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Abstract

Autonomous surface vehicles (ASVs) operating in maritime traffic
must comply with the International Regulations for Preventing Col-
lisions at Sea (COLREGS). Demonstrating COLREGS compliance
requires systematic assurance that all relevant encounter scenar-
ios are represented and analyzed. Recent work has proposed a
research agenda for scenario-based assurance of COLREGS com-
pliance based on qualitative abstractions and multi-level scenario
modeling. In this paper, we provide the first realization of a model-
based approach that systematically derives initial scenes as assur-
ance scenarios for multi-vessel encounters. First, a complete set of
functional equivalence classes is derived automatically. Then, we
provide a mapping from functional equivalence classes to logical
scenarios that capture geometrical constraints between potentially
hazardous ship encounters. Next, initial scenes with precise vessel
placements are generated from logical scenarios by (1) a search-
based algorithm and (2) a novel rejection sampling-based algorithm.
Finally, we derive (static) trajectories amenable to simulation for
ASV assurance purposes. Our evaluation demonstrates that the
approach achieves full coverage of relevant COLREGS encounters
at the functional level and scales to complex scenarios up to six
vessels, which represent the vast majority of open sea encounters.
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1 Introduction

Independent and safe navigation is a central challenge for au-
tonomous surface vehicles (ASVs). To operate in international wa-
ters, ASVs must comply with the International Regulations for
Preventing Collisions at Sea (COLREGS) [16], a set of rules defined
by the International Maritime Organization. These rules govern
how the own ship (OS) should act to avoid collisions with others,
the target ships (TSs). However, the COLREGS were designed for
human interpretation, and they are intentionally underspecified,
making their implementation in ASVs particularly difficult, espe-
cially in complex multi-vessel encounters.
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In contrast to the autonomous road vehicles, where clear require-
ments on systematic safety assurance have already been formulated,
e.g., in ISO 8800 [1], work on similar standards for the maritime do-
main is still ongoing, with the publication of a preliminary version
of the so-called IMO MASS Code expected during 2026. However,
the need for systematic assurance of COLREGS compliance has
already been identified by maritime safety authorities [14, 69].

Inspired by safety assurance of autonomous road vehicles, five
desiderata for assurance methods tailored to ASVs have been formu-
lated in a recent paper [27]: (1) Relevance: an assurance suite should
capture hazardous scenarios in terms of the COLREGS; (2) Com-
pleteness: an assurance suite should cover all semantically distinct
COLREGS scenarios for a given number of vessels, including rare
edge cases; (3) Diversity: the assurance suite should dedicate uni-
form attention to investigate each semantically distinct COLREGS
scenarios; (4) Scalability: the approach must scale to larger numbers
of vessels to represent complex encounters; (5) Efficiency: one must
be able to generate the required assurance suite in reasonable time.

This recent study [27] also identified major semantic differences
between the maritime and automotive domains (e.g., no road net-
work, traffic rules solely defined based on relative bearings, evasive
maneuvers in favor of braking, heterogeneous vessel types), and
highlighted the limited cross-domain adaptability of assurance tech-
niques developed originally for self-driving cars.

Problem statement. The goal of traditional testing approaches is
to find bugs in ASV control software rather than providing system-
atic assurance of compliance. Several works rely on custom, often
manually defined COLREGS-specific test scenarios evaluated in
simulation or in field trials [3, 47, 60]. However, these methods do
not ensure completeness [58]. Search-based and sampling-based
scene generation methods [12, 13] improve automation and scalabil-
ity, but by relying on stochastic exploration, they cannot guarantee
completeness. Data-driven approaches based on historical maritime
traffic logs [38, 62, 68] are restricted to observed traffic patterns,
excluding plausible but unobserved scenarios, thus lacking com-
pleteness. Altogether, existing techniques do not provide assurance
suites that are simultaneously relevant, diverse, complete, scalable,
and efficient to generate. In particular, no existing approach ad-
dresses the critical requirement on completeness.

The research agenda in the vision paper [36] advocates multi-level
test scenario synthesis where functional equivalence classes capture
COLREGS encounters as graph models. Each equivalence class
would then be refined into a set of geometric constraints. Next, an
initial scene with concrete vessel placements could be obtained as
a solution to this constraint problem. Finally, trajectories of target
ships should be derived from the initial scenes. The vision paper
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only provides solution for the generation of equivalence classes,
while scene and trajectory generation is left for future work.

Objectives. This paper proposes a scalable scene generation tech-
nique based on multi-step refinement (MSR) to derive relevant, and
(functionally) complete assurance suites for multi-vessel encoun-
ters. We operationalize the research agenda [36] to automatically
derive initial scenes from a complete set of functional equivalence
classes. Our goal is to systematically construct scenes which can
be used by maritime safety authorities as an assurance suite to
demonstrate COLREGS-compliance of ASV controllers. The spe-
cific contributions of the paper are as follows:

(1) We introduce a novel approach to automatically derive assur-
ance suites for COLREGS-compliance using refinement along
multiple levels of abstraction.

(2) We propose a new, more expressive functional scenario model
based on geometrical relations between vessels.

(3) We devise a constraint-based concretization approach using
rejection sampling for deriving relevant initial scenes.

(4) We provide a prototype implementation of the MSR approach.

(5) We empirically validate the functional completeness, effi-
ciency, and scalability of our prototype! 2.

Added value. We provide a novel approach for automatically de-
riving assurance suites for validating COLREGS-compliance of
autonomous vessels by synthesizing initial scenes and vessel tra-
jectories. Our approach generates relevant scenarios by design by
concretizing qualitative abstractions of COLREGS scenarios. The
resulting assurance suites are functionally complete as we enumer-
ate all structurally different equivalence classes exactly once and
then concretize each into an initial scene. The approach is scalable
and efficient for multi-ship encounters with up to six vessels (which
represent the vast majority of cases in real maritime traffic [62]).

2 Background
2.1 Graph Models for Open Sea Encounters

Domain-specific graph models are frequently used to model com-
plex cyber-physical systems [31, 43]. In this paper, graph models
represent high-level qualitative abstractions of open-sea encounters.

Metamodel. A metamodel M := (3, a) consists of a vocabu-
lary ¥ := £ U R and an arity function @ : ¥ — N. Unary
predicate symbols represent object roles within a scenario: £ :=
{05, TS}, «a(l):=1, for1 € L, where OS denotes the own ship
(OS) (i.e., the system under test in our context), and TS denotes tar-
get ships (TS;) representing maritime traffic. Binary predicate sym-
bols represent relationships between objects: a(r) := 2, for r € R.

Instance models. An instance model is a typed graph where each
object (node) has a unique identity. Given a metamodel M := (3, @),
an instance model is a logic structure F := (Op, Ir) € Far where Op
is the finite set of objects in the model, while 7r gives an interpreta-
tion of r € ¥ over the object set: Zp(r) : 0?(r) — {true, false}.
An instance model assigns a truth value to unary predicates over
objects and binary relations over pairs of objects [8, 30].

!Generated assurance suites available at https://doi.org/10.5281/zenodo.20792733
2Supporting research software available at https://doi.org/10.5281/zenodo.19246756
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Figure 1: Running example: a four-vessel COLREGS scenario
from [27] with illustrated bearing sectors.

We use a relational predicate syntax [52] to query the state of a
model with r € 2,06 € O;‘(r): r(6) = Ir(r)(d) = true, if r relation
holds between objects in 6 and —=r(0) = Ip(r)(0) = false, if r
relation does not hold between objects in 0. If r(6) and —r () hold
at the same time, the model is inconsistent.

2.2 COLREGS Concepts and Situations

The COLREGS comprise 41 rules governing maritime navigation.
We outline rules governing steering and sailing, which are the most
relevant for ASV control software evaluation [63].

e Rule 7: Collision risk exists when two vessels maintain constant
speed and heading on converging paths called collision course.

e Rule 8: Action to avoid collision: Vessels must keep "safe dis-
tance," often modeled as an elliptical safety domain [15, 48, 55],
and make "readily apparent” maneuvers (course change >
30° [63]).

o Rule 11: Deemed COLREGS situations: Further rules are appli-
cable when vessels are within visibility range [34].

o Rule 22: Visibility range is typically 1-6 nautical miles, depend-
ing on the vessels’ length and relative bearing.

According to [16], a COLREGS situation is an open-sea encounter
defined by the relative bearing between two vessels that are on a
collision course within visibility range. Multiple such situations may
coexist in a multi-vessel COLREGS scenario. Rules 13-15 classify
these situations based on relative bearing sectors derived from the
signal light angles defined in Rule 21. COLREGS define situation-
specific maneuvers for each vessel involved in an encounter.

Example. Figure 1, adapted from [27], illustrates the sectors and
corresponding maneuvers in a four-vessel scenario (serving as a
running example of the paper) with the own ship (OS) and three
target ships (TS1, TS;, and TS3):

(1) The give-way vessel must act early and decisively while the
stand-on vessel maintains its course (Rules 16—17).

(2) TSy overtakes OS to port or starboard if within its stern, and OS
is within TS;’s masthead sector. OS must give way (Rule 13).

(3) TS, and OS are head-on if within each other’s bow sectors.
Both must give way to the starboard side (Rule 14).

(4) OS is crossing TSs from port if OS is in TS3’s port sector and
TSs is within OS’s starboard sector. OS gives way (Rule 15).

Functional equivalence classes (FECs) of COLREGS. FECs are in-
stances of graph models representing a COLREGS scenario. An
initial metamodel M)y := (L, Reolr) Was introduced in [36], where
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binary predicate symbols denote high-level COLREGS situation
types between vessels: Reolr := {ovtkPort, ovtkStar, headOn, cross}
representing situations (2) to port, (2) to starboard, (3), and (4) re-
spectively. These relations allow to formally define a COLREGS sit-
uation predicate colreg(o;, 0;) as a first-order logic (FOL) expression
ovtkPort(0;,0;) V ovtkStar(o;,0;) V headOn(o;,0;) V cross(0;,0;)
where (0;,0;) € 0%,0; # 0.

Example. Figure 3 (left) shows a visual representation of an FEC for
our COLREGS scenario where TS; overtakes OS to port (ovtkPort),
while OS is in a headOn relation with TS, and crossing TS3 (cross).

2.3 Assurance for COLREGS Compliance

COLREGS compliance of ASVs is often assessed by system-level
testing [47, 58], where concrete encounter situations are executed in
realistic simulators [3, 60]. In these approaches, COLREGS scenarios
are typically treated as test cases aiming to reveal failures of ASV
controllers to navigate challenging multi-vessel encounters.

A system-level test case usually comprises (1) an initial scene spec-
ifying precise positions, headings, and speeds for all vessels, which
determines the subsequent interaction and its potential hazards [12];
(2) COLREGS-compliant trajectories for target ships, represented as
time-series of positions and headings; and (3) a test oracle defining
acceptable ASV behavior under the assumption that other vessels
follow their prescribed paths. Executing such test cases in sim-
ulation provides test-based evidence of compliance for the ASV.
The synthesis of initial scenes, trajectories, and test oracles are
conceptually different challenges [9, 36].

Assurance suites. Safety standards typically necessitate structured
arguments and supporting evidence constructed independently of a
particular control software. We adopt the concept of scenario-based
assurance evidence (from the automotive ISO 8800 standard [1])
for ASV encounters. Unlike a test suite, which primarily aims to
detect bugs in ASV control software, an assurance suite needs to
adequately represent all relevant and feasible COLREGS scenarios.

According to prior work [27, 58], a high-quality assurance suite
should be relevant, targeting hazardous situations; complete and
diverse, covering all semantically distinct encounter classes; while
providing scalable (wrt. number of vessels) and efficient generation.

Relevant assurance suites. A relevant assurance scenario [27, 36]
is defined as an encounter that satisfies the following criteria: (1) it
involves a single ASV, (2) a certain number of target ships, and (3)
each TS is engaged in a COLREGS situation with the OS. Addition-
ally, (4) all TSs must adhere to the COLREGS. We enforce this by
forbidding COLREGS situations between each TS pairs.

We use COLREGS assurance constraints to formally characterize
relevant scenarios on the functional level. The constraints are for-
malized using FOL expressions over FECs. The formalizations are
adopted from prior work [27] (and summarized in Table 1). The con-
straints are extended with further well-formedness rules to enforce
consistent models, e.g., "a vessel cannot be in a COLREGS relation
with itself" (for each vessel object o : —colreg(o, 0)).

Functional completeness of assurance suites. A functionally com-
plete assurance suite covers all semantically distinct COLREGS
scenarios. Formally, semantically distinct scenarios are FECs with
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unique graph shapes [50, 53]. A complete set of FECs consists of all
structurally distinct graph shapes that can be instantiated from the
metamodel M, and satisfy the COLREGS assurance constraints.

In this paper, our main focus is to provide a novel method to auto-
matically generate a functionally complete suite of initial scenes for
COLREGS-assurance. We also provide a proof-of-concept demon-
strator for COLREGS-compliant trajectory generation to enable end-
to-end simulation of ASV-agnostic test scenarios.

3 Multi-Step Refinement for ASV Assurance

As the first complete realization of the high-level agenda proposed
in [36], we introduce a multi-step refinement (MSR) technique
for generating a functionally complete set of assurance scenarios
for validating COLREGS compliance. MSR systematically refines
COLREGS assurance constraints through a sequence of automated
refinement steps, as illustrated in Figure 2. The key novel contribu-
tions of our current work are highlighted in red in the figure (and
discussed in depth in Section 4).

§4.1 First, formal COLREGS assurance constraints are provided
as input to a graph solver to automatically generate a com-
plete set of unique graphs representing functional equivalence
classes (FECs) [27]. FECs model relations between vessels on
the COLREGS situation level, e.g., "TS; is overtaking OS".

§4.2 Next, we map each derived FEC to a functional scenario model
(FSM), which is a novel, more expressive functional represen-
tation introduced in this paper precisely capturing the vessels’
geometric relations, e.g, "TS; is in the stern sector of the OS".

§4.3 We introduce an automatic mapping from an FSM to a logical
scenario model (LSM), representing each COLREGS situation
as a numerical constraint satisfaction problem (CSP).

§4.4 We provide techniques for automatically deriving initial scenes
(ISs) from each LSM by solving the numerical constraints using
an existing search-based method (SB) and a novel condition-
driven sampling-based approach (CDRS+PS).

§4.5 Finally, concrete COLREGS-compliant and simulation-ready
trajectories are generated (statically) for target ships from ISs.

Conceptual novelty. Initial scene generation in [27] is based on
manually defining an LSM and directly concretizing repeatedly
without the guarantee of functional completeness. We refer to this
approach as direct concretization (DC), which also serves as a
baseline for our experiments later in Section 6.1. In contrast, MSR
systematically enumerates all FECs and automatically constructs
and solves LSMs to provide a functionally complete assurance suite.

Furthermore, we present a novel constraint-based method for ini-
tial scene generation using rejection sampling. Our method reduces
the infeasible parts of the large sampling space imposed by the high
degree of freedom in maritime encounters.

While maritime regulations and physical constraints make initial
scene generation a unique, domain-specific challenge, we note that
multi-step refinement has previously been proposed in the automo-
tive domain for scene concretization [7]. Their approach samples
functional models randomly; consequently, completeness at the
functional level is not guaranteed. In contrast, our approach ex-
plores all FECs that satisfy the metamodel and COLREGS assurance
constraints, thus ensuring full functional completeness.
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Table 1: COLREGS assurance constraints formalized using FOL over functional models and COLREGS situations following [27].

Informal description

FOL expression for a FEC € Frrc | V(0,0:,0;) € 03,0, #0;

(1) There is exactly one OS representing an ASV while all other ships are TSs.
(2) I a vessel is not an OS, then it is a TS.

(3) Each OS, TS pair must be in a COLREGS situation.

(4) Two TS cannot be in a COLREGS situation.

0S(0;) = ‘!OS(OJ') A =TS(0;)

-0S(o) = TS(o)

0S(0;) A TS(0j) = (colreg(oj,0;) V colreg(oj,0;))
TS(0;) A TS(0j) == —(colreg(0;,0;) V colreg(oj,0;))

Model
Generator

MSR

COLREGS
assurance
constraints

FEC : Functional equivalence class
LSM : Logical scenario model

FSM : Functional scenario model
IS : Initial scene

________ -

1
1
r-w

1
J

SB
CDRS(+PS)
k equivalence classes  :

SB e ____:’Trajectoryi_ _)m
CDRS(+PS) ” 1 generation

1
________ J

SB : Search-based
constraint satisfaction

CDRS(+PS) : Condition-driven
enhanced rejection sampling

Figure 2: Overview of our multi-step refinement (MSR) with novel steps highlighted in red.

Table 2: Binary predicate symbols in Mggy for FSMs.

Informal description r € Resm

One vessel is in the other’s stern / bow / port-side /  inStern, inBow,
starboard-side sector. inPort, inStar
Two vessels are at / in / out of the visibility range. atVis, outVis, inVis
Two vessels are on a collision course. mayCol

4 Realization of MSR Approach
4.1 Generating Functional Equivalence Classes

We use graph generation techniques, following the approach out-
lined in [36] to derive a complete set of relevant FECs 7~ C Frgc,
where each FEC € 7 represents a semantically different assurance
scenario (at the functional level). We use the Refinery solver [41]
as graph generator. Refinery uses partial models [25] to generate a
consistent and complete set of instance models.

As input for relevant FEC generation, we provide Refinery with
Mol as the metamodel and the COLREGS assurance constraints
(from Table 1) as predicates using Refinery’s syntax [42].

4.2 Deriving Functional Scenario Models

We introduce functional scenario models (FSMs), a new functional-
level formalization of COLREGS scenarios that explicitly represents
the geometric relations between vessels hidden in the COLREGS-
specific relations captured by FECs. By refining FEC relations, FSMs
enable the reuse of functional relations for trajectory generation
without changing existing mappings. Furthermore, FSMs will sup-
port robustness testing by representing multiple geometric varia-
tions of the same FEC.

FSMs are instance models conforming to the metamodel Mgy,
which defines a set of binary relations, Rgspy;, listed in Table 2. These
relations include relative bearing, visibility, and collision course.

To derive an FSM from an FEC, we define a rule-based mapping
ec2f: Frec — Frsm, which translates each binary predicate over
Reolr into a corresponding first-order logic formula over Rpsy, as

detailed in Table 3. The mapping is derived directly from the se-
mantics of FEC relations and is executed automatically. It preserves
semantics by each generated FSM representing the same encounter
situation as its corresponding FEC. Consequently, distinct FEC
graph structures are translated into distinct FSM structures.

Example. From the FEC of our running example, ec2f derives the
corresponding FSM relations between objects shown in the middle
column of Figure 3. In particular, the ovtkPort relation between TS,
and the OS implies that the two vessels are on a collision course
(mayCol), and at visibility distance (atVis). Moreover, TS; is in the
stern sector of the OS and the OS is in the starboard sector of TS;.

4.3 Mapping FSMs to Logical Scenario Models

In the next step, functional scenarios are transformed into CSPs.
We introduce a mapping f2l : Frsy — N, where N is a set of
logical scenario models (LSMs), each representing a CSP. The map-
ping f2l automatically converts an FSM into its corresponding LSM.
Functional-level objects are represented as numeric variables, and
functional-level relations between objects are represented as binary
geometric constraints over variables. The mapping uses parameters
(distance thresholds, angles, etc.) acquired from the COLREGS and
documented maritime best practices [63]. We define f2I by

(1) providing vessel attributes and area boundaries as external
inputs (obtained from maritime standards and best practices);

(2) mapping abstract objects 0; € OF in the FSM to a correspond-
ing ship variable §; with position, heading, length, and speed;

(3) for every matching predicate ry € Rpsym in the FSM, we in-
clude a constraint cj over the corresponding ship variables.

Example. Given the overtaking situation between TS; — $§; and
the OS — 3, in the right column of Figure 3, the f2] mapping is ex-
emplified on the mapping inStern — Cingtern. They rely on relative
bearing, such as £ (po 1, $o.v), which is the angular distance between
the displacement po ; and the velocity $¢.v vectors. Cinsiern €nsures
that the angle between pg; and §¢.v is such that §;.p is in the
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mayCol

atVis >
inStar <
» 0S mayCol] ™ TS,
atVis

) inStern

A A

Z£(Po,1,50-V)

ovtkPort(TSy, OS) + inStar(0S, TSy) A inStern(TSq, OS) A risk(OS, TSy) inStern(TS1, OS) > Cinstern (81, 80) = £(po1,$0.V) € ]rud(112.5°), r[[
Figure 3: ec2f and f2] mappings to derive numeric constraints from functional relations in the context of our running example.

Table 3: Mapping between binary predicates in FECs and FSMs with (0;,0;) € Of.. = O, 0; # 0;.

Informal description Predicates over Rolr Corresponding FOL expression over Rrsm

Two vessels are at visibility distance and on a collision course.
The source vessel overtakes the target vessel on the port side.

The source vessel overtakes the target vessel on the starboard side.
A head-on situation between the source and target vessels.

The source vessel crosses the target vessel from the port side.

risk(0j,05)
ovtkPort(0;,0;) >
ovtkStar(0;,05) +
headOn(o0;,05)
cross(04,05) +

atVis(04,0;) AatVis(oj,0;) AmayCol(o;,0;) AmayCol(o;,0;)
inStar(0j,0;) A inStern(0;,0;) A risk(0;,0;)
inPort(0j,0;) A inStern(0;,0;) A risk(0;,0;)
inBow(0j,0;) A inBow(0;,0;) A risk(0;,0;)
inStar(0j,0;) AinPort(0;,0;) A—~headOn(o;,0;) Arisk(0;,0;)

stern sector of the OS. We map the rest of the relative bearing rela-
tions similarly (inBow — Cinpow, inPort = Cinpoys, inStar — Cinstar),
along with wvisibility distance constraints and near collision con-
straints (atVis ¥ Catvis, 0utVis v Coutvis, inVis ¥ Cinvis, mayCol —
Crmaycol)- The full set of formulae used in f2lis explained in [27].

4.4 Deriving Initial Scenes

An initial scene (IS) is the first snapshot of a vessel encounter, de-
fined by the precise position, speed, course, and size of each vessel.
In the LSM, these attributes are modeled as free variables. An IS is
a concrete assignment to these variables that satisfies all LSM con-
straints. A concrete IS to our running example scenario (reduced to
three vessels) is shown in Figure 4. To derive ISs, we treat the LSMs
as numerical CSPs and apply constraint satisfaction techniques to
compute satisfying variable assignments. We propose two different
approaches for solving the CSP problem. The first is the search-
based method SB adapted from prior work [27], applied directly to
our LSMs. The second is a novel condition-driven sampling strategy
(CDRS), which provides an efficient sampling mechanism by re-
solving conditional dependencies between LSM constraints using a
sequenced sampling procedure. The details of the two constraint
satisfaction approaches are described in Section 5.

4.5 Trajectory Generation and Simulation

Generating TS trajectories from initial scenes is a challenging prob-
lem [44, 56] in itself. In a real-world COLREGS encounter, ship
captains can adjust their courses based on observed actions by
other vessels. Since our approach generates trajectories statically
from ISs (i.e., the path of each TS is predetermined at the start of
simulation), we need to minimize the risk that trajectories become
non-compliant because of unexpected actions by the ASV.

We have implemented a proof-of-concept demonstrator of
COLREGS-compliant trajectory generation based on the Rapidly-
exploring Random Tree Star (RRT*) algorithm [23]. Trajectories
are generated under the assumptions that (1) each TS assumes that
the OS will act fully COLREGS-compliant relative to the TS and

Y(m
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TS, @ speed: 15 m/s 15000 4
20000
B
~ 10000
18000 o
3
=]
<
50NM =
16000 A 50004
14000
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Spreno e Collision / near miss
8000 10000 12000 14000 X (m)

Figure 4: Simulation result of a hazardous scenario.

(2) all TSs will act COLREGS compliant relative to each other. These
assumptions align with existing works [37, 58].

As an early validation of simulatability, we integrate the gener-
ated trajectories into the simulation environment of the WARA-PS
Core System [4], which is a complex, multi-domain industry-driven
research arena designed to support integration, demonstration, and
testing of autonomous systems for public safety.

Example. Figure 4 (left side) shows trajectories generated for our
sample COLREGS scenario after simulation. The right side shows
inter-vessel distance over time, comparing the generated trajecto-
ries with the case where all vessels maintain their original courses.
Our approach ensures that, initially, TS; and TS; are not on a colli-
sion course with each other while OS is on a collision course with
both TS; and TS,. Hence, the situation is potentially dangerous
without evasive action. Our simulation demonstrates that the ves-
sels avoid collision and near misses along the generated trajectories.

Current limitations. Trajectory generation does not currently take
the “readily apparent” constraint (COLREGS rule 8) into account.
Future work will address this limitation and improve trajectory re-
alism by incorporating vessel dynamics. We also plan to investigate
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an alternative approach based on on-the-fly (online) simulation
feedback to iteratively refine trajectories.

5 Solving Logical Scenario Constraints

This section provides a detailed discussion on how we derive an
initial scene, i.e., a solution to the CSP representing the logical
scenario model, by using (a) a search-based method from [27], and
(b) a novel method using condition-driven rejection sampling.

Definition [27]. An LSM is a tuple N := (Sn, Cn, mn, Bn) where:
Sy is a finite set of ships, each represented as an oriented point
(see below); Cy is a set of binary numerical constraints c(5;, §;)
over ships §;,3; € Sy; my is a sea map bounding the positions of
ships in Sn; By is a function specifying bounds on ship attributes:
Bn(3;) := (IMin;, IMax;, spMin;, spMax;) € R*.

Each ship §; € Sy is represented by a tuple §; := (x,y, h, 1, sp),
where x,y € R denote the ship’s center position; h € R is the
heading angle (in radians); 1 € R is the ship’s length (in meters);
sp € R is the speed (in m/s). In addition, we derive position p :=
(x,y) and velocity v := (cos h, sin h) X sp vector attributes.

Based on [27], an IS is a solution sceney : Sy — R to the LSM
N, assigning concrete values to each ship’s variables such that:

(1) Each ship’s position and attributes lie within bounds:
e sceney($;).x € [0, my.x], scenen(S;).y € [0, my.y];
e sceney($;).h € [-x, x];
e sceney($;).1 € [Bn(S;).1IMin, By (S;).1Max];
e scenen($;).sp € [Bn(8;).spMin, By ($;).spMax];

(2) All pairwise constraints cx(5;,$;) € Cy are satisfied.

5.1 Search-Based Constraint Satisfaction

To provide a solution to N, we apply convergence-focused many-
objective search SB, handling N as a general optimization problem
(OP) [32]. The method is adapted from modern search-based scene
generation in maritime [27] and autonomous driving [2, 29, 46]
contexts based on genetic search [19].

To define the many-objective OP derived from the numeric prob-
lem N, let II be a penalty function assigning a non-negative vio-
lation degree to each constraint in a candidate scene. For each
constraint ¢ € Cy, let actors(c) € Sy denote the ships in-
volved in c. For each ship §; € Sy, an objective function f; is
defined by fi(scene) := X ccy 5 eactors(c) IL(¢, scene). The result-
ing many-objective OP is min (fi (scene), ..., fisy|(scene)) . A can-
didate scene is feasible for N iff Vi € {1,...,M} : fi(scene) = 0.
Solver execution terminates once such a scene is found.

Since the OPs in MSR are many-objective, we use NSGA3 [18, 35]
as the solver. Its hyperparameters are systematically tuned through
a grid search procedure, following established best practices in
evolutionary algorithm configuration [24]. The final configuration
uses a population size of 30, simulated binary crossover [20] with
probability 1.0 and distribution index n = 5, and polynomial mu-
tation [20] with probability 1.0 and n = 15. Selection is performed
using binary tournament with fitness domination. Reference points
are generated using the Das & Dennis method [17] with one parti-
tion, which is advised for single-point Pareto fronts [22] (note that
a feasible solution has a penalty of 0).
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5.2 Condition-Driven Rejection Sampling

In its basic form, rejection sampling (RS) [28] introduced for mar-
itime in [27] works by drawing every TS’s position, heading, length,
and speed uniformly from their domains regions (my and By). The
position region is constrained by the possible visibility distances
(2, 3, 5, or 6 NM) defined by the COLREGS (see Rule 22 in Sec-
tion 2.2). The velocity region is constrained by a velocity obstacle
cone (VOC) [21], enforcing a collision course for the OS and TSs.
After sampling, all constraints (see the examples in Section 4.3) are
evaluated on the scene: if every constraint is satisfied, the sample
is accepted; otherwise, it is discarded, and the process repeats. Al-
though this approach guarantees correctness, it is inefficient when
the solution space is only a small fragment of the sampling regions.

5.2.1 Rejection sampling workflow. Next, we describe RS in detail.

Step 1: Defining sampling regions. In this step, we construct the two-
dimensional regions from which we sample the ship attributes. The
OS’s attributes are fixed, user-configurable parameters (position
po, velocity vy, length §.1). We distinguish two types of sampling
regions for each TS;: a position region (Apos,i) to sample p; and a
velocity region (Ayel ;) to sample v;.

For position regions, which need to satisfy constraints like cgyis,
Cinvis» and Coypvis, we calculate all the possible pairwise visibility
distances between the OS and TS; based on COLREGS Rule 22 and
define Apos i := M; N D;, where:

o M;={p|(0,0) <p < (mn.x,mn.y)} is region of the map;
e D; isa union of circular regions centered at py with radii equal
to all the possible visibility distances between OS and TS;;

The velocity region is defined as: Aye; := S; N V;, where:
o S;:={v||lv|l € [BN(5i).spMin, BN (§;).spMax]} is the speed
range constrained by By;
e V; is a VOC region enforcing collision course with the OS.

Step 2: Constrained sampling and assignment. Next, TS; position
and velocity vectors are sampled uniformly from sampling re-
gions Aposi and Aye;. Furthermore, attribute is sampled from
the corresponding bounds in By (3;). Formally: §;.p ~ U (Apos,i),
§i.V ~ (L[(ﬂvel,i); §l]. ~ ‘LI([BN(é,)lMln, BN(§l)lMax]) where
U is the normalized Lebesgue measure over regions. Finally, we
assign the sampled values to scene($;).

Step 3: Rejection phase. Numerical constraints between TSs may
introduce complex circular and cross-dependencies that are impos-
sible to express with sampling regions [7, 27]. Instead, we over-
approximate sampling regions and use rejection sampling by check-
ing whether the sampled scene satisfies all pairwise constraints
ck(5:,85) € Cn. If so, the scene is accepted as a valid sceneyn to N;
otherwise, the sample is discarded, and we jump to Step 1.

5.2.2  Novel strategies. Our new rejection sampling strategy im-
proves on RS with two enhancements: (1) length pre-sampling (PS),
which samples ship lengths in advance to tighten visibility distance
bounds, and (2) condition-driven sampling (CDRS), which uses LSM-
defined relative bearings to constrain sampling regions. We denote
the combination of these two methods as CDRS+PS.

Length pre-sampling enhancement (PS). As an enhancement to the
original RS workflow, we constrain each visibility region D; by
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sampling the ships’ length independently before Step 1. As a result,
we can derive a smaller set of pairwise visibility distances based
on COLREGS Rule 22 as a function of scene(S).1 and scene($;).1,
resulting in fewer invalid scenes.

Condition-driven sampling enhancement (CDRS). To further en-
hance sampling, we exploit additional information about the rel-
ative bearing of vessels contained in the LSMs of MSR. This is
achieved (1) by constraining pairwise visibility distance regions
D; based on COLREGS Rule 22 as a function of visibility angle,
and (2) by further limiting the position Ajs,; and velocity Avey;
regions to the intersection with conical sectors corresponding to
allowable bearing ranges in the LSM (Cinstern> CinBows CinPorts CinStar)-

For instance, if Cinsern(Si, So) holds, then it defines a 135°-wide
cone aligned with —v,, shown in the right column of Figure 3,
representing the stern sector of the OS. TS; must be sampled from
within this cone region. Other bearing-based constraints are defined
analogously using their respective angular cones.

Combined approach (CDRS+PS). Based on the pre-sampled
lengths and relative bearing sectors derived from the FSM, we
can calculate the exact visibility distances. This condition-driven
enhanced rejection sampling ensures that candidate scenes always
satisfy visibility constraints between the OS and TSs informed by
ship sizes and FSM-defined relationships, reducing rejection rates
substantially compared to the standard RS.

As the underlying sampling framework, we chose Scenic [26, 61],
a probabilistic programming language for modeling environments
using high-level constraints. Scenic also provides the necessary geo-
metric sampling regions (e.g., circular, conical) and operations over
regions (e.g., U, N). It is used for problems both in the automotive 7]
and the maritime domain [27]. We implement PS as an individual
sampling step before a problem is defined for Scenic. Then, we
dynamically generate Scenic code based on the input, CDRS, and
Step 1. We run one sampling iteration with Scenic (Step 2) and
check constraint satisfaction (Step 3). This procedure is repeated
until a valid solution is found.

6 Evaluation

Our evaluation aims to determine to what extent MSR satisfies
the five desiderata for an effective assurance suite defined in [27]
(see Section 1). By construction, MSR guarantees 100% relevance
(thanks to the COLREGS assurance constraints), and functional-level
diversity (as we generate exactly one test case per FEC). As such,
our experimental evaluation will focus on assessing functional com-
pleteness, scalability and efficiency of assurance scene generation.
Specifically, we investigate the following research questions:

e RQ1: How complete are assurance suites generated by MSR?
e RQ2: How scalable and efficient is MSR?

Additionally, we conduct an ablation study (AB) to evaluate the
individual impacts of the proposed improvements to the RS con-
straint satisfaction method.

6.1 A Baseline for Assurance Scene Generation

Assurance scene generation approaches in maritime can be broadly
categorized into (1) search-based generation, (2) sampling-based
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Figure 5: Baseline approach: direct concretization (DC).

generation, and (3) extraction of scenarios from historical encoun-
ters. The latter has previously been shown to be insufficient for
deriving relevant multi-vessel assurance scenes [27] and is therefore
not considered further. We compare against direct concretization
(DC), which implements abstraction-based synthetic scene gen-
eration using metaheuristic search (SB) and rejection sampling
(RS) [27]. Since SB uses NSGA2 [19], which is suboptimal for the
many-objective optimization problem, we additionally evaluate
an NSGA3 variant. While openly available implementations are
limited, DC is publicly available and fully reproducible.

As shown in Figure 5, DC formalizes dangerous scenario constraints
as a single joint LSM over vessels. The LSM is formulated as a CSP,
where vessels are represented with numerical variables, and their
geometric relations as numerical constraints: Cyigk := {ck(5:, 5;) |
i,j €{0...n}}, where

cp = CatVis(§i> é]) A CmayCol(éi’ §]) ifi= 0>j >0
CoutVis(éi: g]) 4 _‘CmayCol(éis éj) if Lj>0,i#j
Informally, the own ship (S) is on a collision course and at visibility
range with each target ship (§; | i > 0). No two target ships within
visibility range are on a collision course.

DC derives a set of initial scenes by directly solving Cyisk (without
FEC guidance as in MSR). To assess the functional completeness of
the assurance suite, the initial scenes are abstracted into FECs us-
ing qualitative abstraction over graph shapes. The abstraction uses
COLREGS assurance constraints (see Section 2.3) to identify func-
tional relations between vessels and derive relevant FECs. Previous
results indicate that DC runs efficiently, but provides no functional
completeness guarantees for the generated set of initial scenes [27].

6.2 Measurement Setup

Compared approaches. We automatically derive initial scenes using
the MSR approach and compare the results with those generated
using the DC approach. We run the two approaches in various con-
figurations (see Table 4) using the constraint satisfaction methods
introduced in Section 5. The first three rows contain the baselines,
e.g., DC/SB3 denotes the DC approach using NSGA3 as logical con-
straint solver. Note that CDRS and CDRS+PS are only compatible
with the MSR approach, as they depend on the existence of FSMs.

Metrics. To measure functional completeness for RQ1, we use the
same coverage metric as in [27] and calculate the percentage of
covered unique relevant FECs among all possible relevant FECs
% x 100. For RQ2, we mea-
sure scalability and efficiency by calculating cumulative coverage
at given timestamps throughout the generation of an assurance
suite. We also include a min-max interval at each time step. More-

over, we calculate the average time to cover a unique relevant FEC:
total generation time
|covered unique FECs in 7~ at the end of the generation|

in an assurance suite:
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Table 4: Configurations of compared approaches.

Measurement ID ‘ Approach ‘ Constr. sat. / engine ‘ Compared in
DC/RS as in [27] DC RS RQ1, RQ2, AB
DC/SB2 asin [27] | DC SB with NSGA2 RQ1,RQ2
DC/SB3 DC SB with NSGA3 RQ1, RQ2
DC/RS+PS DC RS+PS AB

MSR/RS MSR CDRS AB
MSR/RS+PS MSR CDRS+PS RQ1, RQ2, AB
MSR/SB3 MSR SB with NSGA3 RQ1, RQ2

Table 5: Input parameters provided for the LSM € N. The
units are in meters (m), knots (kn), and nautical miles (NM).

i=0...n—-1: i =0 for OS i> 0for TSs
[Bn (8i).1Min, BN ($;).1Max] [30m, 30 m]  [10 m, 400 m]
[BN (8:).spMin, BN ($;).spMax] [0 kn, 50 kn]

[mN.x, mn.y] [13NM, 13 NM]

Table 6: Total number of FECs and global timeouts.

n | 2 | 3 | 4 | 5 | 6

Number of FECs
Global timeout

7
28 min

28
112 min

84
336 min

210
840 min

462
1848 min

Scene generation setup. In this paper, we investigate COLREGS
scenarios involving 2-6 vessels, as relevant encounters involving
more than six vessels are extremely rare in open-sea settings [62].
We refer to the number of vessels in a scenario as n = |[Sy|. The
input parameters for the LSMs € N are detailed in Table 5, reflecting
characteristics of small to large-sized ships.

In a maritime assurance setting, a key quality metric of a scenario
generator is the time required to generate a (functionally) complete
set of semantically distinct scenarios. Therefore, we ensure that all
compared approaches have the same time budget for a given number
of vessels. Moreover, since metaheuristic search might get stuck in
local optima [39], we enforce a per-scene timeout ts of 4 minutes.
This timeout is based on empirical observations in the 6-vessel case
using a genetic search, balancing sufficient time for convergence
against early termination when stuck in local optima. The global
timeout for each vessel count is calculated by multiplying the total
number of FECs by ts. This setup ensures that each measurement
allocates an average of 4 minutes to each equivalence class across
all configurations. The total number of FECs and corresponding
global timeouts for each case (2-6 vessels) are shown in Table 6.

For the MSR approaches, we attempt to cover all FECs, allocating
up to ts minutes per attempt. If all FECs have been attempted before
the global timeout, we revisit uncovered ones until either all FECs
are covered or the global timeout is reached.

For DC/SB2 and DC/SB3, the search is not targeted towards a
specific FEC. Therefore, we repeatedly run the search for ts until
the global timeout. For DC/RS and DC/RS+PS, only the global
timeout is used, as local optima are not an issue for sampling-
based approaches. Finally, we abstract the concrete scenes for each
batch (i.e., particular approach and number of vessels) into FSMs by
building the corresponding LSM (see [27]) and applying the reverse
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Figure 6: Unique relevant FEC coverage distribution.

Table 7: Median of unique relevant FEC coverage (top) and
median of average times per unique relevant FEC (bottom).

Approach n=2 n=3 n=4 n=>5 n==6

DC/SB2 100% 100% 91.67% 70.95% 44.48%
DC/SB3 100% 100% 91.67% 72.85% 52.16%
Coverage MSR/SB3 100% 100% 100% 100% 68.18%
DC/RS 100% 57.14% 7.85% 1.42% 0%
MSR/RS+PS 100% 100% 100% 100% 99.13%
DC/SB2 2.7s 142.5s 261.8s 3383 s 539.6 s
Average DC/SB3 24s 198.7s  261.8s 3294 s 460 s
time / FEC MSR/SB3 043s 21.6s 498 s 187.9 s 351.6s
DC/RS 924s 420's 1344s  16800s  timeout

MSR/RS+PS  0.17 s 0.76 s 49s 30.2s 2418 s

mapping of f2I. The resulting FSMs are further abstracted into FECs
by using the inverse of ec2f.

Measurement configuration. Due to the stochastic nature of search-
based and sampling-based algorithms, we ran our measurements 30
times for every approach and vessel number with different random
seeds. The random seeds are fixed to guarantee reproducibility.
For stability, the garbage collector is explicitly invoked, and two
warm-up runs are executed before each measurement batch. The
experiments are carried out on Ubuntu 24.04 with a 6th Gen Intel
Haswell CPU (model 60, family 6), 32 GB RAM, and Python 3.12.

We perform statistical analysis to compare the resulting data sets
for each batch using the non-parametric Mann—Whitney U test [40]
to compute p-values, and Vargha—Delaney (A;2) [5] for effect sizes.

6.3 RQ1: How complete are assurance suites
generated by MSR?

Motivation. Two scenarios may differ on a concrete scene level
but have the same semantics on the FEC level. Ideally, all unique
relevant FECs should be covered with at least one concrete initial
scene. RQ1 investigates to what extent the compared approaches
cover semantically distinct, relevant scenes.

Results. Figure 6 shows the distribution of relevant FEC coverages
(across all 30 runs) for each batch of DC/SB2, DC/SB3, MSR/SB3,
DC/RS, and MSR/RS+PS within the global timeout. The median
values are listed at the top of Table 7.

DC/SB2 has a coverage decreasing from 100% (n = 2) to ~45%
(n = 6), while MSR/SB3 drops down only to ~68% for n = 6.

DC/SB2 and MSR/SB3 have a 100% coverage for n = 2; however,
for n > 3, the differences are statistically significant (p-values
<0.001) and increasingly large (with effect sizes of 0.7 for n = 3, 1.0
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Figure 7: Cumulative coverage of unique relevant FECs.
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Figure 8: Average times per unique relevant FEC.

for n > 3). This suggests that MSR/SB3 increasingly outperforms
DC/SB2. A similar trend is observed for DC/SB3.

For sampling-based approaches, DC/RS has the lowest coverage
decreasing from ~100% (n = 2) to 0% (n = 6) while MSR/RS+PS
yields 100% coverage for every seed up to n = 5. For n = 6, some
seeds of MSR/RS+PS reach 100% coverage in 1.1 days, while the
median coverage was 99% within the global timeout.

DC/RS vs. MSR/RS+PS exhibits a strong and significant (p-values
<0.001) difference across all vessel counts. For n = 2, the effect size
is moderate (0.6), but rapidly escalates: 0.7 for n = 3, and 1.0 for
n > 3, suggesting that MSR/RS+PS outperforms DC/RS by far.

RQ1: MSR/SB3 and MSR/RS+PS consistently achieve higher
FEC coverage than their respective baselines as the number of
vessels increases. They maintain steady 100% coverage across all
vessel counts up to n = 5 and MSR/RS+PS is the only approach
with runs reaching 100% coverage for n = 6 within the timeout.

6.4 RQ2: How scalable and efficient is MSR?

Motivation. Assuring ASV COLREGS compliance requires a large
number of initial scenes, making generation efficiency and scala-
bility essential. RQ2 compares MSR and the baseline in coverage
growth and scalability as vessel numbers increase.

Results. Figure 7 shows the cumulative coverage over time (with
min-max intervals), and Figure 8 shows the distribution of average
times (across all 30 runs) to cover a unique relevant FEC for each
batch of DC/SB2, DC/SB3, MSR/SB3, DC/RS, and MSR/RS+PS.
The median values are listed at the bottom of Table 7.

For search-based approaches, MSR/SB3 consistently covers a
unique FEC faster than DC/SB3 and DC/SB2. The median coverage
times (in sec) are 0.43 vs. 2.4-2.7 for n = 2, and 351.6 vs. 460-539 for
n = 6. The statistical analysis of DC/SB3 vs. MSR/SB3 supports this
with effect sizes ranging from 0.85 to 1.0 as the number of vessels
increases, also indicating a growing performance gap under more
complex scenarios with statistical significance (p-values <0.001).
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Figure 9: Cumulative coverage of unique relevant FECs for
sampling-based approaches.

For sampling-based approaches, MSR/RS+PS consistently outper-
forms DC/RS in terms of coverage speed with effect sizes of 1.0
and p-values of «0.001: median times (in sec) are 0.17 vs. 92.4 for
n = 2, and 241.8 vs. timeout for n = 6, since DC/RS fails to cover
any FEC within the global timeout (1848 minutes).

Since only MSR/RS+PS and MSR/SB3 scale to n = 6 based on the
cumulative coverage, we additionally measure the time they take to
reach 100% coverage beyond the global timeout. For MSR/RS+PS,
the median time (across all 30 seeds) to full functional coverage is
~2 days, and for MSR/SB2, it is ~3.8 days.

RQ2: Both MSR approaches consistently achieve faster coverage
growth and better scalability with increasing number of vessels
compared to baselines. Only MSR approaches scale to n = 6 with
MSR/RS+PS reaching steady 100% coverage within 2 days.

6.5 AB: Ablation Study

Measurement setup. We evaluate the individual and combined
effects of the proposed enhancements (PS and CDRS) to sampling-
based constraint satisfaction. We compare (1) the original DC/RS,
(2) DC/RS enhanced with pre-sampling (DC/RS+PS), (3) MSR with
condition-driven sampling but without pre-sampling (MSR/RS),
and (4) MSR using both condition-driven sampling and pre-
sampling (MSR/RS+PS). (Recall that condition-driven sampling is
not applicable for direct concretization since it requires FSMs.)

To measure the improvement in scalability and efficiency, we use
the cumulative coverage of unique relevant FECs, which indicates
both total coverage and speed.

Results. Figure 9 presents the cumulative coverage over time for
each batch of DC/RS, DC/RS+PS, MSR/RS, and MSR/RS+PS. The
results indicate that both DC/RS+PS and MSR/RS can individually
improve performance compared to DC/RS up to n = 4. Notably, for
n =3, MSR/RS achieves 100% coverage within ~30 minutes. For
n = 4, the base coverage of DC/RS (~18%) increases to ~35% with
DC/RS+PS and to ~68% with MSR/RS.

However, for n > 4, neither enhancement alone is sufficient to
achieve significant improvement, resulting in total coverage below
10%. In contrast, the combined approach, MSR/RS+PS, attains
steady 100% coverage up to n = 5 and reaches 100% for n = 6.

In terms of efficiency, we observe statistically significant differ-
ences in the average time per covered FEC between DC/RS and
both DC/RS+PS and MSR/RS. Specifically, for all n except n = 2,
the improvements yield p-values < 0.001 and large effect sizes (1.0).
For n = 2, DC/RS+PS is only slightly faster than DC/RS.
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AB: Both pre-sampling (DC/RS+PS) and condition-driven sam-
pling (MSR/RS) individually yield significant improvements over
the baseline (DC/RS) for n < 4. However, in order to scale beyond
n = 4, combining the two (MSR/RS+PS) is necessary.

6.6 Threats to Validity

Internal validity. We handle the stochastic nature of search-based
and sampling-based algorithms in compliance with best practices
of statistical evaluations. The 4-minute timeout may pose a threat
to internal validity, as we can get different results with a longer
or shorter timeout. This duration was chosen based on empirical
observations from complex 6-vessel scenarios using genetic search,
where the average convergence time is well below 4 minutes.

External validity. Our investigations are limited to relevant scenar-
ios of 2-6 vessels identified in related works [27, 36] for validating
COLREGS compliance. However, our method is extensible, thus
allowing to incorporate additional constraints over FECs as input.

One may observe different results between search-based and
sampling-based concretization methods when scaling to scenarios
with more than six vessels, or when incorporating more complex
environmental geometry (e.g., shorelines) or other vessel types (e.g.,
sailing boats, stationary vessels).

6.7 Discussion

MSR can achieve full coverage including rare scenarios. MSR finds
a corresponding initial scene for every FEC. In the 6-vessel setting,
out of the 462 equivalence classes, approximately 15% were covered
only by MSR among the compared approaches within the given
timeout (even after repeating the experiments with 30 different
seeds). One of such cases is where the OS is simultaneously over-
taken by five TSs. This results in a hard-to-solve constraint set due
to the proximity of the TSs and the necessitated absence of COL-
REGS situations between them. Covering such rare critical cases
is important from a safety assurance perspective, but such sparse
solution spaces are problematic for direct concretization.

MSR is efficient and scalable up to six vessels. The average com-
putational time of generating a unique relevant FEC using MSR is
consistently lower than that of the baselines. For each run, MSR
systematically restricts the search space to a constrained region
characterized by a single FEC. On the other hand, DC may fail to
find a solution (if that fragment of the solution space is sparse), or
it may find too many solutions in a fragment (if the particular frag-
ment is dense with solutions), which negatively affects efficiency.

Scene-level diversity. To gain extra insights, we further analyzed
the initial scenes generated by MSR/RS+PS and MSR/SB3. COL-
REGS situations from MSR/RS+PS are easy to identify, whereas
MSR/SB3 provides boundary cases where ship captains or ASV
controllers are more likely to misidentify a particular situation.
Intuitively, small changes in vessel position or heading can alter
the COLREGS classification. Since MSR/SB3 uses genetic search
as a constraint satisfaction engine, it stops when the first feasible
solution is reached within the boundary (numerical limits), hence
the retrieved solutions remain near those boundaries (as mutations
are more likely to be local). By applying MSR/SB3 for boundary
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value analysis and MSR/RS+PS for nominal value testing, the two
methods can be combined to address scene-level diversity within a
particular FEC to facilitate robustness testing of ASV controllers
(which has not been discussed in previous work [27]). However,
this is beyond the scope of the current work.

Transferability. For richer maritime scenarios (e.g., static obsta-
cles, vessel classes, physical environments), FECs can be extended
with new relation symbols and constraints. New FEC relations may
either map to new FSM relations or reuse existing ones. Each new
FSM relation requires a corresponding logical constraint with real-
istic numeric boundaries derived from vessel characteristics. Since
FECs and FSMs are finitely enumerable abstractions, the conceptual
generalizability of our approach depends only on the satisfiability
of the extended FSMs. However, our empirical evidence of func-
tional completeness is limited to the settings evaluated in this paper.
In practice, functional completeness may become infeasible when
the number of functional models grows excessively for a given
representation. Furthermore, extensions to functional models could
potentially introduce cases that are geometrically infeasible due to
physical constraints. Therefore, we cannot guarantee satisfiability
for arbitrary functional models. However, MSR supports early iden-
tification of some infeasible LSMs by checking model consistency
on the functional level and detecting empty sampling regions.

Future work. We plan to extend MSR to cover a broader set of
COLREGS rules (e.g., vessels with limited maneuverability), handle
vessel encounters in the presence of static obstacles, and map initial
scenes into executable scenarios. For the latter, we aim to explore
improved methods for trajectory generation, including dynamic
trajectories and behavior modeling, as mentioned in Section 4.5.

7 Related Work

Scenario generation for ASVs. While much of the existing research
on ASV safety relies on manually crafted test scenarios to find bugs
in concrete ASV control software [6, 11, 54, 64], some studies have
begun to explore synthetic assurance scenario generation.

Existing work dominantly relies on historical encounters [38, 62,
68]. These approaches generate assurance scenarios by extracting
scenarios from real-life AIS data, followed by scenario importance
evaluation. While such approaches are effective for testing the
core functional correctness of an ASV control software, they are
not suitable for providing assurance suites, since rare dangerous
scenarios are not sufficiently covered [27].

Some studies use synthetic scenario generation approaches such
as sampling-based or search-based concretization of scenes based
on some set of constraints [12, 27, 49]. The authors of [49] propose
an online scenario generation and selection algorithm with a dis-
criminative neural network to assess ASV behavior in high-risk
COLREGS scenarios. In [12], traffic scenarios are generated using
Sobol sequences. Hazards are identified by calculating a risk vector
that includes weather and traffic conditions instead of relying on
COLREGS. Clustering algorithms are then used to group scenarios
based on risk vectors, and the riskiest scenarios are selected to form
the assurance suite. In [27], the authors use geometric constraints,
search-based, and sampling-based scene concretization approaches.
However, these works do not guarantee a functionally complete
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assurance suite as the scenarios are generated randomly, then clas-
sified and filtered to equivalence classes as a post-processing step.

To provide robustness guarantees, test scenarios for ASVs are gen-
erated in [58] by expressing requirements in signal temporal logic
and using a Gaussian process model to guide test case selection
towards uncovered scenarios. In contrast, our approach uses graph
solvers to systematically explore FECs to achieve functional com-
pleteness of assurance scene generation in multi-ship encounters.

Scenario generation in the automotive domain. Traffic scenario gen-
eration in the automotive domain is discussed by related work [27],
where extensive research has been done in model-based safety
assurance [8, 43, 57, 59, 65, 66]. In the automotive context, search-
based approaches are widely employed to instantiate concrete sce-
narios from abstract ones [2, 10, 33, 45, 51]. For instance, [7] com-
bines partial modeling with metaheuristic search to derive concrete
scenes. However, fundamental differences in navigation rules, in-
teraction dynamics, and environmental constraints in maritime
settings prevent the direct applicability of these approaches.

Sampling-based solver frameworks such as Scenic [26, 61] are
also widely used [7, 67]. Scenic employs rejection sampling for gen-
erating dynamic, stochastic scenarios and primarily supports the
automotive and robotic domains. We adapt Scenic to maritime traf-
fic in a novel way by defining condition-driven sampling. We define
a multi-step refinement approach for maritime scene generation,
embedding it with maritime-specific sampling conditions.

8 Conclusion

In this paper, we present MSR as the first end-to-end workflow
for deriving functionally complete assurance suites for validating
COLREGS compliance. Our approach is based on consecutive re-
finements from high-level functional equivalence classes (FECs) to
geometrically constrained logical scenario models (LSMs). LSMs
are solved using both search-based and sampling-based constraint
satisfaction approaches to derive concrete initial scenes (ISs) that
can be used as scenario-based evidence to demonstrate COLREGS-
compliance of ASVs. We also provide a proof-of-concept demon-
strator to generate COLREGS-compliant target ship trajectories
from initial scenes, enabling end-to-end simulation. Our empirical
evaluations show that MSR satisfies functional completeness, scal-
ability, and efficiency. When compared with direct concretization
(DC) baselines (which rely on a single LSM with a huge solution
space), we find that MSR can reveal critical edge case scenarios
that baselines miss as the number of vessels increases.
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