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Abstract: Discussions of autonomous ships are actively being conducted in the industry and by the
International Maritime Organization (IMO). In addition, it is anticipated that a significant number of
autonomous ships will be operational at sea soon, as a trial run of autonomous ships is underway.
Fully autonomous ships will operate based on pre-programmed algorithms to prevent collisions,
eliminating the need for onboard navigators or remote operators onshore. Most collision avoidance
algorithms are typically based on an engineering approach that predicts the future movement of an
approaching ship by observing its vector. However, it is worth noting that even if fully autonomous
ships navigate at sea, the majority of ships encountered are still operated by humans. These ships
adhere to the Convention on the International Regulations for Preventing Collisions at Sea (COLREG).
Therefore, even fully autonomous ships can effectively and legally avoid approaching ships only
when they are steered in compliance with the COLREG. However, it has rarely been addressed which
procedures should be followed to determine the legally correct action in various situations where
fully autonomous ships encounter traditional manned ships. Therefore, this study is divided into two
parts. First, a decision-making tree is presented, as simply as possible, to determine the legally correct
collision avoidance action according to the COLREG. Secondly, a quantitative analysis is presented
for qualitative expressions such as “narrow channel”, “restricted visibility”, and “best aid to avoid
collision”. This review will help fully autonomous ships determine legitimate collision avoidance
actions and operate safely in seas where human-operated ships are sailing. However, for autonomous
ships, the “Trolley problem” and issues related to decision-making for collision avoidance through
communication with other ships are left as future challenges.

Keywords: Maritime Autonomous Surface Ship; COLREG; collision avoidance algorithms; narrow
channel; restricted visibility; best aid to avoid collision; decision-making tree

1. Introduction
1.1. Background

Autonomous ships have emerged in the maritime industry to improve logistics ef-
ficiency (OPEXs) and enhance safety at sea through the use of artificial intelligence (AI),
information and communications technology (ICT), and the Internet of Things (IoT). These
key technologies are driving the fourth industrial revolution. With the advancement of
technology, autonomous ships equipped with features that enable them to avoid collisions
by identifying their position and assessing the risk of collision with approaching ships have
been undergoing sea trials [1–3]. AI is being widely studied and utilized in decision-making
processes [4–8]. The maritime industry is also adopting it as an engineering method to pre-
vent collisions at sea [9,10]. An autonomous ship is a vessel that can navigate independently
by identifying maritime obstacles such as reefs, weather conditions, and surrounding ships
without any human assistance. Autonomous ships are referred to as Maritime Autonomous
Surface Ships (MASSs) by the International Maritime Organization (IMO) [11]. This refers
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to autonomous ships operating on the water’s surface with minimal human intervention
and relying on the necessary infrastructure for stable operation.

Autonomous ships, currently being discussed by the International Maritime Organiza-
tion (IMO), are classified into four levels, as shown in Table 1. The classification depends
on whether humans are on board and whether they are involved in operating the ship.

Table 1. Degrees of automation.

Degree Level Description

1 Ship with automated processes and
decision support for seafarers on board

Seafarers are on board to operate and
control shipboard systems and functions.
Some operations may be automated and

at times be unsupervised but with
seafarers on board ready to take control.

2 Remotely controlled ship with
seafarers on board

The ship is controlled and operated from
another location. Seafarers are available
on board to take control and to operate
the shipboard systems and functions.

3 Remotely controlled ship without
seafarers on board

The ship is controlled and operated
from another location. There are

no seafarers on board.

4 Fully autonomous ship
The operating system of the ship is able

to make decisions and determine
actions by itself.

There are legal problems and challenges that need to be addressed in the operation
of autonomous ships. These concerns include security and safety, providing assistance in
distress situations, determining the legal status of remote operators, and interpreting the
ordinary practices of seamen as outlined by the COLREG [12–19].

Nevertheless, autonomous ships can reduce human errors, prevent accidents caused
by human factors, and operate efficiently by replacing crew members on board, both in
normal situations and emergencies, with an AI system [20,21].

On the other hand, there are studies that have shown that automation can reduce the
risk of certain types of accidents but may increase the risk of others. Also, automation
introduces new types of human error, such as over-reliance on automation and degraded
skills. Finally, people will always be in the loop of the maritime transportation system, so
human errors will simply be shifted to another stage. The fact that will perhaps have the
greatest impact on safety is that in the case of unmanned ships, fewer crew members will
be exposed to various hazards on board [22–24].

The government of the Republic of Korea believes that introducing autonomous ships
will improve OPEXs by more than 10% and reduce maritime accidents by 75%. It is also
expected to reduce operating costs by more than 22% due to reduced labor costs and losses
due to marine accidents and insurance costs [25].

From the perspective of maritime safety, introducing autonomous ships offers the most
noteworthy advantage of reducing maritime accidents caused by human factors. These
factors account for the considerable influential proportion of maritime accidents [26–30].
However, new forms of human error, such as negligent management of onshore remote
operators, may arise when humans intervene in any case classified by the IMO as level 1 to
level 3. Therefore, accidents caused solely by human factors are eliminated only in the case
of fully autonomous ships, which fall under the 4th level.

However, even in this case, fully autonomous ships are limited to situations where there
is physical, mechanical, and software reliability. In addition, situations that may lead to human
error, not only for the vessel but also for nearby vessels, should be avoided. In the level 4 stage
of autonomous navigation, humans are entirely excluded from the ship, and the ship must be
maneuvered using an onboard algorithm to avoid collisions in any situation.
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Studies on the decision-making procedures in autonomous ships using engineering
methods are being carried out; this involves assessing the risk of collision with approaching
vessels and equipping various reliable high-tech hardware, AI, and robotics systems to
determine collision avoidance action [31–37]. Some studies have also been conducted on
how MASSs should be operated in compliance with COLREG regulations under specific
situations such as head-on collisions, crossing paths, and overtaking [1,38,39].

A common technique for preventing collisions in an autonomous ship could involve
an engineering approach to early collision avoidance. Research is being conducted on
algorithms for MASSs that determine collision avoidance maneuvering trajectories based
on the interpolation of ship state vectors [40].

If a vessel forward of the beam is detected, early and substantial action could be taken
to avoid a close-quarters situation. This action is one of the newly enforced navigation
rules since 1965 by the COLREG, an annex of the 1960 SOLAS Convention. In addition,
as the use of radar in commercial ships spread, a recommendation on it was included as
an annex to the 1960 COLREG [41]. It is known that in the case of a 15,000 TEU container
ship that recently successfully navigated autonomously for about 800 nautical miles (NMs)
from Busan, Korea to Kaohsiung, Taiwan, the radar detected obstacles and automatically
changed course when approaching within 1 NM [2].

This could be a legal maneuver specified in Rules 8 and 16 of the COLREG. However,
the maneuvering area for early action is limited, or there will be no cooperation from
the other vessels in the restricted waterway. In that case, a situation may arise where
it is challenging to avoid a vessel unilaterally. Under the assumption that the vector of
an approaching ship would remain constant, a unilateral method of avoiding the ship’s
approach was determined. However, it should be noted that the speed or course of the
approaching ship could change. Suppose the system is configured solely to continuously
determine a new avoidance method by repeatedly analyzing the vector change of the
approaching vessel. In that case, it may encounter an irreversible, dangerous situation
during tracking and assessment due to spatial and temporal limitations.

As such, ships can find themselves in various situations, so it may not be sufficient
to identify approaching ships and unilaterally and pre-emptively avoid them. In other
cases, if the ship’s avoidance action, based on arbitrary engineering judgment, differs from
international navigation rules and causes confusion for an approaching ship, it cannot be
considered an appropriate action.

In particular, it is essential to consider that human operators control most ships
currently in operation and adhere to the navigation regulations known as the COLREG.
Therefore, a legal and appropriate judgment is made when an autonomous ship complies
with the COLREG and acts accordingly.

One more case will be added, as follows. The most well-known navigation rule for
ships is “Port to Port” steering. When encountering a vessel, it is customary to alter the
course to the starboard side so the vessels pass each other while keeping the port side in
view, as shown in Figure 1.

Figure 1. Port-to-port steering: head-on (left) and crossing (right).

However, several conditions must be met for this method to be applied. First of all, the
vessels must be visible to each other, and the encounter angle must be 112.5 degrees from
the fore and aft centerline of the vessel toward the starboard side, as specified in COLREG
Rule 21 (b,c) and illustrated in Figure 2. Even if the vessels can see each other, the second
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vessel must have the same maneuverability as the first vessel. If there is a collision accident
after altering the course to starboard for “port to port” navigation in other situations, the
ship’s responsibility will be assumed.

Figure 2. Luminous angles of side lights and stern light.

In summary, when an autonomous vessel encounters another vessel, it must first
determine the legal situation, such as whether it should give way or stand on concerning
the other vessel. Then, a judgment must be made as to whether legally correct actions
are feasible, considering the size of the waters and the prevailing weather conditions at
the time. Moreover, action must be implemented based on engineering judgment for
legal proceedings.

On the other hand, while rapid research and development (R&D) on advanced equip-
ment, AI, and robotics systems have been carried out for implementing autonomous ships,
the R&D of scenarios to establish legal collision avoidance measures based on the COLREG
are considered relatively limited.

Therefore, this study was reviewed because autonomous ships must also comply with
international navigation rules and must operate alongside traditional unmanned ships for
significant periods.

Accidents caused by the misidentification of navigation rules are expected to be
reduced by providing legitimate judgment procedures for each encounter situation. This
would ensure that legally correct collision avoidance actions can be taken between an
autonomous ship and a ship operated by humans under the COLREG.

1.2. Contributions

Although collision avoidance technology and equipment for autonomous ships are
being researched and developed in various fields, there needs to be more research on
legal collision avoidance methods complying with the COLREG. Therefore, this paper
aims to contribute to the prevention of collisions by ensuring that both autonomous and
conventional ships adhere to legal navigation methods. Compared with existing articles
and reviews, the primary contributions of this paper are twofold:

(1) This paper carefully analyzes the navigation rules of the COLREG and develops a
decision-making flowchart that is essential for determining the appropriate legal
actions to avoid collisions between ships;

(2) Numbers and formulas have enabled autonomous ships to interpret legal terms
written for human navigators by the COLREG.
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2. Methodology

This study proposes a legal framework for decision-making to mitigate collision risks
in autonomous vessels. Legal collision avoidance action refers to actions taken by the
COLREG. The goal was to establish the priority of each provision within its application.
Therefore, this research method involved analyzing the COLREG rules and their history to
identify the provisions that should be prioritized among various provisions.

The COLREG consists of a total of 41 rules and four annexes, as shown in Table 2.
Among these, Part F is unrelated to navigation and the contents related to steering the ship
are stipulated in Part B. Therefore, this paper thoroughly analyzes Part B and presents a
flowchart for applying navigation rules.

Table 2. Structure of COLREG.

Part Title (Section) Rule No.

Part A General 1–3

Part B

4–10
11–18

Steering and Sailing Rules

• (Section I) Conduct of vessels in any condition of visibility
• (Section II) Conduct of vessels in sight of one another
• (Section III) Conduct of vessels in restricted visibility 19

Part C Lights and Shapes 20–31

Part D Sound and Light Signals 32–37

Part E Exemptions 38

Part F Verification of Compliance with the Provisions
of the Convention 39–41

Annex

• (Annex I) Positioning and Technical Details of
Lights and Shapes

• (Annex I) Additional Signals for Fishing Vessels
Fishing in Close Proximity

• (Annex I) Technical Details of Sound Signal Appliances
• (Annex I) Distress Signals

-

COLREG Part B can be divided into at least four layers, as shown in Figure 3. Therefore,
if an attempt is made to avoid a collision through engineering methods without considering
the ship’s legal position, only one out of sixteen possible outcomes is legal. This is because,
assuming that the possibility of choosing the correct action at each layer is 1/2, if you
go through four layers, the final probability of choosing the legally correct action that
satisfies the conditions of the previous layers will become 1/16. However, 1/16 is a value
calculated purely based on a layer of situational judgment and does not represent the
possibility that all autonomous ships currently developed or under development will
adhere to legal navigation.

In addition, there may be situations where the autonomous ship’s steering, which is
based on an engineering method to avoid collision, will be considered illegal and will not
comply with the COLREG. In such cases, the autonomous ship may be held responsible for
any maritime accidents that occur as a result.

In addition, efforts have been made to offer a quantitative interpretation, allowing
autonomous ships to adhere to the provisions initially qualitatively intended for humans.

The terms “narrow channel”, “restricted visibility”, and “best aid to avoid collision”
are not suitable for MASSs. So, features such as CPA (Closest Point of Approach), TCPA
(Time to CPA), LOA (Length Overall), advance, and transfer were extracted and selected
for quantitative interpretation of qualitative terms. For this purpose, previous studies and
court judgments were thoroughly reviewed.

In terms of the areas where rules are applied, some rules apply to certain bodies of
water and some rules apply to other marine areas. Specific water areas include narrow



J. Mar. Sci. Eng. 2023, 11, 1850 6 of 23

channels and Traffic Separation Scheme (TSS) areas. In ports and entrance areas within the
territorial sea, there is an area where the navigation rules of the coastal state take precedence.

Figure 3. Layers of navigation rules.

TSS areas are marked on the chart, but this does not indicate whether they are water
areas where narrow channel navigation rules are applied. Therefore, it is necessary to estab-
lish a quantitative criterion for determining the width of a narrow channel for autonomous
ships. This criterion will help determine whether an area should be subject to rules for
narrow channel navigation.

In open waters, navigation rules vary depending on the visibility of other vessels.
Radar may detect another vessel, but what radar detects has yet to be considered visually
found. Then, the question remains whether it is considered restricted visibility if the other
ship is not visible from a certain distance. Therefore, a criterion is needed for determining
whether the sighting of another vessel for the first time at a certain distance is considered
to be in restricted visibility. However, the COLREG has not presented this standard in
numerical values. Therefore, this study presents the distance that serves as the standard for
restricted visibility, considering the purpose and history of navigation rules.

When the risk of colliding with another vessel increases, it is essential to take early
and decisive actions. However, it is worth noting that the specific amount of time and type
of actions to be taken are not specified. Applying these rules is essential for navigators to
determine the optimal time or distance to apply in each situation through learning and
experience. However, implementing measures for autonomous ships becomes challenging
if specific numerical values or formulas are provided for only some scenarios. In particular,
if a vessel is stand-on, the navigators must take the best course of action for collision
avoidance at the specific moment when the other vessel continues to approach dangerously
without making any maneuvers.

Therefore, this paper provides a quantitative method that autonomous ships can
adopt for situational judgment, along with a decision-making flowchart, simplifying the
application of navigation rules as much as possible. It is also hoped that this will lead to
further discussions of advantages and disadvantages and the presentation of alternatives.

This study was conducted for this analysis as depicted in the flowchart shown in Figure 4.
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Figure 4. Workflow of the methodology.

3. Analysis of Navigation Rules
3.1. History of Navigation Rules

The International Convention on the Prevention of Collisions at Sea, adopted in 1972,
was prompted by growing international trade through seas in Europe since the mid-19th
century. Ship collision accidents also rose as ship traffic increased in ports and along coasts
because there was an increased need to establish traffic rules that applied to ships. In
1846, the British Parliament enacted the Steam Navigation Act, based on representative
navigational practices compiled and outlined by Trinity House [41–43]. Two years later,
in 1848, new regulations on lighting were added. These regulations stipulated that steam
vessels should have red and green sidelights and white masthead lights.

The Convention on the Safety of Life at Sea (14 SOLAS) was adopted in 1914, following
the Titanic accident in 1912. It included ship traffic rules under “Safety of Navigation”.
However, 14 SOLAS was not enforced due to the outbreak of World War I. In 1972, a
diplomatic conference led by the International Maritime Consultative Organization (IMCO)
was held in London and adopted the International Convention on the Prevention of
Collisions at Sea (COLREG 72). This convention separated the ship traffic rules from
the SOLAS Convention.

COLREG 72 has been amended several times over the years, as shown in Table 3, and
each provision carries a precise legal significance.

The COLREG was adopted to ensure consistent operational methods for collision
avoidance between vessels. Provisions in the COLREG accurately describe specific situ-
ations and outline the corresponding obligations that must be fulfilled. However, these
sentences were all written assuming that human beings would fulfill them.

In the COLREG, the term “vessel” was used as the subject of the sentence, but it was
used in place of the Officer of the Watch (OOW) or any other watch keeper. In navigation
rules, a vessel is required to maintain a proper lookout (COLREG Rule 5); proceed at a safe
speed (COLREG Rule 6); determine if there is a risk of collision (COLREG Rule 7); and take
collision avoidance action that is positive, made in ample time, and made with due regard
to the observance of good seamanship (COLREG Rule 8).

The collision avoidance method of MASSs is actively being studied, taking into account
the angles and vectors of encounters with approaching vessels [40]. It is believed, however,
that this is a matter that should be reviewed step-by-step and considered in the final stage.
Therefore, in order to apply engineering techniques to avoid collision with approaching
vessels, it is necessary to review legal navigation regulations one-by-one.
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Table 3. Amendments to COLREG 72 guidelines. (Data are from IMO documents).

Revised Year Adopted/Entered
into Force Amended Rules

1972 20 October 1972
15 July 1977 Adoption

1981 19 November 1981
1 June 1983

Rule 1(c), 3(g), 3(g,v), 10(b,iii), 10(d), 10(e), 10(k),
10(1), 13(a), 22(d), 23(c), 24((a)(i), 24(c)(1), 24(d),
24(e), 24(g), 24(h), 24(1),25(b), 27(b), 27(b)(iii),
27(c) 27(d), 27(e), 27(f), 27(g), 29(a)(iii), 30(e),
30(f), 33(a), 34(b)(iii), 35(d), 36, 37, 38, 38h),
Annex l/sec. 1, 2(f), 2(i)(i)„ 2(i)(ii), 2(j), 2(k), 3(b),
3(c), 5, 8, 9(a)(i), 9(a)(ii), 10(a), 10(b), 13, Annex
lll/1(d), 2(a), 2(b), 3 [44]

1987 19 November 1987
19 November 1989

Rule 1(e), 3(h), New rule 8(f), 10(a), 10(c), Annex
1/section 2(d), 2(i)(ii), 10(a), (b), Annex IV/new
para 1(o) [45]

1989 19 October 1989
19 April 1991 Rule 10(d)(i), 10(d)(ii) [46]

1993 4 November 1993
4 November 1995

Rule 26(b)(i), 26(c)(i), 26(d), Annex l/sec. 3(d),
sec. 9(b), 9(b) (ii), New sec. 13, Annex ll/sec. 2(a),
2(b), 2(c), Annex IV/subpara. 1(0) [47]

2001 29 November 2001
29 November 2003

Rule 3(a), (m), Rule 8(a), Rule 18(f), Rule 23(c),
Rule 31, Rule 33(a), Rule 35(i), Annex l/sec. 13,
Annex 11 l/sec. 1-Whistles para, (a), (c), sec.
2-Bell or gong para. (b) [48]

2007 29 November 2007
1 December 2009 Annex IV [49]

2013 10 December 2013
1 January 2016 Rule 39 (new), Rule 40 (new), Rule 41 (new) [50]

3.2. Geographic Coverage of the COLREG

The COLREG is applied to all vessels on the high seas and in all waters connected to
them that are navigable by seagoing vessels. So, all vessels, including autonomous vessels,
must navigate on the sea and the connected navigable waters following COLREG Rule
1(a). Some provisions apply to confined water areas, such as narrow channels (COLREG
Rule 9) and TSS zones (COLREG Rule 10). Water areas are designated as “ports and access
routes” within the territorial waters of most coastal states. As a result, each state may have
its domestic navigation regulations.

3.2.1. Narrow Channel

COLREG Rule 9(a) is one of the regulations that govern navigation in confined waters:
“A vessel proceeding along the course of a narrow channel or fairway shall keep as near
to the outer limit of the channel or fairway which lies on her starboard side as is safe and
practicable”. Let us call this No. 1.1.

3.2.2. TSS Zones

Among confined water areas, the navigation rules applied in TSS Zones are prescribed
in COLREG Rule 10(b) as follows: “(i) proceed in the appropriate traffic lane in the general
direction of traffic flow for that lane; (ii) so far as practicable keep clear of a traffic separation
line or separation zone; (iii) normally join or leave a traffic lane at the termination of the
lane, but when joining or leaving from either side shall do so at as small an angle to the
general direction of traffic flow as practicable”. Let us refer to this as No. 1.2.
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3.2.3. Port Zone and the Other Waters

Most areas within port zones and access routes, including anchorages, ports, rivers,
lakes, and inland waterways, fall within the territorial sea of a coastal state. As a result,
the coastal state may establish specific navigation rules for these areas. This is legitimate
according to COLREG Rule 1(b). Let us refer to this as No. 1.3, while the other waters are
grouped as No. 1.4.

3.2.4. Flowchart of Geographical Application

If the abovementioned numbers are schematized, they can be displayed as shown in
Figure 5, depending on the body of water in which the ship is located.

Figure 5. Navigation rules based on navigation areas.

3.3. Application of Navigation Rules in Confined Waters

No. 1.1 applies in narrow channels, and No. 1.2 applies in TSS zones, regardless of
visibility. In No. 1.3, marked in a gray color, the laws and regulations of the coastal state
are applied. However, it is specified that these laws and regulations should be separate
from the COLREG and have been excluded from this study.

3.3.1. Navigation Rules in a Narrow Channel

In waters where No. 1.1 applies, there are separate navigation rules. These rules can
be divided into No. 1.1.1, No. 1.1.2, and No. 1.1.3, as shown in Figure 6.

Figure 6. Navigation rules in a narrow channel or fairway.

• No. 1.1.1 is provided in COLREG Rule 9(b): “A vessel of less than 20 m in length or a
sailing vessel shall not impede the passage of a vessel which can safely navigate only
within a narrow channel or fairway.”

• No. 1.1.2 is provided in COLREG Rule 9(c): “A vessel engaged in fishing shall
not impede the passage of any other vessel navigating within a narrow channel or
fairway.”
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• No. 1.1.3 is prescribed in COLREG Rule 9(d): “A vessel shall not cross a narrow
channel or fairway if such crossing impedes the passage of a vessel which can safely
navigate only within such channel or fairway. The latter vessel may use the sound
signal prescribed in Rule 34(d) if in doubt as to the intention of the crossing vessel.”

3.3.2. Navigation Rules in TSS Zones

Representative navigation rules for ships using a TSS zone fall under COLREG Rule
10(b): “(i) Proceed in the appropriate traffic lane in the general direction of traffic flow for
that lane; (ii) so far as practicable keep clear of a traffic separation line or separation zone;
(iii) normally join or leave a traffic lane at the termination of the lane, but when joining or
leaving from either side shall do so at as small an angle to the general direction of traffic
flow as practicable”.

In the water area where No. 1.2 is applied, there are four types of vessels: (1) vessels
of fewer than 20 m in length or sailing vessels, (2) vessels engaged in fishing, (3) vessels
intending to cross the TSS, and (4) vessels restricted in their ability to maneuver (RAM)
when engaged in an operation for the maintenance of safety of navigation or the laying,
servicing, or picking up of a submarine. The navigation rules at this time can be classified
as shown in Figure 7.

Figure 7. Navigation rules for a TSS.

Since this study is not intended to explain specific navigation rules but rather to
identify application priorities, from now on, only the COLREG provision number will be
presented, and the contents of the rule will be included if necessary.

3.4. Application of Navigation Rules Based on Visibility

To classify navigation rules based on visibility, we can refer to No. 1.4.1, which applies
when another ship is visible, and No. 1.4.2, which applies when visibility is restricted.
Their structure is shown in Figure 8.

Figure 8. Navigation rules based on visibility.
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3.4.1. Navigation Rules When Vessels Are in Sight of One Another

In terms of visibility when vessels are in sight of one another, there are two categories,
No. 1.4.1.1 and No. 1.4.1.2, as shown in Figure 9. This classification depends on whether
the ship’s maneuvering performance will be the same or not.

Figure 9. Navigation rules based on maneuverability.

Responsibilities to Give Way between Vessels

When two ships encounter, if the types of the ships are different, the ship with better
maneuverability should avoid the inferior ship (COLREG Rule 18).

Ship type, however, is not classified based on the ship’s maneuvering performance,
such as its speed or turning ability. The classification should be designed to allow anyone
to identify the type of ship when they encounter one. The types of ships are classified as
follows: vessel not under command (NUC), vessel restricted in their ability to maneuver
(RAM), vessel constrained by their draft (CBD), vessel engaged in fishing, sailing vessel,
power-driven vessel (PDV), seaplane, and wing-in-ground (WIG) craft.

A give-way vessel is a vessel that is required to yield to another vessel. Give-way
vessels should, whenever possible, take early and substantial action to keep well clear. A
stand-on vessel is a vessel that should maintain its course and speed when encountering
another vessel.

When a PDV encounters a sailing ship, it should alter its course or reproduce it to
avoid the sailing ship, regardless of the angle of the encounter. In this scenario, the sailing
ship assumes the role of the stand-on vessel, while the PDV becomes the give-way vessel.

Vessels with priority are divided into seven categories. The order of precedence, from
most privileged to least, is as follows: (1) NUC, (2) RAM, (3) CBD, (4) vessel engaged in
fishing, (5) sailing vessel, (6) PDV, and (7) seaplane and WIG craft. This is shown in Table 4.
The give-way ship in the leftmost column of Table 4 must avoid the paths of ships marked
in blue in the right columns of the same row.

Table 4. Responsibility of vessels: hierarchy of respect.

Ship
(Give-Way) NUC RAM CBD Vessel Engaged

in Fishing
Sailing
Vessel PDV Seaplane,

WIG Craft
Seaplane,

WIG Craft
PDV

Sailing vessel
Vessel engaged

in fishing
CBD
RAM
NUC



J. Mar. Sci. Eng. 2023, 11, 1850 12 of 23

Responsibilities for Encounter Angle

The risk of collision will increase if the overtaking vessel following is faster than the
preceding vessel being overtaken, as depicted on the left side of Figure 10. It will also
increase in head-on situations, as shown in the middle of Figure 10, or when crossing
vessels continue to proceed, as shown on the right side of Figure 10.

Figure 10. Ship-to-ship encounters: overtaking (left), head-on (middle), and crossing (right).

The rules of conduct for vessels in sight of one another (No. 1.4.1.2) apply when the
other vessel is visually observable, while the rules of conduct in restricted visibility (No.
1.4.1.1) apply when the other vessel is not visible due to fog or heavy rain. Assume that
the navigation rules based on the encounter angle are No. 1.4.1.2.1, No. 1.4.1.2.2, and No.
1.4.1.2.3, respectively, as depicted in Figure 11.

Figure 11. Navigation rules based on encounter angle.

3.4.2. Conduct of Vessels in Restricted Visibility

The rule of restricted visibility applies to vessels not in sight of each other while
navigating in or near an area with restricted visibility (COLREG Rule 19). If the vessels
navigating in restricted visibility can see each other once the visibility improves, the
provisions of COLEG Rule 19 will not apply. Instead, the navigation regulations that apply
when vessels are in sight of one another (COLREG Rules 11 to 18) should be followed.

The relationship between stand-on and give-way vessels is formed only when they
can visually observe each other without any devices. In other words, it is binding when
they are in sight of one another. In conditions of restricted visibility, where all ships have
equal legal status in terms of navigation priority, all ships should be considered give-way
vessels. When two ships encounter each other in restricted visibility, they have to take early
and positive action in accordance with the relevant regulations for preventing collisions at
sea [41,51]. They should then verify that their actions are achieving the intended outcome.

3.4.3. Summary of Tree Structure for Decision-Making

The application order of COLREG provisions has been carefully reviewed, and a
decision-making tree has been developed. It has been structured as simply as possible. The
flowchart for decision-making is outlined below, in Figure 12.
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Figure 12. Structure of COLREG for decision-making.

4. Quantification of Qualitative Expression

Provisions in the COLREG are all written with the assumption that human beings
will fulfill them. The interpretation of all laws and regulations must adhere to a consistent
standard, ensuring predictability. However, for MASSs to fulfill these provisions, it is
necessary to quantify qualitative representations. The terms of significance related to the
implementation of the COLREG include “narrow channel”, “restricted visibility”, and “best
aid to avoid collision”.

In order to quantitatively calculate the parameters of “narrow channel”, “restricted
visibility,” and “best aid to avoid collision”, which are of significant importance in COL-
REG interpretation but currently expressed non-quantitatively, a proposed quantitative
interpretation is as follows.

4.1. Width of Narrow Channel

A TSS is a designated sea area established by the competent authorities of coastal
states. It is easily identifiable because it will be marked on a nautical chart. However, there
are various theories about narrow channels because they have no fixed width or formula.

Navigation rules in narrow channels and fairways precede the general rules applicable
in the open sea because they have a special legal status [52]. However, narrow channels
are more of a de facto matter than a legal one. The size of a vessel, maneuverability, draft,
maritime traffic, geographical conditions, and tidal range are all significant factors that
determine the width of a channel [53].

Some theories regarding the criteria for evaluating narrow channels are as follows.

4.1.1. Distance Exposed to Risk of Collision

First, this theory considers a scenario in which ships traveling in opposite directions
are at risk of colliding in a channel [54–57].

This theory holds that a narrow channel should vary according to the size of the vessel
and does not need to exceed approximately 3 NMs. In addition, this is generally based on
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comprehensive criteria, including the depth of the waterway, the width of the navigable
area, the size of the passing vessel, navigational practices, and the natural conditions of the
water area, such as the speed and strength of the currents, the tidal range, and the presence
of sandbanks. The presence of a shallow-water area is considered a key factor in defining
the concept of a narrow channel. It serves as a general criterion based on natural conditions.

This theory has the advantage of providing flexible analogical analysis for narrow
channels, but it has the weakness of not guaranteeing predictability regarding legal stability.
Crucially, there is a disadvantage to adopting an autonomous ship unless a specific formula
or numerical value is provided.

4.1.2. Judgment Based on Legal Stability

The interpretation of all laws and regulations must adhere to a consistent standard
that ensures predictability. From this perspective, a theory suggests that narrow channels
should be marked with buoys and included on charts. There is a theory that a narrow
channel should be judged based on the cases announced or declared by the government or
competent authorities to be narrow channels [58–61].

The basis for this theory is that large ships and small ships have different turning radii.
Therefore, if a narrow channel is determined based on the turning circle, it will become a
narrow channel for large ships rather than small ones. This may undermine legal stability due
to its lack of consistency. Even in this case, the waterway’s width is will be up to 2 NMs.

This theory has the disadvantage of a channel not being recognized as a narrow
channel even though it is one in reality. This is because creating a flexible analogy for a
narrow channel is tough. From the perspective of ships navigating global waters, there is a
notable drawback in that this method is challenging to implement due to the absence of
pre-established narrow channels maintained by all coastal states along their coastlines.

4.1.3. Audible Distance of Sound Signal

It is said that width can be determined based on the audible distance of a ship’s sound
signal, as shown in Table 5. There is a belief that the width will be less than 2 NMs, as
determined with the fog signal used for ships longer than 200 m. This is considered one
of the methods that can be utilized for autonomous ships, but it is challenging to find
instances of its application in court precedents concerning narrow channels.

Table 5. Technical details of sound signal appliances.

Length of Vessel in Meters 1/3rd-Octave Band Level at 1 m
in dB Referred to 2 × 10−5 N/M2 Audibility Range in NMs

200 or More 143 2.0

75 but Less than 200 138 1.5

20 but Less than 75 130 1.0

Less than 20
120

0.5115
111

4.1.4. Ship’s Safe Domain

Another theory suggests that a ship is a geographical area where close-quarters
situations occur. Maritime traffic engineering, developed by Fujii and Tanaka, utilizes ship
domains [62] to calculate the occupied area of a vessel sailing freely at its maximum speed
in a given water area. Inspired by ship trajectory and Closest Points of Approach (CPAs),
numerous studies have been conducted [63–67].

Meanwhile, PIANC guidelines can also be useful in determining the widths of nar-
row waterways. The PIANC guidelines are based on the maximum vessel’s beam when
determining the width of the route [68]. It has been confirmed that, depending on regional
geographic conditions and environmental differences, the minimum width of the route can
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range from 4 to 8 times and even up to 10 times the beam of the largest entering or leaving
vessel [69]. However, in the COLREG, this was regulated based on the length of the vessel.
Therefore, this review was conducted based on ship length, which is also closely related
to maneuverability.

If two ships encounter each other and turn simultaneously, the turning circles of both
ships and the available space of free water should be considered. This determination is
made by adding the port and starboard turns and the cross turns of both ships. On the
other hand, if the width is narrower than the turning circles, the channel will be considered
narrow. In autonomous ships, the width of the sea area to be entered is expected to be
calculated using the turning circle. This calculation can then be used to determine whether
an area is a narrow channel or not. However, there is a disadvantage in terms of legal
stability when it comes to a sea area that is not a narrow channel for small vessels but rather
a narrow channel for large vessels. Therefore, it is necessary to have a plan to address
this issue.

4.1.5. Judicial Precedent

The court precedents regarding the width of narrow channels in the United Kingdom,
the United States, and Korea are as follows:

The UK has not explicitly defined a narrow waterway. However, the courts have
made decisions based on the customary navigation practices of sailors in the area and the
advice of the Elder Brethren (experienced seafarers). Narrow waterways do not have a
specific length requirement, and in some cases, the width of a passage is considered to be
approximately 2 NMs [51].

In the US, in a collision between two tows—a towing boat and a towed barge—on the
lower Mississippi River, one tow was approximately 451 m (1480 ft) long and approximately
43 m (140 ft) wide, while the other tow was approximately 387 m (1269 ft) long. The area
measured approximately 53 m (175 ft) in length and width. A narrow channel is typically a
body of water with a depth and width sufficient for a tow of 366 m (1200 ft) or longer to
pass through. US courts have applied narrow channel navigation rules to channels up to
approximately 610 m (2000 ft) wide [70].

Meanwhile, the US National Transportation Safety Board (NTSB) has determined
that it has needed to provide more guidance to navigators on the correct and consistent
application of narrow channels for over 20 years. The NTSB has noted that navigators
can only determine whether a body of water was narrow months or years after a crash,
depending on a court ruling. Therefore, the NTSB has recommended that the United States
Coast Guard (USCG) issue interpretive standards for narrow waterways. However, the
USCG’s narrow-channel interpretation rules have yet to be publicly published.

After reviewing the precedents of the Supreme Court of the Republic of Korea, it
was determined that the Geumosudo in Nam-myeon, Yeocheon-gun, Jeollanam-do, has a
narrow navigable channel width of approximately 0.5 of a NM [71]. Similarly, Gao-do’s
nearby channel on Geoje Island has a narrow navigable channel width of about 0.8 of a
NM [72]. Lastly, Hoeng-gansudo, located on Soan-myeon in Wando-gun, Jeollanam-do,
has a narrow navigable channel width of 1.5 NMs [73].

4.1.6. Discussion and Proposal

In the cases of several states, only a channel determined uniformly by the competent
coastal authority can be considered a narrow waterway. A narrow channel is a sea area
where collision avoidance actions, such as making significant changes in course and turning,
are difficult. It is necessary to establish a standard for interpretation [74].

The specifications and conditions of vessels are also criteria for determining whether
or not a narrow channel is necessary. A ship’s turning ability is the most critical criterion.

To achieve this, a sufficient length is necessary for a ship to complete a turn safely.
This length should be determined by considering twice the turning radius and considering
the time required for two ships to approach each other and turn simultaneously. The ship’s
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advance will be the minimum distance required to avoid hazards, such as obstacles in front
of the ship. Therefore, this is one of the most important factors for determining a ship’s
turning ability, as shown in Figure 13.

Figure 13. Turning circle.

The “Interim Standards for Ship Manoeuvrability” were adopted by the IMO in 1993
concerning ship maneuverability. These standards apply to all chemical tankers, all gas
carriers, and all types of ships with lengths of 100 m or more that were constructed on or
after 1 July 1994 [75]. The IMO superseded the interim standards with the “Standards for
Ship Manoeuvrability” in 2002 [76] and issued new explanatory notes for the standards for
ship maneuverability, which replaced the previous notes adopted in 1994 [77].

In order to meet the IMO maneuverability standard, the advance should be less than
4.5 times the ship length (4.5L) and the tactical diameter should be less than five times the
ship length (5L) in the turning trial conducted at the maximum steering angle of 35◦.

Referring to Rules 8 and 9 of the COLREG, altering course alone may be the most
effective action to avoid a close-quarters situation with sufficient sea room. Therefore,
based on the maximum value of the IMO maneuverability standard, a length of 5 times
the ship’s length (5L) has been considered. It has been suggested that if the width of a
navigable waterway is less than 20L, it should be considered a narrow channel. This is the
combined capacity of two 5L ships when turning to port and starboard and another two 5L
units when both ships cross or approach head-on.

Ship’s safe domains would be a suitable approach for autonomous ships, as they
utilize formulas to calculate the widths and lengths of narrow channels. However, since the
application will vary depending on the size of the vessel, it may be necessary to consider a
supplementary measure for determining whether a channel is narrow, based on the length
of the largest vessel that passes through the area.
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4.2. Time to Take the Best Aid to Avoid Collision

Actions to avoid collisions should be positive and made in ample time, in accordance
with COLREG Rule 8. However, the COLREG has not provided specific figures regarding
avoidance methods based on the risk of collision by approach distance.

In the case of a stand-on vessel, the appropriate action to be taken is to maintain the
current course and speed (COLREG Rule 17(a)(i)). Any vessel that is required to give way
to another vessel should, to the extent possible, take immediate and significant action to
maintain a safe distance from the other vessel (COLREG Rule 8(f)(i)).

If a vessel is a give-way vessel, compliance with the COLREG can be achieved by
taking early and significant action to keep well clear. In the case of a stand-on vessel, the
course and speed should be maintained. However, the stand-on vessel may take action
to avoid a collision by maneuvering alone as soon as it becomes apparent that the give-
way vessel is not taking appropriate action (COLREG Rule 17(a)(ii)). When the stand-on
vessel finds itself so close that collision cannot be avoided through the action of the give-
way vessel alone, it should take the necessary action to help avoid a collision (COLREG
Rule 17(b)).

A stand-on vessel cannot accurately know the details of the lookout being conducted
on a give-way vessel or the ship’s maneuverability. Still, it is unsettling for a vessel to
maintain its course and speed, increasing the risk of collision, until the most appropriate
cooperative actions are necessary.

The longer a vessel remains in this dilemma zone, the less likely it is for the vessel
to make an appropriate decision. Therefore, the stand-on vessel should decide at what
distance from the give-way vessel or how long before the estimated time of collision to
take action to avoid a collision solely through the maneuvering of the ship. If a CPA is
calculated, the stand-on vessel should determine the distance (DCPA) or amount of time
(TCPA) to allow the vessel to take appropriate action and avoid a collision by maneuvering
its ship.

To make this judgment, it is necessary to determine that every vessel has unique
maneuverability and refer to the IMO maneuverability standard. According to the standard,
as found during the turning trial conducted at the ship’s maximum steering angle (35◦), the
advance should be less than 4.5 times the ship’s Length Overall (4.5L), which means that it
may be possible to move up to a distance of 4.5L after initiating the turn. In addition, it is
considered appropriate to turn at twice the time of 4.5L, since a situation in which the other
vessel will turn in the same direction as the primary ship should be taken into consideration.

The distance for last-chance turning is nine times the vessel’s overall length (9L). The
9L TCPA method, expressed as the equation below, can be selected to determine the time
distance at which to take action.

9L TCPA =
9 × LOA (m)

1852 (m)
/

Speed (Knots)
60 (min)

For instance, if the length of a vessel is 250 m and its speed is 24 knots, action should
be taken 3.4 min early. Similarly, if the length is the same but the speed is 12 knots, action
should be taken 6.1 min early. If a ship with a length of 200 m is traveling at a speed of 24
knots, action should be taken 2.4 min early. Similarly, for a ship of the same length traveling
at 12 knots, action should be taken 4.9 min early.

4.3. Visual Length in Restricted Visibility

The first step in determining the legal relationship of collision avoidance actions
between ships is to know where the primary ship is and whether the other ship is visible or
invisible. To see means to perceive or observe with the eyes.

After World War II, radar began to be widely used for commercial ships [41,78].
However, what was discovered with radar still needs to be regarded in the same way as
what is discovered visually. Then, the question remains whether it is considered restricted
visibility if another vessel is not visible from a certain distance. However, the COLREG
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does not specify this standard numerically. Instead, it has aimed to establish the distance
that serves as the standard for restricted visibility and the corresponding time to be applied
to autonomous ships, considering the purpose and historical context of the COLREG.

COLREG rules are derived from longstanding rules of navigation that have evolved
since the era of sailing ships in the 19th century. These regulations are designed to enable
navigators to intuitively comprehend the movements of other vessels and take evasive
actions without relying on machinery or equipment. So, although a navigator can locate
another ship with radar, it does not mean the ship found with radar has been visually found.
Thus, even if a ship is located using radar, it does not qualify as a visually spotted ship.

In the precedents of the Korea Maritime Safety Tribunal (KMST), restricted visibility
has generally referred to cases where the area beyond the illuminated range of the ship’s
sidelight is invisible. For ships of 50 m or more, the minimum luminous range of the
sidelight is 3 NMs, as indicated in Table 6 (COLREG Rule 22, Annex I). Therefore, in an
autonomous ship with a length of 50 m or more, if a ship is detected at a distance of 3 NMs
with radar but not visible to the camera or any other visual device, it can be determined to
have restricted visibility.

Table 6. Minimum ranges of lights.

LOA (Meter)

Light (NMs) Masthead
Light

Side
Lights

Stern
Light

Towing
Light

All-Round
Light

50 or More 6 3 3 3 3
20~50 5 2 2 2 2
12~20 3 2 2 2 2

Less than 12 2 1 2 2 2

It is believed that using masthead lights would be safer since their minimum range is
longer than that of sidelights. However, since the use of sidelights is a common practice
among marine accident investigation agencies in each country, it has been adopted.

4.4. Summary of Quantitative Analysis of Qualitative Expression

The conclusions of Sections 4.1–4.3 can be summarized in Table 7 below.

Table 7. Numbers and formulas corresponding to qualitative terms.

Qualitative Terms Proposal of Formula Numbers

Width of Narrow Channel

First ship’s transfer
(port 5L + starboard 5L) +

approaching ship’s transfer
(port 5L + starboard 5L)

Less than 20L

Time to Take the Best Aid
to Avoid Collision

First ship’s advance (4.5L) +
approaching ship’s advance

(4.5L) and time to CPA
9L TCPA

Visual Length in
Restricted Visibility

Illuminated range of
side lights

• LOA of 50 m or more: 3 NMs
• LOA of 50~12 m: 2 NMs
• LOA of less than 12: 1 NM

5. Discussion

It is possible to respond to risks at an earlier stage by assuming the riskiest cases for
which movement performance has been identified. Although there could be argument,
maximum advance and the transfer of the turning circle were used in this study.

With respect to Sections 4.1 and 4.2, which are based on the IMO’s Standards for Ship
Maneuverability, the basic criteria have been multiplied by two to account for the presence
of another ship. However, if the lengths of the two ships are different, the criteria for
judgment must also differ for each ship. For such practical considerations, it is necessary
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to establish technical standards for related equipment and regulations for the exchange
of specific information between the two ships. Afterward, it seems that a new proposal
considering the length difference between ships would be feasible.

Without knowing the length and maneuverability of the other ship, the first ship will
have no choice but to use its own specifications as a standard. For example, on a ship, a
close-quarters situation is generally considered to begin at a distance of at least 2 NMs in
any direction forward of the beam. This is because that is the typical range at which the
whistle of a large vessel can be heard in still conditions [51].

The COLREG has not provided navigation instructions for every situation, nor is it
feasible to describe all possible conditions. Even if that were to be carried out, there are
concerns that it would actually add to confusion in interpretation. Therefore, it is necessary
to study cases where attempting to adhere to navigation rules has led to collisions with
small vessels, such as speedboats or leisure ships, that do not comply with navigation rules.

This may result in ethical issues. Therefore, even if some of the rules are quantifiable,
relying solely on the COLREG is not sufficient. When it comes to autonomous ships,
the issue of decision-making for collision avoidance, commonly known as the “Trolley
problem,” needs to be addressed. However, the COLREG has only suggested that “Good
seamanship” should be practiced to prevent collisions in any condition. The “Trolley
problem” caused by the programmed actions of MASSs should be a research topic in
the future.

6. Conclusions

When a MASS encounters a traditional manned ship, a decision-making procedure
is needed to confirm the legal status between the two ships. To achieve this objective, a
comprehensive analysis of COLREG Part B was conducted. The order of application of
navigation rules was carefully reviewed, and a decision-making tree was developed in
minimal form. This flowchart is depicted in Figure 12.

In addition, this review aimed to quantify provisions that had yet to be previously
quantified, such as “narrow channels”, “best aid to avoid collision”, and “restricted visibility”.

When determining the water area to which the navigation rules for narrow channels
apply, it is necessary to check whether a collision can be avoided by changing course before
entering the water area. Therefore, based on the maximum value of the maneuverability
standard set by the IMO, a width of 20 times the ship’s length (20L) has been proposed. The
reason is that when the ship turns to one side, it requires a distance of 5 times the length of
the ship (5L), which is known as the maximum transfer. In turning to port or starboard, a
distance of 10 times the ship’s length is required. In addition, when two ships cross each
other or encounter each other head-on, it will be necessary for each ship to give way to
the other. Therefore, it is suggested that if there is no open water area that is 20 times the
length of the ship (20L) in total, the water area should be considered a narrow channel.

The recommended time distance to take the best aid to avoid collision with a stand-on
vessel is called “9L TCPA”, expressed as the equation below. This calculation considers the
ship’s advance of the turning circle based on the IMO maneuverability standard. Considering
a situation where two ships are approaching, the required distance is doubled to 9L.

9L TCPA =
9 × LOA (m)

1852 (m)
/

Speed (Knots)
60 (min)

(1)

The standard for restricted visibility recommends using particular luminous ranges
for ship sidelights. In the cases of ships with lengths of 50 m or more, the luminous range
of each sidelight should be 3 nautical miles. Therefore, for autonomous ships with lengths
of 50 m or more, if another ship is detected with radar at a distance of 3 nautical miles but
not visible with a camera or any other visual device, the navigation rules for restricted
visibility should be applied.

In order to implement this proposed decision-making process for MASSs, it is nec-
essary to introduce new equipment that is not currently standard, such as visual range
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measuring equipment. In this study, the descriptions of the types and performances of any
additional equipment required have not been provided.

In addition, many traditional ships have a practice of communicating with approach-
ing ships through VHF (Very High Frequency) to determine the best course of action.
This agreed-upon navigation method takes priority over the COLREG. Nonetheless, little
research has been conducted on the type of ship-handling information that should be
provided or the most effective method of delivery for fully autonomous ships. It is believed
that future research should be conducted on this topic.
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Abbreviations

AI Artificial intelligence
CBD Vessel constrained by her draft
COLREG Convention on the International Regulations for Preventing Collisions at Sea
CPA Closest Point of Approach
DCPA Distance to CPA
ICT Information and communications technology
IMO International Maritime Organization
IoT Internet of Things
KMST Korea Maritime Safety Tribunal
LOA Length Overall
MASS Maritime Autonomous Surface Ship
NM Nautical mile
NTSB United States National Transportation Safety Board
NUC Vessel not under command
OPEX Operating expenditure
PDV Power-driven vessel
R&D Research and development
RAM Vessel restricted in her ability to maneuver
SOLAS International Convention for the Safety of Life at Sea
TCPA Time to CPA
TSS Traffic Separation Scheme
USCG United States Coast Guard
VHF Very High Frequency
WIG Wing-in-ground craft
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