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Abstract. There is a growing concern to design collision avoidance algorithm for unmanned surface
vehicle (USV) as a solution to many naval and civilian requirements. Due to the anti-jamming
performance of the traditional collision avoidance algorithm decrease with the influence of
environmental disturbances, resulting in the problems of frequent steering and overshoot when USV
is sailing under harsh sea condition. An improved collision avoidance algorithm based on improved
artificial potential field and ant colony optimization is proposed in this paper. And, a power function
based on the change of the distance to the obstacle is proposed. This improved combination is to solve
the problem of frequent steering and overshoot of USV's control system with good robustness during
collision avoidance. The results of simulation and experiment demonstrate the proposed method is
more efficient and more capable to avoid the obstacles through route planning particularly in the
presence of large disturbances.
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algorithm, ant colony algorithm.

1. Introduction

The unmanned surface vehicle (USV) is an unmanned ship. Mainly used to perform dangerous
missions and tasks that are not suitable for manned vessels. In recent years, USV has been widely used
to conduct scientific research in the fields of Oceanography [1], meteorology [2], military and
commercial applications [3]. USV can navigate safely under the actual marine environment and
complete various tasks including anti-submarine warfare and minesweeping, patrol and interdiction
[4,6]. Compared to the traditional manned vehicle [35], USV has a lot of outstanding tactical and
technical characteristics, for instance, small volume, invisibility, no dangerous about casualties and so
on [7,8]. When the USV encounters an obstacle and ship, it is necessarily to avoid obstacles
autonomously. Artificial potential field algorithm is a relatively common method of local route
planning and is often applied to collision avoidance [33,34].

Nowadays, many intelligent collision avoidance methods for USV have been proposed [31,32]. A
method that increase the virtual target point was proposed. In order to solve the problem that the
artificial potential field method could easily fall into the local minimum point [9]; A power function
based on the target distance was proposed that improve the repulsive field function. In order to solve
the problem of unreachable goals [10]; A method that inserting relative velocity field potentials and
intermediate targets was proposed. In order to improve the situation that it's easily trapped in local
minima [11]; The repulsive force function based on a modified Gaussian function and the method of
repulsive component modification are proposed that solve the problem of local minimum [12]; A
fuzzy potential field based on the change of target distance was proposed that improve the repulsive
field function [13]; A method of global optimization of parameters based on quantum particle swarm
for collision avoidance of dynamic targets was proposed [14]; An escape function based on the target
distance was proposed that improve the repulsive field function and used to jump out of the local
minimum [ 15]. Although the above methods solve the problem of traditional artificial potential field
algorithm. However, it is applied to USV without considering the constraints of its maneuverability
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model. Therefore, the above methods are not better satisfied with USV's maneuverability
requirements.

In this work, an improved collision avoidance algorithm based on improved artificial potential
field algorithm and ant colony optimization is to solve the problem of frequent steering of USV in
harsh sea condition. Due to the traditional potential field intensity changes frequently, a power
function based on the change of the distance to the obstacle is to improve the problem that the planned
track curve is oscillated. The constraint conditions of USV's collision avoidance are established in the
algorithm, so that, the planned track curve is satisfied with the requirements of motion control
maneuverability. And, the collision avoidance evaluation model is established that to calculate the
evaluation value of each planned track curve. Then, the optimal route is searched by the ant colony
algorithm based on the evaluation value. Finally, the results of simulation and real ship experiment
demonstrate the effectiveness of this method. This combination of the algorithm has good robustness.

The rest of the paper are organized as follows: Section 2 presents the problems of USV during
collision avoidance, and studied model of USV in this work. Section 3 describes an improved
collision avoidance algorithm based on artificial potential field and ant colony optimization. Section 4
provides simulation results and experimental results. Section 5 gives the conclusion of the work.

2. Problem Formulation

The research of the collision avoidance algorithm is developed on the mobile robots. However,
when this method is applied to the USV, the problem of maneuverability of the USV must be
considered. The changes of relative distance from the obstacle due to the changes of USV's position at
each moment. This results in a significant change in the strength of the potential field, that is, the
intensity of the potential field changes frequently. When USV is sailing under harsh sea conditions,
the change frequency of USV's heading due to the change frequency of the potential field, resulting in
the problems of frequent steering and overshoot.

Due to the changes of relative distance between the obstacle and USV's position at each moment,
this results in a significant change frequently in the intensity of the potential field. When USV
encountered an obstacle in an emergency, due to the reason why the potential field change frequently,
resulting in the problem that USV's heading change frequently. Furthermore, the anti-jamming
performance of the traditional artificial potential field algorithm decrease with the influence of
environmental disturbances, resulting in the problems of frequent steering and overshoot under harsh
sea conditions or high-risk environments. Compared to the traditional mobile robot, it can steer with
two-wheeled differential or stop with decelerating, so that, it can turn a large angle along the planned
route. However, USV cannot steer at a large angle along the planned route through steering control.
Due to the traditional artificial potential field method is not better satisfied with USV's
maneuverability requirements. Therefore, an intelligent collision avoidance algorithm for USV is
necessarily proposed that solve this problem.

It is difficult to meet the requirements of USV’s maneuverability for the collision avoidance route
planned for the traditional artificial potential field method. The constraint condition of collision
avoidance and the avoidance evaluation model of USV are established necessarily in the algorithm.
Then, the evaluation value of the route planning is calculated by the evaluation model. USV used in
the work is shown in Fig 1, with the main parameters shown in Table 1.

Fig. 1 Images of the USV
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Table 1 Main parameters of unmanned surface vehicle

Parameter Value
Length /m 8.075
Vertical length /m 8
Draft depth /m 0.6
Molded depth/m 1.15
Full loaded displacement/T 3.2
Maximum speed /kn 12
Cruising speed /kn 6
Propulsion mode water jet propulsion

Because of the interference of wind, waves and currents, the maneuvering motion model [16] of
USV is expressed as:
.. . 3 _ -
TT,¥ +(T1 +T2 W+Y+a¥” =Ko+ KT35+fa + fW + fI
TT =(m+4,)(1, +4,)/C
T=T,+T,-T,

(1)
where V¥ is the course angle, 9 is the rudder angle, T is the rudder index, K is the rotational index,

f. is equivalent disturbance rudder

f

the other parameters is the USV maneuverability parameters.
angle of the wind, ™is equivalent disturbance rudder angle of the disturbances due to waves, N is
equivalent disturbance rudder angle of the disturbances due to currents.

3. Design of Collision Avoidance Algorithm for USV

In this work, an intelligent collision avoidance algorithm based on improved artificial potential
field and ant colony optimization is designed. And, a power function based on the change of the
distance from the target point is proposed. In order to realize the function of local route planning and
collision avoidance of USV in the complex marine environment such as harsh sea conditions and
narrow waters. The factors of relative position for target point and USV are added to the potential
field function that solve the problem that target point is unreachable. And the problem of a local
minimum point is solved by a method of dynamically adjusting the repulsive force field. The block
diagram of the USV's collision avoidance algorithm is shown in Fig. 2.

Fig. 2 Block diagram of USV's collision avoidance algorithm

Furthermore, constraint conditions based on the steering range, the change rate of rudder angle, the
change rate of heading, the steering data of expert are established. And, the collision avoidance model
base on the collision risk is established. At the same time, an evaluation model related to autonomous
collision avoidance performance indicators is established, such as sailing time, steering frequency, the
shortest distance from obstacles, the shortest distance from the target point, and average corner of the
entire route. Finally, the optimal target heading and speed are searched by the heuristic ant colony
algorithm.
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3.1 Improvement of Artificial Potential Field.

Usually, USV sails toward the target point under the gravitational force of the artificial potential
field. When USV is closer to the target point, the attraction force is smaller. And when USV
approaches the target point indefinitely, the attraction force tends to zero. The general form of
gravitational potential field function is as follows:

U, (@) =%e§(qgoa. —q)?

(2)
where Y5 is the gravitational potential field function of target point which USV is subjected at a
certain point; ¢ isthe gain factor of the gravitational potential field; 9 is the current position of USV;

And ol s the position of the target point. The negative gradient of distance is calculated by
gravitational potential field function. And the gravitational function expression can be expressed as:
Fy (@) =—VU, (@) = &(Agpa — D (1)
The repulsive force function of most artificial potential fields is calculated based on the relative
distance from obstacles. The change of relative distance from obstacles, due to the change of USV's
position at each moment, resulting in the change of potential field frequently. This situation causes the
change of heading frequently and frequent steering. Based on the description of the ship's
maneuverability principle [18], frequent steering should be avoided during the navigation of USV.
Furthermore, route planning can also be affected by frequent steering. Therefore, a power function
based on the change of the distance to the obstacle is designed to solve the problem of frequent
steering. Its expression is as follows:

(pmax _(q_qo))n < l n—1 _ <
Ur(q)={77 = (@-a)=p

pmax _pmin
0 @—-ay)>p )

where Y is the repulsive potential field function of obstacle that USV is subjected at a certain point;
1 is the gain factor of repulsive potential field; 9 is the current position of USV; % is the position of

obstacle; #mx is the maximum influence radius of obstacle; A= is the impact radius of obstacle; # is
the influence of obstacle radius. N is the control parameter of potential field function. When N is
larger, the potential field function converges faster. When " is smaller, the path oscillates more
violently.

The factor of a relative position of the target point and USV is established. And the repulsive field
function is multiplied by this formula to solve the problem that traditional artificial potential field
method is unreachable. When the obstacle is close to a target point, the repulsive force field is also
affected by the gravitational field. When the USV is near the target point, its repulsive force
approaches zero. The further improved repulsive potential field function is as follow:

o (P — (A=)
17(Qgeq — )" x 28—
U (q)=4 " P — P
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where Y is the current position of USV; %ooal i the position of the target point; (o =) s the
distance between USV and the point. The repulsion received by USV is a negative gradient of the
potential field. The expression is as follow:

(B =@W" (g

1inn PN (P
Fr(q)={(6) n(dy =)™ D(Q)

0 @-9)>p 4)

max ‘min

where D@ = (P =200, +0y) Furthermore, USV moves forward under the gravitational force of
target point and is also affected by the repulsive force of obstacles. The direction of the repulsion is
opposite to obstacle. Under the combined force of gravitational force and repulsive force, the force of
artificial potential field is shown in Fig. 3.
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Fig. 3 The force of USV in the artificial potential field
3.2 Model of Collision Risk.

Due to the different problems of collision avoidance scenarios between dynamic vessels and static
obstacles, the collision avoidance algorithm of this paper is modified. According to the “International
Regulations for Preventing Collisions at Sea” in the literature [30], a collision avoidance model based
on the encounter rules of vessels was established. And, a collision risk model based on minimum

meeting time (1°P2) and minimum meeting distance ( P°P3) is established. The fuzzy membership

Dcpa 4,4 Tepa

function is established respectively by , which is divided into space and time collision

risk function (SR’TR ). Finally, the collision risk is calculated by the synthetic factors. The spatial

collision risk model established is as follows:
1 Dcpa < dcpay,,,;,

1 ﬁ(DCpa_M)
U(SR) =4 —| I-sin 2 depa,,,, <Dcpa<d,,,
P dmax - dcpad min

0 Depa>d, (7)

where YGR) is the membership function of Depa dCPAymin i the safe passing distance; oes i the

closest encounter distance of the two ships at the latest steering point, dcpay,, =Ly /2+L,/ 2, Lo is the

length of the ship; L is the length of the target ship; duin is the distance between the two ships at the

latest steering point. #=2 is the control parameter of the space collision risk function. The time
collision risk model established in this work is as follows:

1 Tepa<t,,
u(TR) = [@J t.. <Tcpa<t,.

‘max

0 Tepa>t, ( 8)

where U(TR) is the membership function value of Tepa, duea s the boundary value of the dynamic

Tcpa t

distance; 't i the two boundary values of the membership function; i is the TP value

when the ship reaches the latest steering point; fwos js the TSP value when the distance between the

two ships is the boundary value. These two values are difficult to implement in the program.

=d_ /v t. =d

Considering the safety of their collision avoidance, tmn = %min /Y tuin = Gaena /Vi . Both of these values are

larger than the corresponding value of TCPa  In some cases, the time for collision avoidance is
advanced. Base on classifying the encounters of dynamic vessels, the collision risk is calculated by the
encounter information of the obstacles. Combined with the risk of space and time collision, the
established collision risk model is as follows:

CRI = u(SR) ®u(TR) = mm{[o‘X USR] +[BxuR)] ,1}

2ap (9)

where CRI is the value of the ship's collision risk. Furthermore, the situation of each obstacle is
judged by this collision avoidance model. The situation is mainly divided into in front encounter
mode, cross encounter mode and chase mode. Due to the maneuverability of obstacles in different
orientations, the situation of the USV and obstacles is divided into seven categories. The situation is
divided into encounter in front, small angle crossing on the right, large angle crossing on the right,
USV chasing obstacle, obstacle chasing USV, large angle crossing on the left and small angle
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crossing on the left. The encounter situation between the USV and the dynamic vessel in this work is
shown in Fig. 4.

Fig. 4 The meeting situation diagram of USV and dynamic vessels
3.3 Constraint Model of Collision Avoidance.

The collision avoidance constraint conditions of USV's motion model is necessarily established,
due to the planning route of traditional artificial potential field algorithm does not meet
maneuverability requirements. The range of steering, the rate of change of rudder angle, and the rate
of heading change are taken as the constraints of USV's motion model. If the planned route satisfies
the constraint condition, the next calculation is performed. Otherwise, the planned route at a previous
time is maintained. To avoid damage of the rudder due to the excessive rotation range of the rudder
angle. The steering range of USV is limited as follows:

<6

5min 0 — “min
2(6)= {5 0=0
- (5)

max max

where %) is the rudder angle output; %wn is the maximum limit amplitude of left rudder, O i

the maximum rudder angle limit of right rudder, O is the value of =35 ,and Onex s the value of 35

According to the literature's [ 18] description, when USV's speed increases, too large rudder angle
cause two problems. First, excessive rudder angle requires the steering gear which has a large driving
power and sufficient mechanical strength; Second, when the speed increases, an excessive rudder
angle cause the rudder’s lift to drop, and the surface of the rudder produces a hollow bubble. And, the
manipulation of USV is directly affected by its speed. Therefore, when the USV's speed increases, the
range of rudder angle limit should be reduced. The right rudder angle limit range can be determined by

the following formula:
2r L

max

51’1’13)(
Kv (6)
where L is the length of USV; V is the speed of USV, K is the rotation parameter, "= is the

maximum steering angular velocity of USV; Similarly, %in can also be derived from the above
formula.

The functional relationship between rudder angle and heading angle is established by the K-T
maneuverability equation of USV. That is, the change of rudder angle at each moment corresponds to
the change of heading angle. If the heading value at next moment does not satisfy above constraints,
the heading value at previous moment is maintained, or the maximum limited heading angle is
maintained. According to the maneuverability parameters of USV [19], the overall transfer function
expression of ship can be derived. The expression of time relationship between USV's heading angle
and rudder angle is as follow:

K _¢

Ts’+s & (7)

G(s) =

Where K is the rotation parameter; T is the stability parameter, that is, the maneuverability
parameter of USV, which can be calculated by the Z-type test; ¢ is the heading angle of USV; 9 is
the rudder angle of USV; S denotes a derivative relation in a time state, for example:" =S
Through the above formula and the K and T parameters, the range of USV's heading change rate is
calculated as follows:
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Tifmins = —l 0472 9 < Hmin
+
Ap@) =1 ">
% =1.0472 0z=0,,
Ts™+s O

where 229 is the range of USV's heading change rate. Furthermore, the maneuverability of USV
is limited by the change rate of steering speed, that is, the rudder angle acceleration. However, the
USV's steering mode is uniform speed steering, that is, rudder angle acceleration is zero. Therefore,
this factor is not considered as a constraint. In collision avoidance simulation, USV cannot be treated
as a particle. It is also necessary to take into account its model, including the model of steering engine
and the model of motion.

3.4 Evaluation Model.

An evaluation model of collision avoidance performance index is established to provide an
evaluation value for planning route. The criteria for collision avoidance performance evaluated by
references [20] as follows: sailing time, steering frequency, the minimum distance from obstacles, the
minimum distance from end points, and average corner of entire path (path smoothness) etc. The
optimality of route and the safety of path are considered by the evaluation method and can be applied
in the evaluation model of collision avoidance [25,26]. The evaluation function is divided into two
parts: whether the collision avoidance is qualified and the performance of the algorithm under a
qualified condition. The unqualified performance indicators for collision avoidance are as follows:
1) USV collided with an obstacle;

2) The minimum distance between USV and obstacle Dain < Dase , that is the minimum safety distance.

It’s set at 1.5 times length of the ship; Therefore, Date i3 about 10 m;
3) Sailing time T >20min  the time required for USV to sail along a semicircle with a diameter;
In the collision avoidance test of USV, if any one of the above conditions is satisfied, it means the
test failed.

The five indicators of sailing timeT , steering frequency fang'e, the shortest distance from the

6,

obstacle Prin ,the shortest distance from the target point D9°a', and average corner ~“» of the entire

* * *
f angle D min D goal 0
b 2 2

route are normalized. Then, T, ~ can be derived, and the weighted sum of
normalized values is calculated by this method. Therefore, the evaluation value of USV's collision
avoidance can be evaluated as follows:

P=k(I-T")+k,(I- f, ) +kD’

angle

min + k4 (1 - D*gual ) + kS (1 - e*av) (9)

where Ki(=1.2.3.45) i the weight coefficient of each indicator. The value of P is directly

proportional to the quality of USV's collision avoidance. The weights of the evaluation coefficients
are shown in Table 2.
Table 2 Evaluation index weight coefficient distibution

Index Weights
Sailing time 0.15
Steering frequency 0.2
The shortest distance from obstacles 0.3
The shortest distance from the target point 0.15
Average steering angle 0.2

3.5 Ant Colony Algorithm.

Ant colony algorithm (ACO) is based on the probability-type bionic evolutionary intelligence
algorithm. The basic mathematical model of ant colony algorithm can be applied to the route planning
problem of USV and can be used to solve the problem of path optimization in location traversal
[21,22]. It is necessary to traverse all locations exactly and find the shortest path from the beginning to
the end. Compared with other heuristic algorithms, ant colony algorithm has good robustness and the
ability in search performance, and it is easy to implement in parallel [24]. Ant colony algorithm model
is slightly modified and can be applied to other problems. And, it can be combined with multiple
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heuristic algorithms to improve algorithm performance. The algorithm implements the steps as
follows:

1) Ant pheromone distribution initialization, set number of iterations to 200;

2) According to the following transition probability, 30 ants are initialized in the vicinity and move.
For each ant, define the objective function. In the basic ant colony algorithm model, the transition
probability of the k-th ant from | location to } location is as follows:

[TJ (t):la |:’7ij (t)]ﬁ
P (1) = k;m[fu (t)]a [770 (t):lﬁ

0 jek®) (10)
where 2 is the pheromone concentration heuristic factor. The larger it's value, the more ants tend to

jek®

choose the path that most ants take, @=12; B is the expected heuristic factor, which is the basis for
ants to choose the next position. The larger it's value, the more ant tends to choose the path to the end

point, B :1'2; KO ={L2,-.N}~U i5 the node that ant X is allowed to choose next; i =1/4; is the

desired heuristic function, which represents the reciprocal of the distance d; between the positions
iv j

3) The objective function value of each ant is calculated, and the optimal path length of the current
ant group is recorded;

4) Ants leave pheromone on the path they pass. The pheromones volatilize over time. According to
the pheromone update equation, the strength of the pheromone is corrected. The pheromone update

rule equation is as follows:

Q iiep
7 (t+n)=(1-p); (1) + A7y Ay =1L .Depy
0 Gieps (11)

3. Ay

Where ¥ is the pheromone volatilization coefficient, # < O.1) ang =0 i is the pheromone

left by ant at the ) position from t to t+n; Q s the pheromone intensity, and QZI; L is the path

length of ant ¥ in this loop; Py is the path taken by ant K from the start point to the end point in this
loop.

5) Number of iterations plus 1, that is, N =N+1;

6) If the number of iterations does not reach 200, then return to the second step, otherwise the loop
terminates and outputs the optimal heading/speed solution.

Under the constraints of collision avoidance, the path is planned through an improved artificial
potential field algorithm. According to the above evaluation model, the evaluation value of each
planning path is calculated to provide a search direction for ant colony algorithm, to improve the
convergence speed, and to reduce the search time and complexity [27-29]. According to the
evaluation value of collision avoidance, the optimal route is searched by heuristic ant colony
algorithm. Finally, the USV’s optimal heading and speed can be calculated.

4. Test Analysis

4.1 Simulation Results.

In the collision avoidance simulation program for USV, a disturbance model needs to be
established to simulate the wind wave interference effect. Wang et al used white Gaussian noise and
second-order transfer functions to simulate wind and wave disturbances in harsh sea conditions and
used constant values to simulate the disturbance of ocean environment [23]. The USV's model and the
model of steering gear established in this work under wind and wave interference is as follows:
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Yo ()= 2.1285s
K S usv - 2
Y(S) = Kow(s) S s? +0.36365 +0.3672
$° +24w,s + w, h, (s) :&
duoji s +1 (12)
Where M) is white Gaussian noise, it's average value is zero, and it's power spectral density is 0.1;
K:=5is a constant interference coefficient; ¢ =03 is a damping coefficient; “ ~ 485/T, is a

dominant wave frequency; o =25@C is a gain constant; °n =VOOISST A s 2 wave intensity

coefficient; When Tw=85 | M =1.2Im @, =0.6063

o, =04232

, the interference coefficient is calculated as

, and K, =0.1539 " At this time, the wind and wave interference is level 3 sea condition.

The starting point of USV is the lower left corner of the figure, and the end point is the upper right
corner. Obstacles are red dots, its number is 18. Half of them are fixed obstacles and half are random
obstacles. The blue curve is the collision avoidance trajectory of USV from starting point to end point.
When using the traditional method and the improved algorithm, the USV's simulation track of
collision avoidance of multiple static obstacles under the condition of wind and wave interference is
shown in Fig. 5.

Fig. 5 Collision avoidance simulation trace of USV when using traditional algorithm (left) and the
improved algorithm (right)

It can be seen from Fig 5 when using the traditional artificial potential field method, the problem of
path jitter, oscillation occurs and frequent steering in the USV's collision avoidance process. When
using the improved collision avoidance algorithm, it can solve the problems of path oscillating and
jitter. USV's steering frequency is also reduced accordingly, and the collision avoidance path is
relatively smooth, which enhances the stability under wind and wave interference.

It can be seen from the simulation results that the smaller control parameter n, the stronger
oscillation. At this time, the function converges slowly and it is easy to overshoot; When n is larger,
the prediction trend is increased, and the function converges faster; When the control parameter is
increased from N=5 to N=15_ it can be seen that the collision avoidance trajectory is smoother than
before, and the potential field converges faster. At this time, the effect of collision avoidance
experiment is most obvious. However, if n continues to increase, the slope of the potential field
function is larger. And, the repulsion radius will become too short. At this time, the USV may not be
able to turn the steering in time, which easily lead to hitting the obstacle.

Fig. 6 USV's collision avoidance trajectory of the dynamic vessel mode: in front encounter mode,
cross encounter mode and chase mode

Furthermore, experiment simulations of dynamic ship collision avoidance are performed. This
experiment is divided into three modes: encounter mode, chase mode, and cross encounter. The red
curve is the trajectory of dynamic obstacle vessel, and the green and blue curves are the trajectories of
USV's collision avoidance. The USV's collision avoidance trajectory of the dynamic vessel mode is
shown in Fig. 6.

The simulation experiments results show that the improved collision avoidance algorithm has the
characteristics of high control precision, good robustness, and strong anti-interference. Compared
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with the traditional artificial potential field algorithm, this algorithm's oscillation amplitude is small,
the steering frequency is small, the potential field convergence speed is fast, and the ability of trend
prediction is strong. The stability of the algorithm becomes stronger with environmental interference.

4.2 Experimental Results.

The improved collision avoidance algorithm was applied to the USV's real ship experiment in
Taihu, Wuxi, and Tang Xunhu, Wuhan. The experiment's time was November 21, 2017. According to
the meteorological data of the local Maritime Safety Administration, it is known that the weather is
fine, the wind direction is southeast, the wind speed is level 2, the wave height is 0.42 meters. The
zigzag experimental result is shown in Table 3.

Table 3 The zigzag experimental data of usv

Time/s | Rudder angle/-& Heading angle/c | Remark
1’82 15 15
5’82 15 28.2
9°44 -15 0
12°68 -15 -15
15°62 15 -24.7

23’06 15 15

26’56 -15 28.2

According to the calculation method in the literature [17], and the Z-type test data in Taihu Lake,

the K-T parameters of the USV are obtained as follows:
K =2.9097,T =55.8855

Marine navigation radar and photoelectric camera are used to recognize targets obstacle's
information such as distance, direction, and size. The static buoy is placed between the tracking points.
Due to the corner reflector is mounted on the buoy, the navigation radar can easily recognize obstacle
information. The longitude and latitude coordinates of the target point and the obstacles are shown in
Table 4.

Table 4 Coordinate of the target points and obstacles

Num Target point Obstacle
longitude latitude longitude latitude
1 120° 08' 03.7"E | 31°26'31.4"N | 120° 08' 05.7"E | 31°26'29.6"N
2 120° 08' 07.7"E | 31°26'27.9"N | 120° 08' 07.1"E | 31°26'25.5"N
3 120° 08' 06.5"E | 31°26'23.1"N | 120° 08'04.4"E | 31°26'22.0"N
4 120° 08' 02.3"E | 31°26'21.0"N | 120° 07' 59.8"E | 31°26'22.6"N
5 120°07' 57.4"E | 31°26'24.3"N | 120° 07' 58.2"E | 31°26'26.8"N
6 120°07' 59.0"E | 31°26'29.4"N | 120° 08'01.4"E | 31°26'30.8"N

During the collision avoidance experiment, the USV's speed was 12kn. In the figure, the purple

point is the target tracking point, the red point is the static obstacle. And, the direction and distance
information of the tracking point and obstacle is also indicated. The red line is the planned track and
the blue is the actual track of USV. The navigation path and the collision avoidance trajectory of USV
are transmitted back to the shore base on GPS's position information and displayed on monitoring
software interface. The trajectory of collision avoidance using the traditional method and the
improved collision avoidance algorithm is shown in Fig. 7-8.

Fig. 7 Obstacles avoidance trace of USV when using traditional artificial potential field algorithm
(left) and using the improved algorithm in Taihu Lake (right)
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Fig. 8 Static obstacles and dynamic vessel collision avoidance test of USV when using the improved
algorithm in Tang Xunhu Lake

It can be seen from Fig. 7-8, the traditional artificial potential field method has poor
anti-interference and poor tracking capability characteristics in the wind and wave environment.
There is a problem of frequent steering and the steering angle is excessively large during the collision
avoidance process. The problem of frequency steering is solved by the improved collision avoidance
algorithm. The collision avoidance trajectory is relatively smooth and the potential field converges
faster. The anti-interference and stability of USV are enhanced. And, the algorithm has good tracking
capability. The results of collision avoidance experiment are shown in Table 5-6.

Table 5 Results of experiments using traditional artificial potential field algorithms

N Average Shortest Shortest Ayerage
Nun | Number Average collision distance distance steering angle
of avoidance time numb§r of from from the
obstacles steering obstacle | target point
1 4 21s 25 19m 5m 30°
2 5 26s 26 25m 7m 35°
3 4 25s 23 23m 6m 34°
4 3 22s 20 20m 6m 28°
5 4 24s 22 22m 7m 32°

Table 6 Test results using the improved collision avoidance algorithm in this paper

Number of Shortest Shortest Average
Average Average . . .
Nun | obstacles . distance distance from steering
collision number of .
. . . from the target point angle
avoidance time | steering
obstacle
1 4 14s 12 14m 3m 18°
2 5 19s 15 19m 5m 23°
3 4 16s 13 18m 5m 20°
4 3 15s 10 15m 4m 18°
5 4 17s 12 17m 4m 19°

It can be seen from the above chart when using the collision avoidance algorithm of this work in the
level 3 sea condition. The average collision avoidance time is 16.25 seconds, the average number of
steering operations is 14 times, the average shortest distance to obstacles is 16.75m, the shortest
distance to the target point is 4.25m, and the average corner angle of the rudder angle is 20 degrees.

From the results of lake experiment, it can be known that the collision avoidance algorithm fully
satisfies the maneuverability of USV. And, it improves the problem of frequent steering and
overshoot, and solves the problem that the traditional artificial potential field method is easy to fall
into local minima and the target is unreachable. This algorithm has good tracking capability, strong
anti-interference and high feasibility.
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5. Conclusion

An improved collision avoidance algorithm based on artificial potential field algorithm and ant
colony algorithm is designed by this work, to solve the problem of frequent steering of USV during
collision avoidance in harsh sea condition. The results of simulation and experiment demonstrate: the
improved collision avoidance algorithm has good robustness, anti-jamming and re-navigation and so
on. Under complex sea conditions, this algorithm improves the problem of frequent steering and
overshoot of USV, and solves the problem of traditional artificial potential field method that easily
falls into local minimum points, and the problem of targets unreachable. Furthermore, the algorithm
combines with USV's model and collision avoidance constraint conditions, and the evaluation model
is established by this conditions. Through the evaluation function, the optimal path that fully meets
the maneuverability requirements of USV is searched by the ant colony algorithm. Finally, the
feasibility of the collision avoidance algorithm is verified by the results of the real ship experiment.

In this work, there are still problems in how to establish the USV's collision avoidance model in
harsh sea state and large disturbance environment. The collision avoidance algorithm has poor
adaptability under different sea conditions and environmental disturbances. The next step is to adopt
an intelligent collision avoidance algorithm based on deep learning to solve this problem. It is
necessary to improve the adaptability of the algorithm in different environments through the training
sample of collision avoidance model, so that, to meet the USV maneuverability requirements under
sea conditions of different levels. The problem of algorithm adaptability can be effectively improved
by the neural network algorithm base on deep learning. Based on expert steering data (including sea
experiment of a real ship, historical experience), accident case bases, and maritime rules, a collision
avoidance training sample database of USV is established. And, an intelligent collision avoidance
model based on deep learning is established. At the same time, it is necessary to establish an
evaluation network model related to DCPA, TCPA, sailing time, path smoothness, path safety, and
other collision avoidance performance indicators. Finally, the optimal heading and speed of USV are
searched by the heuristic multi-objective Monte-Carlo algorithm, to implement the function of
intelligent collision avoidance.
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