Moreover, their simulation setups

do not scale efficiently to large assurance suites and offer limited

solutions for the oracle problem [11] for evaluating compliance

when COLREGS become underspecified or ambiguous.

To address current gaps in safety and COLREGS assurance at open

sea, we investigate the following research questions:

RQ1: How to formally capture open-sea encounters?

RQ2: How to automatically and efficiently generate simulation-

ready assurance suites for ASVs that are relevant, functionally

complete, diverse, and robust?

RQ3: How to obtain assurance evidence of the COLREGS compli-

ance of an ASV?

Objectives. This research aims to provide a model-driven approach

for generating effective assurance suites for ASV systems, executing

them at scale in realistic simulators, and addressing the oracle

problem of the COLREGS for compliance evaluation.

By doing this, we can provide simulation-based assurance evi-

dence, which is a strong guarantee that an ASV system can safely

complete its mission autonomously in maritime traffic.

2 Expected Contributions

To address the research questions, this work is expected to provide

the following contributions to the fields of model-based engineering

and maritime safety assurance:

C1: A domain-specific modeling method for maritime encounter

scenarios to represent various types of vessels, static obstacles, en-

vironmental conditions, and COLREGS-specific relations between

actors. The method provides abstractions for representing both

COLREGS situations and high-level geometric relations.

C2: A formal technique relying on model-based abstractions to

provide metrics for assessing the functional completeness, diversity,

and relevance of assurance suites.
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C3: A model-driven test generation approach that efficiently de-

rives a functionally complete and diverse assurance suite of relevant

scenes. The approach derives multi-vessel scenarios with static ob-

stacles. It can detect geometrically infeasible scenes early to avoid

wasting time on trying to generate such cases.

C4: A technique to derive variations of a relevant assurance sce-

nario that preserve the same applicable COLREGS rules. This en-

ables assessing the robustness of an ASV’s decision-making by

evaluating whether it consistently identifies and executes the cor-

rect actions, even in scenarios close to semantic boundaries.

C5: An efficient approach to derive simulation-ready test scenar-

ios with complete, COLREGS-compliant mission plans for non-

ASV vessels. The approach supports dynamic path planning during

simulation to keep the vessels that encounter the ASV COLREGS-

compliant, even in the presence of unpredictable ASV behavior.

C6: A runtime monitor that identifies, classifies, and explains

safety and COLREGS violations. The monitor considers standard

safety metrics and implements temporal COLREGS awareness,

tracking both maneuvers and COLREGS situations as they emerge,

evolve, and disappear over time. The monitor outputs execution

reports that provide assurance evidence of ASV compliance.

C7: Aworkflow to execute simulation-ready scenarios in advanced

maritime simulators capable of modeling realistic physics and envi-

ronmental conditions. The workflow supports faster-than-real-time,

large-scale, and parallel execution of assurance suites. The work-

flow is agnostic to the ASV system under test and supports hybrid

setups in which both real and simulated vessels participate.

C8: A modular end-to-end framework for automated and system-

atic ASV assurance. The framework integrates COLREGS modeling

and assurance suite generation approaches with simulation execu-

tion and runtime monitoring for compliance assessment. It allows

precise configuration of the scenario domain, including feasible

ship dimensions, physics constraints, and regulatory parameters.

3 COLREGS Concepts

COLREGS scenarios. The COLREGS applies when two vessels are

within visibility range and on a potential collision course at open sea.

An encounter like this is classified as a COLREGS situation based on
the relative bearing of the vessels. The COLREGS distinguish three

situations: overtaking (Rule 13), head-on (Rule 14), and crossing
(Rule 15), each assigning different maneuvering responsibilities

where the typical roles involve giving way (i.e., executing an evasive
maneuver) and standing on course. Multiple situations may coexist

in a multi-vessel encounter, forming a COLREGS scenario. The right
side of Figure 1 illustrates a four-vessel example adapted from [8],

where the os as the own ship (OS) is simultaneously in distinct

COLREGS situations with target ships (TSs) ts1, ts2, and ts3. In this

case, os has two contradicting responsibilities (give-way and stand-

on at the same time), resulting in an ambiguous scenario. These
cases are particularly relevant from an ASV testing perspective, as

resolving these hazardous cases involves complex reasoning [15].

In a relevant test scenario, the OS is in a COLREGS situation

with each TS, while no COLREGS situations exist among the TSs

themselves [15]. This assumption focuses testing on interactions

involving the ASV and simplifies scenario construction.
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os

ts1

ts3

ts2

Overtaking

Head-on
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from port

giveWay
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TS
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Figure 1: Example 4-vessel scenario adapted from [8].

COLREGS on a functional level. To represent maritime encounters

at a higher level of abstraction, a metamodel was introduced in [15]

where COLREGS situations are represented as abstract binary re-

lations and roles are represented as labels. A functional scenario
is an instance graph over this metamodel specified by first-order

logic constraints. The right side of Figure 1 shows the functional

representation of the example scenario. This representation allows

automated reasoning over a COLREGS scenario, e.g., by inferring

stand-on or give-way responsibilities and ambiguities. Moreover,

functional scenarios capture the underlying semantics of a scenario

instead of concrete positions and headings. We apply this to de-

fine functional equivalence classes (FECs) that are the unique graph
shapes of functional models and represent semantically distinct

scenarios. A functionally complete assurance suite should cover all

finitely enumerable FECs on the functional level.

4 Related Work

Scenario-based assurance for ASVs. Scenario-based testing is widely
used to evaluate ASVs in safety-critical maritime situations [1, 24,

29]. Existing approaches primarily rely on manually designed sce-

narios, historical AIS traffic data [18, 32], or stochastic scenario

generation techniques [5, 8]. While these methods can generate

realistic test cases, they are likely to miss rare edge case scenar-

ios [8]. Hence, they provide limited guarantees regarding the se-

mantic completeness of test suites that are relevant for assuring

COLREGS compliance. In contrast, our work investigates system-

atic generation of assurance suites for strong guarantees driven by

model-based abstractions of COLREGS scenarios.

Safety and COLREGS compliance assessment. Maritime safety re-

search has proposed models for safety domains [25, 28], collision

risk assessment, and encounter classification [13], but these meth-

ods do not perform complete COLREGS reasoning.

Existing COLREGS compliance approaches include decision trees

[16], optimization-based methods [4, 33], and logic-based frame-

works [17, 19]. However, they typically cover only subsets of the

rules or are limited to pairwise encounters. More recent work ex-

tends compliance assessment to multi-vessel scenarios [11] or pre-

dicts vessel roles during encounters [12], yet no existing approach

provides a complete compliance oracle for dynamic multi-vessel

encounters while addressing the ambiguities in the COLREGS [15].

Our work aims to address this oracle problem by developing a

comprehensive COLREGS compliance assessment framework.

Simulation-based frameworks for testing. Simulation is the stan-

dard approach for testing ASV safety and COLREGS compliance.
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Maritime simulators [3, 22, 24] provide realistic execution envi-

ronments but require users to manually construct scenarios, lim-

iting scalability and reproducibility. More integrated approaches

combine scenario generation, simulation, and COLREGS monitor-

ing [20, 21], yet rely on simplified simulators or scenarios extracted

from historical encounters, making them unsuitable for system-

atic scenario-based assurance [8]. Generally, these tools are not

designed to provide complete assurance workflows. Amodel-driven

framework [14] developed for autonomous road vehicles provides

end-to-end integration, but does not adapt to the maritime domain.

We aim to provide an end-to-end framework that systematically

generates functionally complete assurance suites, executes them

in a realistic maritime simulator, and performs runtime COLREGS

compliance monitoring in a scalable and reproducible workflow.

5 Approach

We apply model-driven techniques for providing scenario-based

assurance. To achieve this, our approach realizes multi-level test

scenario synthesis, in which FECs should be successively refined

into initial scenes that describe the concrete placement, heading,

and speed of each vessel at the start of the scenario. Then COLREGS-

compliant trajectories for TSs should be derived, represented as a

series of positions over time. Finally, the generated scenarios are

executed in simulation to assess ASV behavior. Expanding on this

agenda, Figure 2 presents the main stages of our research together

with the corresponding research questions and contributions.

RQ1. We extend the metamodel proposed in [15] to represent

more expressive functional models capturing heterogeneous ves-

sel types, static obstacles, and geometric relations such as relative

bearing, visibility, and collision courses (C1). The extended meta-

model also formally captures scenarios where the COLREGS are

underspecified [8], e.g., when two vessels within visibility are on a

collision course but not in any of the COLREGS situation types.

To quantify the level of semantic guarantee of an assurance suite

on the functional level, we define predicates for COLREGS rele-

vance over FECs. We then enumerate all valid FECs with different

graph shapes [27] using efficient graph solvers. The resulting set of

relevant FECs serves as a functional-level baseline for functionally

complete assurance suites (C2).

RQ2. Our model-driven assurance scenario generation approach

consists of three refinement stages: (1) translating FECs into sets

of geometric constraints referred to as logical models, (2) solving
logical models as constraint satisfaction problems to obtain a robust

set of concrete initial scenes, and (3) generating complete COLREGS-

compliant trajectories for TSs.

First, each FEC is transformed into a logical model in which func-

tional objects become variables and functional relations become

geometric constraints. Second, search-based and sampling-based

constraint solvers compute concrete solutions that instantiate the

logical models (C3). Since not every FEC is geometrically feasi-

ble, we aim to investigate efficient constraint-solving strategies to

identify infeasible models and minimize generation time.

To derive scenarios for robustness testing (C4), we will develop

search heuristics that generate different concrete scene variants of

the same FEC. To achieve this, we will refine the design space of

FECs into disjoint subspaces and apply the multi-step refinement

approach to the refined models. During concretization, we plan

to use metaheuristic search, initialized by the first scene variant.

Furthermore, we will perform boundary analysis by traversing the

boundaries of FEC solution spaces to evaluate an ASV’s COLREGS

awareness in scenarios that are close to semantic transitions.

Finally, we investigate motion-planning approaches (C5) that gen-

erate COLREGS-compliant trajectories initialized from the gener-

ated scenes. Safety and COLREGS rules are monitored and enforced

as hard constraints during generation. Ultimately, we aim to run

the trajectory generation together with simulation execution. As a

result of ASV navigation, static TS trajectories can become invalid.

We plan to regenerate those trajectories from a calculated point in

time to ensure that they continue to comply with the COLREGS.

RQ3. In a scenario execution context, we aim to develop a runtime

monitoring framework (C6) that continuously reconstructs the

global maritime scene from the published states of heterogeneous

actors. The actors can be simulated or real, centralized or distributed,

and can have different sensory capabilities.

The monitor considers standard safety metrics such as distance

at closest point of approach (DCPA), and time to closest point of ap-
proach (TCPA), the stages of risk, and encounter type-specific safety
domains [13]. Furthermore, it acts as an oracle adjudicating ASV

COLREGS compliance over the whole time frame for each formal-

ized rule using temporal logic [11, 19]. The monitor also accounts

for the emergence and disappearance of COLREGS situations and

updates the applicable set of rules accordingly.

For the simulation execution of assurance suites (C7), we identified

the following practical requirements:

• Fast, scalable, and reproducible, enabling repeatable, faster-

than-real-time execution of large assurance suites.

• Realistic, in terms of (1) physics by accurately capturing ASV

behavior, environmental effects such as waves, wind, and

restricted visibility, and (2) architecture by separating the

physics world from the ASV control system.

• ASV-system agnostic, allowing straightforward integration of

any external ASV control systems.

• Supports hybrid simulation, enabling experiments with both

simulated and real vessels for field test compatibility.

To achieve fast and scalable simulations, we plan to execute them

in a distributed fashion across multiple machines. We use lockstep
for synchronizing simulation and control loops for deterministic

behavior, which ensures reproducibility [26]. To achieve realism,

we plan to use high-fidelity external simulators instead of a simpli-

fied in-house approach. This introduces additional complexity in

terms of interfacing and scalability, which we must account for. To

make our simulations ASV-system agnostic with hybrid setups, we

integrate the simulated (or real) vessels through a common integra-

tion platform that provides standard interfaces for emitting control

commands and status updates.

Finally, we will develop tooling (C8) that automates the complete

assurance workflow, from functional scenario specification to sim-

ulation execution and evidence collection. Users specify assurance

suites at the functional level together with configurable parameters

of the assurance domain, such as vessel dimensions and COLREGS
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Figure 2: Overview of the main stages of our research, along with their motivating research questions and related contributions.

constraint parameters. The framework orchestrates scenario gen-

eration, simulation, and runtime monitoring, enabling automated

extraction of assurance evidence.

Ethical considerations. As this research focuses on model-driven

scenario generation, simulation, and assurance of ASV systems, no

significant ethical concerns are anticipated.

6 Planned Evaluation

Investigating RQ1 and RQ2. We conduct an experimental study

to assess the effectiveness of existing scenario generation tech-

niques for testing COLREGS compliance. We derive hazardous

test suites involving 2–6 vessels using sampling-based and search-

based scenario generation adapted from the automotive domain,

together with historical maritime encounter extraction [18]. These

test suites are abstracted into FECs (C1) and evaluated using the

functional-level metrics (C2) proposed for relevance, ambiguity,

and completeness. This study demonstrates how our model-based

abstractions can assess the assurance guarantees of a test suite.

We evaluate our model-driven scene generation approach (C3) in

terms of generation efficiency and functional completeness. Then,

we compare it with the approaches from the previous study that

we use as baselines. To evaluate the effectiveness of our scene

generation for robustness testing (C4), we measure the solution

space coverage within each FEC.

We then evaluate the scalability and efficiency of extending initial

scenes into complete TS trajectories (C5) that satisfy safety and

COLREGS compliance constraints. Compliance is assessed using

our runtime monitor (C6), which reports both quantitative mea-

sures of rule violations and qualitative explanations linked to the

violated COLREGS rules. Existing path-planning approaches either

rely on soft constraints or fail to produce COLREGS-compliant plans

efficiently in multi-vessel encounters, motivating this evaluation.

For scene and trajectory generation approaches, each generation is

evaluated in 30 independent runs with fixed random seeds to ensure

statistical significance and reproducibility. We perform warm-up

runs and invoke the garbage collector explicitly to improvemeasure-

ment stability. We set a practical 4-minute timeout per generation

to avoid getting stuck in a local optimum, which is a common issue

when using stochastic approaches.

Investigating RQ3. We execute several open-source ASV control

systems [30, 31] in simulation (C7) using the generated relevant

and functionally complete assurance suites. We collect assurance

evidence of safety and COLREGS compliance using the runtime

monitor (C6). The proposed integration framework for end-to-end

assurance (C8) serves as the evaluation pipeline. The tool will be

demonstrated at the WARA-PS Demonstration Week
2
in September

2026, a major annual event in Sweden bringing together researchers

and practitioners of AI, autonomous systems, and robotics.

7 Current Status

Figure 2 shows the current status and expected completion of each

stage of the research plan. To date, we have addressed RQ1 and

partially addressed RQ2 and RQ3.

We have developed a metamodel for functional scenario models
(FSMs). While FECs are COLREGS specific representations, FSMs

capture a richer set of functional properties of open-sea encounters,

including various types of vessels, static obstacles, and high-level

geometric relations such as relative bearing and visibility.

We generated the complete set of relevant FECs using the Refin-
ery graph solver [23]. These FECs were then used to evaluate the

relevance and functional completeness of test suites produced by ex-

isting approaches by abstracting and classifying each test case into

one of the FECs. The work has been published at ISSTA’2025 [8].

We plan to extend these metrics to incorporate FSMs by year 4.
In our recent work accepted at MODELS’2026, we proposedmulti-
step refinement [7], an approach for generating functionally com-

plete assurance suites [9, 10]. The work also presents how a simpli-

fied version of FSMs can be used in scene generation. Furthermore,

we conducted a preliminary investigation regarding the robustness

and the geometric feasibility of functional models on the generated

artifacts. The completion of these investigations and the complete

use of FSM for scene generation is planned for year 4.
We investigated several works on ASV path-planning and formal

oracles for maritime safety and COLREGS compliance. Building

on these works, we developed a prototype planner that generates

static TS trajectories and even incorporates an incomplete COL-

REGS monitor. Fully compliant trajectory generation is planned in

late year 3, while dynamic trajectory replanning during scenario

execution is planned for year 4.
2
https://portal.waraps.org/page/event-demonstration-week-2026
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A prototype simulation framework has been developed that inte-

grates scenario generation and monitoring with Gazebo3, a high-
fidelity physics simulator. The framework is currently capable of

running faster-than-real-time simulations with simple physics mod-

els and configurable environmental effects. Simulated or real vessels

are integrated through theWARA-PS Core System [2], which serves

as the common integration platform for heterogeneous autonomous

agents deployed in public safety missions. The tool was conceptu-

ally validated through discussions with practitioners and presented

as a poster at the WARA-PS Demonstration Week.

Future work will include running simulations automatically in

batches, improving physics models, and finally, a thorough evalua-

tion of open-source ASV control systems in our assurance frame-

work. Completing the simulation-based assurance framework is

planned for late year 4 and year 5.
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