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Autonomous surface vehicles (ASVs) need to complete missions without posing risks to other maritime traffic.
Safe traffic in open sea encounters is controlled by the International Regulations for Preventing Collisions at Sea
(COLREGS) formulated by the International Maritime Organization (IMO). Designed with human operators in
mind, the COLREGS are intentionally underspecified, which may result in ambiguous requirements for correct
behaviour for ASVs. Hence the systematic testing of such ambiguous situations is particularly important.
This paper investigates to what extent existing test scenario generation approaches deemed effective in the
automotive domain can be adapted to test COLREGS-compliance in a maritime context with multi-vessel
encounters. In a series of experiments involving synthetic and real-world test scenarios, their performance
is evaluated with respect to relevance, diversity, completeness, scalability and speed. Our results indicate
that (1) test scenarios derived from historic maritime traffic are insufficient for testing multi-ship encounters.
Moreover, (2) existing test scenario generation techniques provide sufficient scalability and speed, but they
are very limited in terms of diversity and completeness when the number of vessels increases.
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1 Introduction

In recent years, significant efforts have been made to develop autonomous surface vehicles (ASVs)
for civilian and military purposes. A key challenge in developing ASVs is to ensure that they can
navigate safely without endangering other vessels. Specifically, any vessel operating in interna-
tional waters must comply with the International Regulations for Preventing Collisions at Sea
(COLREGS) [19], a set of rules standardized by the International Maritime Organization. COL-
REGS regulate how a vessel (referred to as own ship, or OS) should navigate to avoid a potential
collision when it encounters another vessel (the target ship, or TS) on a near-intercept course.
Significant effort has been put into developing COLREGS compliant control software (see, for
example, [73]), and maritime simulators [2, 72] for full-stack testing of ASVs in virtual environments.
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However, there is currently a lack of effective means for systematic validation of COLREGS compli-
ance. Existing work either relies on manually designed test scenarios [10, 47, 53, 68, 79] or scenarios
extracted from historical traffic data [5, 40, 43, 46, 76, 85]. Unfortunately, none of these approaches
offer a proper solution for the safety assurance of ASVs, as the former does not scale to scenarios
with a large number of vessels, and the latter is unlikely to cover rare critical scenarios.
Although there is a significant body of work on synthesizing high-quality test scenarios for
autonomous road vehicles [1, 3, 6, 8, 13, 27, 34, 54, 75], the maritime domain is highly different,
hence these techniques are not directly applicable for testing COLREGS compliance. Particular
challenges posed by the maritime domain compared to the automotive domain include:

Completely different vessel dynamics. Compared to road vehicles, the physical interactions
between actors and the environment are more complex in the maritime domain, where vessel
dynamics are influenced by the shape of the hull, and external forces such as waves, currents
and wind. Moreover, the visibility range is of significant maritime concern, as distances
between actors are several orders of magnitude greater than between road vehicles.

Less constrained geometry. The spatial relations of actors in the automotive domain are
restricted by road geometry, which is in turn restricted to adhere to a finite set of road design
elements (intersections, roundabouts, lanes, etc.) and traffic rules. This makes the search
space of possible physical actor relations comparably much smaller than in the maritime
domain, where actors can have any relative position, heading, and speed. The higher degrees
of freedom makes, among other things, stochastic testing (which is widely used in the
automotive domain [36, 82]) largely infeasible for testing COLREGS compliance.

More diverse classes of actors. The size difference of actors (hence, their manoeuvring capabili-
ties) is at most 2-3 orders of magnitude for road vehicles (e.g., motorcycle vs. semi-truck),
while it can be up to 6 orders of magnitude in maritime (e.g., small motor boat vs. oil tanker).
Free-form trajectories. An implication of the two points above is that maritime vessel trajec-
tories are constrained not by a predetermined road geometry, but rather by the COLREGS
rules, by the manoeuvrability of the vessel, and by external dynamics (currents, wind, etc.).
Therefore, generating a test scenario for the maritime domain involves two principal steps:
(1) generation of an initial scene, which defines initial actor placements, headings, and speeds;
and (2) generation of vessel trajectories evolving from the initial scene.

Underspecified traffic rules. Being designed with human operators in mind, the COLREGS are
deliberately underspecified, leaving significant room for individual judgement by ship crew
when making decisions. As a consequence, the COLREGS can become ambiguous for multi-
ship encounters, i.e., COLREGS compliant behaviour w.r.t. one vessel can lead to a rule
violation (and risk of collision) w.r.t. another vessel.

Based on this, and further interactions with maritime experts in an ongoing project, we can
formulate the following desiderata for an ideal maritime test scenario generator:

D1

Relevance. Each test case should represent a hazardous situation that may lead to a potential
collision (or other safety violations) if the OS fails to take appropriate action. While relevance is
difficult to quantify, according to [41], ambiguous COLREGS situations represent a particularly
relevant subclass of test scenarios as identified by maritime experts.

D2 Diversity. An ideal scenario generator should produce semantically different test cases to

avoid the redundant testing of equivalent COLREGS scenarios. This is especially important if
test scenarios are executed in computationally expensive, high-fidelity simulators.

D3 Completeness. Related to the notion of diversity, an ideal scenario generator should enumer-

ate all semantically distinct COLREGS scenarios for a given number of vessels. In particular,
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for safety assurance, it is important to cover not only common types of encounters, but also
rare safety-critical edge cases (e.g. ambiguous COLREGS situations).

D4 Scalability. To cover more complex scenarios, such as those exhibiting ambiguity, the
scenario generator must be capable of scaling to a larger number of vessels.

D5 Speed. Since a large number of scenarios might be needed to cover the space of possible
COLREGS situations, the time for generating a single scenario is also an important factor.

In this experience report, we investigate existing state-of-the-art scenario generation approaches
from the automotive domain, and evaluate to what degree they are applicable to the maritime
domain with regards to D1-D5 above. In particular,

e We formalize the (informally presented) COLREGS model proposed in [41], and extend it to
handle an arbitrary number of actors (i.e., vessels) for open sea encounters.

e We formally define logical scenarios and initial scenes for open sea encounters in the mar-
itime domain with their geometric constraints (analogously to logical scenes in multi-level
abstractions for scene concretization in the automotive domain [3]).

e We adapt two scenario generation approaches widely used in the automotive domain (search-
based scenario generation (SB) [1, 6, 8, 34], and rejection-sampling, used by the state-of-the-art
Scenic tool (RS) [27, 75, 81]) to generate initial scenes in the the maritime domain.

e In a series of experiments involving the automated generation of initial scenes, we evaluate
the two approaches with respect to D1-D5. We also compare the synthesized scenes with
CommonOcean (CO) [43], a recently published dataset of historical maritime traffic collected
using public AIS (automatic identification system) data.

In this paper, we exclusively focus on the generation of initial scenes, which is the conceptually
hard problem in scenario generation for the maritime domain. Subsequently, concrete trajectories
of vessels can be generated from the initial scenes by various approaches [24, 57, 70]. The scope of
our investigations is limited to open sea encounters involving multiple vessels.

Up to our best knowledge, our paper provides the first cross-domain adaptation of test scenario
generation techniques developed for automotive in the maritime domain. Moreover, it provides a
systematic evaluation of various key quality attributes (derived with the involvement of maritime
experts) on both synthetic and real-world test scenarios. Moreover, testing COLREGS-compliance
in multi-vessel open sea encounters is another innovative aspect of our work.

2 Maritime Background
2.1 COLREGS Concepts

The COLREGS contain 41 rules to ensure safe maritime traffic in open seas. While ports involve
often busy maritime traffic, only a limited number of vessels (typically 2-6) are involved in open
sea encounters [43, 76, 85]. Moreover, in busy waters close to shorelines, local traffic separation
schemes, which override COLREGS, are often used. Rules 1-19, covering steering and sailing,
and Rules 21-22, focusing on light placement, shapes, and visibility requirements, are the most
relevant for evaluating the safety of ASV control systems. The remaining rules primarily cover
administrative and operational details concerning lighting and shapes for specific vessel types and
specialized situations. This section discusses the rules relevant for the scope of this study.

o Rule 6: Safe speed: Vessels must maintain a "safe speed" at all times, but COLREGS offer limited
guidance on this. While moderating speed is critical in restricted visibility (e.g., fog) [14], in good
visibility and open sea conditions, "safe speed" is typically the vessel’s cruising speed.
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Table 1. Beam angles for identi-

fying relative bearing sectors. TS,

Bow range: 10° ’

Lbow 10°
Lside 107.5°
Lstern 135°

Lmasthead 225°

_ Crossing —

247.5° TS, 112.5°
l Head-on  fromport Stern light range: 135°

Fig. 2. COLREGS situations and sectors based on signal light

Fig. 1. Sample COLREGS rela- types and beam angles. TSy is overtaking OS, OS and TS;
tions between OS, TS, TSy, TS are head-on, OS is crossing TS3 from port.

oS,
Masthead light range: 225° ‘ Side light range: 107.5°

® Rule 7: Risk of collision: A course is defined by the vessel’s constant speed and heading. According
to the COLREGS, a risk of collision exists when two vessels are on a collision course, i.e., without
any intervention, they will likely collide in the future.

® Rule 8: Action to avoid collision: This rule emphasizes maintaining a "safe distance" and making
"readily apparent” course changes. A safe distance generally means a significant enough distance
between the vessels so that hydrodynamic effects cannot lead to contact. It is often approximated
by a convex area around the vessel called the safety domain. Some commonly used elliptical
safety domains are mentioned in [15, 18, 60, 69, 77]. For course changes to be "readily apparent”,
common practice based on case law and custom [78] suggests a change of at least 30°.

® Rule 11: Deemed COLREGS situations: Rule 11 indicates that the specific positions and velocities
determine each ship’s collision avoidance responsibilities when the vessels first get within the
visibility range [35]. These responsibilities are detailed by Rules 12-18 (see Section 2.2).

® Rule 22: Visibility range: The visibility range of a vessel is usually between 1 and 6 nautical miles
(NM) based on the required range and beam angle of positional lights, depending on ship size.

2.2 Defining COLREGS Situations and Scenarios

We define a COLREGS situation as a relationship between two vessels based on their relative bearing.
In a COLREGS situation, the vessels must be within each other’s visible range, and a risk of collision
exists. We refer to such situations that arise in a multi-vessel encounter as a COLREGS scenario.
Rules 13, 14, and 15 identify three types of COLREGS situations based on the relative bearing
sectors around the vessels. These bearing sectors originate from the visibility requirements of signal
lights (position, beam angle), as specified in COLREGS Rule 21. The sectors and their angular ranges,
as noted in Table 1, are illustrated in Figure 2 with a 4-vessel scenario between the own ship (OS),
and target ships (TSq, TS, and TS3). This same sector classification is commonly used in related
literature [38, 76]. The relation types are listed in Figure 1 based on the scenario in Figure 2:
o Giving-way and standing-on (Rules 16-17): A give-way vessel must take substantial early action to
avoid a collision course, while a stand-on vessel should maintain its course unless the give-way
vessel does not satisfy its obligations.
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o Overtaking (Rule 13): OS is overtaken by TSy, if TS, is within the stern light range () of OS,
and OS is within the masthead light range (£ ,gstheaq) of TS1. In this situation, OS has to give
way to TS;, while TS; stands on its course.

e Head-on (Rule 14): OS is head-on with TSy, if TS, is within the bow range (o) of OS, and OS
is also within the bow range (Zp,,,) of TS3. Both OS and TS, have give-way responsibilities.

o Crossing from port (Rule 15): OS is crossing TS3 from port if OS is within the left side range (Zs;q.)
of TS, and TS; is within the masthead light range (£ mastheaq) of OS. In this situation, OS has to
give way to TSs, while TSs stands on its course.

Ambiguity in COLREGS: One fundamental limitation is that Rules 13-15 only address two-vessel
encounters, leaving multi-ship interactions underspecified and potentially hazardous [41]. For
example, in the scenario shown in Figure 3a, a vessel can be simultaneously in conflicting stand-on
and give-way situations, risking collisions despite compliance with the rules.

2.3 Towards Assessing COLREGS Compliance by System-Level Testing

Recent initiatives [59, 70] assessing COLREGS compliance of an ASV in open sea conditions mostly
rely on system-level testing in a simulated environment [2, 72]. First, COLREGS scenarios are
generated automatically as test cases. Each test case forces the ASV to solve a challenging encounter
involving other vessels. Then, each scenario is simulated to assess if ASV adheres to the regulations.
A test case consists of (1) an initial scene with precise position, heading, and speed for each vessel,
and (2) COLREGS-compliant trajectories for target ships. A trajectory is a sequence of positions and
courses for a ship over time.As (3) test oracle, one may define properties of acceptable behaviour
and trajectories for the ASV under the assumption that all target ships adhere to their predefined
trajectories. The synthesis of initial scenes, trajectories and test oracles are regarded as separate
challenges for ASV testing. This paper focuses on the generation of initial scenes (1), which has the
most significant effect on the overall interaction and safety hazards in a COLREGS scenario [12].

2.4 Multi-Level Abstractions for COLREGS Scenarios

Analogously to previous work on scenario generation for autonomous driving [3, 51], COL-
REGS compliance can investigated on multiple abstraction levels in a maritime context [41].

System-level ASV testing is carried out using simulators that execute concrete scenarios as test
cases consisting of initial scenes, and detailed trajectories for all target ships. The initial scene
marks the start of a scenario, typically when two vessels first come into visibility range. Then, the
trajectory of each vessel determines its position, heading, and speed at a specific point in time.

An initial scene for an open sea encounter of vessels must satisfy various geometrical and
numerical constraints (e.g., relative bearing in a crossing encounter), represented by logical scenarios.
Each initial scene represents one solution of the set of constraints defined by a logical scenario. In
this paper, a logical scenario represents a potentially dangerous multi-vessel COLREGS-regulated
encounter, which sets the ASV and one or more target ships on a potential collision course.

For a systematic investigation of semantically different COLREGS situations that involve a certain
number of target ships, functional scenarios can be derived from logical scenarios by qualitative
abstraction (QA) [4]. Using qualitative abstraction, one can derive a graph model (based on relational
algebra) to represent functional scenarios by abstracting geometrical constraints between vessels
into high-level relations such as "crossing from port situation". Next, Section 3 discusses how to
model functional COLREGS scenarios formally, while Section 4 precisely defines logical scenarios.
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Table 2. Constraints for consistent functional models of COLREGS scenarios C C ¥.

Informal description Well-formedness constraint (V(o,0;,0;) € O;, 0; #0j)
A vessel cannot be in a COLREGS relation with itself. Vr € Rt : =r(0;,0;)
If there is a COLREGS situation between two vessels, there ~ V(rg,r;) € R?ir’ re # r;p : (rk (0i,05) S

cannot be any other COLREGS situation between them. -r;(04,05) A=ri(07,04))

The headOn situation must be defined in two directions. ~ headOn(0;,0;) = headOn(o},0;)

3 Functional Modelling of COLREGS Scenarios

Domain-specific graph models are frequently used to model complex cyber-physical systems
[31, 51]. In this paper, (1) graph models provide a precise means to define functional scenarios,
(2) graph constraints capture COLREGS-specific assumptions, and (3) graph shapes help identify
functional-level equivalence classes to address completeness on a high level of abstraction.

Metamodel. An initial metamodel of functional scenarios in maritime was introduced in [41]. An
algebraic representation of a metamodel M := (%, &) contains a vocabulary X := £ U R, and an
arity function « : ¥ — N (2 for binary predicate symbols, 1 for unary predicates) where
e [ :={0S, TS} denotes object roles within the scenario for COLREGS compliance:

— OS denotes the own ship (OS) that represents the system under test.

— TS denotes the target vessels (TS;) that form challenging environment for the OS vessel.

o R := {overtake, headOn, cross} denotes COLREGS situations between two vessels:

— overtake: indicates an overtaking situation between the source and the target vessels.

— headOn: indicates a head-on situation between the source and the target vessels.

— cross: means a crossing from the port situation between the source and target vessels.

Functional models. Functional scenarios are represented as typed graphs where each object has a
unique identity. Given a signature M := (2, @) representing the metamodel, a functional scenario
model is a logic structure F := (O, Ir) € ¥ where Op is the finite set of objects in the model,
while I gives an interpretation of r € X over the object set: Zp(r) : O?(r) — {true, false}.

A functional model assigns a truth value to unary relations over objects and binary re-
lations over a pair of objects [4, 29]. For example, in the functional scenario of Figure 3b:
{Zr(0S)(0S) := true, Ip(TS)(TSy) = true, Ir(TS)(TSz) := true, Ip(overtake)(TS,, OS) :=
true, Ir(cross)(0S,TSy) := true}. We use a relational predicate syntax [65] to query the state of

the model withr € 3,6 € O;f(r):

e r(0) = Ip(r)(6) = true, i.e. r relation holds between objects in 6.
e —r(6) = Ip(r)(6) = false, i.e. r relation does not hold between objects in 6.

Further constraints of functional scenario models can be captured by a graph query q [9], which is
equivalent to first-order logic. Each match m(q) of a graph query represents a constraint violation.

Consistent functional scenarios. Even in case of a consistent interpretation, a functional scenario
model is inconsistent if there is a match m(q) for a graph constraint ¢ in the functional scenario
model. Key consistency constraints for (relevant) functional scenarios are formalized in Table 2. The
set of consistent functional models satisfying with a constraint set {q;} € Q is denotedas C C .

Relevant test scenarios. In this paper, we aim to derive concrete initial scenes as test cases to
assess COLREGS compliance in the context of COLREGS scenarios. Therefore, relevant test cases
comprise scenarios that present significant challenges to an ASV while all other ships comply with
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Table 3. Constraints for relevant test scenarios 7 C F.

Informal description Constraint for test scenarios (V(0,04,0;) € 0;’:, 0; # 0j)

(1) There is exactly one OS representing an ASV  OS(0;) = —0S(0;) A —~T5(0;)
while all other ships are TSs.

(3) Each OS, TS must be in a COLREGS situation.  0S(0;) A TS(0;) = 3r € Ry : (r(0s,0;) Vr(oj,05))

Crossing and Two-way Overtaking
overtaking . crossing and crossing
TS,
A A crossin,
R K sSing
TS, P TS,
B 4 B
|
\
S
(a) Nlustration of ambiguous crossings. (b) Overtaking and crossing with functional model.
Shape 1 Shape 2 Shape 3
crossing overtaking | crossing crossing | crossing

overtaking overtaking i’i-; crossing

| B

(c) Equivalence classes differentiated by non-isomorphic graph shapes.

Fig. 3. Examples of functional-level equivalence classes of ambiguous scenes for 3-vessel interactions.

COLREGS rules. We define relevant test scenarios 7~ C ¥, which satisfy the set of constraints listed
in Table 3, where 7 represents COLREGS scenarios in open sea encounters between (1) a single
ASV and (2) a certain number of target ships, (3) involved in a COLREGS situation with each TS
which would result in a safety violation without further intervention.

Ambiguous test scenarios. Ambiguous scenarios (where COLREGS compliance w.r.t. one TS results
in a COLREGS violation w.r.t. another TS) were identified by maritime experts as a particularly
relevant subclass of test scenarios for assuring COLREGS-compliance [41]. The set of ambiguous
functional scenarios are denoted as A C 7 after including the following constraint:

0S(0) = standOn(o) A giveWay(o) where
The OS must be in an ambiguous situation.  standOn(o) := 30; : cross(0j,0) V overtake(oj, 0)
giveWay(o) := Jo; : cross(0,0;) V overtake(o,0;) V headOn(o,0;)

For example, Figure 3b shows ambiguous 3-vessel functional scenario models (compliant with
A) generated automatically using the Refinery graph solver [49, 50] following recent results [41].

Functional equivalence classes. When testing ASVs, one aims to provide a diverse set of test
scenarios that trigger the behaviour of involved vessels in semantically different situations. We aim
to characterize the diversity of a test suite by functional(-level) equivalence classes using structural
graph diversity metrics [66] based on neighbourhood shapes [62]. Informally, such graph shapes
categorize all nodes in a graph based on the existence (or non-existence) of specific edges in their
neighbourhoods within a given range. While the number of neighbourhood shapes is finite for a
given range, enumerating all possible shapes is only feasible for small graphs.
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From a testing perspective, the multi-level abstractions [41] (see Section 2.4) ensure that if
two functional scenarios have different neighbourhood shapes, then they represent semantically
different sets of scenarios. Hence, functional scenario models can be grouped into functional
equivalence classes characterized by different graph shapes. As a sufficiently diverse test suite
needs to cover each (feasible) graph shape, one can evaluate the semantic diversity of a test suite by
calculating how many distinct graph shapes are actually covered.

For example, Figure 3c showcases four models with three equivalence classes (non-isomorphic
shapes with a neighbourhood range of 1) for 3-vessel scenarios from an OS viewpoint. We encode
the neighbourhoods of OS following the work of [66] to distinguish three shapes (where Shape
3 contains two models with identical neighbourhood shapes). In this paper, logical scenarios are
abstracted to functional scenarios to evaluate the semantic diversity of a test suite by graph shapes.

4 Logical Scenarios and Initial Scenes

Next, we formally define logical scenarios represented as constraint satisfaction problems (CSP) over
numerical (geometric) constraints while initial scenes become solutions of such CSP problems.

4.1 Logical Scenario Models and Initial Scenes

Formally, a logical scenario model is a tuple N := (Sn, Cn, mn, Bn):

e Sy is a finite set of ships where each §; € Sy is an oriented point (see below);

o Cy is a set of binary numerical (geometric) constraints c;($;, §;) over ships §;, 5; € Sn;

e my is a sea map that restricts the range of position variables for ships in Sy and

e By contains valid ship attribute boundaries (length, cruising speed) as a finite set of tuples
(IMin;, IMax;, spMin;, spMax;) € R*.

Given a map my and attribute boundaries By, we approximate safety domains of ships §; € Sy as

oriented points with a fixed radius represented by a tuple §; := (x, y, h, 1, sp), where:

e x € Rand y € R are variables representing the centre point of §;.

e h € R is a variable representing the heading angle of §; in radians.

e 1 € R is a variable capturing the length of §; in meters.

e sp € R is a variable for the cruising speed of §; given in m/s.

An initial scene is a solution of a CSP problem N that defines a logical scenario. An initial scene
sceney : Sy — RS provides an assignment of variables to concrete values within the boundaries
such that all numerical (geometric) constraints are satisfied:

e Each ship §; € Sy is located within the boundaries: scenen($;).x € [0, my.x], scenen(8;).y €
[0,mn.y], scenen(S;).h € [—-m, ], scenen(S;).1 € [Bn.1Min;, By.1Max;], scenen(S;).sp €
[Bn.spMin;, By.spMax;], (where my.x and my.y represent the width and length of the map).

o Each constraint cx($;, §;) € Cy is satisfied by the assignment sceney in the context of §; and §;.

Note that our definitions do not impose any particular technique on how a solution is obtained.

4.2 Numerical Constraints for COLREGS Situations

We define various numerical constraints {C o, Coutvis, Catvis> Covertakes Cheadons Ceross} for logical sce-

narios, which are relevant in the context of COLREGS (see Table 4 for a graphical illustration).
Most constraints rely on relative bearing such as £ (p;j, v;), which is the angular distance between

the relative position p;; and the velocity v; vectors calculated with the function £ : R* X R? — R:

A ~ T R T
o [Six—=5;5x & cos §;.h o P
e (éi-y—éj-y) I sl's"x(smgi.h) o e (npl—junvin |
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Table 4. Numeric constraint type definitions (for pairs of ships (3;,;) € S2,8; # §;)

Courvis(54, éj) = ||Pz]|| € ]Dbegin(gis éj)’cx’[

Carvis(5i, gj) = Dbegin(gi, gj) - ||pij|| € ] - 6,6[

Coolt(81,87) = DCPA;;j € |0, Dymin (31, 8;) [

£ masthead 2 '/‘—— ===~
*P2 h - P1.’
. i
[Pl
DVI'S(g\]’ 5\2) Dvis(g\z’ §]) . T

Covertake(éi, §J) =
D £(pji,vy) € | “mashead 7] p
(2) 2(pij, Vi) € ]0, M[

/

P 2P W)

i

\Z) 7 !
. / Znasthe

N P masthead /\\

Z(Pa1, V2) 2 S

CheadOn(gi, éj) i:
W 2(pjivy) €], %[/\
@ £(pij,vi) € o, L |

Ceross (51, §j) =
L
(1) Z(pji,Rbeam 'Vj) e[]()’ %de[/\
(2) £(pij, Vi) € ]()’ %head[

Z(p12, V1)

Z(pa1, V2) Zbow
Z(P12s V1) 2

Vi

.

N\
\
[}
i
i

Lbow T Lpeam
2

Z(Pa1> RpeamV2)

Each numerical constraint ¢, consists of interval predicates in the form of val € ]lb, ub[ connected
by logical operators (=, A, V).

Visibility distance constraints Coypvis and cqpvis. COLREGS Rule 22 specifies the minimum visibility
range of a ship’s signalling lights based on its length and relative bearing. (Recall from Section 2.2
that the COLREGS rules only apply when both vessels are within visible range of each other.)
Let the function D,;(8;, §;) return the visibility distance of §; from §; according to Rule 22. The
distance of mutual visibility between §; and §; are the minimum of the relative visibilities:

Dhegin(81, 85) = min [Dys(5:, 8;), Duis(55, 81) | (1)

(1) courvis(5,8;) = llpijll € ]Dbegin(éi, §j),00[ the distance between the ships is more than
Dhegin(8i, §5), the interaction has not been started.

(2) Carvis(5i:87) = Dregin(51,55) — |Ipijll € ] - € 6[ the distance between the ships is precisely

Dhpegin(8i, §5), denoting the start of an interaction between the ships (with e = e~ 1% tolerance).

Closest point of approach. For determining spatial-temporal proximity between two vessels at

any given moment, the collision avoidance metrics of Time to the Closest Point of Approach (TCPA)
and Distance at the Closest Point of Approach (DCPA) [37, 80] are used:

_ Pij " Vij
TCPA;; = Vil

Assuming unchanged heading and speed attributes, DCPA is the smallest distance possible between
the i*h and Jjt h vessels during their encounter, whereas TCPA is the time to reach the DCPA.

DCPAU' = ”pji + Vij X max [0, TCPAU] || (2)

Collision constraint . The collision constraint enforces that §; and $; are on a collision course.
(Recall that COLREGS only apply when risk of collision exists.) We handle each vessel as a circular
object with an approximated safety radius that is 4 times [35] its length in all situations (r; := 4§;.1).
We use the DCPA to express the collision criterion as an inequality constraint. Let the safety
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distance between the vessels be Dy,in(5;, ;) = max(r;, r;). If the DCPA is less than the minimum
distance, then §; and §; are on a collision course: c(5;, $j) = DCPA;; € ]O, Dpin(8i, §j)[

Relative bearing constraints. Constraints related to overtaking, head-on, and crossing relations are
created from two conditions, each pertaining to the bearing of one ship to the other. For overtaking
(Covertake), the first condition enforces the bearing constraint of §; to §;, ensuring that p;; is within
the stern range (] W, 7'[[) of v;. The second condition ensures that the bearing constraint of

§; to §; places p;; within the Zmgghead facing range (] 0, Z"‘“SZ"'E‘“’ [) of v; (see top right in Table 4).
Similarly, we formalize the head-on (Cpeqqon, see bottom left in Table 4) and crossing from port (Ccrosss

see bottom right in Table 4) using the respective bearing ranges introduced in Section 2.2.

4.3 Abstractions of Logical Scenarios Into Functional Scenarios

A functional model of a COLREGS scenario F := (Of, Ir) € F can be derived from a logical
scenario model N := (Sn, Cn, mn, By) € N by an abstraction 12f : N — F. We derive 12f(N) by
(1) abstracting each logical ship §; € Sy to a corresponding abstract object o; € OF: §; + 0;,
(2) adding unary relations OS(o;) for own ship (if i = 1) and TS(o;) for target ships (if i > 1),
(3) including binary relations ry € Ry derived when certain numerical constraints cx(5;, §;) € Cn
hold over logical ships ($;,8;) € S%.

Given the abstraction of logical ships to functional objects §; +— 0;,5; +— o; | (5,5;) €
8%, (0i,0;) € O, the abstraction of constraints is defined as follows:
(1) Covertake($i> 85) A Carvis(5i,85) A Ceott(8i, ;) +> overtake(0;,0;).
(2) Cheadon(5i» ) A Carvis(3i,85) A Ceon(5i, 85) > headOn(o;,0;) A headOn(oj, 0;).
(3) Ccross(éi’ é]) A CatVis(gi’ éj) A Ccoll(éi’ §j) i CI‘OSS(O,', Oj)~
(4) courvis(51,8;) Vceou($s, §5) > —(overtake(o;, 0;) V headOn(0;,0;) V cross(0;,0;)) (no relation).
Informally, the abstraction complies with the COLREGS such that if the two ships are currently at the
edge of their visibility distance and are moving on a collision course, there is a COLREGS relationship
between o; and o;. If they are not on a collision course or they are outside each other’s visibility
range, no relation exists between o; and o;.

5 Automated Generation of Initial Scenes

Next, we aim to generate initial scenes that provide solutions for a logical scenario. For a given
number of ships K = |Sy| > 2, we aim to solve a CSP problem Ng := (SN, Cn, mn, Bn) € N:

CoutVis(éb §J) \ ﬂccoll(éis é]) ifi # Lj #1
Carvis(5i,85) A ceonn(5i, 85) ifi=1,j#1

CN = {<§i3§j> (S 312\] : {

Informally, we require that the own ship (OS, i = 1) is on a collision course with each target ship
(TS, i > 1), and all ships are at the boundary of their mutual visibility ranges. Additionally, no pairs
of target ships (TS) are on a collision course within each other’s visibility range.

To derive solutions of this CSP problem (logical scenario), we adapt two conceptually different
approaches, SB and RS, which are well-known for scenario generation in the automotive domain:

o SB uses a search-based approach (see Section 5.1) to derive initial scenes by solving the
numerical CSP problem as an optimization problem. This approach is adapted from modern
search-based test generation approaches [1, 28, 56] used in autonomous driving.

e RS uses Scenic3 [27, 75], a probabilistic programming language that represents environment
models across various domains using high-level constraints. Scenic3 uses rejection sampling
to synthesize concrete scenarios from these high-level descriptions. This involves sampling

Proc. ACM Softw. Eng., Vol. 2, No. ISSTA, Article ISSTA044. Publication date: July 2025.



Assessing Scene Generation Techniques for Testing COLREGS-Compliance of Autonomous Surface Vehicles ISSTA044:11

from geometric regions (REGION), intervals (RANGE), and then rejecting inconsistent samples
based on hard constraints (REQUIRE). RS is discussed in depth in Section 5.2.

5.1 Search-Based Scene Generation (SB)

Genetic algorithms (GA) [52, 64] evolve populations of solutions over generations by applying
mutation and crossover operations to explore large, complex search spaces even for with highly
non-linear problems. We map the numerical CSP of a logical scenario to an optimization problem
[32] amenable to genetic solvers where a fitness function is minimized (similarly as in [3, 54]).

5.1.1 Solving Logical Scenario Models as an Optimization Problem. We assign a non-negative

fitness value for each candidate solution, where a fitness value of 0 represents a consistent solution

(where all constraints are satisfied). A (multi-objective) optimization problem is defined as a tuple

OP = (%, L {fi(%),.... fu(%)}) € OP:

e X is a vector of decision variables (i.e., variables subject to optimization) representing a solution.

e [ and 7 are vectors of lower and upper bounds for x.

o {fi(x),..., fm(%)} is a set of objective functions over the variables aimed to be minimized.
Next, we discuss how to derive an optimization problem from a logical scenario model N by a

mapping 120 : N — OP to serve as input to any genetic solver (search-based algorithm).

5.1.2  Defining Decision Variables. In GAs, decision variables represent a candidate solution, i.e.
one individual in the population. To solve a numerical problem Ng := (SN, Cn, mn, Bn), for each
§ € Sy, we have to find concrete values for (5.x, 8.y, §.h, 5.1, §.sp) that satisfy all constraints
defined in Cy. Given a number of ships K = |Sx| and using || to denote concatenation,

o % :=x!||...||%#X, where % is concatenated from decision variables %’ = §;.

o [ :=[!|...||IX, where each [’ | i = 1..K is a vector of lower bounds (I < %!) constructed as
I' = (0,0, -, By.1Min;, By.spMin;).

o i :=d!|...||aX, where each &' | i = 1..K is a vector of upper bounds (%' < ii’) constructed as

it = (my.x, mn.y, 7, Bn.1Max;, By .spMax;).

5.1.3 Defining the Objective Function. SB solves the logical constraint satisfaction problem as
an unconstrained optimization problem using GA. To realize this, we define an exterior penalty
function [16, 64] that penalizes the deviation of solutions from the given interval bounds.

Penalty function. All ¢, € Cy consists of interval predicates ipred in the form of val € |Ib, ub|
and logical operators (—, A, V). (3) shows the penalty function defined for non-negated and negated
predicates. If two predicates are in an and relation (A), we sum up the penalties of two predicates
as in (4). If two interval predicates are in an or relation (V), we aggregate the penalties of the two
predicates by taking the minimum penalty as in (5).

Ib—wval ifval<Ib penalty_ (vaL Ib, ub) =
penalty* (val, b, ub) := { val — ub if val > ub min [penalty+(val, —o0, Ib), (3)
0 otherwise. penalty* (val ub, OO)]
ipred; A ipred, — penalty(valy, by, uby) + penalty(val, Iby, uby). (4)
ipred, V ipred, — min [penalty(vall, Iby, uby), penalty(valy, Ib,, ubz)]. (5)

Using penalty(val, Ib, ub) and the penalty aggregation operators over them, we define a function
IT : Cny — Ry, where for all ¢ € Cn, II(c) the overall penalty is derived from the specific constraint.
Intuitively, II(c) returns zero if the state of the system satisfies constraint c. Otherwise, it returns
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a positive number that is proportional to how far the system is from satisfying the constraint. For
example, let us consider the penalty value H(C(éi, S j)) where ¢ := =Cpop V Coypyis Which is applied
to all pairs of TS vessels. The penalty derivation looks like as follows:

(c(5;5))) = H(DCPAij ¢ |0, Dymin(3:1,8,) [ V [Ipijll € | Dpegin(i, §j),°°[)
= min [ penalty” (DCPA;;, 0, Dinin(51, 7)), penalty” (||pi;l1, Doegin(31, 8), 00) |

Objective function. Many GA algorithms are designed to handle a limited number of objective
functions. The fitness values are combined into one or more aggregate objective functions to
manage many penalties from various penalty functions. Each aggregation strategy divides the
numerical constraints Cy into distinct subsets C; € Cy, each associated with a specific objective
function. In this paper, we use vessel aggregation as it is proven to be effective for similar problems
in the automotive domain [3]. Vessel aggregation creates subsets for constraints associated with
the same vessel, and the penalties in a subset are aggregated together. Formally, given a subset C;
of numerical constraints, an objective function f; € {fi, ..., fu} is defined as: f; = (X.c, I1(c)) .

5.1.4 Algorithm Selection and Hyper-Parameter Tuning. The choice of aggregation strategy influ-
ences the selection of search algorithms. In our multi-vessel setup, aggregation transforms the
problem into a multi-objective optimization task. To solve this, we use the NSGA-II algorithm [21],
which has proven effective in related automotive studies [3, 74].

Our implementation uses the PYMoo Python library [11] with default operators. We conducted
hyper-parameter tuning through a systematic parameter grid search following best practices [25].
The optimized hyper-parameter configuration for our numerical problems of varying complexity
is as follows: a population size of 10, with Simulated Binary Crossover [22] as crossover operator,
a crossover probability of 1.0, and a crossover distribution index n of 20. The mutation operator is
Polynomial Mutation [22], with a mutation probability of 0.8 and mutation distribution index n of 15.
The selection operator uses Binary Tournament with Fitness Domination.

5.2 Rejection Sampling for Scene Generation (RS)

Our rejection sampling technique RS samples variables uniformly from predefined regions (REGION)
and intervals (RANGE). A REGION is a 2D shape (e.g., circle, rectangle, cone) that defines a set of
possible 2D coordinates for a probabilistic variable. A RANGE is a one-dimensional REGION.

Collision cone region. To be able to sample position and velocity pairs that represent ships
on collision courses (satisfying c.yy), we use the Velocity Obstacle method (VO) [23]. VO is a
decentralized motion planning approach that defines feasible velocity regions as geometric cones,
enabling quick identification of collision courses. This method is widely adopted for maritime
collision avoidance [26, 39, 83]. By definition, if v; velocity vector points inside a VOC;; cone
region, vessels §; and §; are on a collision course.

5.2.1 Defining the Sampling Region. We provide a high-level overview of how the sampling region

is defined for the OS (§;) and one TS (§;), given a numerical problem Ng := (Sn, Cn, mn, Bn) € N.

The steps are illustrated in Figure 4 along with their visual interpretation.

(1) First, we sample the TS length §;.1 from RANGE [BN.lMinj, BN.lMaxj]. The position and
velocity vector of the OS are sampled from REGION my and a circular velocity space REGION with
a radius in RANGE [BN.spMinl-, BN.spMaxi], respectively.

(2) We define the possible circular visibility distance REGIONs based on COLREGS Rule 22, with
radii 2, 3, 5, or 6 NM, depending on the yet unknown relative bearing between the two ships.

(3) A TS position is sampled from the union of these REGIONs while satisfying cqvis(S:, §5).
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v; sampling region

(1) Sampling TS length (5;.1) and OS properties (p;, v;).
(2) Defining visibility distance REGIONS (2, 3, 5 or 6 NM).
(3) Sampling p; from visibility distance REGION.

(4) Defining v; velocity space and VOC;; cone REGION.

(5) Sampling v; end point from the common REGION.

visibility distance region

Fig. 4. High-level overview of sampling space definition for the OS and one TS.

Table 5. Used input parameters for Ng € N with i = 1..K, K denoting the vessel set size |Sy/|.

Bn.IMin; Bn.1Max; Bn.spMin; BN .spMax; Mmn.X, mN.Y
i=1(0S) 30 m 30 m 0 kn 30 kn (~15.43 m/s)
13 NM (~24076
i>1(TS)  10m 400 m 0 kn 30 kn (~15.43 m/s) ( m)

(4) For the velocity vector of the TS, we define a circular velocity space REGION with a radius in
RANGE [BN.spMin j» Bn.spMax j] and a collision cone REGION (VOC;;) of the two vessel.

(5) Finally, we sample a point from the intersection of the v; velocity space and VOC;;, which
determines the endpoint of v;, ensuring the satisfaction of ccoi(5;, §;).

5.2.2 Rejecting Inconsistent Samples. The visibility distance, consequently the possible positions of
the TS and the angle of VOC;; depend on the TS length and the relative bearing between TS and
OS. This introduces circular dependencies over probabilistic variables that Scenic3 cannot resolve.
To overcome this, we make conservative overestimations, such as using the union of all possible
visibility distance REGIONs and the largest possible VOC rREGION (when the vessels have maximum
length and are at the closest distance of 2 NM).

As a result of overestimated regions, the sampling process may provide inconsistent scenes. To
ensure consistency, Scenic3 provides post-sampling filtering in the form of REQUIRE blocks. Since
constraints in REQUIRE blocks operate on concrete values rather than probabilistic variables, validity
checks are performed as in Section 5.1 by rejecting samples where the penalty exceeds zero.

Rejection sampling (RS) can be extended to multi-vessel scenarios where the no-collision re-
quirement between the TSs is also enforced with REQUIRE blocks.

6 Evaluation

We conducted experiments to address the following research questions in open sea encounters:
e RQ1: How relevant are synthetic and real-world test scenarios for COLREGS-compliance?

e RQ2: How diverse and complete are the test scenes generated by synthetic approaches?

e RQ3: How scalable and fast are synthetic scene generation approaches?

6.1 General Configuration and Measurement Setup

We refer to the number of vessels in a scenario as the problem size (K), where K = |Sn/|. The input
parameters for Ng € N are detailed in Table 5, reflecting characteristics of small to large-sized ships.
For simplicity, length and speed limits are the same across all TSs. We run the scene generation
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Table 6. The ratio of relevant+consistent (7~ N C), and ambiguous+consistent (A N C) scenes with respect to
successfully generated scenes (F) in the compared datasets.

K 2 3 4 5 6
Dataset SB RS CO SB RS CO SB RS CO SB RS SB RS

F(#) | 1000 1000 3222 1000 1000 72 1000 94 4 1000 0 1000 0

TNC (%) | 944% 94.6% 30.8% | 86.8% 89.4% 0% | 823% 84% 0% | 77.3% 0% | 68.1% 0%
ANC (%) 0% 0% 0% 39.2% 55.8% 0% | 60.4% 80% 0% | 66.6% 0% 62% 0%

1000 times with both SB and RS for each problem size with a timeout of 10 minutes. Finally, we
abstract each valid concrete scene using I12f for each batch (i.e. particular approach and problem
size) into one of the equivalence classes on the functional level, as described in Section 4.3.

Our measurements are conducted on an Ubuntu 24.04 machine with an Intel Core Processor
(Haswell, model: 60, family: 6) and 32 GB of RAM using Python 3.12. The pseudo-random seed is
reset to ensure reproducibility, the garbage collector is explicitly called, and two warm-up runs are
performed before each measurement to initialize the Python cache, enhancing stability.

6.2 How Relevant Are Synthetic and Real-World Test Scenarios for
COLREGS-Compliance?

Motivation. To investigate relevance (D1), RQ1 aims to determine to what extent automatically
generated (synthetic) and AIS-based (real-world) test scenarios are relevant, i.e., that they represent
hazardous COLREGS scenarios to test the COLREGS-compliance of an OS.

Metrics. Unfortunately, no generally accepted metrics exist which would measure the relevance
of a test suite for assessing COLREGS-compliance. However, a minimum requirement for relevance
is that the ships in a test scenario are actually in a COLREGS-scenario (see Section 2.2). Furthermore,
ambiguous scenarios are known to be relevant for system-level testing in the maritime domain
[41]. Hence, for each compared approach, we calculate the ratio of relevant and consistent scenarios
(7 N C) with respect to the total number of generated scenes. Moreover, we calculate a similar
ratio for ambiguous and consistent scenes (A N C).

Compared approaches. We compare two synthetic scenario generation methods with test scenarios
obtained from a real-world dataset.

o The search-based approach SB (introduced in Section 5.1) solves the optimization problem
120(Ng), where N € N, using input parameters from Table 5.

o The rejection sampling-based approach RS (introduced in Section 5.2) uses a sampling-based
strategy for the same problem.

e The open-source CommonOcean benchmark [43] CO represents real-world encounter scenarios
derived from AIS data collected from various U.S. coastal regions. This benchmark predominantly
(97.7%) features two-vessel encounters.

Our techniques SB and RS are expected to provide fully relevant and consistent scenes faithfully
representing COLREGS-scenarios. However, there is no such guarantee for the CO benchmark.

Result analysis. Table 6 shows the total number of generated / observed functional scenarios
(in the compared datasets), as well as the percentage of relevant+consistent (7 N C), and ambigu-
ous+consistent (A N C) cases with increasing problem size. Since ambiguity is defined only for
multi-vessel scenarios, no ambiguous scenarios exist for 2 vessels.
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The real-world CO dataset has low relevance ratio (30.8%) for K=2 and 0% relevance and ambigu-
ous ratio for K>2. The low relevance of the dataset prevents its practical use in testing COLREGS-
compliance for multi-vessel encounters, thus CO is excluded from further investigations below.

In synthetic test suites, a surprising finding is that not all test scenarios are relevant and consistent.
After manually investigating some of these outliers, we recognized COLREGS-scenarios which
are not supposed to exist according to the assumptions on the possible COLREGS-situations. For
example, double crossing (when two vessels are mutually crossing from the left) is ruled out by the
COLREGS, but it can be judged in case of certain large velocity differences between two vessels.

Technically, RS presents slightly more relevant and ambiguous test cases for K <= 4 than SB,
but it does not provide models for K > 4. In general, the ratio of relevant cases decreases, while the
ratio of ambiguous cases (within the relevant cases) increases as the problem size increases.

RQ1: Synthetic approaches SB and RS generate relevant scenes for testing COLREGS compliance
(with relevance ratios 68.1% to 94.6%). While they also generate ambiguous multi-vessel scenarios,
but to a lesser extent (39% to 80%). The real-world CO dataset has minimal relevance for multi-ship
encounters (0% for K > 3), showing the difficulties of using real AIS data as test scenarios.

6.3 How Diverse and Complete Are the Test Scenes Generated by Synthetic
Approaches?

Motivation. Assessing ASV behaviour in semantically diverse scenarios is key for safety assur-
ance (diversity, D2). Moreover, all relevant and consistent equivalence classes should be covered
(completeness, D3) ideally with similar amount of tests to avoid bias. Thus, RQ2 explores to what
extent the test suites derived by the synthetic approaches cover semantically different scenarios
and how the distribution of samples deviates from the even distribution. We measure the coverage
for the total number of equivalence classes derived as graph shapes from the functional models.

Compared approaches. We compare the two synthetic scene generation approaches SB and RS.

Metrics. We use external shape-based model diversity, as introduced by [66], along with neigh-
bourhood shapes from Section 3 to distinguish equivalence classes. Our diversity metric is defined
as the coverage of relevant and consistent equivalence classes in 7 N C by the generated scenes, as
well as the coverage for ambiguous and consistent equivalence classes in A N C:

covered shapesin 7 NC  covered shapesin ANC
total shapesin7 NC °  total shapesin ANC

respectively.

Result analysis. In Table 7, we present a summary of the total number of relevant and consistent
classes (|[EQ(7 N C)|), and ambiguous and consistent classes (JEQ(A N C)|). Moreover, we present
the respective equivalence class coverages (Coverage in 7~ N C, and Coverage in A N C).

In Figure 5, each plot illustrates the distribution of equivalence classes within a batch. The x-axis
represents the number of samples, while each histogram bar corresponds to an equivalence class.
Missing bars indicate that the batch does not cover the respective class.

Both SB and RS achieve 100% coverage in 2-vessel scenarios. As the number of vessels increases,
coverage drops differently for each approach. SB shows a nearly linear decline, covering 93.3%,
74.3%, 68.6%, and 49.2% of equivalence classes for 3 to 6 vessels, respectively. In contrast, RS declines
rapidly, reaching 0% coverage for 5- and 6-vessel scenarios.

Although SB is generally more diverse than RS, the generation is biased towards certain equiva-
lence classes, and the distribution becomes more skewed as the problem size increases.
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Table 7. The total number of equivalence classes of models which are relevant+consistent ([EQ(7 N C)|),
ambiguous+consistent (|[EQ(A N C)|); Coverage of relevant+consistent (7~ N C), and ambiguous+consistent
(A N C) equivalence classes by the compared datasets.

K 2 3 4 5 6
|[EQ(T NC)| (#) 5 15 35 70 126
[EQ(ANC)| #) 0 6 21 50 99
Dataset SB RS SB RS SB RS SB RS SB RS
Coverage of 7N C (%) | 100% 100% | 93.3% 73.3% | 74.2% 31.4% | 68.6% 0% | 49.2% 0%
Coverage of AN C (%) 0% 0% 100% 100% | 85.7% 42.9% 74% 0% | 53.5% 0%
2 Vessels 3 Vessels 4 Vessels 5 Vessels 6 Vessels
3384 covered shapes: 5/5| 168 covered shapes: 14/15] 130 covered shapes: 26/35| 86 covered shapes: 48/70] 53 covered shapes: 62/126
100.0% 93.3% 74.3% 68.6% 49.2%
270 4 1344 104 4 69 4 424
m 2034 101 4 784 521 324
@ 1354 674 524 344 214
68 1 344 261 174 114
0 T T T T T 0= T T T T 0 T T T T — 0 T u t T — 0T T t T T T
1 2 3 4 5 13 6 9 12 15 1 7 14 21 28 35 1 14 28 42 56 70 1 26 51 76 101 126
3794 covered shapes: 5/5| 311 covered shapes: 11/15| 38 covered shapes: 11/35
100.0% 73.3% 31.4% covered shapes: 0/70 covered shapes: 0/126
303 2491 304 0% 0%
wn 2274 1874 234
e«
1524 1244 154
761 62 81
0 0

1

&

14 21

28 35

Fig. 5. The distributions of derived scenes across all relevant+consistent equivalence classes for SB and RS.

When comparing the distributions using the Chi-Square Test [30, 58], all the p-values indicate
sufficient statistical significance (p < 0.05). However, according to Kullback-Leibler Divergence [45],
for the 2-vessel problem, the distributions of SB and RS have low divergence, indicating that they
are similarly diverse for small problems.

The results indicate that neither of the scene generation approaches can provide sufficient
diversity and completeness over the relevant and consistent equivalence classes.

RQ2: SB achieves higher coverage than RS but coverage decreases with the increasing number of
vessels. The decline in coverage and completeness highlights the difficulties of ensuring diverse
test case generation as complexity grows.

6.4 How Scalable and Fast Are Synthetic Scene Generation Approaches?

Motivation. Comprehensive testing of ASV behaviour in multi-vessel encounters requires gener-
ating a large number of test scenarios for an increasing number of vessels (scalability, D4) within a
limited amount of time (speed, D5). Since, neither genetic algorithms (used by SB) nor rejection
sampling (used by RS) guarantee that a solution is found, we also assess whether success rates of
test generation are adequate for practical use.

Compared approaches. We compare the two synthetic test generation approaches SB and RS.

Metrics. We evaluate the runtime and success rate for SB and RS based on scene generation for
an increasing numbers of vessels (problem sizes). In particular, we define:

e Runtime as the time taken to generate a scenario averaged over successful runs.
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Table 8. Success rate, median and average runtime compared to the average time per scene for successful
scene generation with the SB and RS approaches and increasing problem sizes.

K 2 3 4 5 6
Approach SB RS SB RS SB RS SB RS SB RS
Success rate (%) 100 100 | 100 100 | 100 9.4 100 0 100 0

Median runtime (s) 0.1 0.1 033 113 | 0.77 600 2.29 600 | 7.58 600
Average runtime (s) 0.23 0.15 | 1.02 16.1 2.2 572 49 600 | 22.6 600
Average time/scene (s) | 0.23 0.15 | 1.02 16.1 | 2.2 54468 | 49 o | 226 o

e Success rate as the proportion of runs that produce a valid scenario within a 10-minute

timeout. A scene generation is deemed unsuccessful if no solution is found within this limit.
average runtime

iooess rate - ©stimating the time to successfully synthesize one scene.

o Average time/scene =

Result analysis. Table 8 shows the success rate, as well as the median and average runtime
compared to the average time for successful scene generation with the SB and RS approaches
across increasing problem sizes.

SB achieves a 100% success rate for all measurements, demonstrating its robustness regardless of
problem complexity. In contrast, Scenic performs well for smaller cases but its success rate declines
as K increases. While it achieves a 100% success rate for K = 2 and K = 3, its success rate drops
significantly to 9.4% for K = 4, and it fails completely (0% success) for K > 4.

The median and average runtime of SB increases rapidly with the problem size, but it is still
manageable with an average of 22.6 seconds for the 6-vessel scenarios. While RS outperforms
SB for K = 2, its performance drops drastically, converging to the 10-minute limit for K = 4.

After running statistical analysis on the runtimes, we conclude that the results are statistically
significant based on the Mann-Whitney U-test [48] (p < 0.05) with high effect size based on Cohen’s
D [17, 30] (le| > 0.8). This excludes the K = 2 case where (p = 0.072) and the effect size is small
(e = 0.2), indicating no evidence that the performance of SB and RS differs.

The results imply that SB is generally faster and more robust for large problems, while RS fails
to solve logical scenarios when the constraints contain circular dependencies and involve more
than 3 actors. These results are aligned with the observations in the automotive domain in [3].

RQ3: SB is robust in terms of success rate (100%), and its runtime is acceptable even with an
increasing number of actors for open sea encounters. In contrast, RS struggles with solving more
complex problems (K > 3) and it is generally slower than SB.

7 Threats to Validity and Limitations

Internal validity. This work aims to compare the direct adaptations of two scenario generation
approaches popular in the automotive domain to evaluate their effectiveness in the maritime
domain. We have striven to adapt the Scenic approach RS as closely as possible to the maritime
domain. When implementing SB, we applied various best practices, such as choosing a widely used
algorithm and library for search-based test generation (NSGA-II), using hyperparameter tuning,
and applying proven design decisions from existing state-of-the-art work. Nevertheless, we cannot
fully guarantee that we provide the best possible implementation, hence it is a potential threat to
validity. Furthermore, the success rate of RS would likely increase with an increased timeout.

External validity. Due to the informal nature of the COLREGS, it is not possible to formulate a
canonical model of COLREGS-compliant behaviour, which constitutes a threat to external validity
(i.e., a different formalization of COLREGS may yield different empirical findings). In particular, we
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do not consider the special COLREGS regulations for vessels with limited manoeuvrability, such as
sailing vessels (Rule 18), which is left to future work. Moreover, we exclude dynamic properties
from our models, such as the emergence or disappearance of new COLREGS relations due to evasive
actions taken by actors. To handle such cases, our models need to incorporate temporal behaviour
in the future. In terms of logical model constraints, we use meaningful domain-specific parameters
aligned with standards [19, 77], but have chosen a simpler circular safety domain [35, 39, 42, 84] in
favour of one of the more advanced elliptical domains proposed in the literature [15, 18, 60, 69, 77].

Despite potential limitations of our COLREGS model, we believe that it accurately captures
the two most important differences between the automotive and maritime domains, namely, the
unconstrained scenario geometry, and the underspecified nature of Rules 12-18.

We investigate test scenarios derived from historical AIS data in the context of the CO benchmark,
and obtain negative results. While findings might be different in the context of other AIS data, it
is highly unlikely that higher relevance would be observed when testing multi-vessel encounters
since such encounters are rare in real life, though they present particularly challenging cornercases.
Moreover, deriving actual test scenarios from real-world AIS data is a complex challenge.

8 Discussion and Lessons Learned

After the evaluation, we aim to summarize the practical takeaways of our investigations related to
the various quality requirements set up for scenario generators in a maritime context.

Scenarios derived from real-world AIS data are insufficient for testing multi-ship encounters. The
lack of a canonical formalization of COLREGS discussed in Section 7 poses a challenge also when
extracting test scenarios from historical traffic data. Varying notions of what constitutes a relevant
scenario are used across different studies [42, 76, 85], which complicates a meaningful comparison
of datasets. As a practical example of this problem, the authors of the CO dataset state in [43] that
scenarios were selected on the basis of demonstrating “close encounters” between vessels. However,
our study finds that the majority of scenarios in CO do not actually meet our definition of relevant
scenarios, as the vessels involved were not in situations regulated by COLREGS (e.g., they were
not on potential collision courses). Furthermore, multi-ship encounters occur very rarely in test
scenarios derived from AIS data [43, 76, 85]. Thus, such encounters represent rare, but potentially
safety-critical edge cases which are unlikely to be sufficiently tested by scenarios derived from
existing traffic. All of this clearly highlights the need for systematic synthetic scenario generators for
the maritime domain, where the relevance of test cases can be ensured by construction.

Adapting automotive scenario generators may provide sufficient scalability and speed in maritime.
As a positive finding of our paper, adapting existing scenario generation techniques that proved to
be effective in the automotive domain is technically feasible both for search-based and rejection
sampling based approaches. Moreover, search-based scenario generation provided sufficient scalability
and speed for deriving test scenarios for open sea encounters with increasing number of vessels
for problems of practical size (3-6 vessels). On the other hand, while rejection sampling was
proven highly beneficial in the automotive domain, it was not effective in generating maritime test
scenarios, most probably, due to the higher degrees of freedom in vessel placement.

Adapting existing techniques lacks diversity and completeness in a maritime setting. As a negative
finding and major limitation of existing approaches, both SB and RS failed to cover many equiva-
lence classes, particularly for larger problems with more vessels. This highlights significant quality
issues in directly adapting scenario generation techniques from automotive to maritime domains.
Moreover, it clearly shows that further research is necessitated to provide mechanisms that enforce
diversity and ensure completeness (on a functional level) during test scenario generation.
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Potential gaps in COLREGS-assumptions. As a highly unexpected finding (reported in Table 6)
synthetic test generation techniques repeatedly derived scenarios where the functional scenario
model was inconsistent. This is particularly surprising due to the following reasons:

e By construction, we ensure that the initial scenes derived by the algorithms presented in
Section 5 enforce COLREGS-situations between the own ship and the target ships (hence we
ensure relevance of the test cases).

e The consistency constraints of our functional scenario models (Table 2) were validated
manually by maritime experts and automatically by graph generation techniques, hence we
had strong confidence in that they faithfully represent the key assumptions and restrictions
of COLREGS on a high level of abstraction.

e Assuming that the algorithms are correct and our formalization is faithful, then the detected
discrepancies may indicate potentially invalid assumptions in some COLREGS-situations.

After further investigations, we have found several cases, which are ruled out by the COLREGS (e.g.
double crossing from port, when two vessels would be considered to be mutually crossing from
the left). Nevertheless, there may be very rare situations when they can be potentially observed,
e.g. when there is a large (but not unrealistic) difference between the velocity of two vessels.
Investigating the actual existence of such cases in a practical setting is subject to future work.

9 Related Work

Formalization of COLREGS. A recent study of COLREGS [41] presents a functional metamodel for
representing COLREGS scenarios and uses automated model generation to support ASV test case
synthesis. We adopt their formalization to explore functional diversity and extend it to accommodate
scenarios involving an arbitrary number of vessels.

For ASV navigation, the authors in [35] present a framework for quantitative analysis of COL-
REGS compliance. Similarly, in [44] and [42], the authors provide a temporal-logic formalization of
COLREGS and use it to verify compliance from recorded ship trajectories. However, their COL-
REGS formalizations are unsuitable for test-scenario synthesis since they do not support deriving
concrete scenarios. Moreover, [42] does not take visibility range (Rule 11) into account.

The abstraction of concrete scenes is a means to establish COLREGS situation awareness. In
[20, 47], the authors leverage COLREGS formalization to reactively plan the ASV’s next manoeuvre
based on the high-level situation.

Scenario generation for ASVs. Existing work either relies on manually designed test scenarios
[10, 47, 53, 68, 79] or the test scenarios are derived from historical, real-world AIS data, as explored
in studies such as [5, 40, 43, 46, 57, 76, 85]. The open-source CommonOcean benchmark [43] adopts
a time-frame-based extraction method, analyzing vessel movements within specified temporal and
spatial windows. In contrast, other research, including [5, 76, 85], employs proximity-based metrics
such as relative distance, TCPA, and DCPA with varying thresholds to identify scenarios. Unlike
these approaches, our logical scenario models are directly based on the COLREGS.

Some previous work also involves synthetic scenario generation. In [67], a state machine-based
scenario synthesis is proposed. However, the authors do not account for COLREGS. In [61], the
authors propose an online scenario generation and selection algorithm with a discriminative neural
network to assess ASV behaviour in high-risk COLREGS scenarios. However, their approach gives
no assurance on the diversity of the generated scenarios. Two papers that attempt to address this
limitation are [12] and [70]. In the former, traffic scenarios are generated using Sobol sequences.
Clustering algorithms then group scenarios based on assigned risk vectors. In [12], equivalence
classes are not defined based on COLREGS but on a multi-dimensional risk vector, making the
interpretation of an equivalence class unclear. In [70], the authors generate ASV test scenarios by
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formulating requirements in Signal Temporal Logic, complemented with a Gaussian Process model
to guide the test case selection automatically. Similarly to our experiment, in [33], the authors use
"COLREGS monitors" for abstraction and logical scenarios to derive concrete scenes. However, they
use combinatorial test generation, which is unlikely to scale for larger vessel counts.

Scenario generation in the automotive domain. On the logical level, traffic synthesis for ASVs
shares some similarities with the corresponding problem for autonomous road vehicles (actors,
orientations) [4, 51, 71]. Search-based algorithms are one of the most common solutions for gener-
ating concrete traffic scenarios in the automotive field [1, 6-8, 34, 55, 63]. The approach presented
in [3] use partial modelling and metaheuristic search to derive concrete scenes from abstract traffic
scenarios. While we adapt their three abstraction layers from automotive to maritime domain,
our paper does not use functional scenarios to guide for scene generation, but rather to evaluate
coverage. The authors of [13] propose a search-based approach to generate avoidable collision
scenarios for autonomous driving systems.

Sampling-based approaches are also popular in synthesizing traffic scenarios [54]. The Scenic3
framework [27, 75] offers a rejection sampling based generation of 2D or 3D scenes and dynamic
scenarios while accepting any map as an input parameter. Scenic3 primarily supports the automotive
domain [81], but other domains (maritime, airborne) can also be implemented.

10 Conclusions

In this experience report, we investigate to what extent existing test scenario generation approaches
developed in an automotive context can be adapted for the maritime domain. For that purpose, we
define logical scenarios in a maritime context, and adapt two conceptually different approaches to
derive initial scenes from logical scenarios: (a) a search-based approach SB using genetic algorithms,
and (b) a rejection sampling based approach RS based on Scenic3. We evaluate the two synthetic
scenario generation approaches as well as test scenarios obtained from real-world AIS data from
the CommonOcean benchmark with respect to high-level requirements such as relevance, diversity,
completeness, scalability and speed.

Our findings indicate that the adaptation of test generation techniques from the automotive
domain is technically feasible and search-based techniques provide sufficient speed and scalability,
but their performance is limited w.r.t. diversity and completeness. Furthermore, test scenarios
derived from real-world AIS data are insufficient for assuring COLREGS-compliance in multi-ship
encounters. Finally, some of the derived test scenes also provide evidence that certain assumptions
made in COLREGS may be violated in some edge cases.

In future work, we aim to extend the functional and logical scenarios to incorporate multiple
ship classes (including vessels with limited manoeuvrability) and environmental factors (e.g. wind
speed, fog). Moreover, our experience paper highlights a clear need to improve the diversity and
completeness of existing test scenario generation techniques. Finally, similar investigation would be
meaningful in the context of complex, traffic-heavy environments, such as ports or coastal regions.

11 Data Availability

We released all the experimental data and source code in the project repository for replication,
future research, and practical use: https://github.com/PELAB-LiU/ASVTestSceneGeneration.
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