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ABSTRACT Maritime autonomous surface ships (MASS) need to be sufficiently safe to gain commercial
acceptance. Collision avoidance strategies in such MASS should comply with the International Regulations
for Preventing Collision at the Sea (COLREGS). According to the COLREGs, collision risk assessment,
which determines the optimal positioning and timing via all available means appropriate to the prevailing
circumstances and conditions, is crucial for preventing collisions. However, existing collision risk assessment
methods do not consider all vital factors for the COLREGs rules compliant collision avoidance. We propose
a collision risk inference system for MASS that complies with COLREGs vital rules for collision avoidance
as follows: 1) actions to avoid collision are defined according to the degree of danger, and a suitable response
distance is determined; 2) a collision risk index according to the enlarged ship domain based on the designated
response distance by each level is set; 3) all vital factors of the COLREGs rules compliant collision avoidance
are extracted as the data when the ship domain enlarged by each level is overlapped; 4) the collision risk
inference system is developed by learning extracted data via the adaptive neuro fuzzy inference system.
In contrast to existing research, the proposed system considers all vital variables in the COLREGS rules
compliant collision avoidance guidelines, thereby improving the timings and positionings of the potential
collision warning. Consequently, it could secure more time for decision making to take necessary collision
prevention action.

INDEX TERMS Adaptive neuro fuzzy inference system, collision avoidance, collision risk inference system,

COLREGs, maritime autonomous surface ships, near-collision accident, ship domain.

I. INTRODUCTION

Maritime autonomous surface ships (MASS) have contin-
ued to expand their scope from military purposes to com-
mercial use. These developments have been made possi-
ble because of wireless communication technology advance-
ments, enabling the transmission and reception of data over
thousands of nautical miles. The international maritime orga-
nization (IMO) defines a MASS as ““a ship which, to a varying
degree, can operate independently of human interaction,”
and divides MASS autonomy levels [1] into four degrees as
follows:
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1) Degree one: Ship with automated processes and deci-
sion support.

2) Degree two: Remotely controlled ship with seafarers
on board.

3) Degree three: Remotely controlled ship without sea-
farers on board.

4) Degree four: Fully autonomous ship.

In Korea, there are plans to develop 1,700 TEU container
ships with degree three MASS autonomy for ocean naviga-
tion and degree two MASS autonomy for coastal navigation
from 2020 to 2025. Various MASS are being developed in
different locations, such as the European Union, Norway,
Japan, and China, and preventing collision accidents between
vessels is essential to successfully accomplish their purpose
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at sea. According to a statistical investigation presented by
the Korean Maritime Safety Tribunal (KMST) [2], over the
past five years approximately 95% of all collision acci-
dents in Korea were due to operation negligence such as
failure to comply with general principles of navigation and
International Regulations for Preventing Collision at the Sea
(COLREGs) [3].

COLREGs rules consist of five parts, A-E, covering differ-
ent areas. Part B is the most relevant as it consists of sailing
rules. Within part B, rules 5, 7, 8, and 13—-17 are the most
important for satisfactory performance of MASS in colli-
sion avoidance situations. Because the COLREGsS rules can
produce various interpretations, ‘“A Guide to the Collision
Avoidance Rules” [4] has been compiled to comprehensively
interpret key rules through various precedents and expert
discussions to ensure proper action for collision avoidance
between vessels. Therefore, in this study, the process of colli-
sion avoidance between vessels was based on the said guide,
as shown in Fig. 1.
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FIGURE 1. Process of collision avoidance between vessels.
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Action to avoid collision starts from the collision risk
assessment. First, every vessel shall, at all times, maintain
a proper look-out using all available means to assess the
collision risk. Radar plotting is a suitable method to obtain
an early warning or a collision risk from observation of
detected objects, and such risk is deemed to exist if the
compass bearing of an approaching vessel does not appre-
ciably change. Second, the encounter situation (i.e., head-on,
crossing, or overtaking) is determined if a collision risk exists.
Third, the give-way and stand-on vessels are determined
according to the encounter situation. Fourth, actions to avoid
collision are taken.

The ship domain was initially utilized to assess the col-
lision risk between vessels. The concept of ship domain
was introduced by Fujii and Tanaka [5]. Subsequently, ship
domains of various shapes and sizes [6]-[16] were developed
considering the COLREGs rules compliant collision avoid-
ance, speeds of the Own-Ship (OS) and Target-Ship (TS), and
margin of the relative distance between the OS and TS. The
ship domain can be largely divided into three types: elliptical,
circular, and polygonal, as shown in Fig. 2. Subsequently,
the collision risk index (CRI), which integrates both spatial
and temporal factors in real time into a single number via
the Automatic Radar Plotting Aid and Automatic Identifi-
cation System (AIS), was developed. CRI is very flexible
and is not limited by geometrical shapes, such as the ship
domain [17]. Methods that adopt the CRI [18]-[28] employ
algebraic expression and fuzzy logic, as shown in Fig. 2.
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FIGURE 2. Development timeline of collision risk assessment.

The characteristics of the collision risk assessment meth-
ods using the ship domain and CRI are compared and ana-
lyzed in Table Al. The collision risk assessment methods
proposed by Hasegawa er al. [19], Lee and Rhee [21],
Ahn et al. [24], and Ohn and Namgung [28] not only com-
ply with the COLREGs rules, but simultaneously assess the
collision risk when multi-vessels are approaching. However,
their proposed methods do not consider the variance of the
compass bearing degree (VCD) according to “Rule 7(b)(i).”
According to [4], the VCD is not only important for detection
of the collision risk faster than other factors, but also for
indication of the initial effectiveness of the avoiding action.
Although the collision risk assessment method proposed by
Bukhari er al. [25] reflects the VCD as the input variable,
it was developed from the vessel traffic system (VTS) oper-
ator’s viewpoint, without considering the COLREGs rules
compliant collision avoidance strategies.

This paper proposes a collision risk inference system
using IF-THEN fuzzy rules based on the COLREGS rules
compliant collision avoidance for MASS to avoid collision
at optimal positioning and timing. The study applies sys-
tem development approaches, to MASS developed in Korea,
based on ship near-collision accident data without any inter-
vention from the navigator. This study has two parts: First,
vital ship domain factors based on the COLREGs rules com-
pliant collision avoidance from the near-collision accident
between vessels were extracted as data. Second, the extracted
data were learned via the adaptive neuro fuzzy inference
system (ANFIS) [29] to generate IF-THEN fuzzy rules for
the given input—output dataset.

The remainder of this paper is organized as follows: the
necessary background theory is presented in Section II. The
collision risk inference system for MASS based on the
COLREGs rules compliant collision avoidance, ship domain,
near-collision accident, and ANFIS, developed with the use
of MATLAB, are outlined in Section III. In Section IV,
the results of computational simulations using MATLAB and
discussions are presented. Finally, conclusions are drawn
in Section V.
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Il. THEORETICAL BACKGROUND

A. COLREGs RULES COMPLIANT COLLISION AVOIDANCE
At sea, vessel maneuvers must be logical for the surrounding
vessels. Because odd actions could lead to the surrounding
vessels being uncertain about the navigational initiations, all
maneuvers between vessels must be clear and precise. Colli-
sions could result from any of the following four situations:
head-on, overtaking, crossing from the port, and crossing
from starboard [3]. COLREGSs rules are based on human
judgment of situations. Therefore, there are few specific
regulations in place to decide which COLREGS situation
applies at a certain time. The rules contain one boundary
condition (Rule 13(b)), which mentions that a vessel is in an
overtaking situation if it comes up with another vessel from a
direction more than 22.5° from the beam of the second vessel,
as illustrated in Fig. 3.

\
22.5°

FIGURE 3. COLREGs rules defining an overtaking situation.

The remaining boundaries are decided according to [4],
as shown in Fig. 4. The relative bearing angle  between the
MASS and TS is calculated as

B = tan™! 2(ymass — yrs, Xmass — x7s) — b5 (D

where the position of MASS is given as (xps4ss, Ymass); and
position and course of TS are given as (x7s, yrs), and ¢rs,
respectively.

Based on the COLREGs rules, the actions in different
situations are as follows:

o Head-on: Both vessels should take action to avoid col-
lision by altering the course to the starboard.

o Overtaking: The vessel being overtaken should main-
tain a steady course and speed. COLREGs Rule
13 allows the overtaking vessel to pass the other vessel
from both sides.

o Crossing: When crossing from either port or starboard,
the vessel having the other vessel on its starboard side
is the give-way vessel and should alter course such
that it passes behind the other vessel. The other vessel
(i.e., stand-on vessel) should maintain a steady course
and speed. However, the stand-on vessel shall take action
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FIGURE 4. Boundaries for the different COLREGs situations.

to avoid collision if the give-way vessel does not take
appropriate action or cannot avoid the collision despite
the action.

B. CLOSEST POINT OF APPROACH

The closest point of approach (CPA) is the point where
the OS is closest to TS at any time and can be used to
measure CRI [18]-[28]. CPA has two components: Dcpy,
which is the distance to CPA, and Tcp4, which is the time
to CPA. As shown in Fig. 5, Dcps and Tcps can be obtained
by geometric calculation of the vessel collision avoidance
conditions.

Given the coordinate, course, and velocity of MASS and
TS as (xmass, ymass), Pmass, and Viyass, and (xrs, y75),
¢71s, and Vg, respectively, the relative moving variables are
calculated as

D, = \/ (x7s — xXmass)? + (Vrs — ymass)? ()
Vi = Vumass
Vis \° Vrs
X\/H—( ) —2x x cos(Ppmass —Prs)
Vmass Vmass
(3)
V -V —
b = cos—! x ( Mass — Vrs X cos(¢uass ¢TS)) @
v,
Dcpy = Dy x sin(¢y — oy — ) ©)
Tcpa = Dy x cos (¢ —ay — 1) [Vy (6)

where D, is the relative distance between the MASS and TS,
V. is the relative velocity, ¢, is the relative course, «; is the
azimuth of TS, and «, is the relative bearing. VCD is then
calculated as

VCD; = |ay, — ay,_,| (7)

where i denotes the current time.

C. NEAR-COLLISION ACCIDENT

A near-collision accident means that no collision has occurred
between the two vessels that pass each other in a close
state. This study considers the decision of the near-collision

accident, as obtained from the collision risk assessment cri-
teria [30]-[32] when ship domains of MASS and TS are
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FIGURE 5. Closest point of approach.

overlapping [17], as shown in Fig. 6. However, it is necessary
to select the size and shape of the ship domain most suitable
for MASS operation. According to [12], based on the AIS
maritime traffic data, which can be widely applied to assess
the collision risk between vessels due to an automated history
tracking record, from Danish waters, the ship domains most
suitable for vessel operation were identified as a long radius
(a) of 4 L and short radius (b) of 1.6 L (L is the vessel length)
proposed in [5], as shown in Fig. 6.

y (latitude)

x {longitude)
(XM'J!SS’ yMA 5

(XTS" y TS)

FIGURE 6. Ship domain with elliptical dimension.

However, the ship domain proposed by [5] reflects only the
vessel length as the variable. It thus created a ship domain
of a static shape regardless of the velocity change [17]. The
ship domain proposed by [16] considered the vessel’s length
and velocity changes for maneuvering the vessel based on the
IMO standard. a, and b were set at 1 L, and 0.2 L at O kt,
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and 4 L and 2.25 L at 10 kt, respectively. It was identified
that the ship domain proposed in [16] at 10 kt is similar
to that proposed in [5]. This study thus defines the ship
domain according to the MASS’s length and velocity change
per 0.1 kt by utilizing [5], and [16] via the proportional
expression, calculated as

8L — (W
1kt .
2 if Vmass = Viok
AMASS = Y op (W) |
2 if Vmass > Viok
3
3.2L — (W)
2
b _ if Vmass < Viok o
A [ (W)
2
if Vamass > Viow

where Vo is 10 kt; Similarly, ars and brs can be calculated
as in (8) and (9) by replacing Vyass with Vzg.

IIl. COLLISION RISK INFERENCE SYSTEM USING IF-THEN
FUZZY RULES

A. PROCESS OF SYSTEM DEVELOPMENT

Development of a collision risk inference system using
IF-THEN fuzzy rules based on the COLREGs rules compli-
ant collision avoidance, as shown in Fig. 7, can be divided
as follows: conceptualization, data collection, and system
development. In the conceptualization stage, the definition
of the COLREGs rules compliant collision avoidance, deter-
mination of the suitable response distance, and setting of
CRI via enlargement of the ship domain are conducted
for each level. In the data collection stage, all vital fac-
tors of the COLREGS rules compliant collision avoidance
are extracted from the near-collision accidents via the AIS
maritime traffic data. Finally, in the system development
stage, the system is developed by learning the input—output
dataset divided from the near-collision accident data via
the ANFIS.
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FIGURE 7. Development process of collision risk inference system.
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B. CONCEPTUALIZATION

1) DEFINITION BY LEVEL

Based on the action of the give-way and stand-on vessels
according to [3], [4], the COLREGS rules compliant collision
avoidance by each level is defined as shown in Table 1.

TABLE 1. COLREGs rules compliant collision avoidance by each level.

Level Definition
Collision ° Both vessels have a collision
Danger L] Both vessels are required to take such action that will
best aid avoidance of a collision
Stand-on vessel is permitted to take action to avoid a
Threat ..
collision
L] Give-way vessel is required to take early and
Attention substantial action to achieve a safe passing distance

[ Stand-on vessel must keep her course and speed

2) DETERMINATION OF A SUITABLE DISTANCE
In [4], a close quarters situation, which begins the col-
lision risk between vessels, is defined as approximately
3 nm according to the COLREGs rule 22 [3]. At this
time, the give-way vessel is required to take early action
to avoid collision, and the stand-on vessel must maintain
its course and speed. However, if it becomes apparent that
the give-way vessel is not taking appropriate action within
approximately 2 nm, the stand-on vessel is permitted to
take action to avoid collision by its maneuver alone. In a
case where the collision cannot be avoided by the give-way
vessel alone until approximately 1 nm, the stand-on vessel
is required to take such action as will best aid collision
avoidance.

Table 2 summarizes the collision accident status accord-
ing to the first recognition distance compiled by the KMST
in 2019 [2].

TABLE 2. Status by collision accident according to first recognition
distance in 2019.

Less than 1-2 2-5 More than Undetected
1 nm nm nm 5 nm vessel Total
10 53 6 1 59 129
(7.8%) 41%)  (4.7%) (0.8%) (45.7%)

The suitable response distance by level, as designated
by [4] and Table 2, is listed in Table 3. In the attention level,
a distance of 3 NM is applied as the time the collision risk
begins between the vessels. In the threat level, where the
distance between the two vessels reduces to 2 NM, the stand-
on vessel is allowed to take action to avoid collision by
observing the action of the give-way vessel. In the danger
level, where the distance between the vessels drops to within 1
NM, the give-way vessel applies action that will best aid
collision avoidance between the vessels. In the collision level,
the response distance is not defined because collision is
inevitable.

VOLUME 9, 2021

3) SETTING OF CRI VIA SHIP DOMAIN

The ship domain was enlarged by the designated response
distance of each level from the collision to attention levels,
and CRI was set according to the enlarged ship domain in
each level. The standard ship domains, i.e., the ship domain
in the collision level, was determined using (8) and (9). The
length of the MASS to be developed in Korea was set as
172 m [33] based on the length of 1,700 TEU container
ships currently in operation at sea, and that of the TS was
set as the length of the ship operating at actual sea. Thus,
the enlarged ship domain for each level considering the length
of the MASS and TS is calculated as

1,852m
0= """ (10)
(172m + Lrs)
3, 704m
=" 11
p (172m + Lrs) (D
_5,556m 12
Y= (72m+ Lys)

where Ly is the length of TS; and «, B, y are the weights for
creating the ship domain in the danger, threat, and attention
levels, respectively.

Accordingly, the enlarged ship domain corresponding to
the designated response distance of each level was set,
as shown in Table 3. The greater the length of the TS and
velocity of both vessels, the greater the ship domain can
enlarge beyond the collision and danger levels to the threat
level. This study thus considered the collision step when the
above occurred.

Next, the CRI was set as the point in time for taking action
to avoid collision according to the designated level’s response
distance. The CRI ranges from 0.00 to 1.00, as shown
in Table 3. In the attention and threat levels, CRI was set as
0.01 and 0.33 to avoid collision by the give-way and stand-on
vessels, respectively. CRI in the danger level was set as 0.66 to
avoid collision by both vessels via the best cooperation. The
collision level has a CRI of 1.00 due to the occurrence of a
collision.

C. DATA COLLECTION

Close navigation involving several small and medium-sized
cargo ships, coastal ferries, and fishing boats often occurs
in the Mokpo sea area. Hence, this area was used to collect
all vital factors in the COLREGs rules compliant collision
avoidance. The blue lines in Fig. 8 show the ship trajectory
obtained via the AIS maritime traffic data in this area.

Over the course of 10 days—from 00:00 of July 1,
2019 to 24:00 on July 10, 2019—a total of 1,591 ships were
identified. Among them, 976 cases of encounter situations
occurred, of which 493 cases occurred as a result of iden-
tifying near-collisions by establishing ship domains in the
collision level, which defined ship-to-ship conflicts. Thus,
a total of 1,972 cases were extracted as the input—output
dataset (the input data consisted of Dcpa, Tcpa, VCD, and
D,, whereas CRI formed the output data) when overlapping
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TABLE 3. Range of relative distance, ship domain, and CRI by level.

Division Collision Danger Threat Attention
D, - Collision < nm < 1.00 1.00 < nm < 2.00 2.00< nm < 3.00
MASS 20,455 % 2y 20‘){ = Xzbmss‘] Zﬂx[ £ Xzb.w.-ms) 27”{ z XZbM.m]
Ship A s @ wass A iuass
domain
TS 2a5; % 2by Zax(aXZbuj Zﬂx[ﬂxzbﬂ] Zyx(}/xﬂ)rsj
Az drs Ars
CRI 1.00 0.66 < CRI <1.00 0.33 < CRI <0.66 0.01 £ CRI <0.33
TABLE 4. VCD with changes in NM.
34.8 Yeongam
Fof
— Dadohaehaesa Dep, 1 NM 2 NM 3NM
National Park
i B o A 0.25 NM 7.3° 2.4°
(From 2NM to TNM) (From 3NM to 2NM)
o 15.5° 49°
¢ 0.50 NM
34 6 (From 2NM to TNM) (From 3NM to 2NM)
Haenam
(From 2NM to TNM) (From 3NM to 2NM)
345
60.0° 10.5°
1.00 NM
34.45 (From 2NM to TNM) (From 3NM to 2NM)
34.4
A o for Dcpa of 1.00 NM, VCD from 3 NM to 1 NM is 70.5°
1258 1259 126 1261 1262 1263 1264 1265 1266 1267

FIGURE 8. Ship trajectory extracted from the AIS maritime traffic data at
the Mokpo sea area.

according to the enlarged ship domain based on the collision
level, as shown in Fig. 9.

Atténdan
iz BB

FIGURE 9. Overlapping situations of the ship domain by levels.

Because the VCD did not change significantly during near-
collision accidents, VCD with changes in NM, as presented
in Table 4, is applied according to [4].

In [4], the give-way vessel shall pass the stand-on vessel
with the least 1 NM of a safe passing distance. For example,

7828

according to Table 4. Thus, given an initial Dcpy of 0.00 NM
between the MASS and TS with 3 NM, the level to obtain
Dcpy of 1.00 NM was defined as the attention level. The
collision level was defined to obtain Dcps of 0.25 NM as
the least safe passing distance between the MASS and TS
to avoid a collision accident. The danger and threat levels
were defined to obtain Dcps of 0.50 and 0.75, respectively,
to secure the safe passing distance. VCD of the attention,
threat, danger, and collision levels were set as 70.5°, 34.1°,
20.4°, and 9.7°, respectively.

D. SYSTEM DEVELOPMENT
The development process of the collision risk inference sys-
tem by learning the collected data via the ANFIS was as
follows:

First, fuzzy rules were determined from the given input—
output dataset:

Rule; :

if X105 L (Dcpa)
and x3 is [L(Tcpy)
and x3 is [L(vcD)
and x4 is (L(D,)

then R is fi(x1, x2, X3, X4) (13)

where x1, x3, x3, x4 are the input variables of Dcpa, Tcpa,

VCD, Dy; and p(pepy)s K(Tepa)s H(VCD), (D, are the fuzzy
sets of the input variables (i.e., antecedent variable), and R,

VOLUME 9, 2021
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or CRI is either a constant or a linear function of the input
variable (i.e., consequent variable). f;(x1, x2, X3, x4) is a first-
order polynomial proposed by the Sugeno fuzzy model [34],
and is calculated as

fi=kio+ ki1 xx1 +kioxxo+kizxx3+kiaxxy
(14)

Thus, 256 fuzzy rules with combinations of each mem-
bership function using the linguistic variables Collision (C),
Danger (D), Threat (T), and Attention (A) were formed,
as summarized in Table 5.

TABLE 5. Components of the fuzzy inference rules for the collision risk
inference system.

Rule, Dy, Teps VCD D,
Rule, Collision Danger Threat Attention
Rule, Collision Collision Collision Collision
Rule, Danger Danger Danger Danger
Rule, Threat Threat Threat Threat
Ruleg Attention Attention Attention Attention
Rule,, Collision Threat Danger Collision
Rule,g, Collision Threat Danger Danger
Rule,, Danger Danger Threat Threat
Rule,s, Threat Attention Attention Attention
Rule, Danger Collision Attention Danger

Second, learning by the ANFIS was done using a hybrid
learning algorithm, which combines the least-squares estima-
tors for the forward pass and error backpropagation based on
the gradient descent for the backward pass [29]. Fig. 10 shows
the ANFIS structure, consisting of a six-layer feedforward
neural network for the collision risk inference system that
corresponds to the first-order polynomial.

Input  Fuzzification Rue&  nefizzification
normalisation Qutput
|layer layer layer

layer

FIGURE 10. ANFIS structure for the collision risk inference system.
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The computation of each layer is as follows:

« Layer 1: As the input layer, neurons pass the external

crisp signals to Layer 2. That is,

R = x(V (15)
where xl-(l) is the input and Ré(l) is the output of the input
neuron { in Layer 1.

Layer 2: As the fuzzification layer, neurons conduct
fuzzification using a bell activation function. That is,

1

O 2b;
()
(

where x; ? s the input and Ri.(z) is the output of the input
neuron i in Layer 2; a;, b;, and c; are the variables that
control the center, width, and scope of the bell activation
function of neuron i, respectively.

Layer 3: In the rule layer, each neuron corresponds to a
single Sugeno-type fuzzy rule. A rule neuron receives
inputs from the respective fuzzification neurons and
calculates the firing strength of the rule it represents.
In ANFIS, the conjunction of the rule antecedent is
evaluated by the operator product. Thus, the output of
neuron i in Layer 3 is obtained as

R® = (16)

k
i 3
RIC(S) — l_['xj(i ) (17)
j=1

where xl.(3) is the input and Réo) is the output of the input

neuron i in Layer 3.
Layer 4: As the normalization layer, each neuron
receives inputs from all neurons in the rule layer and is
calculated by the normalized firing strength of a given
rule. Thus, the output of neuron i in the normalization
layer is obtained as

“

X; .
i i _
RY = =5 = =@ (18
ST S
where x;i4) is the input from j located in the rule layer

to neuron i in the normalization layer, and n is the total
number of the rule neurons.
Layer 5: At the defuzzification layer, each neuron is
connected to the respective Layer 4 neurons and receives
the initial inputs x1, x2, x3, and x4. The defuzzification
neuron is calculated with the weighted consequent value
of a given rule as

RO =x® x fi = i x f; (19)
where x,.(s) is the input and R’C(S) is the output of the
defuzzification neuron i in the defuzzification layer.
Layer 6: As a single summation neuron, the neuron cal-
culates the sum of outputs of all defuzzification neurons
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and produces the overall ANFIS output R,.
n n
35 _
Re=) 57 xfi=D iiixf (20)
i=1 i=1

In the forward pass, input variables x{, x2, x3, and x4 are
presented to the ANFIS, the neuron outputs are calculated
on a layer-by-layer basis, and output R, is identified by the
least-squares estimator. Because the output of the ANFIS
follows a linear function according to the Sugeno-style fuzzy
inference, a total of 256 linear equations were created in terms
of the consequent variables as

Re(1) =y (Dlk1,0 + ki, 1x1(1) + ky 2x2(1)
+ ki1,3x3(1) + kp 4x4(1)]
+ -+ Tose(Dlkase,0+k2s6,1x1 (1) + k2s6,2x2(1)
+ kase,3x3(1) + kase axa(1)]

R.(1,972) =1, (1, 972)[ky 0 + k1,1x1(1, 972)
+ kl’z)Cz(l, 972) + k1’3X3(l, 972)
+ kyaxa(1,972)]
+ -+ Tase(1, 972)[k2s6,0 + kase,1x1(1, 972)
+ kase,ox2(1, 972) + kase,3x3(1, 972)
+ kose,axa(1, 972)]

(21)
(21) can be expressed in matrix form as
R.(P) = Ak (22)

where R.(P) is a P x 1 desired output vector, A is a P x n(1+m)
matrix, and k is an n(1 + m) vector of unknown consequent
variables. Here, P is the number of input—output datasets,
m is the number of input variables, and n is the number of
neurons in Layer 3. Because P, m, and n are 1,972, 4, and 256,
respectively, A is a 1,972 x 1.280 matrix and k is a 256 x 5
matrix. R.(P), A, and k are obtained as (23)—(25), shown at
the bottom of the page.

The least-squares estimator of k* (i.e., k) should be found
to minimize the squared error ||R.(P) — Ak ||2. k* is obtained

using the pseudoinverse as
k* = (ATA)TTATR.(P) (26)

where AT is the transpose of A, and (ATA)~'AT is the pseu-
doinverse of A.

After assigning the rule consequent variables, the actual
output vector R, is calculated. Then, the error vector e is
obtained as

€ =R.(P) —Rc 27)

In the backward pass, the error signals are propagated back,
and antecedent variables are updated according to the chain
rule.

Consider the first neuron in Layer 2 to be denoted as A;.
The correction applied to variable a in the bell activation
function can be expressed as

oE 0E Qe ay ()
Aa:—(xl—z—al—x_x—_ X ——
da de Ay (i) oL
oy opi  Opal
X — X —— X
;i Oual da
where «; is the learning rate, and E is the instantaneous
value of the squared error for the ANFIS output neuron.
E is expressed as

(28)

1, 1 2
E= 5€ = E(RC(P) —R.) (29
Thus,
(1 — )
Aa= —ar(Re(P) — R(—1)fi x L FD) o B ke
Wi HA1 Ha
(30
where
oAl 1 1 2h—1
oa = — x}faszchbXbe(xl—a)
[1 + (%) ]
x (—1)
2 2b x| —a 21
= [y X — X 3D
c c

Similarly, corrections applied to variables b and c¢ can be
obtained.

R.(1)
Rc(2)
R =| RO (23)
| Re(1,972)
[ ) i (Dxa(l) Tase(1) Hase(1)xa(1)
m1(2) 1(2)x4(2) T2s6(2) 256(2)x4(2)
A= ) . . . (24)
| #1(1,972) (1, 972)x4(1, 972) Hase(1,972) Tase(1, 972)x256(1, 972)
k = [ki0ki,1ki 2ki 3ki 4 k256,0k256,1k256,2k256,3k256,4]T (25)
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Of the 1,972 input—output datasets, 60% were selected for
training, 20% for validation, and 20% for testing. The best
validation performance was confirmed at epoch 9, as shown
in Fig. 11.

Training
——— Validation
— Test

Route mean square error (RMSE)

10 15 20 25
Epoch

FIGURE 11. Validation and test performance for the collision risk
inference system via the ANFIS.

As a result of learning the input—output dataset via the
ANFIS, the developed collision risk inference system was
determined by triangular membership functions, as shown
in Fig. 12. The numerical range of the membership functions
Dcpa, Tcpa, VCD, and D, are [0, 3.9], [0, 34.3], [9.7, 70.5],
and [0, 3], respectively.

At -

FIGURE 12. Fuzzy membership function of the collision risk inference
system. (a) Dcpg. (b)Tcpa. (€) VCD, and (d) D;.

Dcpa membership functions via linguistic variables Col-
lision (C), Danger (D), Threat (T), and Attention (A) were
determined as

1, for Dcpa <0

KCDcpa) = 1'3:#, for 0 < Dcpa < 1.3;
DC’IA—;O, for 0 < Dcpa < 1.3

HD(Dcp) = 2.6;#’ for 1.3 < Depa < 2.6;

VOLUME 9, 2021

Dcpa — 1.3

CPAT, for 1.3 < Depy < 2.6
KT(Dcra) = Y3.9-D

TCPA, for 2.6 < Dcpy < 3.9;

Depa — 2.6

———— for26 <D <39
HADcps) = 1.3 f cPA (32)

0, for 3.9 < Dcpa

Tcpa membership functions via linguistic variables Col-
lision (C), Danger (D), Threat (T), and Attention (A) were
determined as

1, for Tcpa =0
=1 11.5-T,
MC(Tcpa) TCPA’ for 0<Tcpsa <11.5;
Tcpa — 0
Cﬁ_s . for0<Tcp <115
PO T R9 = Tem s - gy < 220
14 Cooem e
Tepa —11.5
ST for 11.5 < Tepa < 22.9
P 114
33 e 009 < Tep < 34:
14 Cooeme
Tcpa —22.9
SR TR for 22.9 < Tepa < 343
HAT o) = 11.4
0, for 343 < Tcpa

(33)

VCD membership functions via linguistic variables Col-
lision (C), Danger (D), Threat (T), and Attention (A) were
determined as

I, for VCD < 9.7
= 130—-VCD
frewen) —, for9.7 < VCD < 30;
20.3
VCD — 9.7
T, for 9.7 < VCD < 30
noven) = 1 505%yep
——, for 30 < VCD < 50.2;
20.2
VCD — 30
02 for 30 < VCD < 50.2
Krwvep) =\ 705 = veD
——, for50.2 < VCD < 70.5;
20.3
VCD — 50.2
—————, for50.2 < VCD <70.5
MA(VCD) = 20.3
0, for 70.5 < VCD

(34)

D, membership functions via linguistic variables Collision
(C), Danger (D), Threat (T), and Attention (A) were deter-
mined as

1, for D, <0
=112-D

Hewn) = = for0<D, <12

1.2

D, —

7 for0 <D, <1.2
KO0 =121 -D,

T, for 1.2 < D, <2.1;
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D, —1.2
T, fOV 12<Dr§21

KT = 13.0-D,
T, for 2.1 < Dr < 30,
D, ~21 for2.1 <D, <3.0
—, for2l < < 3.

MAD,) = 0.9 " (35)
0, for 3.0 < D,

Crisp output using the determined membership functions
of the developed collision risk inference system can thus be
obtained by the aggregation operation of a total of 256 rules.
The weighted average function (WA, f) [34] is thus given
as (36), shown at the bottom of the next page.

IV. RESULTS AND DISCUSSION

A. NUMERICAL SIMULATION RESULTS

For the performance validation the developed fuzzy infer-
ence system based on near-collision (FIS-NC) was compared
with the existing research in [21] and [27] by applying the
near-collision accidents between vessels at actual navigation
area, as shown in Fig. 13, and the results analyzed. At this
time, the abovementioned existing research was utilized for
the collision risk assessment of the MASS. The developed
collision risk inference systems in [21] and [27] are denoted
as the fuzzy inference system (FIS), and fuzzy comprehen-
sion evaluation (FCE), respectively.

Observation of encounter vessels

Y

Identification of near-collision accidents

r

Analysis of each encounter situations

"

Inference of the CR/

FIGURE 13. Process of performance validation.

First, the encounter vessels were observed from 00:00
on July 11, 2019, to 24:00 on July 11, 2019, using the
AIS maritime traffic data of the Mokpo sea area. Second,
the near-collision accidents were identified by applying the
ship domain in the collision level to the encounter vessels.
Third, any encounter situation was analyzed from a close
quarter’s situation to the near-collision accident. Finally,
CRI was inferred for each encounter situation (i.e., head-on
and crossing situations) by applying the corresponding input
variables from the FIS-NC, FIS, and FCE to encounter vessels
were the near-collision accident occurred.

Fig. 14 shows the area of the near-collision accident in the
head-on and crossing situations between vessels. One of the
two vessels is designated as the MASS to be developed in
Korea, and the other was designated as TS.
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FIGURE 14. Near-collision accident occurrence area.

Table 6 presents the initial information of each vessel in
head-on and crossing situations.

TABLE 6. Initial information in head-on and crossing situations.

Encounter . Relative
situation Vessel Course Velocity distance Length
MASS 217.4° 10.4 kt 9.85 nm 172 m
Head-on Target-
Ship 171.6 7.5 kt 9.85 nm 192 m
MASS 117.3° 7.3 kt 6.67 nm 172 m
Crossin; _
& Tage o5 70k 667am 165m
Ship

1) HEAD-ON SITUATION

Fig. 15 shows the head-on situation between the MASS
and TS. The inferred CRI when applying the FIS, FCE, and
FIS-NC to MASS is presented in Table 7.

5.} 6 ) T = )

4.5 3485 5
e e @ L
g B = M5 q M5 " \
g™ 2 E AN
" ;-3 1 T qaas - |
= 3445 Jacds i Bagas [ P |
T | MASS 34 a4 Y | betara naarcotision
| L |
M3 kL % L L 3 i L ] o il = =i
126 1261 1262 1263 126 1261 1262 1283 128 1261 262 ia63
Longitude Lorgituce Lorgitude
46 / 38 - 3458 ,);
= i ' 34.57
2455 P 3455 % i
t 7 m /k z .56 2
§ sas P 2 ms (he
£ - | 2 - ; g s o
3 d v i, e i 1 nautieal mils by
T agan, (" 3naucatmiis 3 3645 1 [ Bk e i — 3454 ; %
| osfors near-collizon L 54 . Y
4.4 1 4 .53 Mese-solkgion
% 345
3435 } 54,35 | ? 2 Z
126 1261 1262 1962 a6 12610 1262 1263 12616 12618 1262 12622
Lengiluds Longituce Lengituda

FIGURE 15. Head-on situation between MASS and TS.

In the initial encounter situation, the FIS, FCE, and FIS-
NC inferred the CRI as 0.000, 0.478, and 0.000, respectively.
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TABLE 7. Comparison results of inferred CRI in the head-on situation.

-
1me (o1 Tepy VCD D, CRI
(s) FIS FCE _ FIS-NC
0 021 35.62 - 985 0.000 0478  0.000

90 028  33.12 1.2 9.38  0.000  0.464 0.000
180 1.73  31.92 0.0 890  0.000 0.513 0.000
270 2.17  32.65 2.2 8.47  0.000  0.468 0.000
360 083  33.11 6.5 8.10  0.000  0.467 0.000
450 0.54  33.61 7.8 7.70  0.000  0.463 0.000
540 0.68  30.85 0.3 729  0.000  0.470 0.000
630 038 28.31 0.5 692  0.000 0.464 0.000
720 039 2459 0.3 6.46  0.000  0.495 0.000
810 0.03 2236 0.4 6.02 0177  0.492 0.000
900 025 2091 2.8 557 0156  0.509 0.000
990 0.51 19.16 0.2 515 0150 0483 0.000
1080 0.02 1792 3.5 4.69  0.155  0.470 0.000
1170 0.16  16.55 1.7 428 0250  0.469 0.008
1260 024  15.01 2.6 380 0357 0488 0.009
1350 027 13.54 4.6 339  0.461 0.465 0.011
1440 0.61 11.58 1.3 298 0558  0.516 0.012
1530 0.76 9.53 1.4 256  0.686  0.483 0.170
1620 0.78 7.72 6.0 215 0.728  0.551 0.320
1710 0.74 6.02 32 1.76  0.818  0.483 0.470
1800 0.21 5.32 0.1 136 0.840  0.465 0.640
1890 0.18 3.34 0.0 0.91 0.940  0.464 0.840
1980 0.24 1.66 2.6 048 0940 0.672 0.990
2070 0.21 0.24 0.4 022  0.940  0.938 1.000

When the near-collision accident occurred, CRI was inferred
as 0.940, 0.938, and 1.000 by the FIS, FCE, and FIS-NC,
respectively. In particular, FIS inferred the CRI as 0.940 at
0.91 NM to the near-collision accident. The measured point
in time for collision avoidance of the give-way vessel using
the FIS, FCE, and FIS- NC was more than the CRI of 0.6, 0.5,
and 0.01, respectively, according to [21], [27], and Table 3.
Therefore, from the point in time for collision avoidance of
the give-way vessel to the near-collision accident, the remain-
ing distance and time of the MASS using the FIS, FCE, and
FIS-NC was 2.55 NM and 585 s, 8.68 NM and 1890 s, and
3.17 NM and 720 s, respectively.

2) CROSSING SITUATION

A crossing situation between the MASS and TS is shown
in Fig. 16, and Table 8 presents the inferred CRI when apply-
ing the FIS-NC, FIS, and FCE to MASS.

The FIS, FCE, and FIS-NC inferred the CRI as 0.000,
0.512, and 0.000, respectively, at the initial encounter situ-
ation. At the near-collision accident, the CRI was inferred
as 0.940, 0.989, and 1.000 by the FIS, FCE, and FIS-NC,
respectively. Similar to the head-on situation, the FIS kept
inferring the CRI as 0.940 from 0.61 NM to the near-collision
accident. With MASS as the give-way vessel, from the point
in time for collision avoidance of the give-way vessel to the
near-collision accident, the remaining distance and time of
the MASS using the FIS, FCE, and FIS-NC were 2.56 NM
and 900 s, 6.56 NM and 2070 s, and 3.68 NM and 1260 s.
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FIGURE 16. Crossing situation between MASS and TS.

TABLE 8. Comparison results of inferred CRI in the crossing situation.

=
1me Dep, Tepy VcD D, CRI
(s) FIS FCE FIS-NC
0 239 2816 - 6.67 0.000 0.512 0.000

90 221  28.09 1.0 636  0.000  0.465 0.000
180 1.97 2775 0.3 6.00  0.000 0.461 0.000
270 205 26.74 0.5 568  0.000 0.481 0.000
360 1.56 2572 0.1 537  0.000  0.465 0.000
450 1.47  23.61 0.0 5.05  0.000  0.487 0.000
540 1.62  21.69 0.3 472 0.167 0471 0.000
630 1.77  19.90 0.2 441 0.169  0.462 0.000
720 206 17.26 0.7 4.09 0207 0.461 0.009
810 1.73 16.39 0.4 379 0260  0.470 0.011
900 1.82  14.73 0.2 349 0266 0475 0.012
990 1.82 1248 0.3 320 0382 0479 0.013
1080  2.04 9.91 0.3 293  0.547  0.490 0.034
1170 1.81 8.82 0.0 267 0613  0.486 0.134
1260 1.44 9.11 0.0 239 0.651  0.543 0.236
1350  0.64 1413 0.6 212 0427  0.466 0.331
1440 057  12.23 0.0 1.88  0.524 0462 0.409
1530 036  10.66 1.5 1.65  0.625  0.466 0.520
1620 0.34 8.78 0.3 1.41 0.723  0.563 0.625
1710 0.27 7.37 0.7 1.15  0.801 0.468 0.738
1800  0.21 5.41 0.6 089  0.836  0.464 0.850
1890  0.01 3.69 1.6 0.61 0940  0.623 0.968
1980  0.09 2.00 0.9 035 0940 0.891 0.999
2070  0.13 0.09 0.6 0.11 0.940  0.999 1.000

With respect to the point in time for collision avoidance of
the stand-on vessel, the FIS and FIS- NC are more than
the CRI of 0.8 and 0.33, respectively according to [21] and
Table 3. The FCE does not set the point in time for collision
avoidance of the stand-on vessel. Therefore, from the point
in time for collision avoidance of the stand-on vessel to the
near-collision accident, the remaining distance and time of
the MASS using the FIS and FIS-NC are 1.04 NM and 360 s,
and 2.01 NM and 720 s, respectively. When it comes to the
best aid to avoid a collision, FIS-NC provided the best results
of 1.17 NM and 405 s until the collision accident.

In particular, because Tcps increased at 1350 s, the
CRI inferred from the FIS and FCE decreased. In contrast,
the CRI inferred from the FIS-NC increased because the VCD
was in the range of the collision level. Hence, we identified
that the VCD of the FIS-NC was appropriately utilized.

256

i=1
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7= Z pki1) X kijn 4 ki) X ki + pu(ki3) X ki3 + pikia) X ki4
wlki) + plki2) + ki 3) + pikia)

(36)
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B. DISCUSSION

In simulation results, the CRI was inferred for each encounter
situation by applying the FIS-NC, FIS, and FCE to MASS.
However, because each system inferred a different CRI at the
same distance and time according to the numerical changes
of the input variables, the response distance and time for
collision avoidance of the give-way and stand-on vessels were
all different. Therefore, the inferred results are discussed
according to [4] to ensure that the point of positioning and
timing to act for collision avoidance at the CRI inferred from
each system are adequate for the give-way, and stand-on
vessels. Fig. 17 presents the CRI inferred from each system in
head-on and crossing situations according to encounter time
of Tables 7 and 8.

With MASS as the give-way vessel in head-on and crossing
situations, the FCE and FIS-NC recommended taking action
for collision avoidance before the close quarters’ situation
(i.e., approximately 3 NM). With MASS as the stand-on
vessel in a crossing situation, the FIS and FIS-NC recom-
mended collision avoidance action as soon as the TS did
not take appropriate action. However, the recommendation
of the FIS was 0.97 NM later than the recommendation of
the FIS-NC. With respect to the best aid to avoid a collision
in a crossing situation, the FIS-NC recommended counter-
action at 0.28 NM ahead of the required distance of 1 NM.
Thus, the early warning provides sufficient time and distance
to take action for collision avoidance. Hence, MASS using
the FIS-NC could take action for collision avoidance at an
appropriate positioning point and time in any situation via the

TABLE A1. Comparison and analysis of collision risk assessment methods.
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FIGURE 17. Comparison results of inferred CRI according to encounter
time: (a) head-on situation and (b) crossing situation.

inferred CRI according to the numerical changes in the input
variables.

V. CONCLUSION
Considering the COLREGS rules compliant collision avoid-

ance, we proposed a collision risk inference system,
FIS-NC, for MASS developed in Korea. In FIS-NC, all vital

Rule 7 “Risk of collision”

Method Changing
of compass

bearing

Type Radar

plotting

“Action by give-

Collision risk
assessment of
approaching
multi-vessels

Safety criterion

Rule 16 Rule 17
“Action by
stand-on vessel”

Expert-based
factor

way vessel”

Fujii and Tanaka [5] - -
Goodwin [6] - -
Davis et al. [7] - -
Coldwell [8] - -
Smierzchalski [9] \ -
Kijima and Furukawa [10] - -
Piertzykowski and Uriasz [11] - -
Hansen et al. [12]
Rawson et al. [13]
Wang and Chin [14]
Im and Tu [15]
Azzeddine et al. [16]
Kearon [18]
Hasegawa et al. [19]
Smeaton and Coenen. [20]
Lee and Rhee. [21]
Lisowski. [22]
Yan [23]

Ahn et al. [24]
Bukhari et al. [25]
Lenart. [26]

Zhao et al. [27]

Ohn and Namgung [28]

Ship
domain

2
'

CRI

2 222 2 2 2 2 2 2 2 1
'

22 2 2
1
1
1

2

<

2 2 2 2 2 2 2 2 21
1
2 2 2 =2 2 2

2

1
2L 22 2 2 2 2 2 2 2 2 1
2

2 2 2 1
1
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factors of the COLREGsS rules compliant collision avoidance
are extracted from the near-collision accident via the AIS
maritime traffic data, and data are learned via the ANFIS. The
results of comparison of FIS-NC with existing research indi-
cate that FIS-NC can overcome the existing research draw-
backs of not considering all vital variables in the COLREGs
rules compliant collision avoidance guidelines in Table Al;
further, the CRI at the optimal positioning and timing can
be inferred so that the MASS takes early collision avoidance
action in any situation. Accordingly, it could secure more
time for decision makers to take suitable collision prevention
action. This study is the first step toward collision avoidance
for the MASS to be developed in Korea. Future studies will
focus on the route generation algorithm for collision avoid-
ance based on CRI via FIS-NC.
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