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The criticality of collisionavoidance technology for ensuring safe navigation of
autonomous ships necessitates diverse testing scenarios that reflect complex maritime
environmentsHowever, previous testing scenarios, often based on virtual trajectories
or simplified encounterfiaveshown limitations in adequately represegtealworld
conditions This study proposes a novel framework for developing collisasidance
testing scenariobased oractual collision caseslhe framework consists of three
stages: collision caseollection trajectory extraction, and scenario development.
Relevant data were extracted from selected cases, and the trajectories of ships
influencing the collision were combined to reconstruct the circumstances at the time
of the incident. Encounter situations neethen diversified by altering the roles and
positions of own and target shipand finally systematially categorisedinto a
structured testing setJnlike previoustesting scenarios, thdeveloped scenarios
exhibit distinctive characteristics derived fronactual collision cases, including
situations where navigation rules cannot be strictly applied, dynamic encounters, speec
variations, and environmental conditiomy reflecting real maritime environments,
these scenarios provide a solid basis for validating and improving coléismidance
algorithms. The proposed framework is expected to contribntg only to the
advanement ofautonomousship technologyut al® to theenhanement ofmaritime

safety.

1. Introduction

Autonomous ships are innovative technologies that have garnered significant attention owing to the
ability to autonomously perform complex decisimaking processes, such asllision-avoidance and
emergency response, resulting in hureamr reduction and maritirsgccident minimisation [1].
Accordingly, based on the International Regulations for Preventing Collisions at Sea (COL[RE®s8)ous
collision-avoidance algorithms, developed by applying robotics and machine learning techniques, have be
estblished as a core technology émmmercialisingautonomous shigs].
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Collisionravoidance algorithms support automaledisionmaking in complex maritime environments.
Therefore, comprehensive validation through realistic and diverse maritime scenarios is essential to ens
their safety and adaptability]. Among these, port environments pose unique challenges owing to limited
manoeuvring space, high traffic density, and dynamic vessel movements, making it crucial to evalus
collision-avoidance algorithms using papecific scenarios that incorporateigas realworld factors, such
as weather conditions, naompliant ships, and complex situations that cannot be resolved solely throug!
navigational rule§7].

Previous testing scenarios can be broadiegorisednto three types based on data sourcesult)
based 2) randonty generationand 3)trajectoryextraction[8].

Rule-based scenarios are virtual reconstructions of navigation techniques and challenges encounte
by navigators in realvorld maritime environmentgndtheyare designed based on navigational rules such as
COLREGs.These scenarios have been used in-Bhiplling simulation trainings to help navigators develop
the skills needed to respond appropriately to complexwedt situationg9]. A representative example is
the Imazu problenilQ]. The Imazuproblem consists of 22 basic scenarios, ranging from simple situations
involving two ships to more complex situations involving up to four ships and 20 additional comple>
scenarios. Subsequently, Wang ef &1, 12] proposed 54 extended scenarios based on the Imazu problem
Sawada et al[13] implemented a new set of scenarios by leveraging COLREGs and encounter ang
characteristics. They also expanded-sitip encounter situations into thrsleip encounters through scenario
combinations.Chen et al. 14] proposed a combinatoritéstingbased scenario generation method that
optimises spatial and temporal complexity, enabling the creation of diverse atiivirencounter cases
for collision-avoidance algorithm evaluation.

Randomly generated scenarios are created by generating diverse situations based on specific rule
conditions without relying on particular experiences or data. This approach allows the extraction of scenar
that cover a wide range of situations. A negentative example is the use of Monte Carlo simulations to
generate scenari$5]. Porres et a[16] proposed a method for generating random scenarios using a randon
vector generation algorithm; they testaallision-avoidance algorithms for higtsk scenarios, which were
identified through scenario risk prediction using deep neural networks. Torbefl&} atodelledscenarios
with random variables using a Gaussian process tod#ision-avoidance algorithms. Bolbot et fl18] used
the Sobol sequence to automatically generate testing scenarios and constructed a set of testing scen
through sampling and clustering techniques.

In trajectoryextractionbased scenarios, large volumes of trajectory data are collectecdtomatic
identification system(AlS), and the scenarios are implemented by extracting AIS trajectories that mee
specific conditions, such as traffic congestion areas or-eloseunter situatior{d.9]. VariousAlIS trajectory
based techniques for scenario development have been continuously advanced in recent yeaokismtest
avoidance algorithms for autonomous sHigks Bakdi et al.[20] used maritime trdiic big data to design
testbed scenarios that capture confliats]lision/grounding risks, and spattemporal dependencies,
enhancing the realism of autonomous ship tridlsu et al.[5] proposed a method for testigllision
avoidance algorithms using randomly generated scenarios based on actual AlS trajectory data.

Meanwhile, Hwang and You#] proposed a method for developing grdigsedmodellingscenarios
by extracting unit scenarios with collision risks from AIS trajectory data, converting them into vector forms
and utilising similarity matrices. Wang et dl8] developed a scenario generation framework by extracting
encounter situations through proximity analysis in the same spatiotemporal context from the large volumes
AIS trajectory data, along with scenafiportance evaluation and disproportionptebahlity sampling.
Additionally, in their testing methodology, Dai et f21] designed an autonomous ship testing platform by
integrating virtual and reaborld scenarios and specifying test areas that reflect the realistic navigatior
conditions and environments of ships. Recently, hybrid approaches that combine trajectorgrextettidds
with random generation techniques have h@édisedto create more complex scenarj8s21]. In addition,
learningbased scenario generation algorithms have been mopodurther improve testing effectiveness.
Specifically, Zhu et al[22] introduced a reinforcemetgarningbased highrisk scenario generation method
that adaptively constructs critical situations to expose the limitations of autonaroltis®n-avoidance
decisionmaking systems.
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While rule-based scenarios often conform to COLREGS, they have two significant limitations: a limitec
scope that cannot encompass all-seaild encounter situations and an underlying assumption that all vessels
comply with navigational rules, thereby excluding roampliant vessel behaviours.

In contrast, randomly generated scenarios can theoretically include all possible encounter situatic
depending on the scale of the generation, and the number of scenarios can be infinitely expanded. Howe
they lack realism because they are not basedatual cases and do not provide information beyond the
encounter situation.

Converselytrajectoryextractionbased scenarios that use lasgale AIS trajectory data can provide a
sufficient number of scenarios, reflecting reairld maritime encounters, thereby ensuring realiSn8].
However, owing to the use of only AIS trajectory data, they lack detailed information about externe
environments or navigational conditions at the time, such as weather conditions or circumstances on the rc
This limitation also applies to bothile-based and randomly generated scenarios.

To address these differences, the structures, characteristics, and techniques used in the collis
avoidance testing scenarios were compared in detail for each study (Apger@irvious studies did not
consider actual collision cases, encounter types, or speed variations. Furthermore, none of the studies incl
in-port situations or considered environmental factors, except for Dai[2Lglwho incorporated a specific
test area and integrated r@abrld navigational conditions.

As research continues to address emerging complexities such as targ€iSShimcertainty 23]
intricate inland waterway24-26], and the anticipation of ship behaunrs in multivessel scenarid®7, 29|,
the demand for testing scenarios that faithfully reflect thesenaddl conditions has become increasingly
critical for reliable validationof collisionravoidance algorithms for autonomous shi8-34]. This gap
highlights the necessity for a new approach to scenario development that incorporates actual collision ca
environmental complexities, and paygecific conditions.

To address these issues, this study was aimed at developing callisidance testing scenarios based
onactualcollision cases to evaluate the performance of colliaMridance algorithms f@utonomous ships.
The proposed framework is not intended to replace testing methodologies under normal operating ¢conditic
but rather to complement existing scenariosparticular, the approach based on actual collision dases
important, ascollisions occurred under specific encounter situations, which prevideaningful data for
prioritizing the training of autonomous ship agents. Therefore, the outcomes of this study, when combin
with previously developed scenarios, can contribute to a more comprehensive validation of <ollisiol
avoidance algorithm perforance.

This paper i®rganiseds follows: In Section 2, the theoretical background, including the determination
of collision risks and identification of encounter types between ships, is introdncelkction 3, the process
of developing the test scenarios is described, along with the methodologies applied at each development st
In Section 4 the results of the scenario development are presented and then analysed and compared \
previous testing scenaridsinally, in Section 5the paper is concluded addections for future research are
mentioned.

2. Theoretical background

2.1 ldentification of collision risks

2.1.1 Fuzzy inference system based on raglision (FISNC)

A FIS-NC provides a quantitative and regahe method for assessing collision risk without being
constrained by geometric shaf@s, 36]. To integrate AIS datavariables such as relative distan&2 )(
distance at closest point of approa€h (), time to closest point of approachy( ), variationof compass
degree @ 0 Dof the TS, were extracted. These variables were processed usiagagive neurduzzy
inference systero train membership functions that subsequently compute the collision risk M&9X36].
Parameter© ,0 ,"Y , andw 0 ‘@ere obtained through geometric calculations (Fig. 1) and calculated
using Egs. (X)6):
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wherew andw denote the velocities of own shi@$) and TS, respectively, and represents relative
velocity.» ande represent the courses@SandTS, respectively, anel represents relative course.
represents the true bearingT®, and represents the relative bearing with TS observed at timé&iee
overall collision risk inference process in the fNE framework is illustrated in Fig. [36].
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Fig. 2 Inference process of thiezzy inference system based on realtision (FIS-NC) (6 'Y:"Oollision risk index @ 6 O
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The calculated "Yf@nged from 0 to 1, and tlie'Y W&s segmented into distinct risk levels based on the
stage of thecollision-avoidancemanoeuvresThe derivation for functions not discussed in this work can be
found in the study by Namgung and K[86]. The corresponding 'Y f@nges for each risk level are listed in
Table 1[36].

Table 1 Range of 'YHY level

Attention Threat Danger Collision
F4 E| 0.01L 6 'Y40.33 | 0.33L 6 'Y4®0.66 | 0.66L 6 'Y0L.00 1.00

Namgung and Kinj36] definedd 'Y tiresholds (0.01, 0.33, 0.66, 1.00) for each risk level based on the
response distances (3, 2, 1, 0.25 miles) specified in COLREGs ancbiiesson data. These thresholds reflect
the timing ofcollision-avoidance actions required by the giway and stanan vessels.

2.1.2 Variable ship domain§ "Y'®

Thew "Y'Gs based on the ellipticahip domain (SDproposed by Fujii and Tanakav]. The elliptical
SD (Fig. 3) can be calculated using Egs. (7) and36)37].

y(latitude)

x(longitude)

Fig. 3 SDwith elliptical dimension

In the figure) represents the length of the @%; and® denote the semmajor and semiminor
axes, respectively. THeD, rotated in the direction of the coursetlod ship, can be calculated as:

®w 0 o 0

P (7)

Thew "YGize varies depending on the velocity, ranging fram % 0.4 to 8 x 3.2 . For
every 0.1 change in velocity, the semajor axis (0 ) and semiminor axis (o ) of the OS can be determined
using Egs. (8) and (9), respectivéBp]:



J-Y. Leeet al. Brodogradnja Volume 77 Number 2 (2026) 772

|'v[lj_‘) w (D, - -’-[8.[ (p
e Tip Q¢ QD

® - W C(J\) T8t @ (8)
'u,'”“ C’@ Qe o xS

~ »o8V ® QF < 0B 6

S e & micy ©
. - e Qe CBD 6

Namgung and Kinj36] proposed 10 kn as a reference velocity forhe "Y'Gcaling, as both the static
model by Fujii and Tanaki87] and the adaptive model by Bakdi et[88] yield similar SD dimensions at
this speedd = 4L, b = 2.29.). This convergence justifies the use ofKiDas a baseline, around which the
@ "Y'Os dynamically adjusted using quadratic expressions to reflect changes imastipuvrability Here,

&  represents the velocity in K. The semimajor axis (0 ) and semiminor axis { ) of the TS can be
determined by substituting corresponding values of thedTSd ) into Egs.(8) and (9), respectively.

2.2 ldentification of encounter situation between ships

Namgung[39] classified sectors based on the course of«OS) @nd relative bearing (). They used
the encounter angle ()0 the angle at whick intersects with the course of T& ()0 to determine the
encounter type between ships. Theands can be geometrically depicted as in Fig. 4. Thean be
calculated using Eq10); if the result is negative,;’ is added39]:

. . . “ (10)
y(latitude)

(xts, Vts)

(Xos, Yos) x(longitude)

Fig. 4 Relative bearing and encounter angle

In this approach, the sector was divided into six regions, and the encounter types were classified i
eight categories according to COLRE®Gsad ongrossing giveway, crossing quartelee giveway, crossing
standon, crossing quartelee stanebn, overtaking,being overtaken, anshfe The range ohead onmotion
was defined as 348.75° to 11.25°. The encougter table developed by Namguf89) is shown in Fig. 5.

6
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348.75°

HO : Head on

CG : Crossing give-way

QG : Crossing quarter-lee give-way
CS : Crossing stand-on

QS : Crossing quarter-lee stand-on
OT : Overtaking

BO : Being overtaken

SF : Safe

348.75°

11.25°

292.5° 67.5°

225°
Sector 5
Sector 4

348.75°

247.5° 112.5°

Fig. 5 Encountettype table

The angles dividing the sectors are 11.25°, 67.5°, 112.5°, 247.5°, 292.5°, and 348.75°. The circles witl

each sector represent TS, and the encounter type of the OS can be determined thesoughthimethese
circles. Depending on the encounter type, the avoidanceauaersof the owners varied.

3. Actual-collision-casebased scenario development

3.1 Scenario development framework

The testingscenario development framework proposed in this study is illustrated in Fig. 6. It comprise

of three stage<ollision case collectiortrajectory extraction, and scenario development.
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ships

[ Collision avoidance J

Fig. 6 Framework of development of testing scenario

First, in thecollision case collectiostage, actual collision cases relevant to the study were selected an
the corresponding data were collected. Subsequémtliye trajectory extraction stage, the trajectories of the
colliding ships were identified; other vessels whose movements may have influenced the-deadangnof
the colliding ships were also identifie@he identification of ships affecting the collision was based on
different approaches depending on the location: 1) in open watefrBlG-]S6] was employed, and 2) within
port limits, thew "Y'Q36] was used. Finally, in the scenario development stage, new collision scenario:
were generated by altering the roles of the OS and TS to examine the dewkiog processes of the TS
and obtain various encounter situations. Then, the characteristicsho€@ésion scenario were extracted,
and hierarchical clustering was applied to group similar encounter situations and systematically structure
scenarios.

3.2 Investigation of collision accident cases

3.2.1 Selection of collision accident cases

Collision accident cases were selected based on marine accident investigation reports and collis
location data provided by thorean maritime safety tribun@KMST) [40, 41] (Fig. 7). Cases were excluded
if the AIS trajectory information was inaccurate or irregular owing to fishing operations or recreationa
activities. Additionally, collision cases involving norvigating (anchored or adrift) ships were excluded
owing to the study objectives.

The speed criterion for navigating ships was set to a minimum of 4 kn, as defined by the Internatior
Maritime Organisation (IMO), which represents the minimum speed required to maintain manoeuvrabilit
including rudder effectiveness, under adverse ¢mrdi [42]. The selection criteria for the collision cases are
listed in Table 2.
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) . 4 =
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X FN;' o C0G 145°, 9 KN
Safety Investigation Report on the “ - <
Collision between NG - - ) RY DI
General Cargo Vessel, and [ e o Gollionbetwmen WV Horys i and sy

I Vehicle Carrier

34 [ < unaware of collision

3.4.1 After the collision, the C/O went to the wing bridge to check on the situation and came
back to the steering room. He ordered the helmsman to return the rudder of the tanker to

the neutral position, later putting the tanker back on her original course

3.4.2 The C/O later stated that there was absolutely no tremor or other signs of shock he felt
onboard his ship in the immediate aftermath of the collision. Mistakenly thinking that the

fishing vessel had passed, and not realizing that

Date of Casualty : -causmg the latter to capsize, the C/0 continued navigating toward Zhenjiang,
° . China.
Date of Publication :

3.5 Search for (I
3.5.1 Upon receiving the report, the KCG launched urgent search operations and looked into
the track given by the || | | | I EEEEE
Special Investigation Team, Korea Maritime Safety Tribunal =

Fig. 7 Safety investigation report lgMST

Table 2 Criteria for target accidents

No. Criteria Description
1 Period In the last 5/ ('19i '23)
2 Boundary In Southkoreanwaters (Inc. EEZ)
3 Typeof TS Non-fishing, Nonpleasure craft
4 Speed offS Over 4kn (status of underway)

(EEZ: Exclusiveeconomiczone

A total of 19 collision cases meeting these criteria were selected, including 12 cases in the open sea
seven cases in the port. Selected collision cases are shown in Fig. 8. The red and blue lines in the figure s
the trajectories of the two collidiships, with the blue line representing the ship of greater gross tonnage tha
the red one.
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Fig. 8 Selected collision accident cag€s Casg
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3.2.2 Collection and analysis of collision accident data

For the selected casd®y factors potentially influencing accidents were collected (Table 3) based on
marine accident investigation reports, collision data, and weather conditions at the time of the accidents. Th
factors included the visibility, wind, current, wave height, weatBhip type, ship length, and whether the
ship is within a fairway. Diverse weather conditions were identified, such as strong winds and high waves (
andC12), restricted visibility (C12), and a strong current of kh§C15). Additionally, the colligin cases
involved various ship types and sizes, ranging from am dgboat to a 34 cruise ship. The dataset also
included collisions occurring in a traffic separation scheme (TSS)@01, andC11) and fairways (C1i3
C19). In the port cases, speed restrictions ranging from 8 ka W2re applied (C13C16,C18, andC19).

Table 3 Analysis of selected collision accident cases

CoIIision Case Visibility Wind Cgrrent Wave Day/ Weather S1 S2 _Fairway Others
Location (nm) (dir./ms) | (dir./kn) (m) Night (Length/m) (Length/m) (inc. TSS)
1 5 SE/69 | 281¢ 11'% Night | Cloudy | Passenger/40 Towing/25 n
2 3 SWI/5 8 0 0.5 Day Cloudy Towing/11 General/90
3 2 NWY/5i 7 052e¢e/ 1.0 Night Cloudy Bulk/287 Bulk/80
4 6 NW/8i 9 118e/ 20 Night Clear Other/29.33 | Tanker/176.20
5 5 NW/4i6 | 264¢e/ 05 Day Clear Tanker/35.05 Other/27.24
open sen 6 7 1'\(')‘\.’\1’2 296¢/ 11'% Night | Clear | Other/41.28 | CNTR/119.4
7 7 NW/6i8 | 321 e/ 015(') Night Clear Other/39.91 | General/94.79
8 3 NE/4i 5 264¢e/ 05 Night Clear Tanker/39.38 | Tanker/49.30
9 5 NE/8i10 | 032¢e/ 15 Night Clear Other/23.61 Tanker/146
10 3 S/24 030e/ 05 Day Clear Tanker/86.90 Other/30.83 n
11 5 NW/2i4 | 034¢e/ 05 Night Clear Other/22.88 | General/113.14 n
12 1 1'\(‘]‘."1/2 204e 23;% Night | Cloudy | Other/21.93 | General/75.03
13 2 NE/6i8 | 263e/ 10 | Night | Cloudy | RORO/140 Other/36 0 Speed fmit:
14 3 NW/3i4 | 218e/ 05 | Day | Clear | Towing/30.6 | Cruise/347.7 n Spigdk'ri]mit
15 3 NW/2i4 | 355e/ 05 | Night | Clear | Tanker/112.37| Towing/42.50 n Spegﬁr:im“:
InPort | 16 3 SWi46 | 032e/ 05 | Night| Clear | Generall79.31 Towing/33.07 n Speed limit
17 7 NE/4i 8 0 0.5 Day Clear Tanker/79.99 | Tanker/69.72 n
18 3 SW/E8 | 044e/ 05 | Night| Clear | Tanker/29.38| Tanker/33.02 n Spe;ﬂr:imit
19 3 SW/23 | 345e/] 05 | Day | Clear Zg‘_’(‘;ig?{g;?% General/97.77 0 Sp‘i%dkinmit

(TSS Traffic separation scheme

3.3 Extraction of actual collision accident trajectories

3.3.1 Collisionscenaridn open sea using FHSC

First, the AIS trajectories of the colliding ships were extracted along with those of all conventional shi
navi gat i n gknp2] withipadendegadiusdf the collision point and time, based on the proximity
encounter criteria in the guide ¢ollision-avoidance rulep43]. Subsequently, for collision cases in the open
sea, FISNC was employed to assess the collision risk in real time using quantitative f3&Jue%s defined
by Eg (11), ships with & 'Y '0Q.01 (the attention stage when collision risk begms) aY 0 were
considered to influence a collisip86]:

11
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YO 18ip ME QY T (11)

Through this process, the ships that influenced the collisions were identified. The extraction process

illustrated in Fig. 9.
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The collision scenarios in the open sea included 12 casé€12)L(Fig. 8). Among these, five ships
with 6 'Y @01, as identified by FISIC [36], were extracted as influencing ships in €3, andC9. The
trajectories of these ships were extracted, and these three cases were reclassifiedldp endthunters. The
collision scenarios in the open sea, including the trajectories of the influencing ships, are illustrated in Fig.
To distinguish bieveen the collision scenarios in the open sea, scenario codes were assigned a combinatiol
the letter O (open sea) and numbers.

Here, OS and TS1 represent the ships that collided with each other, whereas TS2 and TS3 are ident
as ships that influenced the collision. Among the colliding ships, the OS was determined based on the prio
order of ships involved in marine accideas stipulated by tHeMST, with the ship of greater gross tonnage
designated as the Q&4].

3.3.2 Collisionscenaridn port usingn "YO

The collision scenarios in ports consisted of seven case$ QI2B(Fig.8). Considering the unique
characteristics of collision scenarios in ports, where encounter types and speeds frequently change owin
external factors, such as routes and geographyy théY'Qvas used instead of FISC. Thew “YQllows
intuitive judgment of collision risk in proximity and dynamically adjusts its size according to the speed of th
ship [36]. Additionally, the incorporation d® and”Y as variables enabled a ré@he collision risk
assessment even of distant ships. As defined bylRy a ship was identified as influencing the collision if
itsO  overlapped with theo "Y'@f OS and itSY was over (45]:

0O ®w YO w&QaQr Y Y (12)

wherew "Y'O represents the major axis length of the "Y' ®f OS.”Y was determined based on a speed

limit of 12 kn [46] at Busan New Port, a representative smart port in South Korea where autonomous shi

are expected to operate. This value corresponds to a collision time of 10 min for two shipsgrav&Pkn

to meet at a distance of 4 miles, which is the proximity encounter criterion definedgnidieetocollision-

avoidance rulep43]. Additionally, situations with the collision risk persisting for a significant period, such as

overtaking between ships with similar speeds, were considered to determine the time required to re:

@ "Y'O."Ycan be calculated as:

. w YO

P —
W

o ® YO s
QQ(b— P T Q¢

% (13)

Ur e @ YO
. pm Qe QQo’)— p T Q¢

Based on these criteria, the ships influencing the collision were identified, and their trajectories we
extracted (Fig. 11).

Consequently, among the seven collision cases, six ships were identified as influencing the collisions
C2,C3, andC7, and their trajectories were extracted. These three cases, initially classified as 1:1 encount
were reclassified as mukhip encounters. To distinguish between the collision scenarios in ports, scenari
codes combining the letter Paft) and numbers were assigned. The collision scenarios at the port, including
the trajectories of the influencing ships, are illustrated in Fig. 12.

13



J-Y. Leeet al.

Initial collision scenarios
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Trajectory extraction process using V-SD
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The trajectory extraction algorithmcluding both collision ships andnfluencing ships is presented
below.

Algorithm 1. Trajectory extraction

l nput: Historical AI'S data of actual coll
set=[ C1( OS, TS1, ¢é, TSn), C2(0OS, TS1, €&, TSn)

Output: Set of initial collisioscenariogncluding trajectories of collision ships amfluencingships.
[0O1(0OS, TSs1), ©O2(0OS, TSs1), O3(0OS, TS1, TsSs2,

% Extraction of initial trajectories
1: For each [Cl1, C2, é, C109]
2: IF AIS dataarenot from fishing ship
3: AND AIS dataarenot from leisure craft
4: AND it is sailing at 4 kn or more
THEN extract the trajectory of collision ships [OS, TS1]
. IF there is ship within a-file range from collision point(location and time)
AND the ship is neither a fishing ship nor a leisure craft
AND it is sailing at 4 kn or more
THEN extract the trajectory of al/l

© 0o NOO

% Extraction of trajectorieimfluencingships.

10:For each [TS2, TS3, ¢€é, TSn]

11: Distinguish betweerbpen sedanddn portbbased on collision location.
12: IF collision case is in open sea

13: THEN calculat® ,"Y , w0 @ndO, with OS or TS1.

14: Calculat® 'Y Bing FISNC.

15 IF'Y >0ANDOY® 0. 01 with OS or TS1
16: THEN identifyinfluencing shipand extract its trajectory.

17: IF collision case is in port

18: THEN calculat® ,"Y with OS or TS1.

19: Extract the ship length and speed of OS and TS1.

20: Calculateo "Y'Qor OS and TS1.

21: IFO <w "YQANDO<"Y <"Ywith OSorTS1

22: THEN identifynfluencing shipand extract its trajectory.

23: Construct a set of collision casénvolving collision andnfluencingships.

3.4 Methodology for scenario development

3.4.1 Status change based on encounter relations

Testing scenarios must encompass diverse encounter situations. {ampuéihcounters, examining the
decisionmaking processes among the TSs is essential. In this study, based on the 19 collision scena
extracted through the trajectory extraction @s®; various encounter situations were created by altering the
roles of the OS and TS (Fig. 13). Despite differences in the manoeuvring performance of OS and TS,
framework is based on AIS data rather than physical handling, thereby validating tsisaipleing approach.
This enabled an intuitive analysis of encounter situations from the perspective of the TS.
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Fig. 13 Process of change status between OS and TS

3.4.2 Extraction of characteristics by collisigoenarios

To extract the characteristics of each collision scenario for the cases in the open sea, the relative bea
and relative course data of the TSs were extracted based on the OS at the point wheN@bd&E&Dh 'Y 'O
reached 0.0136], indicating the onset of collision risk.

Quantifying encounter situations is challenging. Therefore;liagéd encounter characteristics, such as
sector and encounter type, were extracted based on the relative bearing and relative course data of the
using the encountaype tablg39].

For in-port cases, where encounter situations frequently change owing to the navigable water area «
route configuration, the relative bearing and relative course data of the TSs were extracted based on the
point at which the encounter type remainedhanged until collision.

To accurately classify the characteristics of each collision scenario, in this study, the characteristics wi
refined into five conditions (Tabl): encounter type, encounter angle, applicable navigation rules, decision
making of the OS, and the number of TSs.

16
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Table 4 Features to be considered &menaris clustering

Brodogradnja Volume 77 Number 2 (2026) 772

Class Feature Value Code
Overtaking oT
Being overtaken BO
Head on HO
1 Encounter Crossing giveway CG
Crossing quartelee giveway QG
Crossing stanan CS
Crossing quartelee stanebn QS
Sector 1 S1
) Sector Sector 2 S2
Sector 6 S6
Overtaking 01
Overtaking (being overtaken) 02
3 Rule Head on H
Crossing (giveway) C1
Crossing (stanadn) C2
Give-way (overtaking, head on) G
4 Action Standon (being overtaken) S
Multi and complex M
1 ship TS1
2 ships TS2
5 TSs 3 ships TS3
n ships TSn

The encounter type and angle clearly describe the encounter situations based on the gumtatity
[39], replacing the relative bearing and TS course. The applicable navigation rutesemiamaking of the

OS indicate: 1) the navigation rules that should be applied in each situation, including scenarios involvi

multi-ship encounters with three or more ships, and 2) the way in which the OS peddrsisn-avoidance.
Additionally, the number of TSs indicates whether the situation involves-areaee or multiship encounter.

3.4.3 Collision scenarioglustering

To understand the data structure and design efficient testing scenarios, classifying identical or simi
situations across collision scenarios, examining redundancies among the scenarios, and deriving represent
scenarios for diverse situations is eesary. Therefore, hierarchical clustering, which is effective for visually

representing structural relationships within data, was appligd

17
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3.4.3.1Distance measurement

To calculate the distances during clustering, we employed Hamming distance, considering that t
extracted characteristic data for each collision scenario were encoded as strings. Hamming distanc
advantageous for measuring string similarity and prevaliear interpretability, particularly when the data are
relatively simpleg[48, 49]. Hamming distance is a metric used to measure the difference between two string
or bit sequences. This represents the number of positions at which the corresponditgrshatao strings
of equal length are different. Hamming distance can be calculated as

~ ~

0O 0ho TR W (14)

Hamming distance was selected because it directly counts mismatches between binary vecic
simplifying the scenario comparisobinlike metrics such as Euclidean distance or cosine similarity, which
are more suitable for continuoas highrdimensional data, Hamming distance provides clear interpretability
and efficiency when applied to binagpncoded features.

To apply Hamming distance, the characteristics of each collision scenario were assigned binary valt
based on the criteria listed in Takle As shown in Figl4, when the OS and two TSs shared the same
encounter type, that is, when multiple TSs had the same characteristics, a binary value of 1 was assigned.
ensured that, fahe purpose oflustering such encounter types were treated as sisigiie encounterfb0].

34°44N 05 ‘ ! I . P -~ "

34°42N ] - -
Same encounter

34°40N o

1km
1 mi

| | sl HERE, Gain, USGS
128°28'E 128°30'E 128°32'E 128°34'E

Single ship
encounter

Fig. 14 Combination of ships in the same encounter situation
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In the case of collision scenario O5, two TSs were located in Sector 2 with a CG encounter relative
the OS. However, this did not affect tthecisionmaking of the OS as a ghweay ship. Therefore, these two
TSs were treated as a single ship for encoupperclustering

An example of calculating Hamming distance between collision scenarios O1 and O1T1 based on 1
binaryvectoriseddata of situations in the open sea is described inlbig].

c Encounter Sector
ase
OT BO HO CG QG Cs Qs | s1 S2 83 84 S5 S6
o1 0 0 0 0 0 1 0 0 0 0 0 0 1
O1T1 0 0 0 1 0 0 0 0 0 1 0 0 0
Hcf.:rt-:rz.vﬁ'ff.,q(01 ! O I'T] ) =4

Fig. 15 Example of calculatingdamming distance

As the string listing the features of the collision scenarios contained four different values, Hammin
distance between collision scenarios O1 and O1T1 was calculated as 4.

3.4.3.2Linkage method

The linkage method for clustering was determined by comparing the cophenetic correlation coefficie
(Fig. 16), which is an evaluation metric for hierarchical clustefdf§y 51]. Average linkage method, which
demonstrated the best performance, was employed for hierarchical clustering.

(a) (b)

0.800 0.90

T 0.8674
" 0.7583 085 08492 08508 08526

07472 0.7452

0.795
0.7198 0.7267 0.80 0.7835

0.7709
0.75

0.6569 0.70

Cophenetic Correlation Coefficient
o o o (=] o
@ =] =~ ~ ~
i< ~ o [\ o
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0.65
0.625

0.600

R R L . . . . 060 . . . . . .
Single Complete  Average Ward Centroid Median Weighted Single Complete  Average Ward Centroid Median Weighted
Linkage Method Linkage Method

Fig. 16 Cophenetic correlation coefficient fecenaria: (a) open sea, (b) in port

3.4.3.30ptimal number of clusters

The collision scenarios were classified using hierarchical clustering with Hamming distance, an
Average linkage method was applied to the binvagtorisedcollision data. In this process, determining the
optimal number of clusters to group similar data points is necessary while ensuring a clear distinction betwe
the different clusters. Among the various techniques for determining the optimal numbetes§ cthe mean
inter-cluster distance method was used. This method is used to evaluate the tiegmaiion between
clusters and identify the optimal cluster count at the point where theclnter distances armaximised
[52].

3.4.3.4Hierarchical clustering

Hierarchical clustering was conducted to obtain the fohadtering resulof collision scenarios. The
scenarios were merged step by step and visualised in a dendrogram, withffdicetused to indicate the
resulting cluster structure. This procedure provided a systematic grouping of similar scenarios and establis
represatative sets for subsequent analysis.
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3.4.3.5Algorithm for scenario development

For scenario development, Algorithm 2, mentioned below, was designed. First, the collision scenari
were expanded by altering the OS and TS roles based on the extracted trajectories. Next, the feature ve
for each collision scenario were extracted. édltision cases in the open sea, features were extracted at the
point where the® "YHased on FISNC [36] reached 0.01. Conversely, for port collision cases, features were
extracted at the earliest moment when the encounter type remained unchangled collision. Finally, the
extracted features were binargctorisedand hierarchical clustering using Hamming distance was applied to
classify the collision scenarios, theretystematisinghe collision-avoidance testing scenario set.

Algorithm 2. Scenario development

Input: Set of initial collisionscenaris including trajectories of collision ships amdluencing
ships[ O1( OS, TSs1), ©02(0OS, TS1), O3(0OSsS, TsSs1, 1

Output: Collisiomravoi dance scenario set [O1, O0O1T1,

% Scenaricexpansion
1:FOR each [O1, O©O2, O3, e, 0O12, P11, P2, &
2. Change status between OSandT$S1, TS2, €, TSn]

3: IF collision location open sea

4. Then construct a set of expandednarios n open sea [ O1, O0O1T1
5: IF collision location =#n port

6: Then construct a set of expandednarios n open sea [P1, P1T1
7: Construct collisioravoidancescenaric et [ O1, O1T1, 02, 02T1

% Featuregxtraction ofeachscenario

8FOR each [O1, O1T1, 02, O02T1, é
9: IF collision location =open sea

10: THEN extract features in casermin. index of6 Y@ 0. 0 1

11 IF collision location Sn port

122 THEN extract features in caserain. index with no encounter change from collision
13: Construct a set of featuremfountersector,rule, action, number of TS]

% Scenarioglustering

14.FOR each [ O1, O01T1, 02, 02T1, e
15: Transform the features into binary vecsed data

16: Cluster scenariogsing hierarchical clustering withamming distance
17: Constructhefinal set of collisioravoidance scenaiso

4. Results anddiscussion

4.1 Developed scenario sets

Based on the methodology described in Sectiori3atiditional encounter variations were generated
by altering the roles of the OS and TSs. This expansion process yielded 30 supplementary collision sceng
(Fig. 17), comprising 17 in the open sea and 13 in port areas. To ensure systematic identification, the scen
codes were updated by appending the number of the TS whose role was altered (e.g., T1 and T2) to the ori

20



J-Y. Leeet al.

scenario code. For example, when the role of TS1 was altered in theemsocenario O3, the new code was
designated as O3T1. Similarly, altering the role of TS2 in scenario O3 resulted in the code O3T2.

Fig. 17 illustrates the expanded set of collisesenaris, which together with the original cases formed
the foundation for a structured scenario dataset employed in subsequent clustering analyses.
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Through this process, the developed testing scenario set, as detailed in A@arutigisted of 49
scenarios: 29 scenarios for the open sea and 20 scenarios for the port. Each scenario included not onl
encounter situation and speed at the time but also external factors, such as weather, fairways, and

information.

4.2 Feature representation

Based on the methodology described in Section 3.4.2, the characteristics of each collision scenario w
extracted from the relative bearing and relative course data of the TSs. For tteeapases, features were

Fig. 17 Expanded collisiorscenaris
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obtained at the point where the PN&-based) "YfiGst reached 0.01, indicating the onset of collision risk

(Fig. 18).
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|
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—_ TS1
| 1 | |
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Fig. 18 6 "Y1 Encounter situations in open sea

The extracted encounter situations were then assigned codes composed of one number and two le
to enable intuitive classification (Tali The first number represents the sector of the TS relative to the OS,
while the second and third letters indicate the encounter type derived from the entyentaiple.

For inport cases, where encounter situations frequently change owing to restricted waters and rol
configurations, the features were extracted at the earliest point where the encounter type remained uncha
until the collision (Figl19). Similar to the opefsea cases, eachmport scenario was assigned a code based on
its sector and encounter type (Tab)e

The extracted features captured not only simple encounters but also compleshipuliteractions in
which the OS acted simultaneously as a-gway ship for one T@ndas a stanan ship for another. These
characteristics were then organised into five condifoascounter type, encounter angle, applicable
navigation rules, OS decisionaking, and the number of T&$orming a structured feature set.

Theresulting characteristics were visualised as Inegps to illustrate the distribution and frequency of
encounter situations. In the open sea (E@, the OS was most frequently classified as a crossingveaye
(CG) or crossing standn (CS) vessel, with TSs often located in Sectors 2 and 6. In port encounte?q)(Fig.
the OS was again frequently in CG or CS status, but TSs were concentrated in Sector 1, and the OS often
both giveway and stanan roles simultaneouslkywing to multi-ship encouters.
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Table 5 Encounter type of situations in open sea

Brodogradnja Volume 77 Number 2 (2026) 772

Location Scenario TS1 TS2 TS3
01 6CS - -
01T1 3CG - -
02 4BO - -
0271 10T - -
03 5CS 4BO 4BO
03T1 20T 20T 20T
03T2 10T 5QS 3QG
03T3 60T 5QS 5QS
04 6CS - -
04T1 2CG - -
05 2CG 2CG -
O5T1 6CS 4BO -
O5T2 6CS 60T -
06 1CS - -
Open Sea 06T1 2CG - -
o7 2CG - -
o771 6CS - -
08 1HO - -
0O8T1 1HO - -
09 6CS 6CS 6CS
09T1 2CG 60T 60T
09712 2CG 4BO 4BO
09T3 2CG 3CG 10T
010 6CS - -
010T1 2CG - -
011 2CG - -
011T1 6CS - -
012 2CG - -
012T1 6CS - -
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Fig. 19 No change encounter situations in port

Table 6 Encounter type ofcenaric in port

Location Scenario TS1 TS2 TS3 TS4
P1 1HO - - -
P1T1 1HO - - -
P2 5CS 1CG 1CG -
P2T1 2CG 1CS 6CS -
P2T2 1CS 2CG 4B0O -
P2T3 1CS 2CG 20T -
P3 10T 10T 1CS 1CS
P3T1 4B0O 20T 1CS 1CS
P3T2 4BO 4BO 1CS 6CS
in Port P3T3 1CG 1CG 1CG 4BO
P3T4 2CG 2CG 2CG 10T
P4 6CS - - -
PAT1 2CG - - -
P5 6CS - - -
P5T1 2CG - - -
P6 6CS - - -
P6T1 2CG - - -
P7 4BO 4BO - -
P7T1 10T 10T - -
P7T2 10T 4BO - -
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The characteristics of the collision scenarios in the open sea and port obtained using this method
summarised in Tableésand8, respectively.
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Table 7 Binary vectorised data afcenaris in open sea

Encounter Sector Rule Action TSs

Case
OfT |[BO|HO |CG | QG| CS| QS| S1 | S2 | S3 | sS4 | S5 | s6| 01| 02| H ci|Ccz2| G S| M |TSl| TS2| TS3| T4

o1 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 1 0 1 0 1 0 0 0

0171 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 1 0 1 0 0 1 0 0 0

02 0 1 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 1 0 1 0 0 0

0271 1 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 1 0 0 1 0 0 0

o3 0 1 0 0 0 1 0 0 0 0 1 1 0 0 1 0 0 1 0 1 0 0 0 1 0

03T1 1 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 1 0 0 0 0 1 0

0312 1 0 0 0 1 0 1 1 0 1 0 1 0 1 0 0 1 1 0 0 1 0 0 1 0

03T3 1 0 0 0 0 0 1 0 0 0 0 1 1 1 0 0 0 1 0 0 1 0 0 1 0

04 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 1 0 1 0 1 0 0 0

0471 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 1 0 1 0 0 1 0 0 0

05 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 1 0 1 0 0 0 1 0 0

0O5T1 0 1 0 0 0 1 0 0 0 0 1 0 1 0 1 0 0 1 0 1 0 0 1 0 0

05T2 1 0 0 0 0 1 0 0 0 0 0 0 1 1 0 0 0 1 0 0 1 0 1 0 0

06 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 1 0 1 0 1 0 0 0

06T1 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 1 0 1 0 0 1 0 0 0

o7 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 1 0 1 0 0 1 0 0 0

o771 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 1 0 1 0 1 0 0 0

08 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 1 0 0 1 0 0 0

08T1 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 1 0 0 1 0 0 0

09 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 1 0 1 0 0 0 1 0

09T1 1 0 0 1 0 0 0 0 1 0 0 0 1 1 0 0 1 0 1 0 0 0 0 1 0

0912 0 1 0 1 0 0 0 0 1 0 1 0 0 0 1 0 1 0 0 0 1 0 0 1 0

09T3 1 0 0 1 0 0 0 1 1 1 0 0 0 1 0 0 1 0 1 0 0 0 0 1 0

010 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 1 0 1 0 1 0 0 0

01011 | O 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 1 0 1 0 0 1 0 0 0

o111 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 1 0 1 0 0 1 0 0 0

01171 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 1 0 1 0 1 0 0 0

012 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 1 0 1 0 0 1 0 0 0

01211 | O 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 1 0 1 0 1 0 0 0
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Table 8 Binary vectorised data acenaris in port

Encounter Sector Rule Action TSs
Case

OT |BO|HO | CG| QG| CS| QS| S1 | S2 | S3 | S4|S5|sS6|01|02| H |[C1L|C2| G| S| M |TSl|TS2|TS3|TA

P1 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 1 0 0 1 0 0 0

P1T1 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 1 0 0 1 0 0 0

P2 0 0 0 1 0 1 0 1 0 0 0 1 0 0 0 0 1 1 0 0 1 0 0 1 0

P2T1 0 0 0 1 0 1 0 1 1 0 0 0 1 0 0 0 1 1 0 0 1 0 0 1 0

P2T2 0 1 0 1 0 1 0 1 1 0 1 0 0 0 1 0 1 1 0 0 1 0 0 1 0

P2T3 1 0 0 1 0 1 0 1 1 0 0 0 0 1 0 0 1 1 0 0 1 0 0 1 0

P3 1 0 0 0 0 1 0 1 0 0 0 0 0 1 0 0 0 1 0 0 1 0 0 0 1

P3T1 1 1 0 0 0 1 0 1 1 0 1 0 0 1 1 0 0 1 0 0 1 0 0 0 1

P3T2 0 1 0 0 0 1 0 1 0 0 1 0 1 0 1 0 0 1 0 1 0 0 0 0 1

P3T3 0 1 0 1 0 0 0 1 0 0 1 0 0 0 1 0 1 0 0 0 1 0 0 0 1

P3T4 1 0 0 1 0 0 0 1 1 0 0 0 0 1 0 0 1 0 1 0 0 0 0 0 1

P4 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 1 0 1 0 1 0 0 0

P4T1 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 1 0 1 0 0 1 0 0 0

P5 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 1 0 1 0 1 0 0 0

P5T1 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 1 0 1 0 0 1 0 0 0

P6 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 1 0 1 0 1 0 0 0

P6T1 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 1 0 1 0 0 1 0 0 0

P7 0 1 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 1 0 0 1 0 0

P7T1 1 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 1 0 0 0 1 0 0

P7T2 1 1 0 0 0 0 0 1 0 0 1 0 0 1 1 0 0 0 0 0 1 0 1 0 0

4.3 Clustering results

Fig. 2 presents a graph comparing the mean 4oligster distances for different numbers of clusters,
derived according to the methodology described in Section. 3.4.3
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Fig. 22 Averageinter-cluster distance for optimal number of clusters: (a) open sea, (b) in port

Fig. 2(a) represents the opseascenariosn which the optimal number of clusters was determined to
be 12. The optimal number of clusters for thgpant scenaris (Fig. 2(b)) was determined as 15.

Based on the extracted feature data for each collision scenario, hierarchical clustering with Hammi
distance and\verage linkage method were applied (Fig). Z’he collision scenarios were classified using a
dendrogram, where a eaff line was visualised to intuitively display the optimal number of clusters and the
clustering process.

As a result of thiglustering eight collision scenarios, from O11T1 to O6, were grouped into the same
cluster for the opesea cases (Fig4@a)), where the ship crossed a standship. Similarly, the eight collision
scenarios from O1T1 to O5 were grouped into another cluster &ig) Avhere the owsship was a crossing
give-way ship. In addition, O8 and O8T1 were classified as-omasituations (Fig. £4c)). O3T1 to O9T3
represent muliship encounter situations or similar scenarios. The remaiasgsavere classified as separate
encounter situations.
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For the inport cases (Fig.5, P1 and P1T1 were classified as headsituations. Collision scenarios
PAT1, P5T1, and P6T1 were grouped into the cluster where the OS was the crossivay gilig while P4
P5, and P6 were classified into the cluster where the OS was the crossingnstnd. The remaining
collision scenarios were identified as mughiip encounters and classified as separate encounters.

P1 1 P1T1 [

P4T1 / P5T1 / P6T1 /

N Pa|Ps \ P6 \

| | |

Fig. 25 Cluster ofscenaris in port

4.4 Comparison wittprevious studies: the Imazu problem
The developed scenarios were compared with the Imazu prebGitiig. 26).

Fig. 26 Basic scenarios of Imazu problem
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The initial setting values proposed in the Imazu pro{tEdn53] (Table 9) indicate the positio(

@ ) and relative course () of the TS with respect to the OS for each scenario.

Table 9 Setting values of Imazu problem

TS1 TS2 TS3
Cases . . - - - -
(&) () 3 () () 3 () () 3

11 0 6 180 - - - - - -
12 6 0 190 - - - - - -
13 0 14.2 0 - - - - - -
14 14.243 | 14.243 45 - - - - - -
15 0 6 180 6 0 190 - - -
16 1.042 | 15909 | 7110 4243 | 14.243 | 145 - - -
17 0 14.2 0 4243 | 14.243 | 145 - - -
18 0 6 180 6 0 190 - - -
19 3 15.196 | 130 6 0 190 - - -
110 6 0 190 11.553 | 15.796 15 - - -
111 16 0 90 3 15.196 | 130 - - -
112 4243 | 14.243 | 145 11.042 | 15.909 10 0 6 180
113 0 6 180 11.042 | 15.909 10 14.243 | 14.243 45
114 1.042 | 15909 | 110 4243 | 14.243 | 145 6 0 190
115 0 14.2 0 4.243 | 14.243 145 6 0 190
116 14.243 | 14.243 45 16 0 90 6 0 190
117 0 14.2 0 11.042 | 15.909 10 4243 | 14.243 | 145
118 4243 | 4.243 | 1135 1553 | 15796 | 115 3 15196 | 130
119 11.553 | 15.796 15 1.553 | 15.796 115 4.243 4.243 1135
120 0 14.2 0 1553 | 15796 | 115 6 0 190
121 1553 | 15796 | 115 11.553 | 15.796 15 6 0 190
122 0 14.2 0 4243 | 14.243 | 145 6 0 190

Subsequently, based on the set values, the relative bearing and course of the TS with respect to the
were calculated. To classify similar collision scenarios, the scenarios were compared with scenarios in
open sea anchtegorise@ccording to the encountipe tabld39]. Each problem was represented by a three
character encount¢ype code (Table 10).

The Imazu problem assumes encounter situations in the open sea. Therefore, it was compared with
scenarios in the open sea developed in this study. Similar to the process (Section 3) for extracting the feat
of each collision scenario, the featuresrgvextracted based on detailed criteria. Subsequently, the number o
collision scenarios corresponding to each feature was visualised and compared between the develc
scenarios in the open sea and Imazu problem (F)g. 2
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Table 10 Encounter type of Imazu problem

Cases TS1 TS2 TS3
11 1HO - -
12 2CG - -
13 10T - -
14 5CS - -
15 1HO 2CG -
16 3QG 3CG -
17 10T 3CG -
18 1HO 2CG -
19 3QG 2CG -
110 2CG 5QS -
111 6CS 3QG -
112 3CG 5QS 1HO
113 1HO 5QS 5CS
114 3QG 3CG 2CG
115 10T 3CG 2CG
116 5CS 6CS 2CG
117 10T 5QS 3CG
118 2CG 3QG 20T
119 5QS 3QG 2CG
120 10T 3QG 2CG
121 3QG 5QS 2CG
122 10T 3CG 2CG

An analysis of the graph in Fig7 revealed that, in the Imazu problem, the OS was not overtaken, and
OS was a standn ship relatively rarely. In these scenarios, the TS did not approach from sector 4 and T
approached from sector 6 relatively rarely. This indicates that the Imazu profgrdesigned based on
navigation rules, assuming that the givay TS adhered to the navigation rules and performed coHision
avoidance manoeuvres accordingly.

Hierarchical clustering based on Hamming distance wtidised to compare the encounter situations
between scenarios in the open sea and Imazu proB&ad. First, to apply Hamming distance, the features
of each collision scenario in the Imazu problem were extracted. For each detailed feature criterion, a value
1 was assigned if the criterion was met, and O otherwise, resulting in the binary vecto(iEake 11).
Subsequently, the binary vectorised features of the collision scenarios were combined with the features of
opensea scenarios, and haechical clustering was performed based on this combined dataset.
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Fig. 27 Number of scenarios of detailed features in open sea + Imazu problem

Table 11 Binary vectorised data of Imazu problem

Encounter Sector Rule Action TSs
Cases
OT | BOfHO|CG| QG| CS| QS| S1|S2|S3|S4|(S5(S6(01(02|H|CL|C2| G| S| M |TSl|T|T3|THA
11 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 1 0 0 1 0 0 0
12 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 1 0 0 1 0 0 0
13 0 0 0 1 0 1 0 1 0 0 0 1 0 0 0 0 1 1 0 0 1 0 0 1 0
14 0 0 0 1 0 1 0 1 1 0 0 0 1 0 0 0 1 1 0 0 1 0 0 1 0
15 0 1 0 1 0 1 0 1 1 0 1 0 0 0 1 0 1 1 0 0 1 0 0 1 0
16 1 0 0 1 0 1 0 1 1 0 0 0 0 1 0 0 1 1 0 0 1 0 0 1 0
17 1 0 0 1 0 0 0 1 0 0 0 0 0 1 0 0 1 0 1 0 0 0 0 0 1
18 1 1 0 0 0 1 0 1 1 0 1 0 0 1 1 0 0 1 0 0 1 0 0 0 1
19 0 1 0 0 0 1 0 1 0 0 1 0 1 0 1 0 0 1 0 1 0 0 0 0 1
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In addition, various linkage methods were compared (E8).using the cophenetic correlation
coefficient[51] during hierarchical clustering, arAlverage linkage method, which demonstrated the best
performance, was employed.

0.84}

| 0.8188
0.82 0.8123

0.8029 0.8020 0.8026
0.80¢

0.78f

0.76} 0.7580

0.74}
0.7260

Cophenetic Correlation Coefficient

0.72f

0.70

Single Complete  Average Ward Centroid Median Weighted
Linkage Method

Fig. 28 Copheneticorrelation coefficient for scenarios + Imazu problem

During clustering, the optimal number of clusters was determined using the meantustier distance
method[52]. As shown in Fig29, the optimal number of clusters was 22, which corresponded to the cluster
count with the largest mean inteluster distance.

T T T T T T T T

1.5 N

Average inter-cluster distance

05 m

0 N N T I |

— e e - - = —

21+

Number of clusters
Fig. 29 Average intercluster distance for optimal number of clusters
All collision scenarios in the open sea and Impmblem were classified using a dendrogram based on
Hamming distance andlverage linkage method (Fi§0). In addition, the optimal number of clusters was
visualisedon the dendrogram using a @ft line determined using the mean intduster distance method.
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As a result of thelustering eight scenarios from the developed set were identified as not clustered witt
the Imazu problem (Fig1).

02 03 \ O5T1 G\ 0512

O3T1 09T1 0912 03T3

MY V4 |
| l /|

Fig. 31 Scenarios unclustered with Imazu problem

Scenario O2 represents the situation in which OS was overtaken. Scenarios O3 and O5T1 invelve mt
ship encounters in which the OS is a standship in a crossing situation while simultaneously being
overtaken. By contrast, scenarios O3T3 and O5T2 reprsguations in which the OS is a staordship in a
crossing situation while simultaneously overtaking. In addition, scenario O3T1 involves the OS overtakir
three TSs, whereas scenarios O9T1 and O9T2 representshipliencounters where the OS is wegivay
ship in a crossing situation while simultaneously overtaking or being overtadghermore, because the
scenarios were derived from actual operational trajectothes,encounter types andpeedschange
continuouslywhich isa dynamic characteristic particularly evident in port environm@igs ).

The encounter types and speed variations for all scenarios were visualised3 Rig#34).
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In Fig. 33, the horizontal axis represents the scenario codes, with additional identifiers appended to t
multi-ship encounter scenarios to denote specific TSs. The vertical axis indicates the process index for e
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scenario, wheréldcorresponds to the initial encounter situation, drdb signifies the collision point. The
heatmapcoloursdifferentiate between encounter types, illustrating their transitions over time. While some
scenarios maintained a consistent encounter type from the initial encounter to the collision, the major
exhibited dynamic changes in encounter types as thesasrprogress. These variations are particularly
evident on the right side in the heatmap, representipgiinscenarios.

(- i s I I B B B rrrrrrrr oot ororriprror T T T T T T T T T T T T T T T

14— ‘%
1

==

b

. =
e ]
=T}~
={—

F—————————— —{h
HH
P
{IH
T+
={T}-
— [Tt
———— T}

R - T
I
———— e e — T — A
et s
|

(o B i
HI- A
e e
-1
e e e e e e = [T} ==
_ﬂ.
H
—_——
———— =T}

T+~

i nlinl iy S

S S — E——

Speed (kts)
(o]
RS DI [ IS AP [ WY
HT bk

o
7,
ood‘
2
Q7
O
foxiy
e
Q5
%

R s S

O

T A———

T
\
\
t

[
VDD AN D AN VD 4N (D N (D
P PFFEP PO S,

T

I

I

I
L1 | I N O S | + [ [ | [
D AN LV D AN D AN D &N (D AN (D AN AV 4D D N KUk 4B D AN D AN D 4N DN
25 ogo"’oxb%@d\\%\’\o@@q IR 3 ST SN

Ships (OS or TS)

)‘]4
G |-
7>

N
0‘75

Fig. 34 Boxplot of speed changes by scenario

In Fig. 34, the horizontal axis represents the ship IDs included in each scenario, and the vertical a
indicates the speed of each ship. The speed variations during the progression of each scenauaksee
using boxplots. Although some scenarios exhibited minimal changes in speed, most demonstrated signific
speed variations as the scenarios progressed.

As the encounter situation and speed frequently change, the timing of applying navigation rules c
significantly influence thelecisioamaking of the OS. Furthermore, continuous monitoring of the situation is
required, even after executing a giway manoeuvreParticularly, in port scenarios, shown on the right side
in each graph, where encounter types and speeds change rapidly and frequently, thoroughly verifying that
collision-avoidance algorithm performs effectively under such dynamic conditi@ssésntial.

4.5 Discussion

In this study, according to the comparison results (Sect®neight scenarios from the developed set
were identified as not clustered with the Imazu problem @ij.Among these, four simple scenarios (02,
O5T2, O3T1, and O3T3), in which the OS is a standship with no difficulty in cooperative giwgay
manoeuvreswere excluded. Consequently, a total of four scenarios were identified that were not address
in the Imazu problem (Fig®5).

The four newly identified scenarios through thesteringprocess were muighip encounter situations
in which various encounter types among ships were intricately intertwined. Additionally, navigation rule
were formed between thESs. This can lead to situations where the OS is put at risk owing to thevgwe
manoeuvres of the TSs, posing significant challenges to cooperative cedgimance manoeuvres.
Furthermore, these scenarios hold greater significance because they represent actualstiolétimms.
Therefore, even when the OS is a standship, situations in which giweay TSs fail to comply with
navigation rules or where navigation relationships among TSs in-shijitiencounters affect the OS through
their manoeuvres are critical foadating the safety of collisieavoidance algorithms.
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Fig. 35 Final scenarios unclustered with Imazu problem

Additionally, while previous scenarios, including the Imazu problem, address open sea situations, th
overlook the characteristics and dynamics of ports. To address this get gtenarios are considered in
this study, offering a more comprehensiversrio framework. In particular, the port scenarios reflect specific
conditions absent in opesea situations, such as navigation rules on fairways, speed restrictions, dynam
courses and speeds, and the presence of arriving and departing ships. 8#gedharios may require remote
operator intervention, they continue to pose significant challenges for autonomous navigation®ystigms
to distinct collision risks arising from these conditions.

Furthermore, external environmental factors that could influence collisions, such as weather conditio
at the time of the accident, TS&d ship informationwere included. This ensured that even the same
encounter situation could unfold into entirely different scenarios, allowing for a multifaceted evaluation of th
performance of collisiomvoidance algorithms. The advantages of the framework designeds isttiloliy
compared to previous testing scenariossaramarisedn Table 128].

Table 12 Characteristics of testing scenario generation methods

Characteristics contained in the testing scenarios
Method :
COLREGs , Actual Encounter & Data in .
) Reality oy . Environment

non-compliance collision | Spedl variation port
Rule-based - - - - - -
Randomly generated n - - - - -
Trajectoryextraction n n - - - -
This study n n n n n n

However,this study considerednly actual collision cases from the past five years, which limited its
ability to encompass all possible encounter situations atrseddition only domesticollision cases were
included,making it essential to expand the scope of scenarios with a broader range of international cas
Furthermore, because only AIS data and information on sailing ships currently in navigation were applie
potential obstacles in the maritime environment, such as fishing ships, anchored ships, and drifting ships, w
not consideredOther influential factors, including navigational aids, human and technical elements, and th
reliability of investigation reports, were also beyond the scope of this $tutlyre research should address
these limitations.
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5. Conclusions

This studydevelopedcollision-avoidance testing scenarios based on actual collision accident cases t
evaluate the performance of collistamoidance algorithms for autonomous ships. We designed a framework
for developingcollision-avoidance testing scenarios based on actual collision cases. The scenarios obtain
through the designed framework were subsequently compared with the Imazu problem to identify now
scenarios that were not previously addressed in the Imazu problem. vidiepee scenarios inquorated
actual collision cases and complex situations that cannot be resolved solely by the COA&Ei@Enally,
by leveraging detailed accident investigation reports, the developed scenarios accounted for encoul
dynamics, speed variations, and external environmental factors such as ship conditions, port operatic
prevailing weather, and fairwayBhese considerations enabled the scenarios to closely mirror actual accider
situations and realorld maritime environments, thereby distinguishing thesmfprevious testing scenarios
and enhancing the reliability of collisieavoidance algorithm evaluatiofuture studies should focus on
developing expanded scenarios encompassing all possible sea encounters. This includes integrating di\
data sources, such asistingscenarios based on COLREGSA®E trajectorydatg vessel positioning, alerts,
and surveillance systems {RASS)[54], e-navigation systemfb5], information on fishing ships, anchored
or drifting ships, and other maritime obstaclesveraging advancements in réahe data collection from
comprehensive ship monitoring tools, which captatedate operational and environmental paramé&éis
will be essential for enhancing the realism and applicability of futoifesion-avoidance scenario generation
Furthermore, incorporating international cases is necessary to expand the scope and applicability of
scenariosln addition, future research will extend the dataset beyond actual collision accidents to include ne:
miss situations and ordinary safe encounters. This expansiotusmithe proposed framework into a more
advanced systemor evaluating not onlyollision-avoidance but also preventigafety(i.e. recognsing and
responding to potential risksFinally, applying the scenarios developed in this studthéodesign and
validation of autonomous ship collisk@avoidance algorithms remains aucial task. In particular, the
scenarios developed in this study incorporate external environmental factors, and they will be actively utilis
for the development and validation of reirdementlearningbased collisioravoidance algorithmsThe
proposed framework is not dependent on a specific algorithm and, being based on AIS data, can be applie
a universal manner, thereby serving as a fundamental resource for the future validation of diverse collisi
avoidance algorithmfor autonomous ship# such scenarios lead to validated algorithms, they are expected
to contribute significantly to reducing maritime accidents and advancing the commercialisation of autonomo
ships.
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APPENDIX
Appendix 1 Nomenclature of symbols, abbreviations, and parameters udad giudy
Abbreviation Descriotion Abbreviation Description
/Symbd P /Symbd P
AIS Automatic identification system 0 Length of target ship
International regulations for preventir . : .
COLREGs collisions at sea Time to closest point of approach
FISNC Fuz_zy inference system based on Re oy Standard time
collision
IMO International maritime organisation o Velocity of own ship
KMST Koreanmaritime safetytribunal o Relative velocity
oS Own ship @ Velocity of target ship
SD Ship domain w60 Variation of compass degree
TS Target ship w YO Variable ship domain
TSS Traffic separation scheme @ fw Position of own ship
V-PASS Vessel positioning, alerts, and surveillar G o Position of target shi
systems h 9 P
@ Semimajor axis of own ship Relative bearing
@ Semimajor axis of target ship True bearing of target ship
> - . . Angle of intersection with respect &
w Semiminor axis of own ship — :
anddaxis
o Semiminor axis of target ship o Angle O.f intersection with respect &
anddaxis
6'YO Collision risk index . Encounter angle
© Distance at closest point of approach . Relative course
(6] Relative distance . Course of own ship
0 Length of own ship . Course of target ship
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Appendix 2 Comparison between previous studies

Brodogradnja Volume 77 Number 2 (2026) 772

Data Source Study Cases Max. TS Ac_tu_al Encount_er .& Datain | Environ Subject Ship Extraction Method
collision | Speed variation port ment
Imazu [10] 42 3 - - - - -
Wang et al. [L2] 54 3 - - - - -
Rule -based
Sawada et al. 13 67 2 ; ) ) ) Scenarlodde5|gn tool, Time
omain
Combinatoriaitestingbased
Chen et al.[14] 5,000 9 - - - Length 175/165 Spatiotemporal complexity
8 kn (OS) RIS
optimisation
b
Porres et al. [L6] | * Testing budget 1 - - B - Discriminating ANN
30,000
b
Randomly N ) : R R Length 8.45 m .
generated Torben et al. [17] Testzlngltiudget 1 high-speed Gaussian process
B Length 73.7 m, 0
Bolbot et al. [18] | * Testing budget 2 - - - ) Sobol sequences
10.000 15 kn, 3 nm rang
- - Realistic ship spe ) . )
Bakdi et al. [20] | . 10,000+ 1 or more - (partial usq (partial usq  (length/speed Big maritime tr_afflc data
(simulationbased| A exploitation
of data) | of data) varied)
Encounter lasting Randomly generated on actuj
Zhu et al. [5] 2,900 1 or more - - - for 012( v |
encounter
range
i Length 100130 m . .
Trajectqry— Hwang and Youn 1,205 1 or more : ) : more tharb kn, Graphbaseq modédihg, Unit
extraction [4] 3 scenarios overlap
nm range
TCPAO3O0
Wang et al. B] 22,074 1 or more - - - $ 1nm, Spatiattemporal proximity
6 nm range
I5) . Lo .
. N ) ; ) Length 225 m, Virtual-reality integration,
Dai et al. 21] Testlnsg budget| 1 or more n 6 nm range Digital twins
[ANN: Artificial neural network
Appendix 3 Collision-avoidance scenario set
. |Encounter| Speed(kn) . Wind | Current | Wave ) Weather oS TS1 Fairway
Scenario| " 1"4.01)| (£4 ¢:01) Scenario dir./ms) | ir.kny | (m) |PYNIOY Nisinility | (Lengthim) | (Lengthvm) | (Tss) | Others
wen ()4
o1 6CS 4.4
' ’ ) Cloudy .
SE/69 |28 1¢|1.0i1.5/ Night /5 nm Passenger/4 Towing/25 n -
01T1 3CG 9.3 - |
02
02 4BO 5.1 .
swiss| 0 0.5 Day 6/'30:1’::3’ Towing/11 | General/90 | - -
0271 10T 13.9
130 130° \.2-] 10
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Scenario Encounter| Speed(kn) Scenario Wind | Current | Wave Dav/Night Weather os TS1 Fairway Others
(rq &01)| (r4 ¢01) (dir./ms) | (dir./kn) | (m) YINIGNY nisibility | (Length/im) | (Length/im) | (TSS)
03 |B5CS/4BO| 11.5/10.2
/4BO /12.0
w03
20T/20T| 6.9/10.2
O3TL | " 201 112.0
NW/5i7|052e| 1.0 | Night c/;m Bulk/i287 | Bulk/80 - -
10T/5QS| 7.0/11.4
0312 | “506 nis ||
60T/5QS| 9.2/8.3 -
O3T3 | “i50s /9.8
04
04 6CS 12.9
N
. . Clear
e NW/gi9|118e| 20 Night /6 hm Other/29.33| Tanker/176.2 - -
04T1 2CG 9.4 s
§"3SE 25"
05 |2CG/2CG| 10.3/12.5
AN 05
O5T1 | 6CS/4BO| 8.5/12.5 NW/4i6|264e| 05 Day g'ﬁi: Tanker/35.0{ Other/27.24| - -
05T2 | 6CS/60T| 8.7/10.4 Toe  meww e
08
06 1Ccs 10.5 )
02N NwW . . Clear
o1z |29 6€[L0L5 Night /7nm | Other/41.28 CNTR/119.4| - -
o6T1 | 2cG 135 .
WN 07
o7 2CG 12.7
. . . Clear
NW/6i8 |3 2 1 ¢(0.511.0{ Night /7 nm Other/39.91| General/94.7 - -
o7T1 6CS 10.3
08
08 1HO 6.3
. ke " . Clear
waon NE/4i5 |26 4¢| 05 Night /3 nm Tanker/39.3§ Tanker/49.3Q - -
08T1 1HO 10.2 ™
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Scenario Encounter| Speed(kn) Scenario Wind Current | Wave Day/Night Weather oS TS1 Fairway Others
(pd &01) (F4 &01) (dir./ms) | (dir./kn) | (m) YINIGNY isibility | (Lengthim) | (Lengthim) | (TSS)
09 6CS/6CS| 13.8/10.8
/6CS /10.7
o7y | 2CG/6OT| 112107 -
/60T /10.7
) . Clear
NE/8i10| 03 2 e 1.5 Night /5 nm Other/23.61] Tanker/146 - -
2CG/4BO| 13.7/11.1 [,
0912 1" lago 110.7 [
2CG/3CG| 11.3/13.8
O9T3 | " iotT 110.0
010 6CS 9.2 :
010
AN ! Clear
S/24 | 030¢/) 05 Day /3 nm Tanker/86.9( Other/30.83 n -
010T1 | 2CG 11.6
o11 2CG 8.4 o011
" . Clear
o NW/2i4| 03 4¢/ 05 Night /5 nm Other/22.88/General/113.1 n -
011T1 | 6CS 10.0 i umwr eweowe | peoe
o 012
012 2CG 7.2 R
o] Y NW . . Cloudy J
i 10012 204 ¢ /2.03.0] Night 1 nm Other/21.93 General/75.03 - -
012T1 6CS 9.9 ascaon [ —
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Scenario Encounter Speed(kn) Scenario Wind |[Current [Wave Day/Night Weather os TS1 Fairway Others
(No change)| (No change) (dir./ms)|(dir./kn) | (m) YINIg /Visibility | (Length/m) | (Length/m) | (TSS)
P1
P1 1HO 10.4 agn
Spedd
NE/6i8|263¢e 10| Night | €OUY | roros4o| others3s n | limit
/2 nm
12 kn
P1T1 1HO 11.8 seaen ot
P2 5CS/1CG 13.4/4.0
/1CG /9.1
2CG/1CS 4.1/4.0 B
P2l 16CS /9.2
35704 | Clear Speed
NW/3i4(2 1 8 ¢| 0.5 Day Towing/30.6 | Cruise/347.71 n limit:
/3 nm 10 kn
1CS/2CG 6.3/7.9
paT2 4BO /9.1
1CS/2CG 4.1/13.6
p2T3 20T /4.2
P3 10T/10T 6.5/11.7
/1CS/1CS 14.7/14.1
4BO/20T | 122117 P3
P3TL | 1csics | /4741 ||
N Speed
4BO/4BO 12.1/6.4 " . Clear . S
P3T2 /1CS/6CS /4.5/4.1 NW/2i4|3 55 ¢| 05 Night /3 nm Tanker/112.3|Towing/42.50 n Ign;;
1CG/1CG 6.6/12.6 e
PSTS | iceiaBO | 14342
2CG/2CG 6.7/12.8
P3T4 | pceiioT|  13.9/4.6
P4 6CS 46 -
sr2N . Clear . Spe_ed
SW/4i6|0 3 2¢|l 05 Night 3 General/79.3]Towing/33.040 n limit:
nm
8 kn
PAT1 2CG 7.3 == !
P5 6CS 8.3 —)
. Clear 4
NE/4i 8 0 0.5 Day /7 nm Tanker/79.99 Tanker/69.74 n -
P5T1 2CG 7.9
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Scenario Encounter Speed(kn) Scenario Wind |Current |Wave Day/Night Weather oS TS1 Fairway Others
(No change)| (No change) (dir./ms) |(dir./kn) | (m) YINIg /Visibility | (Length/m) | (Length/m) | (TSS)
P6
P6 6CS 8.9
“ % | Clear Spead
) | [|SwW/ie8(0 4 4 ¢l 05 Night Tanker/29.38 Tanker/33.04 n limit:
305N | /3 nm 8 kn
|
P6T1 2CG 11.2 ooz - |
P7 4BO/4BO 10.5/5.9
35° 04N P?
) Sped
P7TL | 10T/0T | 4059 ||, swia3|345el 05| pay | oo ;g‘_’gggggr%eGenerallw.? 0 |t
n
1o5E ra0rozE Taoa]
P7T2 10T/4BO 6.4/4.6
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