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A B S T R A C T   

During the process of collision avoidance, especially in a multi-ship encounter situation, the dynamic interactions 
among individual ships impose a significant impact on collision avoidance decision-making. It is imperative, 
therefore, that collision avoidance decisions are formulated with a comprehensive consideration of not only the 
current direct collision conflict but also the potential conflicts due to planned collision avoidance actions. To 
address this requirement, this paper proposes a dynamic conflict cluster detection method for collision avoidance 
decision-making in multi-ship encounters. The involved ships are clustered into stable temporal-dependent ship 
conflict groups taking into account both conflict connectivity and the potential spatiotemporal interactions 
originating from planned collision avoidance actions. The conflict cluster detection model is implemented within 
a framework to achieve hierarchical coordinated collision avoidance decision-making. By a simulation experi
ment of an 11-ship encounter, the proposed method successfully discerns the ships with conflicts and provides 
feasible collision avoidance decisions. Compared to the non-cluster collision avoidance methods, the proposed 
method generates the results with acceptable deviating distance and number of collision avoidance actions at 
minimum computation load. It has been demonstrated that the proposed method is both effective and efficient 
for officers on board and operators at Vessel Traffic Services centers in real-life navigation.   

1. Introduction 

As one of the major threats to maritime navigation safety, ship col
lisions may cause severe casualties, economic losses, environmental 
pollution, etc. Especially in complex waters with heavy traffic flow and 
intricate ship routes, the occurrence of multi-ship encounters is 
frequent. Under such circumstances, the probability of ship collisions is 
anticipated to escalate. For example, in one of the hub ports in China, the 
Port of Ningbo-Zhoushan, the inbound and outbound ship routes are 
crossed with a high density of ships, as shown in Fig. 1. Given the 
distinctive characteristics of ship traffic in such waters, as mentioned 
above, the issue of collision avoidance during multi-ship encounters has 
drawn much attention in the research field to enhance navigation safety 
(Goerlandt et al., 2012; Kulkarni et al., 2020; Yu et al., 2022; Zhang 
et al., 2016). The objectives primarily encompass two aspects: firstly, to 
scrutinize potential risks within the region by drawing on historical 

accidents, thereby providing comprehensive navigational insights; and 
secondly, to assess real-time local collision risks among ships, enabling 
collision avoidance decisions to avoid accidents. In pursuit of the latter 
objective, ships must consider all potential collision candidates, espe
cially in multi-ship encounters. 

As revealed by Huang et al. (2020) and Bakdi et al. (2021), the ship 
collision avoidance techniques can be divided into two stages, collision 
risk assessment and collision conflict resolution during encounter process. 
The collision risk assessment aims to identify potential collision candidates 
and their corresponding collision risks, which is accomplished through 
three main research approaches: the ship domain-based approach, risk 
index-based approach, and local risk assessment method. (1) A ship 
domain refers to an allocated and protected area around a ship where 
other ships or obstacles are not permitted to intrude or violate. The 
assessment of collision risk is based on the overlap or violation of ship 
domains (Rawson and Brito, 2021). The ship domain has been 
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developed in a variety of shapes, such as circular (Fujii and Tanaka, 
1971), elliptical (Szlapczynski and Szlapczynska, 2016), fuzzy (Qu et al., 
2011; Wang, 2010), or quaternion (Wang, 2013), accounting for various 
influencing factors. These factors include environmental conditions (Liu 
et al., 2016), ship maneuverability (Gil et al., 2020; He et al., 2017; Li 
et al., 2021), knowledge of navigators (Dinh and Im, 2016), traffic sit
uations (Wang and Chin, 2016), etc. The abundant Automatic identifi
cation System (AIS) data of ship’s dynamic information has significantly 
enhanced the development of ship domain models and quantitative risk 
assessment (Kundakçı et al., 2023; R. W. Liu et al., 2022; Rong et al., 
2022). However, when a ship uses the ship domain as collision criterion, 
a collision may be unavoidable due to ship maneuverability (Du et al., 
2021; He et al., 2017), making it difficult to be directly applied to 
collision risk assessment. To solve this problem, ship motion prediction 
techniques are incorporated, such as linear or nonlinear changes (Chen 
et al., 2018, 2020) and probability (Li et al., 2022; Park and Kim, 2016; 
Xin et al., 2021). (2) The index-based method establishes mathematical 
or black-box models to indicate spatial-temporal proximity of sur
rounding ships. A collision candidate is identified when the corre
sponding threshold value of such an index is reached. Among the 
indices, Distance at the Closest Point of Approach (DCPA) and Time to 
the Closest Point of Approach (TCPA) are classic ones based on 
geometrical relationships. Meanwhile, Degree of Domain Violation 
(DDV), Time to Domain Violation (TDV) (Szlapczynski and Szlapczyn
ska, 2016), as well as Bow Crossing Range (BCR) and Time to Bow 
Crossing Range (BCT) (Gil et al., 2022), further incorporate ship domain 
and relative bearing into their calculations. The index-based approaches 
describe current relative movements among ships, but can hardly be 
integrated with dynamic ship motions, such as the upcoming collision 
avoidance actions. (3) The clustering approaches have recently been 
adopted for local collision risk assessment in multi-ship encounters (Shi 
et al., 2022; Vu and Jeong, 2021; Zhang et al., 2019; Zhen et al., 2017, 
2022a, 2022b). Through this method, ships are clustered with their 
collision candidates to present local risks. However, the existing 

clustering approaches are mainly based on traffic density and distance, 
with only a few studies considering dynamic ship motions and conflict 
connectivity (Xin et al., 2022, 2023). In high-density waters with 
crossing ship routes, substantial collision avoidance actions as required 
by the International Regulations for Preventing Collisions at Sea (COL
REGs) may increase collision risk with other ships. 

The research on collision conflict resolution can be divided into indi
vidual ship decision-making and multi-ship coordinated decision- 
making based on the number of participating entities. Individual-ship 
collision avoidance research focuses on several aspects, including 
decision-making optimization (Hu et al., 2020; Johansen et al., 2016; 
Wang et al., 2020; Zhang et al., 2023), conflict resolution (Cho et al., 
2020; Li et al., 2020) and collision-free path planning (Mou et al., 2021; 
Lyu and Yin, 2019; Tam and Bucknall, 2013; Park et al., 2019). The 
employed algorithms encompass diverse approaches, such as 
geometric-based approaches (Chen et al., 2019; Huang et al., 2019; J. 
Liu et al., 2022; Lyu and Yin, 2019; Perera et al., 2011; Wang et al., 
2017), optimization-based approaches (Hu et al., 2019; Kang et al., 
2018; Lazarowska, 2015; Liu et al., 2017; Szlapczynski, 2011; Tsou, 
2016), reinforcement learning approaches (Shen et al., 2019; Woo and 
Kim, 2020; Zhao and Roh, 2019), etc. In multi-ship encounters, the 
relative movement between ships probably keeps changing due to the 
actions taken by any involved ships, which affects the decision-making 
and may lead to incorrect decisions. With the advancement of commu
nication technologies, ship-to-ship route exchange through Very High 
Frequency radio and other advanced communication systems has been 
thoroughly investigated and is on the verge of implementation (Akdağ 
et al., 2022). Hence, based on exchanging collision avoidance infor
mation among ships, coordination decision-making methods have been 
developed for multiple ships to achieve the efficiency and consistency. 
These coordination methods include distributed coordination strategy 
(Li et al., 2019), distributed multi-ship anti-collision decision system 
(Zhang et al., 2015), distributed search method (Kim et al., 2014, 2017), 
and cooperative path planning algorithm (Tam and Bucknall, 2013). 

Fig. 1. The ship traffic on 15 August 2022 in the Port of Ningbo-Zhoushan, China.. (The zoom-in window presents a multi-ship encounter in the area with crossing 
ship routes.) 
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However, as the number of involved ships increases in multi-ship en
counters, achieving coordination for all involved ships can be chal
lenging due to the technical issue of high computation loads and the 
practical reason of probable insufficient communication in real-life 
navigation (Cho et al., 2020; Kim et al., 2014). 

To address the aforementioned limitations of existing research on 
collision avoidance decision-making in high-density waters with com
plex ship routes, especially for multi-ship encounters, this paper pro
poses a dynamic conflict cluster detection method. Such a conflict cluster 
collects the ships with significant interactions for the current collision 
avoidance decision-making. Specifically, the main contributions of this 
paper are triple: (1) The proposed cluster detection method identifies 
ship clusters by considering both the immediate direct conflicts and the 
upcoming potential conflict arising from collision avoidance actions, 
which is important for both ship officers on board and traffic managers; 
(2) The conflict cluster detection method is implemented to hierar
chically and efficiently achieve coordinated collision avoidance 
decision-making in multi-ship encounter situations; (3) Compared to the 
non-cluster collision avoidance methods, the proposed method demon
strates a favorable balance between safety, economy, and computation 
load, thereby aligning with practical application needs. 

The remainder of this paper is organized as follows. Section 2 in
troduces the relevant definitions of this research and the underlying 
assumptions, followed by a detailed explanation of the proposed 
methodology in Section 3. The setup of the simulation experiments and 
the discussions on the results are presented in Section 4. Finally, Section 
5 concludes the paper and directs possible future research. 

2. Definitions and assumptions 

As previously stated, this paper aims to detect the clusters of ships 
with conflicts in multi-ship encounters situations from all surrounding 
ships in complex and busy sailing environments. The purpose of detec
tion is to identify both the current direct conflicts and the upcoming 
potential conflicts due to the expected Collision Avoidance (CA) actions. 
To be specific, a direct conflict refers to the situation where one ship (Ship 
i) will shortly violate the domain of another ship (Ship j) if both ships 
maintain their current speed and course, while a potential CA conflict 
refers to the situation where the CA path planned by either ship with a 
direct conflict (Ship i or Ship j) will violate the domain of a third ship 
(Ship k), as shown in Fig. 2. 

To illustrate the detection result, a conflict cluster refers to a 

collection of ships with significant interaction for the current CA 
decision-making, including the ships with a direct conflict and/or a 
potential CA conflict. An example of the conflict clusters is presented in 
Fig. 3. The ships with direct conflicts are marked in red and linked by 
solid red lines, while the ships with potential CA conflicts are in yellow 
and linked by dashed black lines. To be more specific, Ship S7 will be 
involved in collision risks due to the CA actions of Ship S3, and Ship S8 
will be affected by the CA actions of Ship S1 and Ship S9. Besides, since 
Ship S1 will encounter Ship S8 after she completes her current CA action, 
for the current time being, there exists no significant CA interaction 
between Ship S1 and Ship S8, as they belong to different clusters. Thus, 
the situation concerning ten ships is divided into three conflict clusters, 
each encircled by red circles to assist their CA decision-making. 

During the conflict cluster detection process, several assumptions 
have been posited in this research:  

(1) The shape of the ship domain is simplified as a circle with a radius 
of six times the ship length;  

(2) The CA action refers to course alteration only;  
(3) The ships are assumed to exchange information about their CA 

actions. 

The design of circular ship domain is intended to guarantee a basic 
safety distance from other ships, which has been widely adopted in the 
field of collision avoidance research (Cho et al., 2020; Johansen et al., 
2016; J. Liu et al., 2022; Lyu and Yin, 2019). In the future, the shapes 
considering more influencing factors, such as ship type and size, can be 
incorporated into the proposed methodology. 

As suggested by COLREGs and observed in practical navigation, if the 
collision risk can be judged at an early stage, course alteration will be the 
preferred option for CA actions (Gil et al., 2020; Li et al., 2019; J. Liu 
et al., 2022; Lyu and Yin, 2019). Furthermore, owing to large inertia, the 
impact of deceleration requires a long stopping distance (He et al., 
2017). In the case of an emergency to avoid the immediate danger of 
collision, it is necessary for ships to change both course and speed as CA 
actions. However, this paper specifically focuses on the study of course 
alteration at early stages, in accordance with the suggestions of 
COLREGs. 

Lastly, the International Maritime Organization has implemented the 
e-navigation projects, which aim to develop innovative communication 
technologies. As a prerequisite, the exchange CA actions between all 
vessels is assumed. The information, including ship position, speed, 
course, and planned paths of all involved ships, is exchanged through 
communications. 

3. Research methodology 

In this section, the overall framework for CA decision-making is 
elaborated in detail, as illustrated in Fig. 4. Firstly, the conflict clusters 

Fig. 2. Illustration of a potential CA conflict.. (A direct conflict exists between 
Ship i and Ship j. Due to the CA path option k by Ship i, a potential CA conflict is 
formed between Ship i and Ship k.) 

Fig. 3. Illustration of the definitions of conflict clusters: [S2, S3, S7], [S10, S4, 
S1], [S6, S5, S9, S8]. (The ships with direct conflicts are marked in red, while the 
ones with potential CA conflicts are in yellow). 
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are preliminarily detected according to the similarity measurement be
tween ship pairs. This measurement depends on the calculated param
eters describing the encounter situation in Step 1. The coordinated CA 
decision is then formulated within each conflict cluster as explained in 
Step 2. Step 3 introduces the conditions to update the conflict clusters 
and the dynamic movement information of all ships, including those 
both within and outside the clusters. 

3.1. Conflict cluster detection 

In this subsection, the process of conflict cluster detection is intro
duced, containing the calculation of encounter parameters in Section 
3.1.1, the measurement of similarity between ship pairs in Section 3.1.2, 
the preliminary identification of conflict clusters by hierarchical clus
tering in Section 3.1.3 and the final determination by conflict cluster 
parameters in Section 3.1.4. 

3.1.1. Calculation of encounter parameters 
According to the definitions of direct conflict and potential CA 

conflict in Section 2, the parameters used to characterize an encounter 
vary depending on the type of detected collision conflict. The parame
ters are introduced as follows, respectively. 

3.1.1.1. Parameters for encounters with a direct conflict. In maritime 
domain, DCPA and TCPA are two common indices used to delineate the 
collision risk between ships during an encounter from a spatial-temporal 
perspective. However, given that TCPA pertains to the time to the closest 
point of approach, it occurs after the instance of domain invasion by 
either ship. According to Szlapczynski and Szlapczynska (2016), two 
indices are introduced to describe the relationship based on domain 
violation are introduced, being DDV and TDV. DDV describes the 
violation degree of the own ship’s domain by the target ship using a 
scale factor approach fmin, to calculate the scale of domain invasion 
when the target ship crosses the boundary of the own ship’s domain. As 
defined, the value of DDV is determined by max(1 − fmin, 0). From a 
temporal viewpoint, TDV signifies the remaining time for the target ship 
to enter the domain of the own ship, assuming both ships maintain their 
course and speed. As mentioned in Section 2, the shape of ship domain in 
this research is assumed to be a circle with a radius of Rd. 

To provide a more stringent explanation, as shown in Fig. 5, the 

definitions are illustrated further. If both ships in the pair pair(Si, Sj)

maintain their course and speed as they are at the initial time t0, Ship Sj 
will violate the domain of Ship Si at the time TDV1 and leave at the time 
TDV2. To contextualize the temporal aspect of ships’ interaction, the 
Time Window of Conflict (TWC) is introduced, which refers to the period 
[tb,te]. During this defined timeframe, a conflict is determined according 
to DDV, TDV1, and TDV2. 

The relevant parameters are calculated as follows, 

DDV = 1 −
DCPA

Rd
(1)  

Fig. 4. Overview of the proposed approach.  

Fig. 5. Illustration of parameters to describe the encounter with a conflict. (t0, 
tb, TDV1, TDV2, and te represent different time steps during the encounter 
process, while TCPA indicates the time to the closest point of approach.) 
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TDV1 =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

TCPA −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Rd

2 − DCPA2
√

VR
,DDV ≥ 0

TCPA −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
DCPA2 − Rd

2
√

VR
,DDV < 0

(2)  

TDV2 =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

TCPA +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Rd

2 − DCPA2
√

VR
,DDV ≥ 0

TCPA +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
DCPA2 − Rd

2
√

VR
,DDV < 0

(3)  

where VR is the relative speed of Ship Sj to Ship Si; Rd is the radius of 
circular domain; DCPA and TCPA can be calculated according to the 
position and speed of both ships. 

Based on the calculation results, if two criteria (1) DDV > 0 and (2) 
TDV2 > 0 are both met, a direct conflict is identified between the ship 
pair pair(Si,Sj). If either criterion is not satisfied, it is deemed as no direct 
conflict exists between the pair. 

As regulated in Rule 16 (Action by Give-way Vessel) of COLREGs, the 
give-way ship shall, as far as possible, take early and substantial action 
to keep well clear. Therefore, once a direct conflict is identified (DDV > 0 
and TDV2 > 0), the time period of ship interaction TWC for the ship pair 
pair(Si, Sj) is defined as 

TWCij = [tb, te] (4)  

where tb ∈ [0,TDV1 − τ1] refers to the beginning of the influence by Ship 
Sj, and te = TDV2 + τ2 refers to the end of the interaction, in which τ1 
and τ2 are constant. The value of tb will be explained in Section 3.1.4. 

3.1.1.2. Parameters for encounters with a potential CA conflict. To 
describe the encounter with a potential CA conflict, an example is illus
trated in Fig. 6. The CA path set {CA path 1, CA path 2, …, CA path option 
n} of Ship Si includes a series of planned CA paths constrained in the 
confined space, in which CA path 2 may violate the domain of Ship Sk at 
the Possible Point of Collision (PPC2). The point Pr2 refers to the point 

when Ship Si returns to her initial course. This point can be deemed as 
equivalent to sailing from the position of the virtual ship Si 2 with the 
original course. As shown in Fig. 6, the following can be proved: 
{

SiPr2
⌢

= Si 2D2 + D2Pr2

SiD2 + D2Pr2 > SiPr2
⌢ ̅̅̅→

yields DCA > SiD2 > Si 2D2 (5)  

where SiPr2
⌢

means curve distance of the CA path from the point Si to the 
point Pr2 by Ship Si; the point D2 marks the intersection of the starboard 
abeam of Ship Si and the path by virtual Ship Si_2; SiD2 refers to the linear 
distance between the point Si and D2; Si 2D2 refers to the linear distance 
between Si 2 and D2; D2Pr2 refers to the linear distance between D2 and 
Pr2; and DCA indicates the CA space constraint. 

Since the position of the virtual Ship Si 2 is within the range of DCA 

astern and on both sides of the real Ship Si, the length of Si 2D2 is smaller 
than DCA. The same goes for other CA path options. As a result, the CA 
space for the equivalent virtual ships is presented as the yellow rect
angular area around the real Ship Si in Fig. 6. 

As shown in Fig. 7, TCi indicates the true course of Ship Si, while Ship 
Sk approaches Ship Si along the direction of relative velocity VR. 
Although the domain of Ship Sk will not be invaded by Ship Si, the 
domain still overlaps with the CA space for equivalent virtual ships of 
Ship Si in the dashed yellow rectangular. It means the CA actions by Ship 
Si may interfere with Ship Sk, which forms a potential CA conflict. During 
this type of encounter, the period with interaction influence is defined as 
TWCij = [tb′, te′]. 

In XOY system, the coordinates of P(X,Y) and the position of Ship Sk 
fulfill the relationship: 
⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(X − pxk(t))2
+ (Y − pyk(t))2

= Rd
2

pyk(t) − pyk(t0) =
VRx

VRy
(pxk(t) − pxk(t0))

pxk(t) = pxk(t0) + VRx⋅t

(6)  

where (pxk(t0), pyk(t0)) and (pxk(t), pyk(t)) refer to the position of Ship Sk 
at the current time t0 and time step t; VRx and VRy are the projected 
components of VR; Rd is the domain radius of Ship Sk. 

In the attached coordinate system xoy, the intersection point P(x, y)
follows the basic conditions: 

− DCA < x < DCA and − DCA < y < 0 (7) 

Fig. 6. Equivalent virtual ship position for a potential CA conflict from the 
perspective of a true movement of Ship Si and Ship Sk. (Si and Sk represent real 
ships; Si 1,…, Si n are virtual ships of Si for CA path options.) (A potential CA 
conflict exists between Ship Si and Ship Sk due to the domain invasion of CA path 
2 by Ship Si with Ship Sk at the point PPC2.). 

Fig. 7. Illustration of parameters to describe the encounter with a potential CA 
conflict between Ship Sk and Ship Si. (The coordinate system XOY is fixed to the 
earth, while the system xoy is attached to Ship Si. The point P(X,Y) represents 
the intersection between the CA space of Ship Si and the domain of Ship Sk.) 
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Therefore, the position of the virtual Ship Si in XOY system can be 
converted to xoy system by: 

[X, Y] = [x, y] ⋅ A + [pxi(t0), pyi(t0)] (8)  

where the transformation matrix refers to A =

[
cos(TCi) − sin(TCi)

sin(TCi) cos(TCi)

]

, 

[pxi(t0), pyi(t0)] is the position of Ship Si at the current time t0 in xoy 
system, while DCA represents the spatial boundary of CA space. 

The geometrical relationship between the CA space of Ship Si and the 
domain of Ship Sk can be indicated by the solution of [X,Y] through Eqs. 
(6)–(8). If no solution of [X,Y] can be achieved, it indicates that the 
absence of an intersection point, as depicted in Fig. 8 (a), implies no 
plausible potential CA conflict between Ship Si and Sk. If only one so
lution of [X,Y] is present, as depicted in Fig. 8 (b) and (c) (only one 
intersection point P(X,Y)), a potential CA conflict exists. By Eq. (6), the 
threshold value of TWCik can be obtained. In cases where there is more 
than one solution of [X, Y], as shown in Fig. 8 (d) (more than one 
intersection point), it signifies the presence of a potential CA conflict, 
with Ship Si being interfered by Ship Sk. 

In multi-ship encounter situations where there exist both direct 
conflicts and potential CA conflicts, the ending time of TWC can be 
calculated by the time when the give-way ship is past and clear, i.e., te′ =
te. 

3.1.2. Measurement of similarity between ship pairs 
To measure the similarity between ship pairs, the distance between 

TWC of ships in different situations is defined as follows.  

(1) If there is a common ship Si between two pairs with different 
types of conflict, given pair(Si, Sj) with a direct conflict and 
pair(Si, Sk) with a potential CA conflict, the time windows TWC 
for two pairs are TWCij = [tb, te], TWCik = [tb′, te′], respectively. 
The distance between the ship pairs can be calculated: 

dis
(
pair

(
Si, Sj

)
, pair(Si, Sk)

)
=

{
0, tb < te

′ and te < tb
′

min(|tb
′ − te|, |te

′ − tb|), others
(9)    

(2) If there is no common ship between two ship pairs, given 
pair(Si, Sj) with a direct conflict and pair(Sm, Sn) with a potential 
CA conflict, the distance of two ship pairs is defined as positive 
infinity. 

Taking Ship S0 as the own ship in Fig. 9, the conflicts in multi-ship 
encounter situations can be analyzed as follows: a direct conflict exists 
between the ship pair (S0, S3) shown in red, while potential CA conflicts 
exist among the pairs (S0, S1), (S0, S2), and (S0, S4) presented in blue. 
Fig. 9 also shows the temporal sequences of the interactions between the 
ships from the current time t0 to the estimated ending time tend. During 
the process, the point TDV1 indicates the time of domain violation by 
Ship S3 due to the direct conflict; while tb refers to the start time of 
interaction by Ship S3 and t3 refers to the ending time of the interaction. 
Similarly, the time window TWC of the ship pairs (S0,S1), (S0,S2), and 
(S0, S4) can be represented as [t0, t1], [t2, t4], and [t5, tend], respectively. 
According to the definition of distance between the pair with a direct 
conflict and each pair with a potential CA conflict, distances between the 
pairs can be determined as follows: 

dis(pair(S0, S3), pair(S0, S1))= 0 (10)  

dis(pair(S0, S3), pair(S0, S2))= 0 (11)  

dis(pair(S0, S3), pair(S0, S4))= t5 − t3 (12)  

3.1.3. Preliminary hierarchical clustering 
Based on the similarity measurement between ship pairs in Section 

3.1.2, a preliminary result of ship clustering can be obtained by the 
hierarchical clustering process, which is presented in Algorithm 1. 

Fig. 8. Illustration of encounters when judging a potential CA conflict. (a. no potential CA conflict with no intersection point; b. the starting time of the potential CA 
conflict indicated by only one intersection point P(X,Y); c. the ongoing process of the potential CA conflict indicated by more than one intersection point; d. the 
ending time of the potential CA conflict indicated by only one intersection point P(X,Y).) 

K. Liu et al.                                                                                                                                                                                                                                      



Ocean Engineering 288 (2023) 116038

7

Algorithm 1. Algorithm of the preliminary hierarchical ship 
clustering. 

By calculating the similarity matrix and simplifying it to a binary- 
tree-like hierarchical index matrix, the encountered ships are prelimi
narily clustered into several clusters including all ships with either type 
of conflict. 

3.1.4. Final cluster determination 
Following an examination of the preliminary clustering result, it is 

necessary to conduct a thorough investigation into the parameters used 
to describe the state of clusters as well as the constraints guiding CA 
decision-making among clusters. This investigation is crucial in order to 
determine the final conflict clusters accurately. The purpose of conflict 
cluster detection is to facilitate the coordinated CA decisions of ships in 
multi-ship encounters. The computation load is expected to be higher 
when more ships are clustered in one group. In this research, the pa
rameters include the deviating distance DCA, the beginning time of 
interference between the ships tb, and the time for the ships to be past 
and clear tc.  

(1) Deviating distance DCA. 

The deviating distance describes the CA space of a ship as shown in 
Fig. 6, which is used to judge whether there exists a potential CA conflict 
and calculate TWC for each ship pair with conflicts. A larger value of DCA 
for the own ship will result in more ships getting involved in potential 
CA conflicts with the ship. In other words, a positive relationship exists 
between the deviating distance DCA and the number of ships in the 
cluster nk

in. 
When ships are preliminarily clustered, the maximum deviation of 

CA path options by the own ship must be smaller than DCA. It means all 
ships with potential CA conflicts due to any CA options are included in 
the cluster. Thus, the deviating distance DCA is adopted to assess the 
preliminary clustering result.  

(2) Beginning time of interference tb. 

When there exists a direct conflict between the ships pair(Si,Sj), the 
beginning time of interference between the ships tb ∈ [0,TDV1(Si, Sj) −

τ1], is stated in Section 3.1.1. In a ship cluster, an earlier beginning time 
of interference tb means a longer time window of conflict between the 
pair TWCij. Under such circumstances, the probability of conflict inter
ference with other ship pairs is also larger, which also leads to more 
ships getting involved in the cluster. Consequently, a negative rela
tionship exists between the value of the beginning time tb and the 
number of ships in the cluster nk

in. 
Considering the requirement of taking early CA actions in COLREGs, 

the earliest interference tb starts from the current time t0, which is the 
second constraint to determine the ships in clusters.  

(3) Time of being past and clear tc. 

The process of an encounter with CA actions finishes when two ships 
get past and clear, as required by Rule 8 in COLREGs. Therefore, an 
additional parameter needs to be defined to determine the moment, 
which is the time for both ships being past and clear tc in this research. If 
the time being is earlier than this moment, it implies that the own ship 
remains entangled in conflicts with certain ships within the cluster. This 
parameter represents the threshold in the hierarchical clustering tree. 
Thus, the relationship between the time being past and clear tc and the 
number of ships in the cluster nk

in is positive. 
Considering the requirement by COLREGs, the value tc is defined as a 

gradual decrease from 10 min by default. This is also the last constraint 
to determining the ships in clusters. 

3.2. CA decision-making within conflict clusters 

The purpose of conflict cluster detection is to make coordinated CA 
decisions within the clusters in multi-ship encounters. The process is 

Fig. 9. Illustration of the interactions in a multi-ship encounter taking Ship S0 as the own ship (The ships and lines in red represent the ships with a direct conflict 
with Ship S0, while the ones in blue for the ships with a potential CA conflict with Ship S0). 
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explained in detail as follows. Section 3.2.1 introduces the overall 
framework of decision-making based on the detected conflict clusters. 
The processes to make optimal CA decisions for individual ships in each 
cluster and to make coordinated CA decisions are explained in Section 
3.2.2 and Section 3.2.3, respectively. 

3.2.1. Overall framework 
The coordinated CA decisions are achieved and updated based on the 

results of conflict cluster detection, which can be presented in two steps:  

(1) Update the state of cluster detection for all ships, including the 
ships outside all clusters S out and the ships in the corresponding 
clusters S in = {S

1
in,S

2
in,⋯,S

k
in}, where S l

in represents all ships 
in cluster l;  

(2) Update the CA decisions for ships in each cluster by distributed 
coordination strategy. 

At the beginning of a multi-ship encounter, all involved ships can be 
deemed as outside any cluster, which is S out . Applying the steps for 
cluster determination in Section 3.1, the ships are divided into conflict 
clusters S in. Within each cluster S l

in, CA decisions are formulated based 
on Particle Swarm Optimization (PSO) algorithm. 

Algorithm 2. The overall framework for CA decisions based on con
flict cluster detection.  

3.2.2. Optimal CA decision for individual ships 
The CA decisions for individual ships within each cluster are ach

ieved by PSO algorithm. To apply the algorithm, variables, constraints, 
and objective functions for optimization are explained in detail. 

3.2.2.1. Variables for CA actions. A CA process assists in ascertaining 
appropriate action to avoid collisions at a specific time. The alteration of 
course is widely recognized as an efficacious maneuver for implement
ing ship collision avoidance techniques. To figure out the CA decisions 
within each cluster, three action variables [ta,ΔTC, tr] are selected for 
optimization, as illustrated in Fig. 10. The action time ta refers to the 
period from ship’s current position P0 to the point of course alteration 
P1; ΔTC is the magnitude of course change, with a positive value 

indicating a starboard-side turn, and a negative value indicating a port- 
side turn; the recovery time tr means the time period from the position of 
course alteration P1 to the point of course recovery P2; Rs is the 
simplified ship maneuvering radius, meaning that after an evasive ac
tion, the ship cannot immediately reach the new course but gradually 
achieves it along an arcuate trajectory. For instance, a ship makes a CA 
decision [5 min, +30◦, 15 min] at position P0 at the time 1200. It means 
that the ship will initiate a starboard turn of 30◦ at 1205 at the predicted 
position P1. Subsequently, the ship will recover its original course at 
1220 at the predicted position P2. 

In this research, DDV to a target ship is adopted to estimate the 
conflict risk. Currently, a majority of risk models for CA decisions as
sume that other ships shall maintain their speed and course, neglecting 
the consideration of potential CA paths taken by other ships. Never
theless, it is not realistic to coordinate decision-making within one 
cluster. To address this problem, a scheme for the CA path in phases is 
proposed, as presented in Fig. 11. When one ship has made her own CA 
decision in the preceding round of coordination, the decision-making of 
the other ship in the subsequent round needs to take into account the 
planned decision and action option. As shown in Fig. 11, the CA paths 
are calculated in five phases, i.e., {t0 ∼ t1, t1 ∼ t2, t2 ∼ t3, t3 ∼ t4, t4 ∼ t5}. 

The detailed calculation of the time and position is shown in Table 1, 
where Pi u and tu refer to the position of Ship Si at the uth time; [tai,ΔTCi,

tri] are the variables for CA decision-making considering the dynamic 
ship information, including steering radius Rsi, speed vi , and course TCi 

Fig. 10. The illustration of optimization variables for CA decision.  
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of Ship Si. The turning maneuver for Ship Si is simplified by geometric 
calculations. For example, the time t1 is calculated as t1 = ta2 +
Rs2rad(ΔTC2)

2v2
, while the position is P2 1 = P2 0 + [v2ta2 +

Rs2 tan (ΔTC2 /2)] • [sin(TC2), cos (TC2)]. rad(ΔTC2) represents the 
radian of ΔTC2. By aligning timestamps of two CA paths, a path with five 
linear phases are obtained: {P1 0 − P1 1,P1 1 − P1 2,P1 2 − P1 3,P1 3 

− P1 4, P1 4 − P1 5} for S1 and {P2 0 − P2 1,P2 1 − P2 2,P2 2 − P2 3,P2 3 

− P2 4, P2 4 − P2 5} for S2. 
The DDV to indicate conflict risk in the phase tu and tu+1 is calculated 

as follows 

DDV(u, u+ 1)=

⎧
⎨

⎩

DDV(u), TDV1 < tu
DDV, tu ≤ TDV1 < tu+1

DDV(u + 1), tu+1 ≤ TDV1

(13)  

where TDV1 is time to domain violation through Eq. (2). 
Calculating all DDVs of two phases within the same time, the conflict 

risk function for Ship Si in five phases is 

fi(DDV)=max{DDV(u, u+ 1)|u= 0, 1, 2, 3, 4} (14) 

The conflict risk with n ships in the cluster is 

frisk =max{fi(DDV)|i= 1, 2, 3, ..., n} (15)  

3.2.2.2. Constraints. From the perspective of the CA process, the ship 
action time ta should be earlier than the minimum TDV1 of other ships in 
the cluster to avoid domain invasion of other ships. Besides, the action 
time is later than the beginning time of interference tb in the cluster, 
which is to avoid affecting other ships outside the cluster. Thus, the ship 
action time ta follows the condition: 

tb ≤ ta ≤ min TDV1 (16) 

Considering the maneuvering feasibility, the constraints for course 
alteration are 

ΔTC =

{
(0, 90), only conflicts in head − on situation

(− 90, 90), other situations (17) 

Regarding the other parameters, the maximum deviating distance for 
CA path options fDev in the cluster should be smaller than DCA of the 
spatial cluster parameter. This precaution is taken to avoid potential 
collision risk with other ships situated outside the designated cluster. 

fDev =

[

v ⋅ tr + 2Rs ⋅ tan
ΔTC

2
− Rs ⋅ rad(ΔTC)

]

⋅sinΔTC (18)  

max(fDev) ≤ DCA (19)  

Finally, the conflict risk in the cluster should be smaller than the risk 
threshold value f0 to reserve a safety margin. 

frisk ≤ f0 (20)  

3.2.2.3. Objective function. In this research, the voyage loss is used as 
the objective function for optimization, which refers to the difference 
between the planned CA path and the actual path. It minimizes the loss 
from the global path viewpoint, which brings the ship back to the initial 
course as soon as feasible. 

floss = v ⋅ tr +Rs ⋅ rad(ΔTC) −

[

v ⋅ tr + 2Rs ⋅ tan
ΔTC

2
+Rs ⋅ rad(ΔTC)

]

⋅cosΔTC

(21)  

3.2.2.4. Optimization solution algorithm. The PSO algorithm is adopted 
in this research to solve the optimization problem. The overall idea is: 

Р :

{
min floss

subject to : (16) − (20) (22)  

where the objective function is defined in Eq. (21) and the variables 
refer to [ta,ΔTC, tr]. 

3.2.3. Coordinated CA decisions within clusters 
Under the methodology of distributed search (Kim et al., 2014), in 

each round of collaboration, one ship is allowed to initiate its CA action 
only after the other ship’s action has been executed, and it has stabilized 
on its new course. However, this approach may not accurately reflect the 
actions of ships in busy waters. In light of this, an enhanced distributed 
coordination strategy is introduced in this paper to explore optimal so
lutions within ship clusters. The steps are as follows:  

Step 1 : Ship Si within one conflict cluster exchanges her sailing state 
and action intention with other ships in the same cluster, 
including the current position, course, speed, and the planned CA 
option Pathk. 

Step 2 : Ship Si obtains her optimal CA path Pathk
′ by PSO solution al

gorithms using the received sailing information from other ships.  
Step 3 : The planned path Pathk and the optimal CA path Pathk

′ of Ship Si 
are exchanged. The conflict improvement function fimpv(Pathk

′
) is 

presented in Eq. (23), which is calculated within the conflict 
clusters. Based on the results, the ship with the largest value of 
fimpv(Pathki

′
) is determined as the action ship with top priority. 

Step 4 : The planned CA option Pathki for the action ship with top pri
ority is replaced by the optimal CA path Pathki

′.  
Step 5 : If there still exists direct conflicts or potential CA conflicts with 

other ships in the cluster after taking the CA option Pathk, steps 2 
to 5 are repeated until all conflicts are eliminated. 

Fig. 11. The scheme of CA paths in phases for a pair of ships. (Pi u refers to the 
position of Ship Si at time tu; tai and tri are the action time and recovery time of 
Ship Si.) 

Table 1 
The calculation of time and position for both ships in different CA phases.  

Time Position 

t1 = ta2 +

Rs2rad(ΔTC2)

2v2 

P1 1 = P1 0 + (v1ta2) • [sin(TC1), cos (TC1)]

P2 1 = P2 0 + [v2ta2 + Rs2 tan (ΔTC2 /2)] • [sin(TC2),cos (TC2)]

t2 = ta1 +

Rs1rad(ΔTC1)

2v1 

P1 2 = P1 0 + (v1ta1 + Rs1 tan (ΔTC1 /2)) • [sin(TC1), cos 
(TC1)]

P2 2 = (t2 − t1)(P2 3 − P2 1)/(t3 − t1)

t3 = t1 + tr2 P1 3 = (t3 − t2)(P1 4 − P1 2)/(t4 − t2)
P2 3 = P2 1 +

[
v2tr2 − Rs2rad(ΔTC2) +

2Rs2 tan
( ΔTC2

2

)
]
• [sin(TC2 + ΔTC2), cos (TC2 + ΔTC2)]

t4 = t2 + tr1 P1 4 = P1 2 +
[
v1tr1 − Rs1rad(ΔTC1) +

2Rs1 tan
( ΔTC1

2

)
]
• [sin(TC1 + ΔTC1), cos (TC1 + ΔTC1)]

P2 4 = P2 3 + [v2(t4 − t3) − Rs2rad(ΔTC2) /2 +

Rs2 tan (ΔTC1 /2)] • [sin(TC2), cos (TC2)]
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fimpv(Pathki
′)=

∑n
j=1,i∕=jfrisk

(
Pathi,Pathj

)
−
∑n

j=1,i∕=jfrisk
(
Pathi

′,Pathj
′)

∑n
j=1,i∕=jfrisk

(
Pathi,Pathj

)

+

(

exp
(

max(β − TDVk min, 0)
α

)

− 1
)

(23)  

where n is the total number of ships in the cluster; frisk(Pathi, Pathj) is the 
collision risk between the planned CA options Pathi of Ship Si and the 
planned CA options Pathj of Ship Sj; frisk(Pathi

′
, Pathj) is the collision risk 

between the optimal CA option Pathi
′ and the planned path option Pathj 

of Ship Sj; TDVi min is the minimum TDV of Ship Si concerning other ships 
in the cluster; β is the temporal thresholds determined by temporal 
collision hazard, typically 12 min; α defaults as 6/ln 2 to increase the 
improvement by 1 when TDVi min reaches 6 min. 

3.3. Conflict cluster update 

In each round of conflict detection, a ship can exclusively participate 
in a single cluster to formulate CA decisions and execute corresponding 
actions. During the full process of a multi-ship encounter, the compo
sition of the clusters undergoes constant modifications, wherein certain 
ships might exit one cluster and potentially join another. The dissolution 
of a cluster occurs when the ships within it meet any of the following 
conditions.  

(1) All ships taking CA actions in the cluster have recovered their 
initial course and become stable on the course.  

(2) The ships maintaining their course and speed will not cause any 
direct conflict or potential CA conflict with other ships in the 
same cluster. 

(3) All ships in the clusters will not cause any direct conflict or po
tential CA conflict with each other. 

Once any of the above conditions are fulfilled, the subsequent round 
of conflict cluster detection will be activated for all involved ships using 
the conflict cluster detection model in Section 3.1. 

4. Simulation and discussions 

To test the proposed CA decision-making method based on conflict 
cluster detection, a simulation experiment is performed, and the result is 
compared to other methods. Simulation tests are conducted on the 
MATLAB® software platform, utilizing an i5-13500H CPU and 16 GB 
RAM. A specific model for a general cargo ship is employed to simulate 
the ship’s movements, as described by (Zhang et al., 2015). The simu
lations assumed that all ships in the scenario are equipped with AIS and 
other communication systems, enabling them to broadcast and update 
their dynamic information and planned paths with a satisfactory fre
quency. The ship domain radius is defined as six times the length of the 
ship. The setup of the simulation scenario is introduced in Section 4.1, 
with the results by conflict cluster-based approach and other methods in 
Section 4.2 and Section 4.3, respectively. Section 4.4 compares and 
discusses the results. 

4.1. Scenario setup 

To present the effectiveness of the proposed method, a multi-ship 
encounter involving 11 ships is taken as the simulation scenario, as 
shown in Fig. 12. The detailed position, course, and speed of the ships 
are listed in Table 2. 

4.2. Conflict cluster-based simulation results 

Applying the proposed conflict cluster detection method, the simu
lation results of the conflict cluster-based CA decision-making is 

elaborated as follows. 

4.2.1. Preliminary hierarchical clustering 
Representing 11 ships by S = {s1,s2, ...,s11}, the variable C describes 

the ship pairs with either a direct conflict or a potential CA conflict by 
the value TWC for each ship pair, including 12 ship pairs: 

C=
{

TWC2 7,TWC2 8,TWC3 6, ..., TWC7 8, TWC9 10
}

(24) 

Taking the ship pair (s2, s7) with a direct conflict as an example, 
according to the calculation of encounter parameters in Section 3.1.1, 
TWC2 7 can be calculated as tb = 0 and te = 34.8 min. For the ship pair 
(s7, s8) with a potential CA conflict, TWC7 8 can also be calculated: tb′ =

24.2 min and te′ = 28.2 min. 
The similarity matrix E between 12 ship pairs is calculated by Eq. (9): 

E=

⎡

⎢
⎢
⎢
⎢
⎣

0 0 … 0 inf
0 0 … 1.1 inf
⋮ ⋮ ⋯ ⋮ ⋮
0 1.1 … 0 inf

inf inf … inf 0

⎤

⎥
⎥
⎥
⎥
⎦

12×12

(25)  

where E(11,2) = dis(pair(s7, s8), pair(s2, s8)) = C(1,11) − C(2,2) =

24.6 − 23.5 = 1.1 min. 

Fig. 12. The simulation scenario with 11 ships in a multi-ship encounter sit
uation.. (The solid red lines link the ships with a direct conflict, and the dotted 
blue lines link the ships with a potential CA conflict.) 

Table 2 
The initial status of 11 ships in the encounter situation.  

Ship No. Position (n mile) Course (◦) Speed (kn) 

X Y 

s1 0.0 − 12.0 116 9.1 
s2 2.9 − 7.7 311 11.3 
s3 − 4.0 − 2.1 234 13.3 
s4 5.5 − 4.4 295 8.6 
s5 − 1.3 − 4.1 230 11.7 
s6 − 8.6 − 2.2 141 18.0 
s7 3.0 − 10.0 334 14.3 
s8 − 4.0 − 9.3 41 17.5 
s9 − 5.2 − 0.2 251 10.7 
s10 − 7.3 − 6.5 11 17.0 
s11 − 8.1 − 9.8 51 11.0  
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The matrix is further simplified to a binary-tree-like hierarchical 
index matrix: 

E bt=

⎡

⎢
⎢
⎣

2 1 0
4 3 0
⋮ ⋮ ⋮
22 12 1.3

⎤

⎥
⎥
⎦

11×3

(26)  

where E bt(:,1 : 2) indicates binary-tree-like indexes of the ship pair; 
E bt(:,3) refers to the similarity between two ship pairs, explained on 
lines 7–8 in Algorithm 1. 

Preliminarily, the ships are clustered as ς1
in = {s2, s3, s4, s5, s6, s7, s8,

s9, s10, s11} and ςout = {s1} according to line 12 in Algorithm 1, as shown 
in Fig. 13. 

4.2.2. Final cluster determination 
The number of ships in each cluster can be finally determined by 

adjusting the clustering parameters. In this case, the maximum number 
of ships in one cluster is limited to five ships. Therefore, the ships in 
preliminary cluster G1 are divided into two clusters G1 = {s2, s4, s7, s8}

and G2 = {s3, s5, s6, s10, s11} by adjusting the parameters from DCA =

1.5 n mile, tb = 0, and tc = 5 min to DCA = 1.3 n mile, tb = 1 min, and 

tc = 3 min, with Cfinal =

[
4.9 5.0 … 24.2 16.5
29.4 22.7 … 26.8 17.7

]

2×11
, E btfinal =

⎡

⎢
⎢
⎢
⎢
⎣

2 1 0
4 3 0
⋮ ⋮ ⋮

11 19 3.2
14 20 inf

⎤

⎥
⎥
⎥
⎥
⎦

10×3

. 

The adjusted clustering result is presented in Fig. 14. It can be found 
that the preliminary cluster is divided into two clusters due to the po
tential CA conflict between s5 and s8. At the same time, Ship s9 is 
excluded from the clusters, since the distance between pair(s9, s10) and 
pair(s3, s10) is 3.2 min, which is larger than the threshold tc = 3 min. 

4.2.3. CA decision-making 
In each round of conflict resolution, the action ship and the corre

sponding CA decisions with the actions are determined according to the 
maximum conflict improvement fimpv, as listed in Table 3. Taking G2 =

{s3, s5, s6, s10, s11} as an example, in the first round, five ships indepen
dently search for their optional CA decisions according to the conflict 
resolution algorithm, being (Path3

′
, Path5

′
, Path6

′
, Path10

′
, Path11

′
). Ac

cording to the results, Path11
′ for Ship s11, [1.7, 16, 13.0] means the ship 

will take a course alteration of 16◦ to the starboard side at 1.7 min and 
recover the original path at 14.7 min. Such a CA decision leads to the 
biggest conflict improvement of 1.82. Thus, Ship s11 is determined as the 

action ship for this round of decision-making. Afterwards, Path11
′ 

replaces the planned path Path11 [0, 0, 0] to exchange sailing informa
tion. After two rounds of coordinated CA decision resolution, the final 
CA decision for this cluster involving five ships can be obtained 
⎡

⎢
⎢
⎢
⎢
⎣

0.0 0.0 0.0
0.0 0.0 0.0
1.0 24 5.4
0.0 0.0 0.0
1.7 16 13.0

⎤

⎥
⎥
⎥
⎥
⎦

. In the results, [0.0 0.0 0.0 ] means ships s3, s5, 

and s10 shall maintain their current course and speed from the current 
time till the ending time of the cluster. 

Similarly, the CA decisions for ships in G1 = {s2, s4, s7, s8} can be 
obtained. The CA decisions for two clusters of ships are listed in Table 4. 
The corresponding ships will take action in a coordinated way. 

To illustrate simulation results, the ship positions and their trajec
tories at four typical time stamps are presented in Fig. 15: (1) time = 0 
min (initial time, two clusters); (2) time = 14 min (Ship s8 just recovers 
her course); (3) time = 18 min (all ships just meet the condition of 
reclustering); (4) time = 32 min (all ships have completed their CA 
actions and all conflict clusters are dissolved). 

Taking cluster G1 as an example, Ship s8 will take a course alteration 
of 20◦ to port side at 1.3 min and recover the original course at 13.7 min. 
It is estimated that s8 will pass other ships well clear at 16.6 min, which 
fulfils reclustering condition. At the same time, cluster G1 will be dis
solved since no conflict risk exists in the cluster anymore. Thus, all ships 
s2, s4, s7, and s8 join S out . The distance between any pair of two ships 
during the entire CA process in the 11-ship encounter is shown in 
Fig. 16. The results show that all involved ships pass each other well 
clear with a minimum distance of 0.69 n mile for pair(s3, s10), followed 
by 0.75 n mile for pair(s6,s10), due to the CA action by Ship s6 at a safety 
margin. 

4.3. Simulation results with non-cluster methods 

For the above-mentioned simulation scenario of an 11-ship 
encounter, three non-cluster CA decision-making methods are tested 
for comparison: (1) DDV/TDV-based coordinated CA method; (2) global 
coordinated CA method; (3) distributed CA method. 

4.3.1. DDV/TDV-based coordinated CA method 
In the DDV/TDV-based coordinated CA method, once the condition 

of a direct conflict is fulfilled, the ships will take coordinated CA actions 
based on the CA decision-making and coordination strategy as stated in 
Section 3.2. The CA trajectories and the distance between any pair of 
two ships during the entire process are shown in Fig. 17. During the 
process, the minimum distance between ships is 0.69 n mile for pair(s3,

s10), followed by 0.70 n mile for pair(s7,s8), due to the action by Ship s8 at 
safety margin. The CA actions by ships s8, s6, s5, and s11 refer to 30 

Fig. 13. Preliminary clustering results: (a) hierarchical tree diagram; (b) corresponding position of the ships in clusters.  
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degrees of starboard course alteration at 1 min, 29 degrees of starboard 
course alteration at 1 min, 17 degrees of starboard course alteration at 1 
min, and 18 degrees of starboard course alteration at 2 min, respec
tively. Ship s8 detects new collision risk with s7 at 12 min, and turns 
starboard by 28◦ at 13 min, while the potential CA conflict with Ship s7 is 
ignored. 

4.3.2. Global coordinated CA method 
The global coordinated CA method is expected to generate coordi

nated actions for all ships in multi-ship encounter situations. Taking the 
CA decision-making and coordination strategy in Section 3.2, the CA 
trajectories and the distance between any pair of two ships during the 
entire process are shown in Fig. 18. Specifically, ships s5, s6, and s8 take 
CA actions involving 9 degrees of starboard course alteration at 1 min, 
22 degrees of starboard course alteration at 2 min, and 10 degrees of 
portside course alteration at 5 min, respectively. From the viewpoint of 
CA effects, the minimum distance for pair(s3, s10) is 0.69 n mile, followed 
by 0.72 n mile for pair(s4,s8), due to the CA action by Ship s8 with a safety 
margin. 

4.3.3. Distributed CA method 
In the distributed CA method, each ship makes CA decisions to keep 

the clearance of all other ships from the perspective of own ship. These 
individual ship actions are expected to solve the collision conflict. 
However, it may cause uncoordinated actions between ships due to a 

lack of CA intentions exchange, which is a typical non-cooperative CA 
method. When a collision risk is triggered (0 < DDV and 
0 < TDV2 < 30 min), each involved ship takes CA action to solve the 
problem. The ship trajectories are presented in Fig. 19, with a minimum 
distance of 0.45 n mile for the pair(s3, s10) after seven ships taking CA 
actions. In addition, it can be observed that each ship takes a series of 
frequent course alterations, which leads to a long sailing track. 

4.4. Comparison and discussions 

The simulation results of the proposed cluster-based method and the 
three non-cluster methods are compared from the perspectives of safety, 
economy, and computational loads. Several indicators are selected, 
including the minimum distance between pairs of ships, the maximum 
and total deviating distance, the number of ships in action, the quantity 
of CA actions taken, and the number of calls to the solution algorithm. 
The comparison results are listed in Table 5. 

From a safety perspective, both the cluster-based and non-cluster CA 
methods can effectively prevent collisions. Adopting coordinated CA, 
the cluster-based approach and the two non-cluster methods provide 
decisions at a minimum distance of 0.69 n miles. The non-cluster with 
distributed CA method contributes to a safety distance of 0.45 n miles 
between s3 and s10. The difference arises from the opposite course 
alteration executed by the distributed CA method when Ship s3 changes 
its course to portside to avoid Ship s6, while Ship s10 turns starboard to 
avoid Ship s3. 

From an economic viewpoint, the distributed CA method generates 
the largest deviation distance, as the decision-making of all ships is 
constantly influenced by the CA actions of any involved ship. On the 
contrary, the globally coordinated CA method results in the minimum 
deviation distance with the fewest number of actions because of the 
collaboration among all involved ships. However, the DDV/TDV-based 
coordinated CA method requires four times more CA actions due to 
the potential conflict caused by Ship s7, as depicted in Fig. 17. It implies 
that both direct conflicts and potential conflicts are considered. 
Comparing the deviation distances, the result from the cluster-based 
method is larger than the globally coordinated method, but the same 
in the numbers of action ships and actions. 

In terms of computation load, the number of calls to the solution 
algorithm is an essential cost, especially for non-linear optimization 
problems. The distributed CA method solely executes a one-time solu
tion algorithm to generate temporary CA decision. In the results, the 
global coordinated method requires 38 runs to achieve collaboration 
among all ships, followed by 14 runs by the DDV/TDV-based method. 
However, the proposed method bears the smallest computation load as it 
conducts CA coordination within ship clusters, which significantly re
duces the necessary number of optimization algorithm calls. 

In summary, the proposed method considers both the conflict con

Fig. 14. Adjusted clustering results: (a) hierarchical tree diagram; (b) corresponding position of the ships in clusters.  

Table 3 
Coordinated CA decision-making process within clusters.  

Round No. Conflict improvement fimpv Action ship CA decision 

1 [0.00,1.47,1.74,1.23,1.82] s11 [1.7,16,13.0] 
2 [0.00,1.44,1.51,1.25,0.00] s6 [1.0,24,5.4]  

Table 4 
CA decisions for ships in clusters.  

Cluster 
No. 

Ship CA decision Time to meet the 
conditions of reclustering 

ta 

(minute) 
ΔTC 
(◦) 

tr 
(minute) 

G1 s2 – – – 16.6 
s4 – – – 16.6 
s7 – – – 16.6 
s8 1.3 − 20 12.4 16.6 

G2 s3 – – – 17.6 
s5 – – – 17.6 
s6 1.0 24 5.4 17.6 
s10 – – – 17.0 
s11 1.7 16 13.0 17.6  
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nectivity and the spatiotemporal interactions during CA actions by DDV, 
TDV, and TWC throughout the entire process of multi-ship encounters. It 
effectively identifies direct conflicts and potential CA conflicts ascribed 

to the CA actions by any involved ship. The results reveal a compre
hensive balance between safety and economy concerns, as well as the 
computational load issue. Such a balance also meets the requirement in 
navigational practice. Particularly in busy waters with numerous ships 
within a limited area, the computation load by the global coordination 
method increases significantly. The number of CA actions by the DDV/ 
TDV-based coordination method is expected to increase when more 
potential CA conflicts exist, such as Ship s7 in Fig. 17. Therefore, in busy 
waters with frequent multi-ship encounters, the proposed method pro
vides coordinated CA decisions with a feasible computation load, which 
is practical for officers on board and VTS operators. 

4.5. Potential limitations and further improvements 

Although the proposed method provides satisfactory CA suggestions 
according to the simulation results, there still exist some potential lim
itations. Firstly, regarding the design of the ship domain model, more 
influencing factors can be incorporated. In this research, the ship safety 
domain is simplified as a circular shape. However, the shape and size of 
the ship domain heavily depend on the characteristics of involved ships, 
local traffic density, and traffic rules in the area. Therefore, in future 
studies, it is recommended to consider additional factors in designing 
the ship domain to provide more applicable CA suggestions in accord 
with the navigational practice. Secondly, the method to predict the 
trajectories of non-cooperative ships can be further extended. In this 
research, the proposed methodology relies on the assumption that all 
involved ships exchange information about their CA actions through 
communications. However, in navigational practice, some ships may not 
share their navigation plans because of their own subjective non- 

Fig. 15. The position of ships with the changing composition of clusters during the CA process in the 11-ship encounter scenario.. (Ships marked by gray numbers 
represent ships outside the conflict clusters, while ships marked in blue number represent the ones in conflict clusters, e.g., 2-G1 means s2 in conflict cluster G1.) 

Fig. 16. The distance between any pair of two ships during the CA process in 
the encounter scenario. 
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cooperative reasons or objective equipment limitations. To address this 
issue, maneuver-based trajectory prediction techniques can be inte
grated into the model, which does not require information exchange as 
the premise. These prediction techniques will further support the con
flict cluster-based CA decision-making for non-cooperative ships. 
Finally, in the case to avoid the immediate danger of collision, the ships 

must change both course and speed. Such CA actions should be included 
in future studies based on a distinguishing definition and assessment of 
collision risk and immediate danger. 

Fig. 17. The CA process during the 11-ships encounter scenario by DDV/TDV-based coordinated CA method. ((a) Coordinated CA trajectories at 22 min; (b) distance 
between any pair of two ships during the entire process.). 

Fig. 18. The CA process during an 11-ship encounter scenario by the global coordinated CA method. ((a) Coordinated CA trajectories at 35 min; (b) distance between 
any pair of two ships during the entire process.). 

Fig. 19. The CA process during an 11-ship encounter scenario by distributed CA method. ((a) CA trajectories at 34 min; (b) distance between any pair of two ships 
during the entire process.). 
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5. Conclusions 

In this research, a conflict cluster-based method for coordinated CA 
decision-making in multi-ship encounters is proposed. From a theoret
ical perspective, the proposed method can effectively identify the con
flict clusters by considering both the direct conflict connectivity and the 
potential spatiotemporal interactions due to the planned CA actions. 
When integrated into the CA decision-making process within the pro
posed framework, this method can generate stable clusters with CA 
actions during the entire encounter process. 

Taking an 11-ship encounter situation as the simulation scenario, the 
effectiveness of the proposed conflict cluster-based approach is 
demonstrated. The results show that all involved ships are capable of 
executing efficient and coordinated CA actions. By comparing the 
simulation results with non-cluster methods, the cluster-based method 
can provide feasible CA decisions with reduced deviating distance and a 
lower computation load. From both safety and economic perspectives, 
the proposed method proves its practicality in real-life navigation. 
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List of symbols 

Symbols Definitions 
Rd Ship domain radius 
DDV Degrees of violating the domain 
TDV1 Time of violating the domain 
TDV2 Time of leaving the domain 
t0 Current time 
tb Beginning time of a direct conflict 
te Ending time of a direct conflict 
tb′ Beginning time of a potential CA conflict 
te′ Ending time of a potential CA conflict 
TWC Time window of conflict 
dis Distance between ship pairs with conflicts 
DCA Deviating distance for CA actions 
tc Time for the ships being past and clear 
ta Time of CA actions 
ΔTC Magnitude of course alteration 
tr Time to recover the original course 
Rs Maneuvering radius of course alteration 
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