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Abstract

Applying the existing domain model in ship domain research in a restricted area can be difficult owing to multiple
factors that must be considered. This study presents a new domain model that can be applied in such environments.
According to Endsley’s theory of situation awareness, people have their own criteria in decision making based on
factors such as individual and environmental factors. To investigate these factors, 125 seafarers were interviewed
and threshold values based on their awareness were examined. The factors were evaluated as the closest points
of approach. Domain modelling was performed based on these seafarer awareness values; then, the existing and
awareness domains were compared, revealing that the awareness-based domain of seafarers is more affected by
ship manoeuvrability than by ship size and speed, unlike the findings of existing domain research. Therefore, this
study presents a new domain model that is both realistic and practical in a confined area, including various factors
considered by seafarers based on the awareness values formed.

1. Introduction

Ship domain research is a crucial factor in marine safety; it includes the safe operation of ships, traffic
diagnostic evaluation and collision avoidance (Rawson et al., 2014; Szlapczynski et al., 2018). The
concept of ship domain was first presented by Fujii and Tanaka (1971). The ship domain quantifies the
safe distance of passage between a seafarer’s own ship and other ships in proximity; it also identifies a
safety area around the ship. Most domain studies have been conducted to determine domains of ships
sailing in open water. Therefore, applying the domain models for practical use in restricted areas is
difficult. Since the concept of ship domain was proposed, ship domain research has been performed
using various methods (Liu et al., 2016; Szlapczynski and Szlapczynska, 2017; Im and Luong, 2019).
There are several types of ship domain models; three types in particular are discussed below (Im and
Luong, 2019).

The first type of ship domain model is a statistics-based model of ships’ passages. This first model
was designed by Fujii as an elliptical domain by acquiring data through radar observation in open water
off Japan (Fujii and Tanaka, 1971). Goodwin’s model (Goodwin, 1975), which was based on radar
observation data in the same manner, was designed in a circular form by dividing the ship domain
into three areas. Davis et al. (1980) improved Goodwin’s model by placing the ship’s position off the
centre of the ship domain. Coldwell (1983) set different sizes for the three areas depending on the
circumstances in which the ship encounters other ships. However, recording the target ship’s data for
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affecting domain size and shape is difficult (Pietrzykowski and Uriasz, 2009). The introduction of the
automatic identification system (AIS) enables the recording of the data accurately (Robards et al.,
2016; Szlapczynski and Szlapczynska, 2017). Based on these data, a number of marine safety-related
studies have been conducted (Rawson et al., 2014) and used in ship domain studies (Silveira et al., 2013;
Horteborn et al., 2019). Therefore, many researchers have proposed ship’s domains based on AIS data
(Gucma and Marcjan, 2012; Hansen et al., 2013; Van Iperen, 2015; Horteborn et al., 2019). Gucma
and Marcjan (2012) developed a polygonal probabilistic domain based on AIS data for passing distance
between ships. Hansen et al. (2013) and Van Iperen (2015) presented elliptical ship domain models using
extensive movement data of the ship obtained using AIS. Horteborn et al. (2019), however, presented a
circle-shaped domain in crossing situations and an elliptical domain in overtaking situations.

The second type of ship domain model is one based on mathematical formulas. Kijima and Furukawa
(2003) presented a ship domain model including a watching area and a blocking area based on mathe-
matical formulas that use factors such as ship length, ship width and relative speed. Similarly, Liu et al.
(2016) presented a dynamic domain that considered ship length, turning speed and time, in addition to
other factors of ships operating in a restricted area.

The third type of ship domain model is classified as a model based on fuzzy logic. Therein, fuzzy
logic is applied to determine the size of a domain according to the degree of danger. The first case
of applying fuzzy logic to the ship domain was presented by Zhao et al. (1993), wherein fuzzy logic
was applied to Goodwin’s model to determine the vessel domain size using the distance of the closest
point of approach (DCPA) and the time to the closest point of approach (TCPA). Subsequently, various
ship domain studies were conducted using fuzzy logic. Pietrzykowski (2008), Pietrzykowski and Uriasz
(2009) presented a model in which the size of the ship domain is determined on the basis of the safety
navigation level.

Thus far, the majority of ship domain models have been studied using the above-mentioned
approaches. However, the current models may have limitations for application in restricted areas. The
statistics-based model uses ships’ trajectories obtained using AIS and radar observation data. The design
of this modelling is based on the distance between two ships passing by each other. However, it has
a limitation in the sense of maintaining a safe distance. In a situation wherein a navigator wants to
pass through a restricted area, spatial limitations might prevent them from maintaining enough distance
between their ship and a relative one (Pietrzykowski, 2008).

In contrast, in the second type of modelling, because the formula-based domain is primarily based
on ship parameters, many marine environmental factors must be considered (Wang, 2013). Finally, in
the third type of modelling, the fuzzy domain has the advantage of being able to assess surrounding
situations, unlike the other models (Im and Luong, 2019). However, often fuzzy domain models do not
fully consider human and environmental factors (Wang, 2013). Furthermore, they are not considered
universal models that are practical in any situation because most of them are developed based only on
simulations of specific ship models (Wang et al., 2009).

Practical application of the existing models is difficult, given that there are too many parameters
at sea that need to be considered. Moreover, even more parameters must be considered in restricted
areas than in open water. Therefore, creating a practical domain reflecting all these factors would be
impossible; hence, selecting the most important parameters among these factors is necessary. This can
be achieved by examining the standards that seafarers use to define their own domains, the factors that
play the most important role in seafarers’ domains and factors that have not been considered in previous
domain studies.

Thus far, ship domain research has primarily focused on preventing collisions of ships operated
by humans (Pietrzykowski, 2008; Pietrzykowski and Uriasz, 2009; Szlapczynski and Szlapczynska,
2017; Szlapczynski et al., 2018). However, advances in the artificial intelligence (AI) research field
have predicted the era of autonomous ships (MUNIN Project, 2016; IBM, 2020), and studies have
been conducted on collision avoidance systems and collision risk assessment based on ship domain
associated with autonomous ships (Kijima and Furukawa, 2003; Liu and Bucknall, 2015; Park and Kim,
2016; Szlapczynski and Szlapczynska, 2016; Wielgosz, 2017; Szlapczynski et al., 2018). Therefore,
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ship domain studies are an essential basic step for developing Al-based collision avoidance systems.
Early Al research has surpassed human abilities by learning human action patterns (Wang et al., 2016).
Therefore, a ship domain model used in autonomous ships may also need to be based on human action
patterns. However, various existing domain models have been constructed exclusively on the basis of
the navigator’s knowledge and ability, despite the studies including a navigator’s factor (Pietrzykowski,
2008; Wang, 2013).

The awareness of seafarers can be evaluated using an awareness value that is determined through
interviews based on the situation awareness (SA) theory proposed by Endsley (1988). The SA theory
was designed to prevent accidents that could occur as a result of mistakes made by humans engaged
in dangerous work, such as nuclear power plant operators and air force pilots. According to the SA
theory, SA is the perception of elements in an environment within a volume of time and space, the
comprehension of their meaning, and projection of their status in the near future (Endsley, 1988). Hence,
in this study, 125 seafarers were interviewed, including all ranks on merchant ships, to investigate the
seafarers’ awareness and understand their action patterns.

This study aims to show the difference between the existing domain models and domains that seafarers
form based on their awareness. Then, a novel domain model will be proposed based on the seafarers’
awareness. This will highlight the limitations of the previous models and the seafarers’ awareness
model. Furthermore, ship domains are typically classified into dangerous and safe domains; however,
in the seafarers’ awareness model, there are ‘cautious’ domains, that are neither dangerous nor safe.
Additionally, this study attempts to determine the areas that are not included in both domains, i.e., the
cautious distance between a seafarer’s own ship and relative ships, as well as the SA mechanism through
which the standard distance is created.

The rest of this paper is organised as follows. The methodology used is presented in Section 2.
The analysis of the interview data is explained in Section 3. Section 4 presents the modelling of the
awareness-based domain. In Section 5, an analysis of the proposed ship domain model and a comparison
with other domain models are described. Finally, conclusions, including the limitations of the proposed
model and future works, are presented in Section 6.

2. Configuration of the awareness-based domain
2.1. Shape of ship domain

Through many studies of ship domains, ship domains of various shapes, such as round, elliptical and
polygonal, have been presented (Liu et al., 2016; Im and Luong, 2019). Each domain shape has certain
advantages and disadvantages. Round and elliptical domains are convenient to design but may have
limitations in expressing the degree of risk for navigation situations (Wang and Chin, 2016). In contrast,
a polygonal domain would be good for assessing the degree of risk, but it is not easy to determine a
polygonal domain unless the calibration is strict (Wang and Chin, 2016).

This study proposes an elliptical-shaped domain. Typically, specifically quantifying the awareness of
the degree of risk for the ship’s bearing is challenging for seafarers. Therefore, designing a polygonal
domain may not be suitable for considering seafarers’ awareness. Moreover, navigators show a tendency
to perceive crossing situations as more dangerous than head-on and overtaking situations (Yim et al.,
2018). Thus, a domain model must regard crossing situations in which other ships pass the fore or aft of
the seafarer’s own ship as more dangerous than head-on and overtaking situations. Hence, the elliptical
shape is a more suitable design for a domain model based on longitudinal and lateral distances with
relative ships passing in proximity to the seafarer’s own ship.

Figure 1 shows three encountering situations: crossing, head-on and overtaking situations are assumed
herein to determine the size of a ship domain. In the cases of head-on and overtaking situations, relative
ships can pass by both sides of the seafarer’s own ship, as shown in Figures 1(a) and 1(b). In a crossing
situation, relative ships can pass the fore or aft of the seafarer’s own ship from both the port and starboard
sides, as shown in Figure 1(c).
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Figure 1. Assumption of encounters with relative ships: (a) head-on situation, (b) overtaking situation,
(c¢) crossing situation.

2.2. Determining ship domain

2.2.1. Criteria for defining a restricted area

To define a ship domain that is applicable in a restricted area, the criteria for defining the restricted area
must be determined. Owing to the complicated characteristics of the maritime traffic environment, the
definition of a restricted area is not clearly presented even in the International Regulations for Preventing
Collisions at Sea (COLREGS). Establishing a clear definition of a restricted area that can be applied to
all cases is difficult. Several countries had attempted to define such a restricted area but failed to reach an
agreement (Allen, 2010). The general view is that a restricted area should be interpreted by considering
the navigator’s navigational customs, theories and precedents. In the case of a ship collision, the British
Admiralty Court, most prominent in maritime trials, makes a decision while considering the customs
of navigators in the area (Cockcroft and Lameijer, 2003).

In this study, the width of the restricted area was discussed among 14 senior-level seafarers, including
captains and chief officers, and the range of the width of a channel was sufficiently set from 1 to 4 nm.
As described above, COLREGS does not define the width of the restricted area. Therefore, the authors
decided to set it up from one mile after coordinating the opinions of the expert group through the
preliminary investigation.

In addition, this study includes a traffic separation scheme (TSS), which includes detailed operational
rules. Rules in the TSS are clearly stated for entry, departure and navigation areas in COLREGS.
Therefore, two ships rarely meet each other on reciprocal courses in the TSS. However, nearly reciprocal
courses are also considered for head-on situation (COLREGS, 1972). Degrees of nearly reciprocal
courses are considered port and starboard, with the maximum of 3 degrees and a total of 6 degrees
(Cockcroft and Lameijer, 2003). Further, the distance between two ships where navigation regulation
for a head-on situation begins to be applied is uncertain; it may be 6 miles based on visibility of lights or
more than 6 miles (Cockcroft and Lameijer, 2003). Therefore, considering these two factors for head-
on situations, such as nearly reciprocal courses and the distance at which navigation rules begin to be
applied, a ship coming from the opposite traffic in the TSS can be also considered as a relative ship in
head-on situations in this study. Thus, a restricted area is used in the same meaning as a narrow channel,
narrow canal or narrow waterway in this research.

2.2.2. Criteria for determining domain size
DCPA and TCPA are important data for navigators to determine whether they are at risk (Iwasaki and

Hara, 1986; Hasegawa and Kouzuki, 1987). DCPA is a concept of distance. For example, if the value
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Figure 2. Diagram of theory of situation awareness.

of DCPA of a relative ship is very small and its TCPA value is large even for 30 min, the navigator will
keep monitoring the relative ship for 30 min. Thus, for seafarers, DCPA is the factor that determines
whether there is a collision risk, and TCPA is the factor that determines the timing of collision avoidance.
Therefore, herein, the size of the domain will be defined based on the value of DCPA.

2.3. Derivation of awareness value

SA is defined as ‘the perception of environmental elements and events with respect to time or space,
the comprehension of their meaning and the projection of their future status’ (Endsley, 1988). The
SA theory was developed to prevent accidents caused by the failure of aircraft pilots (Endsley, 1995).
Applying the SA theory to seafarers who sail in restricted areas enables them to be aware of the situation
using several factors around them and determine whether they should be cautious of relative ships. The
decision making can be performed according to the threshold value of DCPA among other extensive
information. This study analyses how the threshold value of DCPA, which is used as a criterion for
individual navigators and captains, was formed through the SA theory.

According to the SA theory, a person follows the mechanism of SA and accordingly decides to act.
Figure 2 presents the three-step mechanism of SA, decision making and performance of action. The SA
is analysed in three levels in particular. The application of each SA level to the seafarer’s situation would
be as follows. At level 1, a seafarer recognises DCPA information through a radar. Then, in level 2, they
understand the current situation, such as a crossing or head-on situation, based on the information of
relative ships. Finally, in level 3, the SA is finished by projecting what will happen in the near future.

Furthermore, experienced workers exhibit a higher level of SA and can accurately predict the future
(Endsley, 1988; Endsley and Bolstad, 1994). Therefore, junior-level officers such as second and third
officers, who do not have enough experience, would not possess good SA. Conversely, senior-class
seafarers such as chief officers and captains would have a high level of SA because they have experienced
the mechanisms shown in Figure 2 many times.

Figure 2 shows that SA is affected by individual and environmental factors as well as the feedback
from the performance of action. In Figure 2, SA,, is defined as the function of environmental
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Table 1. Sub-parameters of individual factors.

Individual factors Parameters Definitions
Knowledge (x,) KC COLREGS
Km Own ship’s manoeuvrability
Kp Phenomena occurring during navigation
Ability (a,,) g Innate ability
aa Acquired ability
Experience (g;,) ER Sailing in a restricted area
ex Crossing situation
EH Head-on situation
€0 Overtaking situation
gy Irregular situation
ec Sailing according to the condition of own ship
EE Sailing in different natural conditions
€a Accident and near-miss
Training () Ty Imagined training based on the ship’s manoeuvrability table
TS Ship’s simulator training
Goal (£,,) {s Safety of navigation
lo Safety of own ship

factors (SAgp), individual factors (SArr) and the feedback from the performance of action (SAgg) as
follows.

SAvaie = f(SAwr, SAgr, SArp) (D

As shown in Equation (1), the SAy,e Will be formed by considering SAr, SAgr and SApg of the sea-
farer’s individual performance of action. Seafarers can have various SAyae(s). According to COLREGS
Rule 5, the officer on watch (OOW) must use all means, including visual and auditory, to understand the
situation. For example, the value of sound can also be the SA ;.. Through the sound of hull vibrations,
navigators can determine the condition of their ship’s engine. Additionally, in foggy conditions, officers
can determine the location of a relative ship by the sound of its whistle. The threshold value of DCPA
is also one of several SA values required for understanding a situation, as shown in Equation (2).

SAvalue Bl DCPATV (2)

DCPA threshold value in nautical miles (DCPA7y) is formed through individual factors, environ-
mental factors and feedback of the action performed during sailing. However, an individual’s situational
awareness may vary according to their individual factors (Endsley, 1988). Hence, the DCPATy, which is
the standard of caution for each individual seafarer, would be different. Based on the individual factors
presented in Figure 2, individual factors were subdivided into detailed items, as shown in Table 1.

Table 1 shows the elements that could be in SAjr. The factor «,, represents the seafarer’s knowledge,
including three components: k¢, kps and kp. Parameter «¢ is the knowledge of COLREGS, the most
basic knowledge of navigation for ships. Parameter «, is the knowledge of the manoeuvrability of
ship on board which the interviewee works. The values of various manoeuvring performances of the
boarding ship according to the standards of the International Maritime Organization are presented as
figures according to the loading conditions of the ship. Parameter xp is the knowledge of physical
phenomena that can occur around the seafarer’s own ship during sailing.

Factor «,, represents personal ability. Parameter a; is an innate ability and a4 is an acquired one.
Factor ¢, represents personal experience. Parameter £ is the experience of sailing in a restricted area,
and ex, ey and gp are the experiences of crossing, head-on and overtaking situations, respectively.
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Parameter ¢; is the experience of irregular situations that can occur during a voyage. Examples include
ships that are sailing in violation of the law and breakdowns of navigational equipment, such as failure
of autopilot while sailing. Parameter ¢ is the experience of operation according to the condition of the
boarding ship. According to the loading condition of the ship, the draft is significantly different, and
hence the manoeuvring performance is also different. Therefore, seafarers must consider this as well.
Parameter e represents sailing experience in various natural situations including various bearings and
speeds of the current, wind and visibility. Parameter € 4 represents accidents and near-miss experiences
during voyage.

Factor 7, represents training. Parameter 7; is image training on how to cope with assumed situations,
and 7y is ship-handling training through a simulator.

Factor ¢, represents a goal. Parameters s and (o represent safety of navigation and safety of the
seafarer’s own ship. Parameter (o can be strongly applied to the ship’s captain.

The relation between individual factors SAjr and the elements shown in Table 1 is expressed in
Equation (3).

SAIF = f(Kn,an,En,Tn, (n) (3)

These various factors constitute the value of DCPATy, which is a seafarer’s own threshold value of
DCPA. Based on these factors, seafarers will judge, act upon and repeat the SA mechanism several
times, accepting feedback on their performance. Therefore, they will have their own DCPATy.

To measure the DCPArTy, a subjective measurement method applicable to the OOW is used among
various ways of SA measurement. This method involves asking workers about their SA in a direct
manner; this method has an obvious disadvantage in the sense that the workers’ answers are subjective
(Endsley and Garland, 2000). However, considering the working environment of a seafarer, it was
chosen as the most realistic method for measuring the SA values. The authors interviewed 125 seafarers,
including a pilot, and asked them when they start being cautious of a relative ship of the DCPAry in a
restricted area. The situation is investigated by presenting three navigation situations in which a relative
ship passes by the seafarer’s own ship, as shown in Figure 1.

3. Interview data
3.1. Interview-related matters

The characteristics of awareness values were analysed through SAjr in the SA theory. Interviews were
conducted as follows.

* Period of interviews: February 2020-March 2020
* Questions

o In three encounter situations such as crossing, head-on and overtaking situations, what is your
DCPATy when you start becoming cautious of a relative ship? (Caution implies that the
threshold value of DCPA is not large enough to avoid the relative ship but also not small
enough to be careless.)

o What is the reason and background for having your own DCPATy?

o In a crossing situation, do you change the DCPA threshold value according to the relative
bearings of the target ship?

o In crossing situations, which is safer, the target ship passing in front of own ship or behind it?
(This question is asked to only the 14 senior-class members to establish the domain shape.)

* Interview method: online
* Interviewee selection method: co-workers who worked with one of the authors and navigators who
were students of one of the authors.
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Table 2. Classification based on boarding ship’s type.

Type of Ship Number Percentage
Bulk carrier 29 23-6%
LNG carrier 23 18-7%
LPG carrier 11 8-9%
VLCC 7 5-7%
Chemical tanker 12 9-8%
Car carrier 5 4-1%
Container carrier 17 13-8%
ETC 19 15-4%
Total 123 100%

The interviewees included 110 navigators, 15 captains sailing on the oceans, and one pilot. However, the
DCPA~Ty of one captain was excluded because he had less than two months of experience as a captain.
According to the SA theory, SA is formed through performing and feedback from work (Endsley, 1988;
Endsley and Bolstad, 1994). Inferring how long should be the period it takes to form SA values is not
possible in this paper, but the authors decided that his experience as a captain was not enough for this
research. One value of a navigator was also excluded because he worked on a fishing guidance ship
that was close to fishing boats; hence, his DCPA threshold value was very small compared with other
navigators.

Table 2 shows the types of ship on which the interviewees worked. It shows the distribution of various
ships.

The SA values may vary depending on the ship’s speed, so the interview was conducted based on
the interviewee’s ship’s normal speed of sailing in restricted areas.

3.2. Discussion

The number of samples in this study was a concern for the authors. It would be preferable to have more
data. Due to the occupational conditions of seafarers, however, the data presented in this study were the
maximum it was possible to obtain. Although the data presented in this study may not be statistically
perfect, the authors think that DCPA threshold values presented by more than 120 samples are somewhat
meaningful.

The seafarers had their own DCPA vy as follows. Third officers responded that they themselves lacked
experience and therefore had values based on theoretical backgrounds such as COLREGS or precedent
cases. Chief and second officers responded that they usually had their own DCPATy based on their own
experiences although individual differences were present. Captains considered many aspects because
they are the ship owner’s representatives and know their social responsibilities well. They have higher
DCPA~Ty than navigators.

3.3. Results of interview data

Figure 3 shows the distribution of DCPATy of 123 seafarers. In the figure, the horizontal axis represents
the length of the vessel on board which the seafarers work, and the vertical axis shows the DCPAry. The
green symbols represent the values for crossing situations, black symbols represent head-on situations
and pink symbols represent overtaking situations. Overall, the values for crossing situations are relatively
larger than the values for the rest of the encounter situations. The maximum value of DCPAty for
crossing situations is 2 nautical miles. Further, the values for overtaking situations are the lowest, and
the values for head-on situations are somewhat higher than those of overtaking situations. Figure 3

https://doi.org/10.1017/50373463321000394 Published online by Cambridge University Press


https://doi.org/10.1017/S0373463321000394

1180 Hee-Jin Lee et al.

2_
Crossing

l”1.8* O Head-on
o O  Overtaking
E 16
= o oo
S 14
=
©
c 12t o
P
% 1F o o o o o oo 0 000
>
2ost o o 000 O
< o o 0000 000
2o6F o o o
£ ® O® OOCXODO GO  COTO® OO O
S o4l foXe) ®a o o
Q ® O® 0OO0@ O CO® coo ©

02 o ® ©o o) o o

o
1 Il 1 Il 1 1 I
50 100 150 20 250 300 350 400

0
Length of ship on board(metres)

Figure 3. Distribution of awareness values.

Table 3. Ship operator’s non-dimensional DCPAry.

Average
Rank sample code (m)
L L L

Captain and Pilot 14 Si 278 7-76 4.57 4-19
Chief officer 38 Sh 238 532 4-01 3.24
Second officer 36 S3 236 5-56 3.75 3-51
Third officer 35 Sy 229 6-01 4.27 428
Total 123 >SS 240 5-89 4-08 3.72

shows that the length of the ship is not so relevant to the formation of the DCPArv, revealing a slightly
different aspect from existing domain studies (Kijima and Furukawa, 2003; Wang, 2010; Liu et al.,
2016; Im and Luong, 2019). Hence, a more detailed analysis is required in this regard.

The DCPATy(s) obtained through the interviews are the awareness values of seafarers, and the values
for the three encountering situations are distinguished as DCPA threshold value of a head-on situation
(DCPA?V), DCPA threshold value of an overtaking situation (DCPA?V) and DCPA threshold value of a
crossing situation (DCPA?V). The unit of the values is the nautical mile. However, these DCPA v values
cannot be compared with each other directly as the lengths of the ships vary across the interviewed
seafarers. Thus, to analyse DCPATy, they must be expressed by non-dimensional values. The average
DCPA~Ty of each rank of interviewees is divided by the average length of their vessels (L) and expressed
as a non-dimensional value.

Table 3 shows the non-dimensional DCPATy of each rank of interviewees. the differences in the
values between ranks and what affected the formation of perceived values of seafarers were analysed
through the SA theory.

As shown in Table 3, the non-dimensional DCPAry for S; (captain) is the largest among the groups
based on rank. Prior to the interview, it was expected that the DCPAy for S with the most navigational
experience would be the smallest owing to the limitation of space in restricted areas. However, the values
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Table 4. Non-dimensional DCPAry and DCPAry depending on the boarding ship’s length.

Non-dimensional Nautical mile
Average
Length length DCPAC. DCPAH  DCPAS
Group (L) (m) (L) 7 v 7 v 7 = DCPAS, DCPAZ,  DCPAY,
L, 0-199 157 7-05 5-00 490 0-60 0-42 0-42
L, 200-299 259 593 4-10 3-60 0-83 0-57 0-50
L; 300-350 320 4.94 3.33 3-06 0-85 0-58 0-53

exhibited an opposite tendency. The interviews have shown that S tends to be more concerned about
accidents that may occur in the same situation and seafarers of this rank replied that they would avoid
danger in advance by setting the DCPATy to be bigger. The &4 of the SA elements was thus reflected. If
s0, the non-dimensional DCPAy for S, (chief officer) should be greater than that for S (third officer),
but it is not; hence, it can be expected that other factors are in play. S, and S are differentiated by &,,,
but the biggest difference is observed with respect to £,,. The purpose of §; is to sail the ship safely
without accident. Of course, the OOW is also responsible for safety during navigation, but the weight
of the responsibilities of the navigators is different from that of captains. The captain’s responsibility
is specified in the international convention: the captain has full responsibility for the ship according to
the International Safey Management Code. This is why the values of ¢, of captains are much bigger
than those of navigators. Therefore, the characteristics of non-dimensional DCPAry for S depend on
the ¢, resulting in a higher DCPA threshold value than those of S, S3 and S4.

Among the navigators, the dimensional value for S is the largest. During the interview, S4 stated that
the cause of the difficulty and fear of sailing in encounter situations with relative ships is the lack of «,
and &,. Hence, they operate ships with a large DCPATy. The value of S, was smaller than S3 (second
officer) except for non-dimensional DCPA%,,. S, stated that the recognition value was small because of
their experience. They stated that the experience of avoiding relative ships even at a distance closer than
expected was significant. And the non-dimensional DCPA?V is the highest among the values. Thus, the
ship operators are the most burdened by crossing situations in restricted areas.

There is one factor in seafarers that will have the greatest impact on recognition values. To find that
factor, the groups based on rank were divided according to the lengths of their vessels. This is because
many studies have constructed the domain size based on ship size (Kijima and Furukawa, 2003; Wang,
2010; Szlapczynski and Szlapczynska, 2017; Im and Luong, 2019).

The new groups included three categories based on the lengths of the interviewees’ vessels. As there
were almost no ships under 100 m, the first group (L) included lengths of 0—200 m, the second group
(L) included lengths of 200—300 m and the third group (L3) included lengths of 300-350 m, which is
the maximum ship size. The length of the vessel can affect the seafarer’s DCPAry by changing factors
such as kp, ec and kpy.

Table 4 shows the DCPAry for the three groups based on ship length both in non-dimensional and
dimensional forms. Unexpectedly, the non-dimensional DCPATy for L; is the smallest, and that for L
is the largest. Thus, through comparison with the dimensional values, we observe that the greater the
length of the ship, the greater the DCPATy; however, this is not in proportion with the increase in the
ship’s length.

Next, to find out what main factors affect the DCPArv, the types of ships are analysed. Because ships
have the proper shape or speed for transportation purposes, «; varies considerably from one type of
ship to another.

The distribution of ships on which the interviewees worked varies, as shown in Table 2, and among
them, the types of ship’s groups with the best and the worst k,, are classified as shown in Table
5. A ship’s turning ability is influenced by the block coefficient (Cj). Thus, four boarding ships were
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Table 5. Comparison of non-dimensional DCPAry between boarding ship groups.

DCPAS,,  DCPAH,  DCPA?Q,

Group Type of ship Length (L) Speed

L L L
T, Bulk/VLCC 264 12-14 kts 624 4.17 433
T, Container/LNG 280 17-19 kts 5-44 3.72 3.01

divided into two groups: T, comprising bulk carriers (Cj, : 0.80 — —0.86) and Very Large Crude Carrier
(VLCC) (Cp : 0.81 — —0.82), in which ships have a high value of Cj, and 7>, comprising liquid natural
gas (LNG) carriers (Cp, : 0.72 — —0.75) and container carriers (Cj : 0.60 — —0.72), in which ships have
smaller Cp, values (Ha and Gourlay, 2017).

Table 5 shows that xj; can be the most important factor in the formation of awareness values for a
seafarer. «j, includes the course changing ability. This factor is important because ships mainly use a
rudder to change their heading to avoid dangerous situations. Thus, Table 5 compares «;’s superior
group (T) and ks inferior group (73). The DCPATy shows that the value of 7} with the larger L and
the faster speed is smaller than the value of 7,. This may be different from previous studies. Thus far,
studies have set the size of the domain to be large if the length of the ship is large or the ship’s speed
is high. However, Table 5 indicates that «,,; affects recognition values the most rather than speed and
vessel size. Therefore, k), has the greatest effect on the seafarers” DCPATy.

3.4. Analysis of interview data

Through the analysis of the interview data, the following three factors can be found. The first factor is
that although the number of captains interviewed was small, the values of the captains were the highest
when compared with the entire group, owing to ¢,. This is attributed to the captain’s responsibility of
representing the ship owner. The second factor is that in the navigators’ group, overall, the DCPA7v(s)
decrease as the navigators’ ranks increase. This can be attributed to the difference in experience (g,,).
The factor that varies the greatest among ranks is the experience that results from time spent at sea. All
interviewees were trained for the same four years at university, and in practice they underwent the same
compulsory training and education after university for working on board as navigators. Therefore, the
biggest reason for the difference in DCPATy(s) between the groups seems to be &,,. The third factor is
that DCPArTy is more affected by the manoeuvrability of the ship (k3,), and not by the physical aspects
of the ship, such as speed or length. Ships have different sizes, speeds and manoeuvrability depending
on their type. Hence, to investigate how the type of ships affects DCPAry, two groups of ships of
considerably different manoeuvrability are analysed.

Thus, the three most influential factors in the DCPAty would be ¢, €, and «,. The SA theory
generally argues that repeated experiences improve the workers’ competence. As a result of the analysis,
sailing experience based on the ship’s manoeuvrability can be regarded as repeated experience in the
navigator group. However, the captains’ values showed a different tendency from the navigator group.
This can be attributed to the emotional element of the captain being responsible for the ship.

Through the interviews, it can be confirmed that the awareness value of the seafarer’s cautious area
exists. This study attempted to obtain DCPAry for every angle of the encountering ship, but the seafarers
responded that DCPAry values cannot be applied differently depending on the relative bearing of each
target ship encountered in the traffic jam in a restricted area. This is because they are constantly busy
judging and taking action. They also stated that setting up DCPAry according to the difference in the
angle of the relative ships is challenging because the size of the ships in operation can be over 200 m,
which is too large for micro control. This is also a limitation of the present study, a limitation based
on human awareness. Namely, seafarers judge the situation by categorising the encounter situation as
a head-on, crossing or overtaking situation, and decide the caution area with the other vessel on a
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Figure 4. Composition diagram of D .

corresponding basis. The seafarer’s threshold recognition value is not very detailed for every angle, but
that does not mean that it does not exist. Although seafarers have different criteria, there are threshold
values based on the SA theory.

4. Awareness-based domain

Through the interviews, specific values were obtained to create a seafarer’s awareness-based domain.
The DCPATy for crossing situation, DCPA%,, is suitable to define the front and rear lengths of the
awareness-based domain (D 4). The length of the minor axis of D 4 can be composed of DCPAry for
head-on situation, i.e., DCPA?V. The DCPA vy for overtaking situation, DCPA?V, can be used to define
the length of the minor axis of D 4, but DCPA?V is greater than DCPA?V. Therefore, it was decided to

use DCPA%’V for safety. Equations (4) and (5) define the size of D 4:

C
w _ DCPAL @
A L
DCPAE
Dy =— " L/ (5)

where D% and D} are the lengths of the major and minor axes of D 4, and L represents the ship’s length.

Although the shape of the domain model was set to be elliptical, experts’ opinions were sought on
whether it should be an asymmetric elliptical shape. This is because some senior-level seafarers argued
that target ships passing in front of their own ship in crossing situations were dangerous. Others, however,
had contrary opinions. They asserted that ships passing behind their own ship were more dangerous.
For this reason, the domain model has the same length on both fore and aft sides, as shown in Figure 4.

Figure 5(a) shows an awareness-based domain for each rank. Before constructing the awareness-
based domain D 4, the domains of every rank were visualised through the averages of the Di“” and D’}
values of each rank. Although a large sample size of captains would be necessary for a more statistically
significant comparison, the individual captain’s domain substantially differs from all others. Conversely,
the variation among navigators’ domains is not as large.
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Figure 5. Procedure of modelling D s. (a) Average size of awareness-based domain by each rank.
(b) Seafarer’s awareness-based domain (D 4).

Based on the values of all 123 seafarers, the seafarer awareness-based domain D 4 is presented in

Figure 5(b). The values of Dﬁ” and D'} can be expressed as shown in Equations (6) and (7).

; Z,Ql (DCPAqu/L)i,j

i=1

DY = (6)
S
m Z?:l Zf-;l (DCPA'IIL!V/L)i,j
D’} = T )

i=1

where S; is the rank of the seafarers, i is seafarers’ group, j is the person in the i-th group and
(DCPAty/L); j is the DCPAry/L of the j-th person belonging to i-th group.

5. Analysis
5.1. Comparison with other domain models

Many studies have been conducted on elliptical domains. In this study, the models that are applicable
in restricted areas were selected to compare with the proposed D 4 model. Figure 6 shows comparisons
between several elliptical domain models that are applicable to restricted areas, and Table 6 shows the
details of the models. In the figure, the horizontal axis represents the port and starboard sides of the
seafarer’s own ship, and the vertical axis shows the front and back sides. The green line indicates Fujii’s
model (1971), red represents Coldwell’s overtaking model (1983), pink represents Coldwell’s head-on
model (1983), sky blue represents Hansen’s model (2013) and black represents the awareness-based
domain D 4 proposed herein.

The value of D’X is not much different from the length of the major axes of other elliptical models.
It has almost the same value as the above-mentioned former two models (Fujii’s and Coldwell’s), and
it has a difference of 2-0 L from Hansen’s model. As for the value of D}, the proposed model shows a
moderate size. It is smaller than Coldwell’s head-on situation model and larger than Hansen’s model.

Compared with Hansen’s model, the proposed model has a maximum difference of 2-0 L. Assuming
L is 240 m, which is the average length of the interviewees’ ships, 2-0 L corresponds to about 0-26
miles. In the open sea, 0-26 miles may not be a large distance, but it is about 34% of the average value
of awareness in a restricted area. This difference needs to be studied further.
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Figure 6. Ship domain model comparison.

Table 6. Values of DXI and D"} compared with other ship domain models.

Length
(major/ Applicable
Model Shape minor axes) area Method
Fujii Ellipse 6-0L/1-6L Open sea and Statistical method
restricted area
Coldwell (Crossing and Ellipse 6-0L/5-0L Restricted area Statistical method
Head-on)
Coldwell (Overtaking) Ellipse 6-0L/1-75L Restricted area Statistical method
Hansen Ellipse 8-0L/3-2L Restricted area Statistical method
Kijima and Furukawa Ellipse Flexible All area Formula
Pietrzykowski (2008) Ellipse Flexible Restricted area Fuzzy logic
Awareness-based Ellipse 5-9L/4-1L Restricted area Awareness
domain proposed in
this study

5.2. Discussion

The purpose of this study is to present a domain model to determine danger and safety areas. DCPAry was
used to present the cautious domain, which is the intermediate area as shown in Figure 7. The rationale
for the proposed model is that COLREGS Rule 8 states that collision avoidance should be performed
from a safe distance, which is not specified. Considering the difficulty of navigating in restricted areas
(Inoue, 2000) owing to spatial limitations, defining a safe distance is difficult. For example, avoiding a
relative ship with a large DCPAry is impossible because of the geographical limitations in restricted
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Figure 7. Concept of a novel ship’s domain.

areas. Hence, practical DCPAry values for COLREGS Rule 8 should be presented. To present the
values, the middle area between danger and safety areas was materialised based on the DCPAry values.
At DCPA 1y, the navigators do not yet act upon collision avoidance against the target ship. This means
that the middle area is more realistic than the safe area and safer than the dangerous area when it comes
to collision avoidance behaviour.

Therefore, this study suggests cautious areas between the areas where action is taken and areas where
no action is taken with reference to the concepts of the blocking and watching areas of the Kijima and
Furukawa (2003) model.

6. Conclusions

This study was conducted to design a novel domain model applicable in restricted areas based on
seafarers’ awareness. The SAyaue(s) of 125 seafarers sailing on the oceans were measured through the
SA subjective measurement method, following which the seafarers’ awareness values were quantified
on the basis of three encountering situations. The awareness-based domain was constructed based on the
SA.ae- The interview data proved that repetitive work experience is responsible for raising the situation
awareness claimed by the SA theory. In the navigator group, SA was improved through navigation
experiences based on the ship’s manoeuvrability.

The developed model is a universal and practical model reflecting different types of ships and the
awareness of all ranks of seafarers’. In addition, the mechanism of the DCPAy formation was analysed
using the SA theory and sub-parameters. This shows the elements, such as {,, €, and k,,, that have
most reference to the domain length. Furthermore, the parameters deemed important in the existing
domain studies were different from those that the seafarers considered important. However, the research
is obviously limited because it may not acquire detailed human awareness. Regardless, it is clear that
seafarers operate their ships with their own distinct DCPAy when they assess risk, safety and caution.

During the interviews, all seafarers stated that the DCPAyy varies depending on the environment of
the restricted areas. In the future, based on this study, the authors will present a more practical model by
applying the environmental factors of restricted areas to the existing model. Furthermore, it is necessary
to obtain more interview data from seafarers with different backgrounds.
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