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ABSTRACT

The lack of situational awareness is a major cause of ship collisions. Thus, enhancing the situational awareness of
the stand-on ship is a key for navigational safety, where the intention estimation of the give-way ship is crucial.
According to COLREGs, the stand-on ship is not allowed to take evasive actions until the give-way ship does not
take proper actions timely. The stage that needs the stand-on ship to take actions plays as the second protective
layer for the ship, which is named as ‘Stand-on Ship as Second Line of Defense’ (SLoD). A method to estimate the
intention of the give-way ship and to trigger SLoD is proposed in this article. Four modules of the proposed
method include: “data pre-processing” collects all traffic information and determines the ships’ obligations;
“action identification” pinpoints the turning points; “action uncertainty” generates a bounded reachable velocity
considering the give-way ship’s maneuverability; “conflict assessment” judges potential collision by using non-
linear velocity obstacle algorithm. Several typical encounter scenarios are simulated to demonstrate the feasi-
bility of the proposed method. The results show that intention estimation of the give-way ship improves the
situational awareness of the stand-on ship, which can support the stand-on ship to make collision avoidance

decisions.

1. Introduction
1.1. Background

The occurrence of marine casualties and incidents still remains stable
at a high level (around 3400 per year), of which ship collisions account
for a substantial portion (23.2%) (EMSA, 2018). Research suggests that
in many collision cases, a lack of situational awareness is one of the main
contributing factors in ship collisions (Liu and Wu, 2004; Gale and
Patraiko, 2007).

The International Regulations for Preventing Collision at Sea (COL-
REGs) is an efficient system of rules for enhancing the ship’s situational
awareness. The COLREGs has clearly described the obligations of ships
at different stages of collision, but it does not provide specific guideline
to set the boundaries of different stages (Zhang et al., 2012; He et al.,
2017). It might not be a problem for the give-way ship since her

obligation is explicit and constant, while that of the stand-on ship is
varying at different stages. A stand-on ship is required to keep her course
and speed at the beginning of the encounter, while the obligations of the
ship changes if some conditions are met. Specifically, the stand-on ship
is permitted to act when there is evidence that the give-way ship does
not act properly or legally, while the stand-on ship shall act if the ship
collision cannot be avoided by the give-way ship’s action alone, ac-
cording to Rule 17 in the COLREGs.

A clear guideline to delineate each encounter stage for the stand-on
ship is crucial and necessary. However, such guidelines are missing in
the COLREGs. In practice, the judgements of different stages mainly rely
on navigators’ experience. Due to the various interpretations of the
different stages by different navigators, it is difficult to determine the
exact thresholds for the different stages (He et al., 2017). In many cases,
these kinds of misinterpretations easily result in collisions. For instance,
the stand-on ship may illegally act to master the situation when the rule
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requires the ship to keep her course and speed in the initial stage of
collision avoidance (Chauvin and Lardjane, 2008). Moreover, a clear
delineation not only eliminates the misinterpretation between ships but
also helps the stand-on ship to take timely action for avoiding accidents.
For example, the collision between the oil tanker SANCHI and the bulk
carrier CF CRYSTAL caused the sunk of SANCHI with deaths of 3 people
and disappearance of 29 crews (China Maritime Safety Administration,
2018). This serious collision would have possibly been avoided, if the
stand-on ship CF CRYSTAL could take effective evasive actions timely,
even if the give-way ship SANCHI did not perform the duties of giving
way. It is plausible that the effective response from a stand-on ship can
significantly reduce the probability of ship collision. Therefore, there is
of importance to improve the understanding of the stand-on ship’s role
during collision avoidance, and to develop methods to delineate the
different encounter stages in terms of conflict.

Considerable research has been dedicated to improving the COL-
REGs’ applicability in the maritime domain, including conflict analysis
(Debnath and Chin, 2010; Goerlandt et al., 2012a). The conflict is
defined as a situation of near collision which has great potential to be a
collision (Lei et al., 2017), which is more frequently occurred at sea and
overcomes the shortage of the low number of observations of the colli-
sion at specific sites (Du et al., 2019). However, to the best of the au-
thors’ knowledge, there is little focus on the stand-on ship’s role in
elimination of the ship conflict and few work focusing on quantifying the
different stages of encounter from the stand-on ship’s perspective in the
literature. A detailed review has been shown in Section 2.1.

1.2. Motivation

The key for triggering the stand-on ship to act properly and legally is
to make a correct judgement of the moment/stage for the stand-on ship
to take actions, which is based on correctly inferring the intention of the
give-way ship. In contrast to ship action prediction that is intended to
predict what action a ship will take in the future, the ship intention
estimation is to judge the motivation why the ship takes this action. In
brief, the research question of this manuscript is that: How would the
stand-on ship know the motivation of the behavior of the give-way ship
and the stage of the encountering situation?

In this article, the stage that needs the stand-on ship to take action is
named as ‘Stand-on Ship as Second Line of Defense’ (SLoD). The ship
intention is estimated based on the observed ship’s actions. The ship
action in turn reflects the ship intention, which in encounter situations is
related to conflict. The change of the ship’s motion state is mainly
determined by the ship action, and is also influenced by ship’s maneu-
verability. To clarify the intended meaning of this key terminology, the
definitions of SLoD, ship’s intention, and ship action are defined as
follows:

SLoD: A critical state that triggers the stand-on ship to take evasive
action when the give-way ship does not take the proper evasive ac-
tion timely in compliance with COLREGsS, aiming to reduce the ship
collision occurrence probability.

Ship intention: The motivation of the ship’s actions, aimed at
attaining navigational objectives, e.g., accident avoidance, route-
following, etc.

Ship action: The changes of speed or/and course under the effects of
human’s action of manned ship or automation systems in autono-
mous ship, which is also limited by the ship maneuverability and
environmental disturbance.

In the literature, many studies have been dedicated to eliminating
conflict, e.g., (Blaich et al., 2012; Johansen et al., 2016; Szlapczynski
and Krata, 2018; Huang et al., 2019; Montewka et al., 2010; Wu et al.,
2020). However, many of them only propose the strategies of conflict
elimination from the perspective of the give-way ship only, or without
distinguishing the stand-on ship and the give-way ship. Additionally,
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only a few of researches attach importance to the vessel dynamics and
the uncertainty related to the ship action. Lastly, ship intention of the
give-way ship is usually out of considerations.

1.3. Contribution

Given the above, the principal aim of this article is to propose a
method to estimate the intention of a give-way ship considering conflict.
This method is intended to be used for improving the stand-on ships’
situational awareness in good visibility condition in compliance with
Rule 17 in COLREGs, which would contribute to the reduction of colli-
sion accidents. In brief, the contributions of this article are concluded as
follows:

(1) A novel concept, SLoD, servicing for the stand-on ship to make
action decision in elimination of conflict.

(2) A method to estimate the intention of the give-way ship incor-
porating the elimination of conflict of the give-way ship.

1.4. Outline

The remainder of this paper is arranged as follows. Section 2 is the
literature review of this research. Section 3 elaborates on the methods
adopted to quantitatively analyze ship intention. This method is applied
to two designed ship encounter scenarios in Section 4 that analyzes the
give-way ship’s action and its corresponding intention. A discussion and
some recommendations for future research are provided in Section 5.
Section 6 concludes the findings.

2. Literature review

There are three protective layers of conflict depending on the obli-
gation of taking evasive action, which corresponds to different levels of
risk in compliance with COLREGs. As illustrated in Fig. 1, these are
denoted ‘Give-way ship as First Line of Defense’ (FLoD), ‘Stand-on Ship
as Second Line of Defense’ (SLoD), and ‘Both ships as Third Line of
Defense’ (TLoD).

The first protective layer of elimination of conflict FLoD is con-
structed by the give-way ship, in which the stand-on ship is required to
keep her course and speed unchanged in the initial stage of the existence
of a conflict. However, if it is apparent that the give-way ship does not
manoeuvre appropriately or even does not act according to Rule 17 in
COLREGsS, the stand-on ship’s obligation for elimination of conflict is
activated, which constructs the second layer SLoD. If the second pro-
tective layer SLoD is activated as the conflict cannot be avoided by the
give-way ship’s negative evasive action alone, both ships are required to
act, which is the third layer TLoD.

2.1. COLREGs-compliant elimination of conflict from the stand-on ship’s
perspective

Some representative research on elimination of conflict is listed in
Table 1. The green marked content is clearly stated in the text, while the
yellow marked content is inferred from the description in the text. Much
of the existing research propose the strategies of eliminating conflict
from the give-way ship perspective only, or without distinguishing the
stand-on ship or the give-way ship.

To our best knowledge, most work focuses on the construction of a
FLoD. Zhuo and Tang (2008) proposed the LTTA to decide the last time
for anti-collision action should be taken. The minimum distance
required for anti-collision by only the give-way ship (under normal sit-
uations) is studied in Zhang et al. (2012). Montewka et al. applied MDTC
to the collision avoidance decision making of give-way ship (Montewka
and Przemyslak, 2014). The work (He et al., 2017) quantitatively ana-
lyzes the COLREGs and seamanship for autonomous collision avoidance
at open sea, while the stand-on ship’s action starting time is set
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Stand-on ship

Fig. 1. Three protective layers of elimination of conflict in good visibility (shape and size of the layers for illustration purposes only).

Table 1

Representative works aiming at quantifying the COLREGs for eliminating conflict.

Paper Protective For give-way|For stand-on|For both[Action |Action Ship
layer ship only ship only ships dynamic |uncertainty |intention

Zhuo and Tang, 2008 FLoD

Montewka et al., 2010 TLoD

Zhang et al., 2012 FLoD+TLoD

Montewka et al., 2014 FLOD

Krata and Montewka, 2015 SLoD

Johansen et al., 2016 FLoD/SLoD

Baldauf et al., 2017 FLoD/SLoD

He et al, 2017 FLoD

Huang et al., 2018 FLoD

Cho et al., 2018 FLoD/SLoD

Szlapczynski and Krata, 2018 FLoD/SLoD

Note: Certain: Ambiguous:

subjectively. Huang et al. (2018) utilizes NL-VO to support navigator on
the give-way ship to find a safe course. Nonetheless, these evasive ac-
tions are designed from the perspective of the give-way ship, and the
stand-on ship’s role in the collision avoidance is usually underestimated.

For supporting SLoD, the work done by Krata and Montewka (2015)
defines the critical area for a maneuver of a stand-on ship, based on the
assumption that the give-way ship continues with her course and speed
during the encounter process. The dynamic nature of ship action is
considered in this work, while the ship action uncertainty and ship
intention are not discussed. Therefore, the stand-on ship’s role needs
more focus.

There is also some work analyzing the elimination of conflict from
both ships’ perspective, which aims at constructing TLoD. Montewka
etal. (2010) applied MDTC to the collision avoidance decision making of
two ships. Collectively, all these collision avoidance strategies heavily
rely on ship maneuverability, while in the real-world it is hard to know
the other ship’s maneuverability. Moreover, the ship’s maneuverability
is dynamic under different encounter scenarios. The minimum distance
required for safe passing with both two ships steering under critical
situations is also analyzed in Zhang et al. (2012), which is based on an
assumption that the two ships change their courses simultaneously to
avoid collision without considering the dynamic and uncertainty nature
of ship action.

The remaining four articles are intended to support the decision-
making of ships that need to take evasive action, and therefore this is
applicable for the stand-on ship or the give-way ship. A collision
avoidance system for ships is also proposed, which is based on model
predictive control and compliance with the COLREGs rules (Johansen
et al., 2016). Baldauf et al. (2017) proposed the concept of the Last Line
of Defense (LLoD) to trigger the “perfect warning” to avoid collision at
sea. A collision avoidance solution for ship navigating in severe weather
conditions is determined with ship stability and COLREGs considered
(Szlapczynski and Krata, 2018). A strategy of ship collision avoidance by
inferring ship intention is proposed in Cho et al. (2018).

However, the timing of the stand-on ship taking evasive action

during the process of eliminating conflict is vital but still not been
quantitative determined. For the MDTC, LTTA and LLoD, the ship taking
evasive action before this deadline means the conflict can be avoidable.
For the stand-on ship, taking action too late but before this deadline is
characterized by the fact that only a limited number of maneuvering
options remain, while taking evasive action too early may violate the
Rule 17 in COLREGs.

Furthermore, the stand-on ship is only permitted to take evasive
action when there is evidence indicating that the give-way ship is not
taking appropriate action according to the COLREGs. Only one work
done by Cho et al. (2018) analyzes the ship action intention. The dy-
namic and uncertainty nature of ship action still needs more attention. It
is therefore of great importance to conduct research on the give-way
ship’s action characteristics to quantitatively define what situation
and stage is the stand-on ship in currently.

2.2. Estimation of give-way ship’s intention

Even though intention estimation has attracted increasing attention
in human-robot interaction (Omori et al., 2007; Fan et al., 2014) and
road collision warning (Mochizuki and Ishikawa., 2015), only very little
work focuses on the ship intention estimation in the maritime domain,
see Table 1.

The maneuvering intent probability is calculated based on the
intentional behavior and the dynamic Bayesian network, while the zero-
mean Gaussian process noise is utilized to reflect the uncertainty of the
kinematic and action models (Cho et al., 2018). This method also ig-
nores the influence of the OS on the decision of the TS. The vessel intent
and behavior is inferred for maritime security operations, such as
countering piracy, in the work done by van den Broek et al. (2014). For
other existing approaches analyzing ship conflict during the encounter
process to detect near misses (Goerlandt et al., 2012a; Zhang et al.,
2016a,b; Kim et al., 2017), hazardous encounter (van Iperen, 2012), and
vessel conflicts (Wu et al., 2016), few of these attaches importance to the
ship’s action intention during the conflict process. Many existing
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approaches assume the ships involving in the encounter situation sail in
a straight line with constant speed even though the conflict exists (Weng
et al., 2012; Debnath and Chin, 2010), which is unrealistic (Du et al.,
2019). Even though the work done by Mestl et al. (2016) used the hard
maneuverings rate of turn (ROT) to reflect the encounter risk, ROT is
currently not a reliable parameter due to the fact that ROT indicator is
usually not connected to the AIS transponder, which has been discussed
in (Mestl et al., 2016). Overall, the correctively understanding of other
ship’s intention needs more work, which contributes to reducing the
ship collision caused by uncoordinated action.

2.3. Uncertainties of give-way ship’s actions

Uncertainty is inherent to conflict analysis. The uncertainty of the
give-way ship’s action can be understood by recognizing that the give-
way ship’s action in the future is impossible to exactly describe due to
a state of limited knowledge. Although many work have done to control
the shio action (Zhu et al., 2018), there are many uncertainties of the
give-way ship actions during the whole encounter process, which can
affect the stand-on ship’s judgment of the current traffic situation from
her “first person” perspective, and therefore the uncertainties of
give-way ship’s action should be fully considered. However, most of the
existing approaches in terms of conflict assessment did not consider the
uncertainty, including objects’ trajectory uncertainty and the environ-
ment disturbances (Sormunen et al., 2015; Park et al., 2016; Park and
Kim, 2017). For instance, many researchers assume that the ship keeps
her course and speed under the conflict threat, which ignores the dy-
namic nature of ship action, resulting into inaccurate conflict assessment
(Chen et al., 2018; Huang et al., 2020b; Du et al., 2019).

There are three most frequently used methods for dealing with un-
certainty in maritime domain: Bayesian probability theory modelled by
probability (Hanninen, 2014), Dempster-Shafer theory of evidence by
the degree of belief (Huang et al., 2014), and fuzzy set theory by the
degree of set membership (Qu et al., 2011). Uncertainty in all the three
approaches is quantified as a positive real number less than 1. However,
there are many limitations and assumptions of each method. The
Bayesian theory applies to situations where probabilities can meaning-
fully assigned. The Dempster-Shafer theory of evidence has strong links
with probability theory while possibilities apply only to finite universal
sets. Fuzzy sets approach uncertainty through notions of vagueness and
impreciseness of human language, but their practical application in
complex settings is limited as clear if-then rules need to be

Ship navigation
information collection

Trajectory prediction
of a ship pair

Conflict
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comprehensively enumerated, which often is not feasible.

Any simplified assumptions in the give-way ship’s action could affect
the conflict assessment so as to change the collision-avoidance decision
drastically (Goerlandt et al., 2012b). According to the ship action defi-
nition, the ship action is closely related to ship maneuverability.
Therefore, utilizing the reachable ship velocity to consider all the
possible give-way ship’s actions based on ship maneuverability is
plausible to represent the uncertainty of ship action.

In brief, from the existing studies, it is found that work focusing on
COLREGS-compliant elimination of conflict from the perspective of the
stand-on ship is lacking, and that the applicability of existing research
methods on this theme is limited by unrealistic assumptions; Estimation
of give-way ship’s intention from its actions has not been focused in the
literature; the uncertainties of actions are significant but usually ignored
for simplification.

3. Methodologies

Fig. 2 demonstrates a process of elimination of conflict, embedding
the SLoD trigger. Firstly, the ship would receive all related information
of the own ship (OS) and the target ships (TSs). Secondly, the OS would
predict relevant trajectories in the future. Then, the OS assesses the
conflict and finds that the TS has a real conflict with the OS. Incorpo-
rating the COLREGs, the OS would know its obligation:

- When the OS is the give-way ship, the OS needs to take evasive ac-
tions and FLoD is activated,;

When the OS is the stand-on ship, the OS needs to detect the SLoD
stage and appraise the intention of the TS and action quality. Spe-
cifically, if the OS judges that the TS takes evasive actions sufficiently
and in time, the OS has to remain her action, i.e. stay on course with
the same speed. In this case, the FLoD works efficiently. If not, the OS
has to trigger actions for passing safely according to the SLoD (the
bold frame in Fig. 2).

The TS’s intention estimation is to judge whether the ship is aware of
the conflict and make the corresponding response. The conflict evolu-
tion analysis is to check whether TS’s action is efficient to eliminate the
conflict. The TS’s intention estimation is the focus of this research,
which is the first step for the activation of SLoD. Understanding the give-
way ship’s action and its intention during the encounter process intends
to contribute to strengthening the stand-on ship’s situational awareness.

exists?

SLOD Trigger

Is OS the
stand-on ship?

COLREGs

Yes TS’s Intention
Estimation

No Conflict v
ev::;]ut;(c)n L Does the TS violate Ng No action
i COLREGs? needed
analysis
Yes
Action
needed

Fig. 2. Conceptual diagram of how the ship involved in conflict makes an action decision.
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The definitions of ship’s action and its intention are addressed in Section
1.2.

Understanding another ship’s action intention is the precondition to
make an effective evasive action decision, whereas the misunder-
standing of another ship’s action intention can cause uncoordinated
actions and accidents. Hence, estimating the give-way ship’s action
intention is a possible way to improve the stand-on ship’s situational
awareness, which could contribute to reducing the ship collision caused
by the uncoordinated actions. This is the foundation of the construction
of the second protective layer ‘SLoD’.

3.1. Explanation of key terminologies

Firstly, to quantitatively analyze the intention of the give-way ship
during the encounter process, the ship action intention should be first
clarified. According to the ship intention definition in Section 2.2, the
intention of the give-way ship action during the encounter process is
enumerated: normal navigation and evasive action for conflict elimi-
nation. Generally, the intention is considered to be elimination of con-
flict when the give-way ship changes her course or/and speed to avoid
the ship conflict, while the ship intention is assigned as normal navi-
gation if there is no conflict regardless the changes in her movements.
Hence, the give-way ship action intentions can be distinguished by
checking whether the conflict exists when the ship action changes. As
the aim of this paper is to improve the situational awareness of the
stand-on ship, the stand-on ship is set as own ship (OS) and the give-way

Target ship

information

QH

Input
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ship is the target ship (TS).

Secondly, conflict can be measured as the overlap of two Ship Do-
mains (SD) (Uluscu et al., 2009; Wang, 2010; Weng and Xue, 2015). In
this work, a circular SD is adopted for simplifying calculation, as in
Weng et al. (2012). The overlap of the two circular ship domains is
equivalent to one ship entering the circular-shape prohibit region
around another ship, the radius of which is equal to the sum of the radii
of the two ship domains.

3.2. Generic framework for intention estimation

Fig. 3 shows the framework of intention estimation of the give-way
ship from the stand-on ship perspective. Three layers are presented.
The first layer collects the all information/data needed for the following
intention estimation, including ship trajectory, ship parameters and ship
maneuverability, etc. As this research focuses on the ship intention
estimation, how the ship trajectory is generated is simplified, with his-
torical data being adopted to construct the ship trajectory.

The second layer is intention estimation model, containing four
modules. The first module is the Data Preprocessing module. The
traffic safety-related information of this ship pair is input in this module,
including ship attributes and sailing-related information. Considering
the COLREGS, the type of encounter scenario and the obligations of two
ships are determined according to their relative course and relative
position (Goerlandt et al., 2015). The “stand-on” ship is set as own ship,
and its size (length Los) and trajectory Pos(x,y,t) are obtained. For the

( Own ship

information

| y

Data Preprocessing Module

A 4

Category of
encounters

Ship Motion Data
Stand-on ship

OS(Los, Fps (x,3,1))

COLREGs

Obligations
of Ships

Give-way ship
15+ Frs (%, ,0), Vs (0), Crs (1), K, T)

TS(L

I

Ship Action

Intention . "
dentification Module

. . (I
estimation

‘ Unc

Ship Action
ertainty Module

[
Conflict Assessment
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model Douglas-Peucker ‘

algorithm
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I
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J
Y
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TP dtp,s 1D AP R

}

Reachable
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/
’?RV( (TR
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v

Evasive action

Output
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Normal navigation

Fig. 3. Framework of give-way ship’s intention estimation from stand-on ship perspective.
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target ship, here is taken as the give-way ship, its size (length Lys) and

trajectory Prs(x.y,t), speed 715 and course ETS, are set to be known. The
give-way ship’s turning ability index K and turning lag index T are ob-
tained for the reachable velocity calculation to consider the uncertainty
of give-way ship’s action. The Action Identification module uses the
Douglas-Peucker algorithm (D-P algorithm) to determine the turning
points of the give-way ship TPrs{tp1,tp2, ...tps, ...}, where tp denotes the
time instance of each turning point, as elaborated in Section 3.3. Then,
the Action Uncertainty module considers the uncertainty of the ac-
tions of the give-way ship which is bounded in a reachable velocity set

RV(VTS(t +At|t)) based on the ship turning ability, as further explained
in Section 3.4. The Conflict Assessment module employs the NL-VO
algorithm to help the give-way ship to formulate a set of velocity
Sni—vo(t) in TS’s speed space leading to a conflict with the OS. The
NL-VO algorithm is described in Section 3.5. Specifically, the conflict
between OS and TS can be evaluated by assessing whether the reachable

ship velocity of TS RV(st(t +At|t)) is in the conflicting course set
Snz-vo(t).

The third layer judges the intention of the give-way ship via inte-
grating all the information generated in the second layers. This infor-
mation includes turning points of the give-way ship TPrs{tp1, tp2, ...tps,

...}, reachable ship velocity at turning moment RV(VTS(TPTS +
At|TPrs)), and the corresponding NL-VO set Syi_vo(TPrs). Finally, the
ship action intention is quantitatively estimated by linking the ship ac-
tion with the conflict to strengthen the OS’s situational awareness.

3.3. Simplification method for ship trajectory based on Douglas-Peucker
algorithm

The point of ship action change is distinct when the give-way ship
takes significant action to eliminate conflict by setting the course change
limit. However, the ship’s heading may fluctuate slightly when the ship
experiences a small course alteration under the effect of external con-
ditions, such as wind, because of which it is not trivial to identify the
ship action exactly.

The Douglas-Peucker (DP) algorithm (Douglas and Peucker, 1973) is
considered one of the most accurate and effective methods to compress
line data by reducing the number of positions of a trajectory while
retaining only the important positions (Meratnia and Rolf, 2004;
Muckell et al., 2010, 2014). It has been widely adopted in compression
of ship trajectory data (Zhu et al., 2014; Zhang et al., 2016a,b; Mou
et al., 2018; Zhao and Shi, 2018, 2019). Therefore, the D-P algorithm is
utilized as the simplification method for ship trajectory to identify the
ship action points. Its theory and schematic diagram are illustrated in
Fig. 4. A straight line is connected between the two points at the
beginning and the end of the ship trajectory, and the distances from the
remaining points to this straight line are calculated. The maximum
distance is compared with the compression threshold. The farthest point
is retained if the distance exceeds the set compression threshold.
Otherwise, all points between the ends of the straight line are discarded.
The size of the compression threshold determines the availability of the
compressed track. Therefore, the compression threshold is very impor-
tant for trajectory compression, and this paper uses the restricted cir-
cular area to determine the compression threshold.

Concretely, the ship’s trajectory consists of discrete points P1 to P11
in Fig. 4. In Fig. 4(a), the starting point P; and end point P;; of ship
original ship trajectory are connected in a straight line as simplified ship
trajectory (blue line), and the distance between the rest points P5 to P
and this simplified ship trajectory are calculated. Py is the farthest point
and exceeds the compression threshold, so that P; (red dot) is the split
point of this simplified ship trajectory. Hence, this ship trajectory is split
into two sub-tracks at Py in Fig. 4(b). Then, these steps are repeated and
new split points are obtained to determine the final simplified ship
trajectory in Fig. 4(c), consisting of Pq, P4, P7, P1¢ and P77, and more
details can be seen in Zhao and Shi (2018). These discrete points of the
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Fig. 4. Schematic diagram and the theory of the D-P algorithm, based on
Douglas and Peucker (1973).

final simplified ship trajectory (P1, P4, P7, P1o and P;;) can be regarded
as the turning points TPrs{tp1,tpa,tp7,tp10,tp11 }. The pseudo code for the
D-P algorithm is described in Appendix.

3.4. Reachable velocity formulation

The give way ship’s action uncertainties result in the uncertainty of
its state in the next step. In principle, all possible give-way ship’s actions
should be considered in making the stand-on ship’s conflict assessment.
Except in exceptional circumstances, such as the ship out of control or
situations where nobody is on watch in the bridge, etc., the give-way
ships normally choose course alteration, speed change, or both to
avoid a conflict. Statistical analysis shows that ships are more likely to
alter course to avoid conflicts in actual operations (Baldauf et al., 2017).
Therefore, this paper assumes that the give-way ship take course alter-
ation for eliminating the encounter risk, while the magnitude of ship
speed remains constant. This assumption is also widely used in maritime
studies (Zhuo and Tang, 2008; Baldauf et al., 2017; Montewka et al.,
2010; Zhang et al., 2012). The reachable ship velocity is utilized to
consider all the possible give-way ship’s actions, which depends on ship
turning ability.

As shown in Fig. 5, the earth-fixed coordinate system OXY is adopted.
The solid line with the arrow is the current ship speed ‘_/Ts(t). The
current ship course Crs(t) is the angle at which the OX axis rotates

anticlockwise to the direction of the ship speed \_/Ts(t). urs(t), vrs(t) are

the current ship speed Vrs(t) in the direction of OX and OY coordinate
respectively. The magnitude of course change ¢(t+At|t) at each time
step At depends on the ship turning ability, which determines the

Ya RV(V,(t + At | 1))
o+t T
r Vs (0)
Vs (0) X

Fig. 5. The uncertainty of give-way ship action expressed by its reach-
able velocity.
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reachable ship speed RV(VTs(t +At|t)) in the next step, marked as dotted
arc. The reachable ship speed RV(vrs(t +At|t)) contains current ship
speed VTs(t).

Two kinds of hydrodynamic models, namely Abkowitz model (Zhang
and Zou, 2011) and Maneuvering Modeling Group (MMG) model (Tao
et al., 2019), are commonly used to describe ship maneuverability.
However, determining the parameters of these models is a challenging
work. Thus, Nomoto model (Nomoto et al., 1956), a simplification of
MMG model only requires limited inputted parameters, is popular in
various studies (Carrillo and Contreras, 2018; Banazadeh and Ghorbani,
2013; Nomoto et al., 1956; Fossen, 2011; Ren et al., 2018). The research
of estimating parameters of Nomoto model could be found in (Journee,
1970; Perera et al., 2011; Banazadeh and Ghorbani, 2013), which is
feasible in practice. Therefore, the Nomoto model is chosen in this work
to model her turning ability to obtain the reachable ship velocity, as it is
considered sufficiently effective and comparatively simple:

Ti+r = K8, )}

where r is the yaw rate (rad/s) and r is the acceleration of yaw rate. § is
demanded rudder angle, and — 35° < § < 35°.

Based on the assumption that there is no deviation between the ship
course and her heading, the change of ship course at each time step At
based on her turning ability can be calculated:

t+At
y/(t+At\z):/ rdt = K6(t—T+T-e™"'"). 2)
t

Hence, ignoring the speed loss during the steering process, the
reachable ship velocity RV(\_/(t +At|t)) can be obtained:

- _(urs(t+ 41\ _ S(Crs (1 + At]r))
RV(Vrs(e+Atlr)) = (vrs(t-‘rAt\t)) = VTS<Zi0nS(CTS(t+At|t)) )
_v (cos(CTS(t) +l//(t+At\t))>
B\ sin(Crs(£) +w(t + At]r)) )’

3

where Vrg is the magnitude of ship speedVTs(t).

3.5. Non-linear velocity obstacles algorithm structure

To measure the conflict from the ship action perspective, the velocity
obstacle (VO) technique is utilized. The idea of VO is to project the
spatiotemporal relationship between a ship pair involved into encounter
situation (relative distance, speed, course, etc.) into one ship’s velocity
domain, based on which the conflict can be judged by checking whether
the velocity of the ship falls into this velocity obstacle zone (Huang et al.,
2018; Chen et al., 2018). The ship’s velocity falling into this velocity
obstacle zone is the conflicting velocity that might lead to a conflict.
Considering that it is unrealistic to assume the ship to be sailing in
straight with constant speed, the NL-VO algorithm is utilized as a basis to
analyze the conflict at different encounter stage. The NL-VO algorithm is
proposed by Large et al. (2002), with its first application in the maritime
domain by Huang and van Gelder (2017). The highlight of NL-VO al-
gorithm is that the target ship does not need to be assumed to sail in a
straight line at the constant speed during the whole encounter process, if
the trajectory of target ship is known, as discussed also in Du et al.
(2019). The NL-VO algorithm has subsequently been applied for ship
collision prevention (Huang et al., 2018, 2019; Huang and van Gelder,
2019), and collision candidate detection (Chen et al., 2018). However,
the contributions of their works mainly focus on introducing NL-VO
algorithms in waterway safety management and ship collision avoid-
ance without considering the obligation of ships compliant with COL-
REGs. Our work expands the applications of NL-VO algorithms on
preventing accidents to quantify COLREGs for the stand-on ship.

The NL-VO set is the collection of all the conflicting velocities leading
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to the ship conflict. The basic idea of NL-VO algorithm is to identify a
NL-VO set. This NL-VO set can be formulated as follows:

o (Pos(x,y,t) = Prs(x,y, 1) ConfP(O,R)

ConfP(O,R) = {||Pos(x,y,t) — Prs(x,y,%)|| < R}

where Syr_vo(to) is the NL-VO set at current moment ty. Pos(x, Y, t) is the
ship trajectory of the OS after ty, while Prs(x,y,t) is the current TS’s
position. ConfP is the term describing all the possible positions of the TS
when ship conflict occurs between the OS and the TS at time t,. ®is
Minkowski addition, and the prohibited region around the OS can be
formulated as Pos ¢ ConfP(O, R). R is the radius of circular-shape pro-
hibit region around the OS, according to the conflict definition, which is
equal to the sum of two ship domain’s radius. The ship domain is set as
three times of the ship length, as in Weng et al. (2012). If the reachable

speed vector of the give-way ship RV(VTs(to + Atltp))is the element of
Sni_vo(to), the ship conflict exists. The formula derivation process is
elaborated in (Huang et al., 2018).

3.6. Conflict analysis during the encounter process

3.6.1. Encounter process analysis

From the TS perspective, when the ship pair is approaching, the
encounter process can be roughly divided into the following stages
(Fig. 6) according to the different ship action intentions: (1) non-conflict
stage, and (2) conflict stage. Notably, no ship action during the (1) non-
risk encounter stage is regarded as evasive action because the intention
for evasive action is to eliminate the accident risk. Hence, the evasive
action stage ranging from starting point (t5) to ending point (tg) is a
subset of (2) conflict stage. There is a recovery phase in which the ship
returns to its original course or planned trajectory during this encounter
process. This recovery phase belongs to the evasive action stage if this
recovery phase happens when the ship is under conflict threat and vice
versa. Therefore, evasive action occurs point (t;s) is when the ship starts
to take action responding to the accident risk, while evasive action ends
point (tge) presents that there is no operation is in the subsequent
encounter process before the conflict passing. As shown in Fig. 6, the
black triangle on the TS’s trajectory is the ship action change for the
normal navigation as there is no conflict when the ship action changes,
while the solid black circle on the TS’s trajectory is the ship evasive
action. The hollow black circles on the TS’s trajectory represent the
starting and ending points of conflict stage.

As the ship takes different ship actions in the different encounter
stages, these stages are quantitatively explained combined with the NL-
VO velocities set and ship turning ability. In the non-risk encounter stage
(1), there is no conflict as the intersection between TS’s reachable ve-

locity RV(VTS(tO +At|ty)) and NL-VO velocities set Sni_vo(to) is empty.
In the conflict stage (2), the give-way ship’s reachable velocity

RV(VTS(to +At|ty)) and the NL-VO velocities set Syz_vo(to) have non-
empty intersections. This means that a conflict exists due to the dy-
namic and uncertain nature of ship actions in the complex maritime
traffic environment. Consequently, the intention of the give-way ship’s
action can be determined by judging whether its reachable velocity at

turning points RV(VTS(TPTS +At|TPrs)) has a non-empty intersection
with the corresponding NL-VO velocities set Sni_vo(TPrs)-

3.6.2. Ship action intention identification model

The ship action intention is related to the conflict. The conflict be-
tween a ship pair exists when the TS’s reachable velocity
RV(VTS(tr +At|t;)) and the NL-VO velocities set Sy_vo(t:) in TS’s speed
space are overlapping, which is formulated as follows.



L. Du et al Ocean Engineering 201 (2020) 107110
- i . 1 - i
<_(1) Non-conflict (2) Conflict stage > (1) Non-conflict
stage stage
E—A, >
= ~ tas /
TS(PTS(X5y)’VTS’CTS)T A= - l‘_ _———— /
i / A==
Normal navigation /4 \ tae / o tro v\
[ —— — —h”
-’ ¥ Normal navigation
Evasive action
I
/
/

/

fOS( 5 (X))

Fig. 6. Ship encounter process from the TS perspective (crossing encounter as example). Note: evasive action refers to the maneuvers taken by one ship to avoid
conflict, while the other maneuvers are considered to be normal navigation, e.g. turning at waypoints, adapting its course.

RV(VTS(tr + At|t,)) N Sn_vo(ty) # @
t,s = min(z,) ) 5)
tye = max(z,)

where RV(VTs(t, ~+At|t,)) is the reachable velocity of the TS and the
Sni_vo(tr) is the NL-VO set in the TS’s speed space at time t;. t, is the time
that conflict exists. t and teare the starting moment and ending
moment of conflict stage respectively.

After using the D-P algorithm to simplify the ship trajectory as
explained in Section 3.3, the ship trajectory is a fold line connecting the
turning points TPrs{tp1,tp2, ...tpt, ... }. The turning points are where the
ship takes actions, i.e., altering course as in this paper speed changes are
not considered. The intention of all these turning points is analyzed by
checking whether there is a conflict when the ship is at turning points,
taking the ship action uncertainty into consideration. Therefore, if the
intersection between the give-way ship’s reachable velocity

RV(VTS(TPTS +At|TPrs)) and the NL-VO set Sy;_vo(TPrs) in TS’s speed
space is not empty, this ship action in this turning point corresponds to
an evasive action. The corresponding calculation formula for identifying
evasive action is as follows:

N
RV(V 1s(ta 4 Atlts)) N Sni—vo(ta) # @, ta € TPrs{tpy, 02, ...1py, ...}

t,s = min(z,) , (6
t.e = max(z,)

where RV(VTs(ta ++At|t,)) is the reachable velocity of TS at next moment
based on the ship state and her action at each evasive action time ¢, that
belongs to TPrs{tp1,tp2, ...tpy, ... }. The starting point (t,) and ends point
(tqe) of evasive action are the minimum and maximum value of the each
evasive action time t,. Clearly, the [ts, tse|C|[trs, tre]. Accordingly, those
ship action changes for the navigation purpose if the give-way ship’s

reachable velocity RV(7T5(TPT5 +At|TPrs)) at the turning points is not
an element of NL-VO set Syi-vo(ty), which is the normal navigation,
marked as a black triangle in Fig. 6.

4. Case study

Two types of cases are studied to demonstrate and check the per-
formance of the proposed method. One is the two-ship case based on the
designed simulations in Section 4.1 including crossing and overtaking
encounter. Another one is a multi-vessel case based on AIS data in North
Atlantic, which is presented in Section 4.2. These case studies focus on
model testing and model results analysis.

These scenarios were created based on Rulel1 to 18 in COLREGs and
certain assumptions:

1. All the encounter scenarios represent in good visibility conditions so
that officers onboard each ship involved in the encounter can see the
other ship (Rule 11).

2. For two power-driven vessels underway, the vessel which has the
other on her own starboard side is the give-way ship in crossing
encounter (Rule 15), and the vessel overtaking any other is the give-
way ship (Rule 13). However, no ship can be regarded as the stand-
on ship in the head-on encounter (Rule 14).

3. The multi-vessel encounter is divided into multiple two-ship en-
counters. Because Rule 11 in the COLREGs, rules in this section apply
to vessels in sight of one another.

4. A power-driven vessel underway shall keep out of the way of a vessel
engaged in fishing (Rule 18).

5. The stand-on ship is set as OS and the give-way ship is the TS as our
work aims to support navigator on the stand-on ship to perform her
obligation by estimating the give-way ship’s action intention.

4.1. Two-ship encounter based on simulations

4.1.1. Scenarios design

As the scope of this research aims to improve stand-on ship’s situa-
tional awareness to eliminate the conflict, two typical encounter sce-
narios are designed to demonstrate the model’s rationale, which can be
seen in Table 2.

The precondition of using the NL-VO algorithm to evaluate the
conflict between a ship pair is that the trajectory of the TS (give-way
ship) is known in advance. As the focus of this research is improving
OS’s situational awareness by estimating TS’s intention, the trajectory
and the related static and dynamic parameters of a ship pair are set as
known in advance (Table 2). The initial position of the OS IPrs is set at
the origin (Fig. 7) and that of TS are given in Table 2. In Table 2, TRyg
and TRos are the designed turning points of TS and OS respectively. Both
the ship speed of TS V1g and OS Vs are measured relative to the ground.

In Fig. 7, the solid and dotted line are the trajectory of TS and OS
respectively. The designed turning points of TS are marked as diamond
on the trajectory of TS. The time step of conflict analysis using NL-VO
algorithm is 10 s for simplifying calculation, and that of turning points
identification using D-P algorithm is 1s to avoid missing turning points.
The radius of the restricted circular area to determine the compression
threshold is set as 15m. The simulation time is 800s for ship intention
estimation and 900s for the generation of ship trajectory. Each ship is
200 m in length, and the radius of the circular ship domain is set as three
times of the ship length, as in Weng et al. (2012). The K and T of
give-way ship are set as 2Vrs/Lts and 2Ls/ Vs respectively in this paper
(Hong and Yang, 2000).
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Table 2
The settings of two encounter scenario with designed turning points.
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Encounter Scenarios TS

(O]

IPrs:m Vis :m/s

TRrs Vos : m/s TRos

t:s Crs :° t:s Cos :°

Scenario 1.1 Overtaking Encounter (-1000, 6

Scenario 1.2 Crossing Encounter (-2000, 5

—2000)

1-60 0 4 1-60 0
61-150 10 61-300 -10
151-240 30 301-450 0
241-420 0 451-600 10
421-570 -20 601-900 0
571-900 0

1-180 90 5 1-900 180
181-240 60

241-360 45

361-540 90

541-720 110

721-900 90
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Fig. 7. Designed two typical encounter scenarios for demonstrating the model
rationale (Note: for detailed parameters see Table 2).

4.1.2. Results of ship action intention analysis

The result of conflict analysis and identified turning points is pre-
sented in Table 3, and the identified turning points TPrs{tps, tp2, ...tpr,
...} are marked as the black star on the trajectory of TS as shown in Fig. 7.
The black circle on OS’s trajectory are the OS’s position when the TS
takes action. From Fig. 7, the identified turning points in Table 3 are
consistent with the designed turning points in Table 2, which illustrates

Table 3
The result of conflict analysis and identified turning points by the proposed
methods.

Encounter Scenarios t:s TPrs : s
Overtaking 1-791 67 154 251 426 579
Crossing 1-401 188 247 371 547 728

Note: t, is the time that conflict exists, TPrs is the moment when the give-way
ship is in the turning points.

that this proposed method can accurately identify the ship action and
the conflict.

The visualization of the TS intention estimation results in Scenario
1.1 and Scenario 1.2 are illustrated in Fig. 8 and Fig. 9 respectively. The

current speed of the give-way ship VTS is marked as the red star and its

reachable ship velocity RV(VTS (t 4 At]t))is the blue arc. The black circle
is the NL-VO set Sy;_vo(t) in TS’s speed space at different moments. If

RV(VTs(t +At|t)) has non-empty intersection with Sy;_vo(t), there is a
conflict. The larger the radius of the black circle, the potential danger is

more urgent in the temporal scales. More specifically, if the VTS and/or

RV(VTs(t +At|t)) falls into the bigger Sn;_vo(t), the conflict will occur
earlier. Further, the closer the TS’s velocity is to the center of the black
circle, the potential danger is higher in the spatial scales, which means
there is less distance to the closest point of approach (DCPA) value at
corresponding time moment.

Fig. 8 illustrates the results of the TS intention estimation in Scenario
1.1. For the overtaking encounter, the conflict exists during the whole
encounter process, see the conflict stage in Fig. 8. There are five turning
points identified by using the D-P algorithm, as shown in Table 3. The TS
turns to port 10° at 67s and 20° at 154s to stay away from the OS, which
are labelled as evasive action as these ship action happened inside the
conflict stage (Fig. 8(a) and (b)). At time 251s, the TS turns to starboard
to return to its original course 0°. To return its original planned route,
the TS turns to starboard 20° at 426s and then returns to 0° at 579s. As
this recovery process happens before the conflict is wholly disappeared,

both Vs and RV(Vys(t+Att)) fall into the NL-VO set Sy;_vol(t), and
therefore all the rest three ship actions happens at 251s, 426s and 579s
are also evasive action for elimination of conflict (Fig. 8(c), (d) and (e)).
Based on these analysis, the TS’s evasive action is not efficient enough
that the conflict still exists after TS’s action, and therefore the OS in the
stand-on position may needs to act.

Fig. 9 illustrates the results of the TS intention estimation in Scenario
1.2. For the crossing encounter, the conflict stage starts from 1s to 401s,
see the conflict stage in Fig. 9. From Table 3, it is seen that the TS takes
five actions at 188s, 247s, 371s, 547s and 728s. Since the first three
actions are taken when there is conflict, these first three actions are the
evasive actions. In Fig. 9(a), 9(b) and 9(c), the RV(VTS(I +At|t)) has the
non-empty intersection with Sy;_vo(t). However, the intention of last
two ship actions happens in 547s and 728s are normal navigation. In
Fig. 9(d), neither VTS nor RV(7Ts(t +4t|t)) falls into Sn;—vo(t), so no
conflict exists between this ship pair now. In Fig. 9(e), the NL-VO set is
an empty set so that there is no non-empty intersection between
RV(VTs(t +At|t)) and Sni-vo(t). The TS alters courses at 547s (from 90°
to 110°) and 728s (from 110° to 90°) to return to its original route, and
there is no conflict existing. Therefore its corresponding intentions are
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Fig. 8. Conflict detection and ship intention estimation during different encounter stages in overtaking encounter scenario.

accurately identified as normal navigation. As the TS’s action can effi-
ciently eliminate the conflict, the OS in the stand-on ship should remain
her course and speed unchanged according to COLREGs.

4.2. Multi-vessel encounter based on historical AIS data

As shown in Fig. 10, there was a multi-vessel encounter between
Ship1 (smaller oil tanker with 96m in length), Ship2 (fishing vessel with
23m in length) and Ship3 (bigger oil ship with 171m in length). The
discrete points are the historical trajectories of these three ships in real
AIS data after processing (such as data cleaning and filtering) and the
lines are the ship trajectories after linear interpolation based on AIS
data. Different colors represent different ships. Particularly, the blue
color is Shipl. The red and black colors are Ship2 and Ship3
respectively.

According to Rule 18 in COLREGs, the two power-driven oil tankers
Shipl and Ship3 shall keep out of the way of the fishing vessel Ship2.
Therefore, Ship2 is in the stand-on position when encountering Shipl
and Ship3. There is a crossing encounter between Shipl and Ship 3, and
the Ship 3 is the stand-on ship as she is in the starboard of Shipl ac-
cording to Rule 15 in COLREGs.

4.2.1. Results of conflict detection and ship action identification
When the compression threshold is set as 15m, the results of conflict

10

analysis and identified turning points of TS based on the proposed
method are listed in Table 4.

For the encounter between Shipl and Ship2, the Shipl is the give-
way ship as the Ship2 is the fishing vessel. Taking Shipl as the TS, a
conflict exists in two periods: from 631s to 721s and from 871s to 921s.
There are twenty-three turning points of Ship1 in the give-way position.

For the crossing encounter between Shipl and Ship3, the TS is the
Shipl in the give-way position, and the conflict appeared from the
beginning to 641s and from 911s to 981s. Twenty-three turning points of
Ship1 are identified.

There is a crossing encounter between Ship2 and Ship3. The give-
way ship is Ship3. Thus, Ship3 is set as TS. Except for the period from
252s to 330s, a conflict exists from the beginning to 1461s. There are 14
turning points of Ship3. More details can be seen in Table 4.

4.2.2. Visualization of ship intention estimation

Fig. 11 shows the location of the identified ship action points and the
result of the intention estimation of these turning actions. The lines with
different colors are the trajectories of the different interacting ships. The
points on a ship trajectory are the identified turning points of this ship.
The points on the trajectory of Shipl marked as red circles represent the
evasive actions of Shipl aiming to avoid a collision with Ship2. The
points on trajectory of Shipl marked as black squares represent the
evasive actions of Shipl aiming to avoid a collision with Ship3. The
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Fig. 10. The ship trajectories in a multi-vessel encounter scenario.
points on the trajectory of Ship3 marked as red diamonds represent the navigation. The process of intention estimation is elaborated in
evasive actions of Ship3 aiming to avoid a collision with Ship2. The Figs. 12-14.
intention of the remaining turning points are estimated as the normal For the crossing encounter between Ship1 (TS) and Ship2 (OS), the
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Table 4
The result of conflict analysis and give-way ship’s action identification in multi-
vessel encounter scenario.

Encounter t:s TPrs :s
Scenarios
Ship1 - Ship2 631-721, 434, 574, 634, 711, 831, 891, 951, 1320, 1621,
871-921 1681, 1741, 1870, 1931, 1991, 2111, 2351,
2661, 2841, 2901, 3169, 3820, 3950, 4141
Ship1 - Ship3 1-641, 911- 434, 574, 634, 711, 831, 891, 951, 1320, 1621,

981 1681, 1741, 1870, 1931, 1991, 2111, 2351,

2661, 2841, 2901, 3169, 3820, 3950, 4141
1-251, 331- 381, 561, 862, 1412, 1661, 1963, 2091, 2151,
1461 2352, 2412, 2532, 2713, 2901, 3391

Ship2 - Ship3

conflict detection result can be seen from the first figure in Fig. 12. The
conflict exists at two periods, ranging from 631s to 721s, and from 871s
to 921s. There is no conflict at the initial encounter stage before 631s as

neither the Vs and RV(VTs(t +At|t)) during this period falls into the
NL-VO set Snz—vo(t). According to the result of ship action identification
listed in Table 4, Ship1 turned to port at 434s and 574s (Fig. 12(a)) when
there is no conflict between this ship pair so these two ship actions are
for normal navigation. A conflict occurs from 631s onwards. Shipl
turned to port at 634s aiming to pass Ship2 by Ship2’s stern. Due to
Ship1’s efficient evasive action at 634s and 711s when Ship1’s reachable

speed RV(VTS(L‘ +At|t)) has non-empty intersection with the NL-VO set
Sni—vo(t) (Fig. 12 (b)(c)), there is no conflict between this ship pair from
721s to 871s. Even though Ship1 turned to starboard aiming to pass the
Ship2 by Ship2’s bow at 831s, this is regarded as normal navigation as
no conflict exists (Fig. 12(d)). The conflict occurs again from 871s on-
wards. When the Shipl turns to starboard at 891s, there is a conflict

because both the Vs and RV(\_/Ts(t +At|t)) falls into the NL-VO set
Sni-vo(t), and therefore this turn is for conflict elimination (Fig. 12(e)).
After 921s, there is no conflict between Shipl and Ship2, so all the
remaining turning after 921 are for normal navigation (Fig. 12(f)).

Fig. 13 illustrates the results of the Shipl (TS) intention estimation
for the crossing encounter between Shipl and Ship3. In the first period
of conflict occurring from the beginning to 641s, the intention of these
three action performed within this period, including action at 434s, 574s
and 634s, are estimated as conflict elimination, see Fig. 13(a)(b)(c). At

434s and 634s, only the reachable ship speed of ShileV(VTs(t +At|t))
is inside the NL-VO set Sy._vo(t). At 574s, both the VTS and

RV(vrg(t +At|t)) during this moment fall into the NL-VO set Sy;_vo(t).
There is no conflict between this ship pair between 641s and 911s, so the
ship turnings which occurred at 711s, 831s and 891s are interpreted as
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normal navigation, see Fig. 13(d)(e)(f). As Ship 1 keeps turning to
starboard, the conflict re-occurs between 911s and 981s, see the conflict
stage in Fig. 13. With the efficient evasive action performed at 951s
(Fig. 13(g)), there is no conflict afterwards. For example, the ship
turning at 1320s is judged as normal navigation (Fig. 13(h)).

Fig. 14 illustrates the results of the Ship3 (TS) intention estimation
for the crossing encounter between Ship2 and Ship3. The conflict stage
of Fig. 14 illustrates the result of conflict detection. In the first period of
conflict, from the beginning to 251s, no turning points are detected. The
first turning point of Ship3 is detected at 381s, which is within the
second period of conflict existing stage. As seen in Fig. 14(a), the Ship3’s

reachable speed RV(VTS(t +4t|t)) falls into the NL-VO set Syz_vo(t), so
this turn is evasive action. Before 1461s when the conflict exists, there

are three ship turning points. From Fig. 14(b)(c)(d), both the VTS and

RV(VTS(t +At|t)) of Ship3 at these moments fall into the NL-VO set
Snp-vo(t), so these three ship turnings are regarded as evasive actions for
conflict elimination. As the TS’s efficient evasive action, the conflict has
been efficiently eliminated after 1461s. Therefore, all the ship turns
which happened after 1461s, such as 1661s (Fig. 14(e)) and 1963s
(Fig. 14(f)) are for normal navigation.

5. Discussion
5.1. Advantages and relevant applications of the proposed method

The proposed method aims at improving the OS’s situational
awareness by analyzing the TS’s action and its intention. In the case
study, the proposed method can identify the motivation behind the TS’s
actions. In particular, it can distinguish the ship action for normal
navigation purposes or for conflict elimination purposes. Nonetheless,
more tests are needed to confirm the plausibility of this proposed
method.

Traditionally, the intention estimation of the TS relies on the infor-
mation/data from the TS, while those methods ignore the influence of
the OS on the decision of the TS. In this article, the intention of the TS is
estimated by comparing the TS’s action and the conflict in a pairwise
ship encounter. The precondition of the OS using the NL-VO algorithm
to evaluate the conflict between a ship pair is that the trajectory of OS is
known in advance so that the OS’s impact on the TS’s intention is taken
into consideration, which makes the conflict assessment more accurate
and realistic. Compared with the most commonly used method based on
CPA (Closest Point of Approach) and TCPA (Time to CPA), both the
dynamic and uncertain nature of ship action are considered in the pre-
sent approach, instead of making a hypothesis of straight navigation at a

Compression threshold is 15m
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Fig. 11. The visualization of ship intention estimation when compression threshold is 15m in multi-vessel encounter scenario.
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Fig. 12. Conflict detection and ship intention estimation during different encounter stage when Ship1 encounters Ship2 and compression threshold is 15m in multi-

vessel encounter scenario.

constant speed. This enables a more accurate analysis of the TS’s
intention from the OS perspective (Du et al., 2019).

This proposed method has the potential to be applied for various
purposes.

One is that the proposed method can be applied to both ex-post
analysis and real-time conflict analysis on the condition that the tra-
jectory of OS is known in advance. For the ex-post analysis, the trajec-
tory of OS can be obtained from historical AIS data. However, it is not
easy to deal with the raw AIS data due to many erroneous AIS messages
(Bailey, 2005; Harati-Mokhtari et al., 2007; Banys et al., 2012; Huang
et al., 2020a). There are two steps to handle raw AIS data that is not
100% accurate. First is the cleaning raw AIS data to improve the quality
of AIS data (Felski et al., 2015; Wawruch, 2017; Jaskolski, 2017; Zhao
et al., 2018). Second is to set a good compression threshold of DP al-
gorithm to minimize the effects of position errors on the identification of
the ship’s turning point and maintain the main characteristics of the ship
trajectory. Using the historical trajectory of OS recorded in AIS data is
only useful for ex-post analysis rather than real-time conflict analysis.
There are however possible further development paths to alleviate this
current limitation. For instance, a ship trajectory prediction method

13

(Gan et al., 2016; Murray and Perera, 2018; Rong et al., 2019) can be
combined with the presented approach, to extend its applicability to
real-time conflict assessment. The more accurate the ship’s trajectory
prediction leads to the more accurate ship intention estimation in the
real-time.

Another possible application is supporting the navigators to correct
their operation in real-time. Human error is one dominant cause of ship
accident (Toffoli et al., 2005; Akyuz and Celik, 2014). The difference
between action intention and actual action performance may exist due
to the inaccurate estimation of dangerous state or improper operation,
timely identification of which can alert the navigator to correct the
current operation so as to reduce human error.

Furthermore, the proposed method also contributes to the autono-
mous shipping development. Reactive elimination of conflict is crucial
for autonomous ships (Jokioinen et al., 2016). Autonomous ships need
to enable reacting to the unexpected situation quickly to avoid ship
conflicts (Maritime, 2018). For instance, when an autonomous ship is
confronted with a dangerous situation where other objects do not act
properly, the autonomous ship shall have sufficient information, such as
understanding other ship’s action intention from “first person”
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Fig. 13. Conflict detection and ship intention estimation during different encounter stage when Ship1 encounters Ship3 and compression threshold is 15m in multi-

vessel encounter scenario.

perspective, to interpret its position and traffic situation, for being as
safe as a manned counterpart operating in similar circumstances
(Maritime, 2018). However, existing studies (Leedekerken et al., 2014;
Wolf et al., 2010) indicate that such issues have not yet been extensively
explored (Liu et al.,, 2016). Although the COLREG is designed for

currently manned vessels, and acknowledging that the regulatory im-
plications of introducing autonomous ships are still under discussion, it
is apparent that the rules for autonomous ships need to be merged with
COLREGs. When the navigation rules for the autonomous ship are
determined and merged with COLREGs, the proposed method still has
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vessel encounter scenario.

potential for supporting autonomous ship’s safe navigation.

Besides, using this proposed method to estimate the ship intention in
a multi-vessel encounter is also feasible, while the TS’s action and its
corresponding intention should be studied incorporating the contextual
situation. From the result of the simulation of multi-vessel encounter in
Fig. 12, the Ship1 first turns to port for conflict elimination with Ship3.
Even though this evasive action can effectively eliminate the conflict
with Ship3, this uncoordinated evasive action causes another conflict
between Shipl and Ship2, and therefore the Ship 2 changes her initial
action plan and turns to starboard significantly to eliminate the conflict
with Ship 2 and Ship 3. The detected action of Shipl at 634s is deter-
mined as an evasive action for the conflict elimination with Ship 2 and
Ship 3 simultaneously. Based on these results, it is plausible that the
proposed method can accurately reflect the intentions of the ship action
in the conflict elimination process. However, the ship may take evasive
action earlier in multi-encounter situations to master the situation
(Chauvin and Lardjane, 2008). Incorporating with more external infor-
mation, including environmental conditions, the dynamic density of
ships and behavior of the navigator (Huang et al., 2020b) and ship
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maneuverability (Li et al., 2019), may contribute to making the ship
intention estimation more accurate.

5.2. Sensitivity of compression thresholds in DP algorithm

In the DP algorithm, the compression threshold is critical to both
compress redundant information and to maintain the main character-
istics of the original trajectory (Zhang et al., 2016a,b). Considering the
ship position error in AIS data, too small compression threshold may
detect some fake turning points. The ship position data in AIS data is
usually from the Global Positioning System (GPS) receiver. The position
precision of Differential Global Positioning System (DGPS) is between
2m and 4m for most circumstances (IGNSS, 2013). To minimize the
effects of position errors on the identification of the ship’s turning point,
the size of the compression threshold is suggested to be larger than 4m.

However, as the threshold increases, the remaining characteristic
points decrease, and ultimately only terminal tracking points are left
(Zhao and Shi, 2019). Missing any critical turning point, especially in a
close-range encounter situation, may lead to an inaccurate ship
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intention estimation. In Zhao and Shi, 2019, the compression effects
with different thresholds are illustrated by increasing the threshold
value with a fixed step. Therefore, several compression thresholds (5m,
10m, 15m, 20m, 30m, 40m and 50m) were selected in our work to check
its compression effect.

Fig. 15 shows the result of the ship action detection and intention
estimation on the basis of simplified ship trajectory with different
compression thresholds. Almost all the number of detected ship turning
points and evasive action points show a decreasing trend with the
compression threshold value increasing. The multi-vessel encounter is
divided into multiple two-ship encounters. Taking the encounter be-
tween Ship2 and Ship3 as an example, the number of detected turning
points of Ship3 significantly decreased from 24 to 14 when the
compression threshold increased from 5m to 15m. Similarly, the number
of identified evasive action points of Ship3 are 9 and 4 respectively when
the compression threshold is 5m and 15m. Notably, when the
compression threshold increases to 20m, the number of detected evasive
action points of Ship3 sharply dropped to 1 because some critical
turning points have been deleted. Therefore, in this case, the compres-
sion threshold should be smaller than 20m to maintain the main char-
acteristics of the ship trajectory and keep the accuracy of ship action
identification and ship intention estimation.

The compression threshold value may vary according to different
purposes and the same compression threshold value may have different
effects on the detection of ship action points (Zhao& Shi, 2019).
Therefore, more knowledge is needed when determining the optimal
compression threshold. To make this article concise, we only present the
results of ship action identification and ship intention estimation with
the compression threshold of 15m, see the case study in Section 4.2.

5.3. Limitations of the proposed method

While the illustrative case studies show promising results, this pro-
posed method is only the first step for the construction of SLoD to reduce
the ship conflict probability from the stand-on ship perspective. The aim
of the focus is to introduce and present a method which can detect the
key actions of the give-way ship from the stand-on ship perspective and
then estimate the intention of this action. The case studies illustrate that
the model is plausible, but more tests and analyses are still needed.
Several issues require further consideration.

Firstly, the uncertainty of the TS’s action is simplified to the uncer-
tainty of the change in the TS’s course. In this paper, the TS only alters
course to eliminate conflict, which is however a quite stringent
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simplification compared to real processes of elimination of conflict.
Many factors can cause voluntary and involuntary speed loss during
navigation, such as wind resistance and steering. The omission of ship
speed reduction during the ship steering can lead to an inaccurate
estimation of reachable ship velocity and misjudgment of conflict, which
may have important implications for the understanding of the ship ac-
tion intention. Another issue is that the response time from the initial
rudder angle to the specified rudder angle is ignored, which is not fully
realistic. Considering the corresponding time of the ship’s rudder angle,
the ship’s steering will be relatively stable instead of drastic, and the
ship’s action change characteristics will be weakened. This adopted
method needs to be further tested and improved to guarantee the ac-
curate identification of the TS’s action and understand her intention,
which can be alleviated by utilizing a more elaborate ship maneuvering
model compared to the Nomoto model applied in this paper. The major
innovation of this article is not using a Nomoto model but proposes a
framework of improving stand-on ship’s situational awareness by esti-
mating the intention of the give-way ship, which means if the MMG
model or Abkowitz’s model is available, this proposed framework also
can be applied to analyze the intention of the ship.

Secondly, the criteria of ship intention estimation need to be further
improved. In this work, the ship intention is divided as evasive action
and normal navigation by considering conflict. The severity of ship
conflict needs to be further subdivide. Quantifying the relationship be-
tween ship action and conflict contributes to better understand the ship
action intention. Besides, more testing is needed to affirm the applica-
bility and reliability of the DP-algorithm to understand stand-on ship
actions. The ship position error caused by the GPS receiver also affects
the accuracy of the ship trajectory data. Therefore, the selected
compression threshold for application of the DP algorithm to identify the
ship action points is quite important. The proper selection of a
compression threshold in DP algorithm can not only lower the inaccu-
racy of ship action identification caused by inaccurate ship position, but
also can avoid the non-detection of critical turning points. From the
sensitivity analysis in Fig. 15, the compression effect is different under
different compression thresholds. Therefore, the determination of upper
and lower bounds of a proper compression threshold still needs further
work to make it more precise.

Additionally, it is not considered whether the TS takes proper evasive
action. The action quality assessment is also crucial for OS’s decision
making, see Fig. 2. Even though the TS has taken evasive action, this
does not necessarily mean this action is appropriate. Taking the evasive
action timely and choosing a substantial action to keep well clear is also
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Fig. 15. The number of detected ship turning points and evasive action points with different compression thresholds in multi-vessel encounter scenario.
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vital, as described in the COLREGs. The misunderstanding of TS’s action
may lead to an uncoordinated ship action from OS’s viewpoint. For OS,
taking action too late is characterized by the fact that only a limited
number of maneuvering options remains, while taking evasive action
too early may violate Rule 17 in the COLREGs. There is a need to assess
the quality of ship action, which is the next step of construction of SLoD.
One plausible way to solve this is to further refine the conflict severity.
Quantifying multiple risk levels can help to establish a more accurate
quantitative relationship between ship action and conflict, which may
be beneficial to better understand TS’s intention. For instance, the
conflict can be ranked in combination with the number of maneuvering
options remains and subdivided into four levels corresponding to four
stages in the COLREGs (He et al., 2017), which could be beneficial for OS
to determine when she is permitted or required to take action for
elimination of conflict.

6. Conclusion

The lack of situational awareness has been identified as an important
contributing factor to ship conflicts. While the International Regulations
for Preventing Collision at Sea (COLREGS) significantly contribute to
navigation safety, the COLREGs do not provide specific guidance in
terms of concrete limit values in actual operation, especially for the
stand-on ship. Proper risk anticipation from the stand-on ship for plan-
ning evasive actions is critical for successful elimination of conflict. To
improve OS’s situational awareness, the estimation of TS’s intention is
critical. However, there currently is a lack of methods which specifically
focuses on this aspect of ship encounters. This paper proposes a method
to estimate TS’s intention, which can be treated as the basis for the
construction of a “Stand-on Ship as Second Line of Defense” (SLoD) to
reduce the ship collision probability. The dynamic nature of ship action
is measured by utilizing NL-VO algorithm to assess the conflict. The
uncertainty of ship action during the dangerous encounter process is
considered based on its ship maneuverability. Through this proposed
method, the TS’s action characteristics and the corresponding intention
at different encounter stages are quantitatively identified.

The case studies illustrate that it is plausible to use this proposed
method to estimate the TS’s action intention both in the ship-pair
encounter scenarios and multi-vessel encounter scenarios, but more
tests and analyses are still needed. Several issues require further

List of abbreviations
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consideration. First, the criteria of ship intention estimation need to be
further improved in future research, including the selection of a proper
compression threshold of the DP algorithm. Second, the uncertainty of
TS’s action needs to be considered more comprehensive to improve the
accuracy of TS’s action intention. Furthermore, how the understanding
of TS’s action intention is converted to instruct OS’s decision making for
involving into the conflict needs further work on ship action quality
assessment.
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COLREGs Convention on the International Regulations for Preventing Collisions at Sea

ConfP  Conflict Positions

CPA Closest Point of Approach

CTPA Collision Threat Parameters Area
DCPA Distance to the Closest Point of Approach
D-P algorithm Douglas-Peucker algorithm
EMSA European Maritime Safety Agentcy
FLoD Give-way ship as First Line of Defense
GPS Global Positioning System

DGPS Differential Global Positioning System
LLoD Last Line of Defense

MMG Maneuvering Modeling Group

NL-VO  Non-Linear VO

LTTA Last Time to Take Action

MDTC  Minimum Distance to Collision

oS Own Ship
ROT Rate of Turn
SD Ship Domains

SLoD Stand-on Ship as Second Line of Defense
TCPA Time to CPA
TLoD Both ships as Third Line of Defense
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TS Target Ship
TSS Traffic Separation Schemes
VO Velocity Obstacles
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Cc ship course
IPrg initial position of the TS
K turning ability index
L ship length, the subscript i is TS and OS
P(x,y,t) ship position, the subscript i is TS and OS
R the radius of circular-shape prohibit region around the OS
RV reachable velocity set
r the yaw rate
r acceleration of yaw rate
T turning lag index
TPrs{tp1,tp2, ...tpy, ...} turning points of the give-way ship
ty the time of evasive action
tas starting point of evasive action
tee ends point of evasive action
tp time of each turning points
t the time that conflict exists
trs the starting moment of conflict stage
tre the ending moment of conflict stage
UNL—VO NL-VO set
urs(t) the current ship speed VTS(t) in the direction of OX coordinate
vrs(t) the current ship speed VTS(I) in the direction of OY coordinate
v Ship speed
Vrs the magnitude of ship speedvTS
@ magnitude of course change
S demanded rudder angle
At time step of simulation
Appendix
Table 1
Pseudo code for D-P algorithm based on Douglas and Peucker (1973).
D-P algorithm
1: Input: Ship trajectory TR_TS = {P1, P2, P3, ..., Pn}, Compression threshold
2: Parameters: d(distance), dmax(maximum distance), index, TP_TS (turning points set)
3: Initial set: m =n, dmax=0, index =1
4: for i =2 to i=(m-1)
5: Py = P1//Starting point is marked as P
6: P, = Pp,//End point is marked as P,
7://Searching for the farthest point to the TR connecting Ps with P,
8: d =Perpendicular Distance (P[i], Line(Ps, P,))
9: if d>dmax
10: index =i
11: dmax=d
12: end if
13: end for
14: if dmax> ¢
15://8pliting the ship trajectory into two sub-tracks if the farthest point Pindex exceeds the Compression threshold {
16: TP1 ={ Py, ..., Pindex}
17: TP2 = {Pindex, ..., P, }
18: TP_TS = [TP1, TP2]
19: else
20: TP_TS = [Py, Pl
21: end if
22: return TP_TS
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