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Motivation

e Autonomous surface vehicles (ASVs) increasingly important
for both civilian and military applications

o need to complete their mission autonomously
in maritime traffic

* International Regulations for Preventing Collisions at Sea (COLREGS)

(by the International Maritime Organization) Tii.
* COLREGS complianceiis critical for the safe operation of ASVs A _“.A
* But COLREGS are ... oS A
o underspecified, formulated with human operators in mind _ /
/
TS,
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COLREGS situations 0S : own ship

TS : target ship
COLREGS apply when

1. Two ships are within visibility distance,
2. on a collision course
3. given one of the following relative bearings:

Starboard
os side sector

Port side sector

0S Stand-on TS,

TS, —a

Give-way
oS oS

TS, Stern sector

Overtaking Head-on Crossing from port
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Multi-vessel COLREGS scenarios

e COLREGS scenario: set of COLREGS situations

 Ambigious scenario: give-way + stand-on

Two-way o Crossing and Overtaking T3 y
crossing ‘ overtaking and crossing A
Stand-on& 'A Give-way oS A
A eee /
TS . _
\ 05 TS,
\

D N
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Motivation

e Autonomous surface vehicles (ASVs) increasingly important
for both civilian and military applications

o need to complete their mission autonomously
in maritime traffic

* International Regulations for Preventing Collisions at Sea (COLREGS)

(by the International Maritime Organization) Tii.
* COLREGS complianceiis critical for the safe operation of ASVs A A
« But COLREGS are ... )
o underspecified, formulated with human operators in mind ClS,
o ambiguous in case of multi-ship encounters /
.Tsl
How to ensure safe behavior even in rare critical edge cases?
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Testing for COLREGS compliance

* Formal methods verify safety at the component level (e.g., model checking)

e System-level safety assurance still relies on scenario-based testing

sensory information

1

i Test scenario i run .

i * Initial scene (Placement and j‘> I > Own Ship
i velocity of vessels) ! < | (ASV)

I ; ' i ; osition, speed, course

o Trajectories for target ships s states P P

Test oracle (based on COLREGS)
« Acceptable trajectories for the OS Is OS COLREGS-

* Collision detection compliant?
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O bJ ectives Challenge

» Different dynamics
* Open sea geometry
* Diverse actors

e Adapt two system-level test scenario generation methods used in automotive‘/

e Evaluate their effectiveness in maritime domain

e Using synthetic and real-

How to obtain maritime test scenarios? What is an effective test suite?
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Overview

How to obtain maritime test scenarios?

]

Synthetic: Scene
generation

Evaluation w.r.t
Abstraction relevance, diversity,

completeness

Real-world: Scene
extraction
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Possible collision ® 05p:(12038.0,12038.0),r:120.0m

EEm 05 h:90.0°,sp:7.7kn
® 75,p:(21214.2,12843.1),r:130.8m
W TS, h:151.7°,sp:13.7kn

Scene generation oy

Visibility
distance

12000 14000 16000 18000 20000 22000

Geometric constraints

! ! . Constraint satisfaction Test suite
(constraint satisfaction problem)

| o o o o 00
, 1..V TSi isona collision course with OS Search-based (SB) Initial scene,
: within visibility rage

| 2.V (TS, and TS,) pair within visibility Rejection sampling-
| range are noton a collision course. based (RS) Initial scene,,

Initial scene,
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Search-based constraint satisfaction (SB)

Multi-objective

optimization problem e ™\
4 \Possible collision Genetic Sea rCh

a0\
r -~
o -~
——

/ courses

Variables: position, heading,
speed, and length

5.0 NM
Visibility
distance

® 05p:(12038.0,12038.0),r:120.0m
05 h:90.0°,sp:7.7kn

Objective function

geometric distance from
satisfying constraints

Initial scene

12000 14000 16000 18000 20000 22000
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Possible collision ® 05p:(12038.0,12038.0),r:120.0m

EEm 05 h:90.0°,sp:7.7kn
® 75,p:(21214.2,12843.1),r:130.8m
W TS, h:151.7°,sp:13.7kn

Scene generation oy

Visibility
distance

12000 14000 16000 18000 20000 22000

Geometric constraints

! ! . Constraint satisfaction Test suite
(constraint satisfaction problem)

| o o o o 00
, 1..V TSi isona collision course with OS Search-based (SB) Initial scene,
: within visibility rage

1 2.V (TS, and TS;) pair within visibility Rejection sampling-
| range are not on a collision course. based (RS) Initial scene,

Initial scene,
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Rejection Sampling-based constraint satisfaction (RS)

ey (T
1 sampling REjECtIOn
l TS region sampling
Possible collision I
- |
SIS I
|
Il region
: Pts
I - 000 Tk
| - i SLT g atk
inc | . ey eps
Mapping : visibility
| distance region j A \ -
| SO
|
I 12000 14000 16000 18000 20000 22000
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Overview

How to obtain maritime test scenarios?

]

Synthetic: Scene
generation

Evaluation w.r.t
Abstraction relevance, diversity,

completeness

Real-world: Scene
extraction
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[2] H. Krasowski & M. Althoff (2022). CommonOcean: Composable Benchmarks for Ocean Motion Planning. |IEEE ITSC, pp. 1676—1682.

Scene extraction

Ne N ¥~0rk : Hempstead
Ellzabek? g "% -

Common Ocean benchmark [2] _
wuck'l.

Old'Bridge

Real-world scenarios extracted from AlS data [z s

Dominantly 2-vessel encounters (~98%)

Lakewood

Recorded at real geographical locations o Township (.
Source: ww.marinetraffic.com, AlS data

o Ports of Florida,

o Middle-east Coast, nnnnn

o Upper-west-coast of the US Found samples 3222
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Overview

How to obtain maritime te What is an effective test suite?

Synthetic: Scene
generation
Evaluation w.r.t
Abstraction relevance, diversity,
completeness

Real-world: Scene
extraction
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Characteristics of an effective test suite

1. Relevance: represent situations covered

by the COLREGS

2. Diversity: avoid redundant, semantically equivalent scenarios

3. Completeness: cover all semantically distinct open sea
scenarios, including rare edge cases

4. Scalability: include scenarios with many vessels

5. Speed: obtain large numbers of scenarios efficiently
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[1] Kargén & Varré (2024), MODELS ‘24 Towards Automated Test Scenario Generation for COLREGs Compliance.

COLREGS scenarios on multiple abstraction levels [1]

Concrete scenarios Logical scenarios Equivalence classes

Initial scene (vessel placements) Geometric constraints Typed graph

® 05p:(12038.0,12038.0),r:120.0m ~-.,_q_\ y Possible COlliSiOIl
Em 05h:90.0°,s5p:7.7kn .

® TS;p:(21214.2,12843.1),r:130.8m T < courses
BN 7S, h:151.7°,sp:13.7kn S

Cysin_&frogmrt
TS,

R
5.0 NM .

Visibility
distance

12000 14000 16000 18000 20000 22000

Finding numerical constraints Qualitative abstraction to
(collision, distance, relative bearings) functional relations
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Functional equivalence classes (FECs) as graph shapes

Interpretation Instance model Graph shape

B giveWay

cross ‘ cross

The graph shapes are finitely enumerable abstractions of instance graphs

CWOIT
TS,

.OS

B standOn
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Functional equivalence classes for test diversity

Shape 1 Shape 2 Shape 3

Cross Cross

Cross overtake Cross overtake

Leading to

~
Two-way crossing Crossing and overtaking Overtaking and crossing

Initial scene, =+ Initial scene, =+ Initial scene,

Covering all equivalence classes gives strong semantic guarantee
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Overview

What is an effective test suite?

Synthetic: Scene
generation

Evaluation w.r.t
Abstraction relevance, diversity,
completeness

Real-world: Scene

extraction
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Characteristics of an effective test suite

RQ1: How relevant are synthetic and real-world test

1. Relevance: represent situations covered
by the COLREGS

scenarios for COLREGS compliance?

Diversity: avoid redundant, semantically equivalent scenarios

3. Completeness: cover all semantically distinct open sea
scenarios, including rare edge cases

4. Scalability: include scenarios with many vessels
5. Speed: obtain large numbers of scenarios efficiently

-

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

\
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Search-based Rejection sampling-based
\ /
Number of vessels 2 / 3 4 5 6

soroncrt 38| 18 | s | w5 | s | w5 | s | ws | s | ns
Success rate (%) 100% 100% 100% 100% 100% 9.40% 100% 0% 100% 0%
Median runtime (s) 0.1s 0.1s 0.33s 11.3s 0.77s timeout 2.29s timeout 7.58 s timeout
Average runtime (s) 0.23s 0.15s 1.02s 16.1s 2.2s 572 s 49s timeout 22.6s timeout
Average time/scene(s)| 0.23s 0.15s 1.02s 16.1s 2.2s 5446.8s 4.9s timeout 22.6s timeout

Answer: - SB provides a scene within a scale of seconds, while RS does not scale after 3 vessels
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Empirical evaluation

Answer: - SB provides a scene within a scale of seconds, while RS does not scale after 3 vessels

RQ1: How relevant are synthetic and real-world test scenarios for COLREGS compliance?

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

LINKOPINGS
II.“ UNIVERSITET Dominik Frey, Ulf Kargén, Ddniel Varré. 2025. Assessing Scene Generation Techniques for Testing COLREGS-Compliance of Autonomous Surface Vehicles. ©



Introduction Obtaining scenarios Analyzing scenarios

[RQI: How relevant are synthetic and real-world test scenarios for COLREGS compliance? ]

* The ratio of relevant scenarios for the compared approaches:
* SB: Synthetic search-based scene generation
* RS : Synthetic sampling-based scene generation
* CO : Common Ocean benchmark (real-world scenarios)

* 1000 scenes with synthetic approaches for 2—6 vessel scenarios
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[RQl: How relevant are synthetic and real-world test scenarios for COLREGS compliance? ]
The ratio of relevant scenes w.r.t the The ratio of ambiguous scenes w.r.t the
successfully generated scenes successfully generated scenes
100% = 94,40% 90%
90% 80% 80,0%
. 94,60% o
80% 89,40% g4 0o 70% 66,60% 62,0%
70% 60% 55,80%
60% =SB 50%
50%
——RS  40%
40%  30,80% O .
0% CO 30%
20% 20%
10% 0% 0,0% 0,0%  0,0% 10% g0 0,0% | 0,0%
0% & A 0% A
2 3 4 5 6 2 3 4 5 6

Answer: - SB and RS generate relevant scenes (with relevance ratios of 68.1% to 94.6%)
- The real-world CO dataset has minimal relevance (0% for K > 3)
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Empirical evaluation

Answer: - SB provides a scene within a scale of seconds, while RS does not scale after 3 vessels

RQ1: How relevant are synthetic and real-world test scenarios for COLREGS compliance?

Answer: - SB and RS generate relevant scenes (with relevance ratios of 68.1% to 94.6%)
- The real-world CO dataset has minimal relevance (0% for K > 3)

LRQZ: How diverse and complete are the test scenes generated by synthetic approaches? }
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[RQZ: How diverse and complete are the test scenes generated by synthetic approaches? ]

» Deriving all the possible relevant FECs using a graph solver.

| covered functional equivalence classes|
| total functional equivalence classes |

e Structural coverage metric:
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[RQZ: How diverse and complete are the test scenes generated by synthetic approaches? ]

The distributions of derived scenes across all relevant equivalence classes for SB and RS

2 Vessels 3 Vessels 4 Vessels 5 Vessels 6 Vessels
338 1 covered shapes: 5/5| 168 1 covered shapes: 14/15| 130 - covered shapes: 26/35| 86 covered shapes: 48/70( 53 1 covered shapes: 62/126
100.0% 93.3% 74.3% 68.6% 49.2%
270 1 134 104 69 - 42
m 203 101 A 78 1 52 A 32 1
(1))
135 A 67 1 52 34 1 21 A
68 1 34 1 26 17 1 11
0- 0- 0- 0- 0 e T T T
1 2 3 4 5 1 3 6 9 12 15 1 7 14 21 28 35 1 14 28 42 56 170 1 26 51 76 101 126
379 1 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 A 249 A 30 0% 0%
wn 227 A 187 23 1
(-4
152 A 124 15 1
76 - 62 - 8
0 T T T T T O T T T T T T O T T T T T T
1 2 3 4 5 1 3 6 9 12 15 1 7 14 21 28 35

Answer: - Decreasing coverage for SB and RS as the number of vessels increase
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Empirical evaluation

Answer: - SB provides a scene within a scale of seconds, while RS does not scale after 3 vessels

RQ1: How relevant are synthetic and real-world test scenarios for COLREGS compliance?

Answer: - SB and RS generate relevant scenes (with relevance ratios of 68.1% to 94.6%)
- The real-world CO dataset has minimal relevance (0% for K > 3)

{RQZ: How diverse and complete are the test scenes generated by synthetic approaches? }

Answer: - Decreasing coverage for SB and RS as the number of vessels increase
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Obtaining scenarios

Analyzing scenarios

Evaluation Conclusions

Conclusions

Introduction Obtainingscenarios Analyzing scenarios Evaluation Conclusions

0S : own ship
TS : target ship

COLREGS situations

COLREGS apply when

1. Two ships are within visibility distance,

2. ona collision course

3. given one of the following relative bearings:

TS.

0s Stand-on 23
‘ Ts’, i
A

Starboard
os Side sector

Port side sector

—

TS,

Overtaking

Functional equivalence classes for test diversity

Shape 3
cross i overtake Cross ,iovertake

Two-way crossing Crossing and overtaking Overtaking and crossing

Initial scene, Initial scene, Initial scene,

Covering all equivalence classes gives strong semantic guarantee
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Shape 1 Shape 2

cross

% Leading to

* *

Introduction Obtainingscenarios Analyzing scenarios
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. Possible collision
- courses

Scene generation

S5.0NM
Visibility
distance

Geometric constraints
(constraint satisfaction problem)

Empirical evaluation

Answer: - SB provides a scene within a scale of seconds, while RS does not scale after 3 vessels

{RQI: How relevant are synthetic and real-world test scenarios for COLREGS compliance? }

Answer: - SB and RS generate relevant scenes (with relevance ratios of 68.1% to 94.6%)
- The real-world CO dataset has minimal relevance (0% for K > 3)

[RQZ: How diverse and complete are the test scenes generated by synthetic approaches? }

Answer: - Decreasing coverage for SB and RS as the number of vessels increase
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Key findings

multi-ship

1. S Initial
e scene;

Initial
2. / __FEC, ritime setting.
FEC,
Initial No completeness guarantees for the coverage of
scene,, . .
functional equivalence classes (FECs).
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Key findings

1. Sce
enc
2. Ad{

3. Pot

Large size

High speed y

-
)

On collision course within visibility distance

Port side wlti-ship

e e
-— ~-

~.

ort side'secto
\

time setting.

Small size
Low speed

No vessel on starboard side. Missing rule in COLREGS!
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22000 A

TS, compliance
20000 A
rat the component level (e.g., model checking)
18000 - . . . .
g S 0 NM TS, |2 still relies on scenario-based testing
| :% 16000 sensory information
e X Own Shi
|
| © [3.0NM jl> | > P
i 14000 - < I (ASV)
| osition, speed, course
i states P P
12000 -
1sed on COLREGS)
10000 - jectories for the OS Is OS COLREGS-
10000 12000 14000 tion compliant?
X Position (m)
II U LINKOPINGS
() UNIVERSITET Dominik Frey, UIf Kargén, Ddniel Varré. 2025. Assessing Scene Generation Techniques for Testing COLREGS-Compliance of Autonomous Surface Vehicles. ©



