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Abstract
Autonomous surface vehicles (ASVs) must comply with the Interna-
tional Regulations for Preventing Collisions at Sea (COLREGS) to
operate safely in shared maritime environments at open sea. While
simulation-based testing is widely used to assess compliance, exist-
ing approaches lack a complete and scalable assurance workflow.
Instead, they typically focus on scenario generation, simulation, or
compliance monitoring in isolation. SceneGEMS is an integrated
modular framework for systematic assurance of ASV systems. It
(1) uses model-driven techniques to generate functionally com-
plete assurance suites from high-level specifications. Furthermore,
SceneGEMS (2) instantiates and executes generated scenarios in
a realistic simulator, and (3) monitors safety and COLREGS com-
pliance at runtime, generating real-time feedback and exportable
assurance evidence for later analysis. The simulated multi-vessel
encounters are displayed through interactive visualization. Practi-
tioners can configure the simulation environment, communication
interfaces, and vessel-specific physics models. The ASV system un-
der test is integrated via software-in-the-loop or hybrid setups that
involve both real and simulated vessels.
Demonstration: https://www.youtube.com/watch?v=8S7yY4I_81M
Repository: https://github.com/PELAB-LiU/SceneGEMS
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1 Introduction
The development of autonomous surface vehicles (ASVs) for civilian
and military applications requires rigorous assurance mechanisms
to ensure safe operation in shared maritime environments. To pre-
vent near misses or collisions, the International Maritime Organiza-
tion (IMO) established the International Regulations for Preventing
Collisions at Sea (COLREGS) [5], which define navigation rules for
vessels in open-sea encounters. Furthermore, in May 2026, IMO
adopted a new International Code of Safety for Maritime Autonomous
Surface Ships (MASS Code)1, which highlights the growing need
1https://www.imo.org/en/mediacentre/hottopics/pages/autonomous-shipping.aspx
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Figure 1: Example: 4-vessel COLREGS scenario from [7].

for assurance frameworks capable of systematically demonstrating
the safety and COLREGS compliance of ASVs.
Since the exhaustive real-world testing of COLREGS compliance

is infeasible, ASV systems are typically evaluated using simulation-
based testing [11, 16, 17]. As discussed in [10], such evaluations
rely on test scenarios representing multi-vessel encounters that are
challenging from a COLREGS perspective.

COLREGS scenarios. The COLREGS apply when two vessels are
within visual range and on a potential collision course at open sea.
In such cases, the encounter is classified into a COLREGS situa-
tion [5], based on relative bearing sectors defined by the COLREGS.
The COLREGS stipulate different maneuvering responsibilities de-
pending on whether the situation is classified as overtaking (Rule
13), head-on (Rule 14), or crossing from port (Rule 15).
Multiple situations may coexist in a multi-vessel encounter, re-

ferred to as a COLREGS scenario. On the left side of Figure 1, we
illustrate these concepts in a four-vessel scenario adapted from [7].
In this example, each target ship ts1, ts2, and ts3 is in a COLREGS
situation with the own ship (os) forming a COLREGS scenario.
A COLREGS scenario is relevant for ASV testing if the own ship

is exposed to high risk by being in a COLREGS situation with each
target ship. Additionally, the environment must remain COLREGS-
compliant by avoiding situations among the target ships [10]. This
reduces the complexity of constructing test cases by focusing on
the interactions between the own ship and target ships.
A test case typically consists of (1) an initial scene of a COLREGS

scenario defining vessel positions, headings, and speeds, (2) a set
of target ship trajectories, and (3) a test oracle that evaluates the
COLREGS compliance of an ASV system throughout the encounter.
Unlike a test suite, which is designed to detect bugs, an assurance
suite is intended to provide evidence of compliance. It comprises
a functionally complete set of semantically distinct, relevant, and
feasible COLREGS scenarios [7].

Problem statement. To the best of our knowledge, no existing
framework provides end-to-end simulation-based assurance for
ASVs. Although automated scenario generation techniques exist [4,
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18], they do not integrate simulation execution and compliance
evaluation. Tools that do combine some of these capabilities are not
designed to execute assurance suites that systematically cover all
semantically distinct cases required for COLREGS compliance.They
either rely on simplified simulators that sacrifice realism [11, 14],
limiting the validity of assurance results, or they are implemented
as monolithic systems that cannot execute realistic multi-vessel
scenarios due to limited scalability [2, 16].

The proposed tool. We present SceneGEMS, an integrated modular
framework for systematic ASV assurance. The tool provides (1)
generation of functionally complete assurance suites from high-
level specifications, (2) execution of test scenarios in a state-of-
the-art maritime simulator, and (3) runtime safety and COLREGS
compliance monitoring. The architecture is designed to support
distributed execution for large-scale, realistic, and reproducible
simulations with software-in-the-loop and hybrid setups involving
both real and simulated vessels.
SceneGEMS supports an end-to-end assurance workflow. First,

the user selects one or more high-level functional scenario spec-
ifications (or predefined presets) and a set of domain constraints.
SceneGEMS then generates a corresponding scene for each selected
specification, providing live feedback during scene generation and
interactive visualization of the resulting scenarios. Generated sce-
narios can be instantiated for simulation-based testing by config-
uring the simulation environment, communication interfaces, and
optionally vessel-specific physics models. The ASV system under
test is integrated through a well-defined communication interface.
During execution, the tool continuously monitors and evaluates
COLREGS compliance at runtime, providing real-time visualization
and exportable assurance evidence for post-analysis.

End users. SceneGEMS targets ASV system developers, testers,
and maritime safety analysts seeking simulation-based assurance
evidence for the COLREGS compliance of their ASV systems.

2 Frontend and Usage
The frontend is a single-page React application that communicates
with the SceneGEMS integration layer via a WebSocket interface.
On the web interface, the user can configure the required inputs,
start and manage assurance workflows, and visualize the results.

Functional scenario specifications as input. To model COLREGS
scenarios on a higher level of abstraction, a metamodel is defined
in [7]. We show a simplified metamodel in Listing 1, expressed in
Refinery’s2 [15] specification language. COLREGS situations and
vessel classes are represented as abstract binary relations.

abstract class Vessel {

Vessel [0..*] overtaking

Vessel [0..*] crossing

Vessel [0..*] headOn opposite headOn

VesselType [1] vesselType}

class OS extends Vessel. class TS extends Vessel.

enum VesselType {PassengerShip ,SailingBoat ,Tanker}

Listing 1: Metamodel for functional COLREGS scenarios.

2https://refinery.services

Figure 2: Scenario generation interface using Listing 2.

Functional scenarios are instance graph models over the meta-
model, specified using (first-order logic) constraints and assertions.
The graph representation of our example COLREGS scenario is
shown on the right side of Figure 1 along with the corresponding
Refinery specification in Listing 2. Apart from the COLREGS situa-
tions, os is explicitly assigned to be a passenger ship while the type
of the target ships is left undefined.

declare os,ts1 ,ts2 ,ts3.

OS(os). TS(ts1). TS(ts2). TS(ts3).

headOn(os,ts2). headOn(ts2 ,os).

crossing(os,ts3). overtaking(ts1 ,os).

vesselType(os,PassengerShip).

Listing 2: Example functional scenario specification.

Functional scenarios represent relevant COLREGS test cases. A
functionally complete assurance suite is achieved by first generating
functional models with semantically distinct graph shapes, and then
deriving a concrete test scenario for each model [6].

Domain constraints as input. To specify how functional models
are interpreted in concrete maritime test scenarios, we use domain
constraints that consist of vessel and COLREGS constraints. Vessel
constraints define the physical scale and capabilities of vessel types
as numeric boundaries for length, beam, speed, angular velocity,
and acceleration.
Different collision avoidance rules apply to vessels, depending

on their type and the respective COLREGS situation. These rules
are not explicitly parametrized in the COLREGS (e.g., the time
for a vessel to start giving way, the minimum turn considered
readily apparent, or the safe spatial and temporal distance between
vessels). These parameters are called COLREGS constraints, and they
are configured based on scenario scale and assumptions used in
existing literature on the COLREGS.

Scenario generation workflow. An overview of the scenario gener-
ation interface is shown in Figure 2. Our tool provides a complete
set of functional scenario models, which are available as presets
to avoid manual construction from scratch. Functional scenarios
are defined using Refinery partial models, with editable presets and
import/export support. Domain constraints can be loaded, edited,
and exported in YAML with syntax highlighting and default values.
Scenario generation can be executed either as single runs or in

batches, producing multiple concrete scenarios in a ZIP archive.
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Figure 3: Simulation and animation control interface.

To support debugging and improve responsiveness, the generation
status is continuously updated and visualized. Users can observe
intermediate candidate scenes during sampling until a scene satis-
fying the configured constraints and specifications is found.

Simulation workflow. The interface allows users to initialize simula-
tions from a selected scenario and configure the required simulation
parameters, including vessel-specific connection settings.
External physics models can be uploaded for each vessel, or other-

wise, the server generates estimated models from vessel attributes.
Before running the simulation, users can explore the loaded tra-

jectories through a scenario preview, navigating each time step
using the playback controls shown in Figure 3. Further controls
are provided for starting and resetting runs, with continuous status
feedback. During execution, the frontend displays a detailed visu-
alization of the evolving scenario. The user can visually compare
the scenario preview and the live simulation as they are displayed
within a shared Cartesian or nautical GPS map. Preview and simu-
lation frames can be exported in JSON, CSV, and GeoJSON formats.

Monitoring workflow. Monitor configuration similarly provides
explicit connection controls for a specified runtime compliance
monitor. The computed monitor results can be observed at each
time step, for preview and live simulation streams side by side,
allowing direct comparison. As the outline in Figure 4 shows, key
metrics are displayed as evolving interactive plots, allowing users to
track metrics for any selected actor pair, such as Euclidean distance,
distance at closest point of approach (DCPA) and time to closest point
of approach (TCPA) [8]. Vessel states, rule compliance, maneuver,
and COLREGS specific status are displayed in a textual format that
the user can export for later analysis.

3 Architecture
The architecture is composed of three subsystems responsible for
scenario generation, simulation execution, and runtime monitoring,
depicted in Figure 5. Subsystems are designed as loosely coupled
components to support future integrations and extensions. Compo-
nents are deployed in a containerized fashion to enable distributed
execution across multiple hosts, which is essential for scalable sim-
ulation. A central integration layer, exposed through a web-based
frontend, dynamically spawns and connects subsystems on demand.

Figure 4: Runtime monitor result display interface.

3.1 Main Subsystems
Scenario Generation Subsystem (SGS). The SGS is responsible for

deriving concrete initial scenes from abstract scenario specifications.
It listens for generation requests containing (1) high-level functional
scenario specifications and (2) domain constraints.
Upon request, the SGS generates a concrete initial scene. The im-

plementation uses sampling-based multi-step scene generation by
refinement [6], a state-of-the-art approach that provides guarantees
for efficiently deriving a functionally complete assurance suite. Mul-
tiple concurrent requests can be processed, supporting fast batch
scene generation.

The Scenario Execution Subsystem (SES). The SES is responsible
for instantiating and executing simulations. It takes a concrete
scenario, vessel physics models, and simulation configurations as
input. Vessel physics models define attributes such as dimensions,
mass, propulsion, hydrodynamics, and onboard sensors. Simulation
configurations specify the simulation speed and environmental
conditions (e.g., wind and waves). They also define the connection
parameters and control mode for each vessel. A vessel is controlled
either by automatic guidance along predefined trajectories in the
scenario or by an externally connected ASV system.
The SES adopts a hybrid simulation architecture with centralized

physics simulation and distributed vessel control. A simulation in-
stance is organized into an agent layer, a control layer, and a physics
layer. Agents are systems that publish heartbeat signals and sensor
data (position, speed, heading, etc.), while capable of directly execut-
ing tasks (e.g., following a path). At the agent layer, agents receive
missions as series of waypoints from concrete scenarios, translate
them into executable tasks, and forward them to the control layer.
At the control layer, controllers implemented as ArduPilot SITL3
instances provide both low- and mission-level control and state
estimation from simulated sensor data. At the physics layer, a single
Gazebo Harmonic4 instance runs the simulated world that includes
hydrodynamics [3], buoyancy, weather effects, sensors, and physics

3https://github.com/ArduPilot/ardupilot
4https://gazebosim.org/docs/harmonic
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Figure 5: Architectural overview of the three subsystems showing inputs, main functionalities, and outputs.

model instances (PMIs) for each vessel. Gazebo simulates PMI re-
sponses to the assigned controller’s commands. This architecture
reflects real-world deployments, where all vessels interact in the
same environment but are controlled independently.
Upon request, the SES launches the simulated world together with

a dedicated agent, controller, and PMI for each vessel in the sce-
nario in standalone Docker containers. Agents communicate with
their corresponding controller through MAVLink5, a widely used
protocol in robotics, and publish vessel states (e.g., position, head-
ing, speed). Communication between controllers and the simulated
world is realized through the official ArduPilot–Gazebo plugin6.
The advantage of the controller-agent architecture is that it ab-

stracts away complicated interfacing with the external simulator
and provides an out-of-the-box controller for waypoint navigation,
while allowing low-level control for ASV systems. External ASV
systems can connect to selected controllers through an exposed
MAVLink interface to take over control during execution. The archi-
tecture is agnostic to the underlying ASV platform, which enables
integration of any external ASV systems, whether it controls a sim-
ulated vessel or a real-world vessel. Simulations execute in lockstep
to ensure determinism, reproducibility, and consistent high-speed
execution for future large-scale simulations. However, faster-than-
real-time executions require external controllers to update at a
sufficiently high frequency.

Monitoring Subsystem (MS). The MS is responsible for monitor-
ing and evaluating simulation execution at runtime. It listens for
scene updates constructed from snapshots of the published states
of the vessels in a scenario. Upon request, the MS returns maritime-
specific evaluation data, referred to as the monitor result.
We provide an internal runtime MS that evaluates COLREGS rules

for individual maneuvers and pairwise COLREGS situations, as
well as maritime safety metrics, such as distance, DCPA, and TCPA.
Our MS maintains a trajectory history for temporal reasoning over
maneuvers and the evolving COLREGS scenario.

3.2 Subsystem Integration
To achieve end-to-end simulation-based assurance, SceneGEMS im-
plements an integration layer for the presented subsystems shown
in Figure 6. The integration layer has the following responsibilities:
5https://github.com/mavlink
6https://github.com/ArduPilot/ardupilot_gazebo
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Figure 6: High-level subsystem integration overview.

• It exposes functionality to the frontend through WebSocket.
• It manages the lifecycles of subsystems and simulated vessels,
coordinating data flow through anMQTT7 broker that enables
lightweight communication.

• It forwards scene-generation requests to the SGS via anMQTT
client, then returns status and generated scenes to the fron-
tend.

• It spawns and initializes the SES, then controls and continu-
ously reports simulation status.

• It spawns our internally provided MS or connects to an exter-
nal one with a dedicated MQTT client. It creates monitoring
requests to the MS from sensor data published by the agents.
Monitor results are fetched from the MS and streamed to the
frontend.

For external ASV control during simulation, the user must specify
the base topic8 of the external agent, which corresponds to the
MQTT topic used for communication through the broker. To receive
state updates, the user must implement an MQTT subscriber that
listens to the specified topic. In addition, a MAVLink port must be
configured, enabling the user to connect and issue either low-level
control commands or high-level mission commands.
For demonstrating simulations as part of a larger ecosystem, Sce-

neGEMS connects to the WARA-PS Core System9 [1], which is
a common integration platform for heterogeneous autonomous
agents deployed in public safety missions. To connect to the WARA-
PS infrastructure, the user can choose to use the WARA-PS MQTT
broker instead of our internal broker, given the right credentials.

4 Discussion
SceneGEMS will be demonstrated at the WARA-PS Demonstra-
tion Week10 in September 2026, a major annual event in Sweden
7https://mqtt.org/
8https://api-docs.waraps.org/#/agent_communication/topics/l1_topics
9https://portal.waraps.org/page/the-core-system
10https://portal.waraps.org/page/event-demonstration-week-2026
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Table 1: Maritime simulation framework comparison.

Aspect / framework SceneGEMS [16] [3] [2] [11] [14]

Systematic scenario gen. ○ ○␣ ○␣ � � �
High-fidelity sim. ○ ○ ○ ○ ○␣ ○␣
Runtime monitoring ○ ○ ○␣ � ○ ○
Scalable architecture ○ ○ � ○␣ ○␣ ○␣
End-to-end integration ○ � ○␣ � � ○␣

○ = Provides, � = Partially provides, ○␣ = Does not provide

that brings together researchers, industry partners, government
agencies, and end users to evaluate AI, autonomous systems, and
robotics in realistic public-safety scenarios. The tool was conceptu-
ally validated and presented as a poster at the 2025 edition of the
event. The development of the tool has been guided by continuous
discussions with practitioners in autonomous-system safety.

Related work. Several tools support parts of the scenario-based
assurance workflow, but none integrate it within a single end-to-
end framework. A model-driven tool for autonomous road vehicle
testing is provided in [9], combining abstract scenario specification,
scenario concretization, execution in the external CARLA simulator,
and evaluation. However, since the work targets road vehicles, it
is not applicable in a maritime setting. For maritime, a simulation
framework comparison summary is shown in Table 1. Existing
platforms [2, 3, 16] provide realistic environments to evaluate ASV
controllers, but they have limited scalability and leave scenario con-
struction largely to the user. In [14] and [11], the authors combine
scenario generation with simplified simulators and COLREGS mon-
itoring, but they use scenarios that are extracted from historical
encounters and thus insufficient for scenario-based assurance [7].
In contrast, our openly available tool integrates systematic gen-

eration of functionally complete assurance suites, execution in a
realistic simulator, visualization, and runtime COLREGS compli-
ance monitoring within a single easy-to-use interface.

Limitations and future work. The tool is prepared to support batch
execution of simulations in the future, but this feature has not been
implemented yet. It supports faster-than-real-time execution (run
in lockstep), which is a practical prerequisite for batch execution.
With increasing scale, distributing simulations across multiple ma-

chines becomes necessary to maintain efficient execution. Although
distributed deployment is left for future work, our architecture read-
ily supports such scaling as both SES and the simulated vessels run
in standalone Docker containers.
The SGS is currently limited to generating initial scenes, which is

valuable in its own right, e.g., for evaluating COLREGS situation
awareness [12]. From single initial scenes, we compute straight
trajectories, but scenarios with full trajectories can be loaded ex-
ternally for execution. Producing COLREGS compliant trajectories
from initial scenes at scale is a challenging research problem [13].
In the future, we will integrate design-time and runtime trajectory
planning for target ships, ensuring COLREGS compliance even with
unpredictable ASV behavior.
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