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Abstract: Dynamic obstacle avoidance is essential for unmanned surface vehicles (USVs) to achieve
autonomous sailing. This paper presents a dynamic navigation ship domain (DNSD)-based dynamic
obstacle avoidance approach for USVs in compliance with COLREGs. Based on the detected obstacle
information, the approach can not only infer the collision risk, but also plan the local avoidance
path trajectory to make appropriate avoidance maneuvers. Firstly, the analytical DNSD model is
established taking into account the ship parameters, maneuverability, sailing speed, and encounter
situations regarding COLREGs. Thus, the DNSDs of the own and target ships are utilized to trigger
the obstacle avoidance mode and determine whether and when the USV should make avoidance
maneuvers. Then, the local avoidance path planner generates the new avoidance waypoints and
plans the avoidance trajectory. Simulations were implemented for a single obstacle under different
encounter situations and multiple dynamic obstacles. The results demonstrated the effectiveness and
superiority of the proposed DNSD-based obstacle avoidance algorithm.

Keywords: unmanned surface vehicles; dynamic obstacle avoidance; dynamic navigation ship
domain; local path planning; COLREGs

1. Introduction

Unmanned surface vehicles (USVs) can perform various applications in various sci-
ence, civilian, and military fields, such as environmental monitoring [1–3] and military
defense [4,5]. Furthermore, due to the advantages of low energy consumption and reduced
labor costs [6], many countries are vigorously developing USVs [7,8]. According to the
research of Baker and Seah [9], about 50% of marine accidents are caused by human errors,
30% of accidents should have been discovered and prevented by humans, and the other 20%
are caused by uncontrollable factors such as damage to the vessel’s own equipment and
hull and the harsh marine environment. USVs can avoid human errors and reduce losses
by the use of intelligent obstacle avoidance systems. The process of obstacle avoidance can
be divided into four steps: obstacle detection, decision making, avoidance path planning,
and control [8]. Here, we focus on the decision making and avoidance path planning stages.
The decision-making stage determines whether, when, and how the own ship (OS) should
take avoidance actions [10]. If the decision is made to avoid some obstacles, the OS enters
the avoidance path planning stage, where a local path planner is employed to determine
the desired guidance command to attempt the avoidance action.

The approaches to infer the obstacle avoidance risk include the closest point of ap-
proach (CPA) method and the ship domain method. The CPA-based approach was pro-
posed to estimate the collision risk based on the distance to the CPA (DCPA) and the time
to the CPA (TCPA) [11,12]. However, the CPA-based methods are insufficient for collision
risk estimation and evasive maneuver determination [13]. The concept of the ship domain
was first proposed by Fujii and Tanaka [14] as a safe area that must be maintained around
the USVs during navigation to avoid collisions with other ships or obstacles. Since then,
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various ship domains with different shapes and sizes have been developed using empirical,
analytical, and knowledge-based approaches [13,15]. The International Regulations for Pre-
venting Collisions at Sea (COLREGs) [16] released by the International Maritime Organization
(IMO) defines universal guides for all types of vessels to execute avoidance maneuvers. All
the vessels including USVs should obey COLREGs to sail at sea lawfully. Otherwise, non-
standard avoidance maneuvers may lead to confusion and potentially collision risk [4]. Thus,
ship domains considering COLREGs have been proposed subsequently [17–19]. Referring to
Szlapczynski and Szlapczynska [13], ship domains can be implemented in an encounter
situation with four safety criteria (see Figure 1). Based on these criteria, ship domains
are commonly used in obstacle avoidance alerting systems to assess the collision risk and
answer whether and when to make evasive maneuvers [15,20,21]. However, studies about
ship domains rarely answer the question of how to implement the local avoidance path
planning to take appropriate avoidance actions.

Figure 1. Different domain-based safety criteria [13]: (a) OS domain is not violated; (b) target ship (TS) domain is not
violated; (c) neither of the ship domains should be violated; (d) ship domains should not overlap.

The path planning for USV collision avoidance can be classified into two categories:
global path planning and local path planning. The global path planning generates the
guidance path concerning a map of the known environment and the target information,
while the local avoidance path planning determines the local avoidance path according to
the dynamic detected obstacle information [22]. At present, local path planning methods
include deep learning [23], VO [24], and SBG [16]. A commonly used local path planning
method is the velocity obstacles (VOs) method, which was first applied in the robot field [25]
and has been extended to USV motion planning compliant with COLREGs [26]. The VO
method defines a cone-shaped space on the obstacle and keeps the OS outside the space
to avoid collisions with nearby obstacles [27]. However, for USVs moving in complex
circumstances and against dynamic obstacles, the avoidance effect is hard to achieve [28].
Especially when the OS is located between multiple obstacles, the choice of speed and
heading will be difficult [16].

Therefore, based on the set-based control algorithm proposed by Moe et al. [29,30],
Myre [16] proposed set-based guidance (SBG) for the dynamic obstacle avoidance of USVs.
SBG defines an inner safety area and an outer reaction area around the TS. Once the OS
touches the reaction area, SBG will switch the OS to the obstacle avoidance mode and plan
an avoidance path. The SBG algorithm overcomes the wiggling behavior caused by the
VO when the velocity is between multiple obstacles and reduces the wear of the USVs.
However, since the reaction and safety area are set as circles with constant radii, the radii
cannot reflect the influences of the sailing speed and different encounter situations. This
will result in a long avoidance trajectory and lead to a waste of energy.

Motivated by the aforementioned analysis, we propose to trigger the obstacle avoid-
ance mode when the ship domains of the OS and TS overlap (Figure 1d) and execute an
avoidance maneuver by ensuring that the OS does not violate the TS’s domain (Figure 1b).
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To overcome the drawback of the traditional SBG method, considering that the reaction
distance of collision avoidance changes along with different COLREGs encounter situations
(e.g., when the USV is under the head-on situation, the relative speed is greater, so it needs
a larger reaction distance; while the relative speed of the overtaking situation is lesser, so
it needs a smaller ship domain), the ship domain should be designed with a greater bow
and lesser stern distance. Thus, this paper proposes a dynamic navigation ship domain-
based (DNSD-based) dynamic obstacle avoidance algorithm for USVs. Firstly, the dynamic
navigation ship domain (DNSD) is established, taking into account the ship parameters,
maneuverability, sailing speed, and encounter situations. Secondly, in compliance with
COLREGs, the DNSDs of the OS and TS are utilized instead of the constant circular reaction
and safety area to conduct the obstacle avoidance process, including the mode switching
between obstacle avoidance and path following, and the design of the local avoidance path
planner. Simulations were implemented for a single obstacle under different encounter
situations and multiple dynamic obstacles to verify the effectiveness and superiority of the
proposed method.

The rest of the paper is arranged as follows: Section 2 briefly introduces the motion
model of USVs and COLREGs. Section 3 introduces the modified dynamic navigation ship
domain. Section 4 introduces the DNSD-based method and explains the implementation
process. Section 5 implements the simulations and compares the results with the SBG
method to verify the effectiveness and superiority of the proposed method. The conclusions
are described in Section 6.

2. Preliminaries
2.1. Mathematical Model of USVs

For USVs, only the horizontal motion components of sway, surge, and yaw are
considered. Two reference frames, the inertial Earth-fixed frame oxyz and the body-fixed
frame obxbybzb attached to the moving vessel, are defined to build the motion model.
Herein, the USV is rudderless with double thrusters; the thrust generated by the port and
starboard thrusters is always in the same direction as the heading of the USV; there is no
force generated by the rudder, so the sway force can be considered as zero [31]. The motion
equation of USVs can be described as [32]:

η̇ = J(ψ)v, (1)

Mv̇ = −C(v)v− D(v)v + τ, (2)

where η = [x, y, ψ]T is the position vector depicted in the Earth-fixed frame, including
the north-east position (x, y) and the heading angle ψ. v = [u, v, r]T is the velocity vector
depicted in the body-fixed frame, including the surge and sway velocities (u, v) and the
yaw rate r. τ = [τu, τr]T is the surge and yaw control vector. M, C(v), D(v), and J(ψ)
are the inertia matrix, Coriolis-centripetal matrix, damping matrix, and transfer matrix,
respectively. The definitions are as follows:

J(ψ) =

 cosψ −sinψ 0
sinψ cosψ 0

0 0 1

, M =

 m− Xu̇ 0 0
0 m−Yv̇ Yṙ
0 Yṙ Iz − Nṙ

, (3)

C(v) =

 0 0 c13
0 0 c23
−c13 − c23 0

, D(v) =

 d11 0 0
0 d22 d23
0 d32 d33

, (4)

where m is the mass of the vessel, Iz is the ship’s inertia about the zb-axis, c13 = −mv +
Yv̇v + Yṙr, c23 = mu + Xu̇u, d11 = −Xu − Xuu|u| − Xuuuu2, d22 = −Yv − Yvv|v| − Yvvvv2,
d23 = −Yr, d32 = −Nv, d33 = −Nr − Nrr|r| − Nrrrr2, and X(·), Y(·), and Y(·) are referred to
as hydrodynamic derivatives.
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2.2. COLREGs in Collision Avoidance

COLREGs are mandatory for the operation of marine vessels. It is significant to
develop evasion maneuvers based on COLREGs for USVs to ensure safety at sea. Since this
paper is focused on whether the OS can achieve collision avoidance operation as a given
vessel, the following rules for a variety of COLREGs encounter situations are used for USV
collision avoidance:

• Rule 13 (overtaking): The OS shall be deemed to be overtaking when coming up to
the target ship (TS) from a direction of more than 22.5 degrees abaft its beam. In this
situation, the OS shall overtake the TS from either the port or the starboard side of the
TS (see Figure 2a);

• Rule 14 (head-on): When the OS and TS meet on reciprocal or nearly reciprocal courses,
each shall alter its course to starboard (see Figure 2b);

• Rule 15 (crossing): Crossing refers to two vessels encountering each other between
the direction of 15◦ and 112.5◦ (port and starboard). The vessel that has the other on
its starboard side shall keep out of the way (see Figure 2c).

Figure 2. Encounter situations and the avoidance direction for collision avoidance according to COLREGs (blue boat: OS,
red boat: TS). (a) is overtaking situations; (b) is head-on situations; (c) is crossing situations.

In order to determine the encounter situation, the relative bearing angle β between
the OS and TS is defined as shown in Figure 3. The head-on angle was chosen to be a total
of 30 degrees wide around the heading of the TS; the crossing angle was selected as 97.5
degrees on each side; the remaining angle was regarded as overtaking. The relative bearing
angle β is calculated as:

β = arctan
(

yOS − yTS
xOS − xTS

)
− ψTS, (5)

where ψTS is the heading of the TS and (xOS, yOS) and (xTS, yTS) are the position of the OS
and TS, respectively.

Figure 3. The boundaries between different COLREGs encounter situations (red boat: TS, blue boat: OS).
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3. Modified Dynamic Navigation Ship Domain

As mentioned above, the ship domain is a safe area that must be maintained around
USVs. Motivated by the four safety criteria [13] and the SBG obstacle avoidance method [16],
we propose to trigger an avoidance action when the ship domains of the OS and TS overlap
(Figure 1d) and determine an avoidance maneuver by ensuring that the OS does not violate
the TS’s domain (Figure 1b). The basic idea is that once the ship domain of the OS and
TS intersects, this indicates that there is a risk of collision, and it is time for the OS to
take evasive actions. Then, based on COLREGs, the local avoidance path planner will
redefine the local avoidance waypoints and replan the navigation path to guarantee the
OS keeps away from the TS’s domain. The ship domain should be taken as the general
model contributing to navigation risk assessment and path planning. Thus, the generation
of ship domains should take into account different ship-related factors, including the ship
dimensions, sailing speed, maneuverability, encounter situations, and COLREGs.

The ship domains in the literature are usually represented as elliptical, circular, hexago-
nal, polygonal, and other irregular shapes [13]. As for the application to collision avoidance,
the ship domain model is required to have a smooth curve; thus, we focus on the elliptical-
and circular-type domains. Fujii and Tanaka [14] first proposed an elliptical-type model
depending primarily on the ship length, regardless of other factors such as the encounter
situation and the sailing speed. Coldwell et al. [17] further defined an elliptical model
with different borders regarding COLREGs for overtaking and meeting (head-on and
crossing), taking into account different safety distances for the bow and stern. However,
this domain type was criticized by Szlapczynski and Szlapczynska [13] since a shorter port
side dimension may cause a problem in the crossing situation. Considering the relative
bearing with the TS, Goodwin [33] introduced a circular-type domain represented by three
disparate segments. To improve the discontinuity of Goodwin’s domain, Davis et al. [18]
further put forward a smoothed version of the original.

The above geometrical models lack analytical presentations and are essentially static
models, so they cannot be reasonably used for collision risk assessment and decision
making. Thus, Wang [20,34] proposed a dynamic quaternion ship domain (DQSD) for
feasible application to navigational decision support systems. The DQSD is identified by
the quaternion or combined ellipse containing four radii, e.g., fore, aft, starboard, and port.
Factors such as maneuverability, speed, and course were taken into consideration. On this
basis, Zhou et al. [19] proposed the basic navigation safety domain (BNSD) by putting the
encounter situation coefficients carried out by Kijima and Furukawa [35] into the DQSD
formula. However, since there are four radii that need to be determined, this type of ship
domain is somewhat complicated when applied to path planning.

Based on the aforementioned analysis, taking into account factors such as the ship
dimensions, sailing speed, maneuverability, encounter situations, and COLREGs, the mod-
ified dynamic navigation ship domain (DNSD) for USVs was created for application to
dynamic obstacle avoidance and path planning. The DNSD is composed of a semi-ellipse
and a semicircle, which are determined by only two radii, R f and Rs, as shown in Figure 4.
This model is easy in practice for local avoidance path planning. In order to create the
ship body-fixed ship domain when implementing obstacle avoidance, the proposed ship
domain was established in the x̄ōȳ coordinates, which is located at the origin of the Earth
frame. The x̄ and ȳ axes point toward the same direction as the x and y axes, respectively.
The specific DNSD formula can be written as follows:

DNSD =
{
(x̄, ȳ)| f (x̄, ȳ; Q) ≤ 1, Q = {R f , Rs}

}
, (6)

f (x̄, ȳ; Q) =

(
2x̄

(1 + sgn(x̄))R f + (1− sgn(x̄))Rs

)2

+

(
2ȳ

(1 + sgn(x̄))Rs + (1− sgn(x̄))Rs

)2
, (7)
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where sgn(·) is the sign function defined as:

sgn(x̄) =
{

1, x̄ ≥ 0;
−1, x̄ < 0.

(8)

The elliptical and circular radii are determined taking into consideration the ship
dimensions, the relative speed, the maneuverability, and the encounter situation regarding
the relative bearing and COLREGs. The dynamic radii are described as:{

R f = L + 0.67(1 + s(i))
√

AD2 + (DT
2 )2,

Rs = B + DT(1 + t(i)),
(9)

with:

s(i) =


|2− 4U

4U0
|, t(i) = 0.2, i = head− on;

2− β
π , t(i) = β

π , i = crossing;
1, t(i) = 0.2, i = overtaking.

(10)

where L and B are the ship’s length and width, respectively. AD is the advance distance,
which represents the longitudinal forward distance of the center of gravity in the case of the
vessel turning 90◦ from the start of steering. DT is the tactical diameter, which represents
the transverse distance of the center of gravity in the case of the vessel turning 180◦ from
the start of steering. 4U is the relative speed represented by UOS −UTS, and UOS and UTS
are the speeds of the OS and TS, respectively. s(i) and t(i) are the coefficients reflecting
encounter situations regarding COLREGs, including head-on, crossing, and overtaking.

Figure 4. The proposed dynamic navigation ship domain (DNSD).

4. COLREGs-Compliant Dynamic Navigation Ship Domain-Based Dynamic
Obstacle Avoidance

4.1. Obstacle Avoidance Time Inference

To execute the proposed dynamic navigation ship domain-based (DNSD-based) dy-
namic obstacle avoidance method, an assumption is made that the dimensions of the TSs
and the navigation states including the sailing speed and heading should be acquired by
the AIS or sensor system. Then, the DNSD of the TS can be accurately defined by the OS.
Thus, when the ship domains of the OS and TS intersect, the obstacle avoidance algorithm
infers that it is time to take evasive maneuvers, and the decision-making system will switch
the OS to the obstacle avoidance mode. Then, the local avoidance path planning algorithm
will determine the new waypoints in compliance with COLREGs. The schematic diagram
of the proposed obstacle avoidance method is illustrated in Figure 5, from which we can
see that the avoidance response distance dynamic changes regarding the different collision
risks under different encounter situations and sailing speeds. For example, the response
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distance for overtaking is shorter than that for the head-on situation, since the relative
speed in the overtaking situation is smaller. As for the crossing situation, the response
distance will be different for different relative bearing angles. Furthermore, a higher sailing
speed will result in a larger response distance as well.

Figure 5. DNSD-based collision avoidance regarding COLREGs for different encounter situations: (a) overtaking;
(b) head−on; (c) crossing.

To judge whether the ship domains intersect, the body-fixed ship domain of the OS
and TS should be created. Firstly, the ship domain defined in the x̄ōȳ coordinates should be
rotated around the origin, making the x̄ axis point to the heading of the ship. Then, the ship
domain should be translated to the origin of the body-fixed frame obxbybzb. By defining
the coordinate rotation matrix:

Z(ψ) =
[

cos ψ − sin ψ
sin ψ cos ψ

]
. (11)

the ship domain curve can be obtained as:[
x
y

]
DNSD,i

=
[

x̄ ȳ
]

DNSD,i × Z(ψi) +

[
xi
yi

]
, i = {OS, TS} (12)

where (xDNSD, yDNSD) are the coordinates of the ship domain in the Earth frame.
In addition, for multiple obstacles, the distance to the closest point of approach

(DCPA) was adopted to determine the most dangerous obstacle. The TS with the minimum
DCPA will be selected as the most dangerous obstacle, toward which the OS will first
take avoidance actions. By using the “Solve” function, the intersection point can be found.
The collision risk assessment process can be described as:

RSK =

{
1, DNSDs intersect;
0, DNSDs not intersect.

(13)

Thus, when RSK = 1, the system trigger switches to obstacle avoidance mode; other-
wise, it remains in the original path following mode.

4.2. Local Avoidance Path Planning

When the OS switches to obstacle avoidance mode, a local avoidance path planning
process will run to replan the avoidance trajectory. The process is as follows:

(1) Determine the encounter situation regarding COLREGs

The COLREGs encounter situation between the OS the TS can be determined by
calculating the relative bearing angle β. According to Figure 3, for different β, the OS can
make the corresponding avoidance maneuvers of head-on, overtaking, cross from right, or
cross from left;
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(2) Decide which side to pass on

Regarding COLREGs, for the head-on or crossing situation, the OS shall choose to pass
from the port side of the TS. For the overtaking situation, the OS can pass from either the
starboard side or the port side of the TS. The overtaking direction is determined regarding
the position of the next target point relative to the TS. If the next target is located at the
starboard side of the TS, then the OS should pass from the starboard side; otherwise, it
passes from the port side;

(3) Generate the avoidance waypoints and trajectory

To replan the avoidance trajectory, the OS needs to find new obstacle avoidance
waypoints for evasive maneuvers. The method to find the new waypoints is illustrated in
Figure 6, where NT represents the next target point. The new waypoint is related to the
heading ψTS of the TS; when the OS chooses to pass from the port side, then the waypoint
wp1 shall be selected; otherwise, if it passes from the starboard side, the waypoint wp2
shall be selected. The positions of wp1 and wp2 can be calculated as:{

xwp1 = xTS + R cos ψTS
ywp1 = yTS − R sin ψTS

(14)

and: {
xwp2 = xTS − R cos ψTS
ywp2 = yTS + R sin ψTS

(15)

respectively, where:

R = r1 × Rs(OS) + r2 × Rs(TS), (16)

is a parameter adjusting the position of the new waypoints; it is adjusted by r1 and r2,
which are constants between (0 ∼ 1). Once the USV has switched to obstacle avoidance
mode, the new waypoints shall be inserted into the original global waypoints. Then, the
new waypoints will be used to generate the avoidance trajectory.

Figure 6. Determination of new way points and the local avoidance path planning process.
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4.3. Mode Switching to Path Following

Under obstacle avoidance mode, the OS will make avoidance maneuvers in accordance
with COLREGs and the replanned path trajectory, then the collision risk will gradually
reduce. Thus, it is necessary to judge when to finish obstacle avoidance mode and switch
back to path following mode. The obstacle avoidance model is executed when the ship
domains of the OS and TS intersect; if we switch out of this mode when the ship domains
do not overlap, it will result in a long and unnecessary avoidance path trajectory. Hence,
we used a more reasonable method to determine when to finish obstacle avoidance mode.
As shown in Figure 7, when the OS has passed the juncture of the semi-ellipse and semicircle
of the TS domain and the current distance between the OS and TS is greater than that of the
previous moment (dt > dt−1), obstacle avoidance mode should switched to path following
mode, such that the OS will trace the next target point.

Figure 7. Finish obstacle avoidance.

4.4. Implementation of the DNSD-Based Method

The programming process of the proposed DNSD-based obstacle avoidance method
is shown as follows:

1. Calculating the DCPA between the OS and TSs and choosing the TS with the smallest
DCPA as the most dangerous TS;

2. Determining the COLREGs encounter situation by calculating the relative bearing
angle according to (5);

3. Determining the shape of the DNSDs of the OS and TSs in the x̄ōȳ coordinates
according to Equations (6)–(10);

4. Transforming the DNSDs along with the position and heading of the ships according
to Equations (11)–(12);

5. Assessing the collision risk by (13) and determining the navigation mode: obstacle
avoidance or path following;

6. Determining the new obstacle avoidance waypoint according to COLREGs using (14)
or (15);

7. Determining whether to finish obstacle avoidance; if not, return to Step 6; otherwise,
switch to path following mode;

8. Repeat the above steps until the target point is reached.

The flowchart of the DNSD-based obstacle avoidance algorithm is illustrated in Figure 8.
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Figure 8. Flowchart of DNSD-based dynamic obstacle avoidance.

5. Simulation and Discussion

Aiming to verify the effectiveness of the proposed DNSD-based obstacle avoidance
algorithm for USVs, simulations were implemented with MATLAB Simulink. The ship
chosen for simulation was based on the Viknes830 [16]. The priority dynamic parameters
for Viknes830 are shown in Table 1. To perform the obstacle avoidance simulations for
USVs, the path planning and control stages must be considered as well. As such, we
adopted the line-of-sight (LOS) guidance algorithm for path following and the surge and
yaw controller to track the guidance command [16]. The LOS calculates the command
heading according to the target point or obstacle avoidance point, then the surge and yaw
controller will control the USV to sail along the direction of the command heading [36,37].
Thus, the control performance will affect the efficiency of collision avoidance. The block
diagram of the obstacle avoidance and control system is illustrated in Figure 9.
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OS , vOS ud , d u , r
y= ,v

Figure 9. Block diagram of the dynamic obstacle avoidance system.

Table 1. Viknes830 vessel parameters [16].

Parameter Value Unit Parameter Value Unit

Xu̇ 0 kg Nr −3224 kg·m2/s
Yv̇ 0 kg Xuu −315 kg/m2

Yṙ 0 kg·m Yvv −2000 kg/s2

Nv̇ 0 kg·m Nrr 0 kg·m2

Nṙ 0 kg·m2 Xuuu 0 kg/(m·s)2

Xu −50 kg/s Yvvv 0 kg/(m·s)2

Yv −200 kg/s Nrrr −3224 kg/(m·s)2

Yr 0 kg·m/s m 3980 kg
Nv 0 kg·m/s Iz 19,703 kg·m2

5.1. Simulation Scenarios and Parameter Setting

In compliance with COLREGs, the obstacle avoidance behavior with a single TS and
multiple TSs was validated. For the single TS situations, three different scenarios, including
head-on, crossing, and overtaking, were considered in accordance with COLREGs. For the
multiple TS situation, three TSs were taken into account, each of them representing the
head-on, crossing, or overtaking situation, respectively.

The TSs were supposed to have identical parameters to the OS and constant velocities
and heading throughout the simulations and would not give way under normal circum-
stances. The motion parameter setting for the OS and TSs is shown in Table 2. When
conducting the local avoidance path planning process, the avoidance waypoints need to
be calculated by Equations (14)–(16), where the values of r1 and r2 were determined by
trial and error. Herein, we demonstrate that the collision avoidance performance was the
best when r1 = 0.8 and r2 = 0.9 in the crossing and head-on situations and r1 = 0.5 and
r2 = 0.6 in the overtaking situation.

Table 2. Motion parameters for the OS and TSs.

Simulation Scene Vessel Starting Point Destination Velocity (m/s) Heading (deg)

Signal TS

Overtaking OS (0, 0) (230, 470) 15 0
TS (150, 300) − 2 73

Head-on OS (0, 0) (160, 320) 15 0
TS (140, 280) − 8 250

Crossing OS (0, 0) (130, 285) 15 0
TS (−50, 150) − 8 315

Multiple TSs

OS (0, 0) (230, 470) 15 0
TS1 (−50, 150) − 8 315
TS2 (130, 280) − 6 250
TS3 (150, 300) − 2 73
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5.2. Single Obstacle Avoidance Performance Verification

Simulations were implemented for single obstacle avoidance using the proposed
DNSD-based collision avoidance algorithm. The simulation results are illustrated in
Figure 10. In the figure, the blue boat and solid circle represent the OS and the ship domain
of the OS, respectively; the red boat and solid circle represent the TS and the ship domain
of the TS, respectively. The blue dot represents the starting point of the OS, and the red dot
represents the target point of the OS.

The simulation results of the crossing situation are shown in Figure 10a. It can be
seen that at t = 6 s, the ship domains of the OS and TS intersected, then the OS switched
to obstacle avoidance mode. The local avoidance path planner determined the new way
points, and the OS made the avoidance maneuver according to COLREGs’ crossing rule.
The avoidance path ensured that the OS did not violate the TS’s ship domain. Furthermore,
we can see that at t = 11.5 s, when the OS went away from the TS ship domain, the OS
was assessed to be safe with respect to the TS and then switched back to the original path
following mode. This greatly accelerated the avoidance efficiency. Finally, when t = 31.5 s,
the OS reached the target point. Similarly, the simulation results of the overtaking and head-
on situations are shown in Figure 10b,c, respectively. The simulation results demonstrated
the effectiveness of the DNSD-based collision avoidance for a single dynamic obstacle.

(a)

(b)

(c)

Figure 10. Simulation results of a single TS representing different encounter situations in COLREGs: (a) crossing; (b) over-
taking; (c) head−on.
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In addition, we note that both ship domains of the OS and TS were dynamically
changing along with the speed and the encounter situation. The radii change curves of
the OS ship domain for the crossing, overtaking, and head-on situations are shown in
Figure 11a–c, respectively. It can be seen that when the OS and TS were at a high risk of
collision, in order to reduce the collision risk and execute a more reliable avoidance maneu-
ver, the ship domain dimensions R f and Rs enlarged in accordance with the corresponding
encounter situations. Otherwise, when the vessels were at a relative low risk of collision,
the ship domain dimensions shrank to improve the avoidance efficiency.

To verify the superiority of the proposed DNSD-based obstacle avoidance method, we
compared the avoidance path trajectory with the SBG method proposed in [16]. As shown
in Figure 12a–c, the length of the avoidance path for the crossing, overtaking, and head-on
situations under the DNSD-based method was shorter than that under the SBG method.
This indicates that the proposed DNSD-based method can perform a more accurate and
efficient avoidance maneuver and can quickly switch back to path following mode. This
can reduce the energy consumption and the wear and tear of the thrust system.

Figure 11. The changes of the ship domain dimensions for different encounter situations: (a) crossing; (b) overtaking;
(c) head−on.
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Figure 12. Comparison of the avoidance path trajectory for different encounter situations (a) crossing; (b) overtaking;
(c) head−on.

5.3. Multiple Obstacle Avoidance Performance Verification

Simulations were also implemented to verify the effectiveness and superiority for
multiple obstacle avoidance. The simulation results are shown in Figure 13, where the blue
boat and solid circle represent the OS and the ship domain of the OS, respectively; the red,
purple, and green boat and solid circle represent the ship and the ship domain of TS1, TS2,
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and TS3, respectively. The blue dotted circle represents the starting point of the OS; the red
dotted circle represents the end of the OS.

It can be seen that the OS firstly crossed from the port side of TS1. The OS began to
make an avoidance maneuver at t = 7 s and passed through the port side of TS1. At t = 12.5 s,
it successfully avoided TS1 and switched to path following mode. After that, the OS met
on a reciprocal course with TS2 and began to make a head-on avoidance maneuver by
altering its course to starboard at t = 18 s. At t = 24 s, it successfully avoided TS2. Finally,
the OS came up to TS3 and began to make an overtaking avoidance maneuver at t = 28 s.
The OS altered its course to port side and overtook TS3. At t = 41 s, it successfully
avoided TS3 and reached the destination by path following at t = 47 s. The simulation
result demonstrated the effectiveness of the DNSD-based algorithm for multiple obstacle
avoidance. The changing curve of the OS ship domain is illustrated in Figure 14. We can
see that the radii of the ship domain changed dramatically in accordance with the different
encounter situations.
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Figure 13. Simulation results of multiple obstacle avoidance.

The comparison of the avoidance path trajectory using the SBG method and the
proposed DNSD-based method is shown in Figure 15. The result indicates again that the
length of the avoidance path under the proposed method was shorter than that under the
SBG method, which validates the superiority of the proposed obstacle avoidance method
for multiple dynamic obstacles.
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Figure 14. The changes of the ship domain dimensions for multiple obstacle avoidance.
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Figure 15. Comparison of the avoidance path trajectory for multiple dynamic obstacle avoidance.

6. Conclusions

This paper proposed a dynamic navigation ship domain-based (DNSD-based) dy-
namic obstacle avoidance algorithm for USVs in compliance with COLREGs. The DNSD-
based method mainly consists of two steps: the obstacle avoidance risk inference and
the local avoidance path planning. Firstly, the analytical DNSD model composed of a
semi-ellipse and a semicircle was established. When the DNSDs of the own ship (OS) and
the target ship (TS) intersect, the obstacle avoidance algorithm infers that there is a risk
of collision and it is time to make avoidance maneuvers. Then, the local avoidance path
planning algorithm redefines the local avoidance waypoints and replans the avoidance
trajectory by ensuring that the OS does not violate the TS’s domain. The highlights here
are that the DNSD was parameterized according to the ship parameters, maneuverability,
sailing speed, and encounter situations regarding the relative bearing and COLREGs; thus,
the avoidance response distance dynamic changes regarding different collision risks under
different encounter situations and sailing speeds. Furthermore, in the proposed method,
the DNSDs were taken as the general model contributing to navigation risk assessment and
local avoidance path planning. Based on the DNSD, the algorithm can answer whether and
when to make avoidance maneuvers and determine the avoidance path trajectory to take
appropriate avoidance actions. Simulations were implemented for a single obstacle under
different encounter situations (head-on, overtaking, and crossing) and multiple dynamic
obstacles. The results demonstrated the effectiveness and superiority of the proposed
DNSD-based obstacle avoidance algorithm.

In actual practice, a USV is always affected by external interference such as wind,
waves, and current, which will cause the USV to deviate from its desired heading. Therefore,
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in the future research, it will be of great importance to develop the collision avoidance
approach for a USV under external interference and suppress the influence of external
interference.
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