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36 1 Introduction

2273 In recent years, with the rapid development of sensor technology [1][2], intelligent system
39 guidance and control technology [3][4][5], information processing technology between sensor
2(1) networks[6] and communication technology, people have formed a certain scientific
42 understanding of the generation mechanism and implementation strategy of regional
43 environmental reconnaissance and monitoring [7]. They believe that its essence is to ensure that
44 the agent moves along a specific track by studying its control methods, and make use of the
:2 relevant information collected by the sensors it carries to realize the regional reconnaissance and
47 monitoring. Therefore, the problem of regional reconnaissance and monitoring is essentially a
48 multi-USV regional coverage control problem.

:g At present, the research on regional coverage control of marine environment has been widely
51 valued in both military and civilian areas. In the military aspect, area coverage control can be used
g; for multi-USV seabed topographic mapping, mine detection, etc. [7][8][9]. In the civil aspect, it
54 can be used for underwater search and rescue, sunken ship salvage, cleaning up oil leakage on the
55 sea surface, etc. [10][11][12]. Because underwater detection mainly relies on sonar means,
36 unmanned surface vehicle (USV) has become the most important carrying platform. Due to the
g; limited detection and endurance of a single USV, it is unable to efficiently complete the search
59 task in large area of sea [13][14][15], so the autonomous search system of multi-USV has become
60 an inevitable development trend. In complex environment, the cooperation among multi-USV is
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the bottleneck problem of autonomous search system. At present, the main solution to the problem
of cooperation among multi-USV is the area division and route planning based on the global
information [16][17][18], that is, when the number and location information of obstacles are
known, the search area is divided into sub areas, and then the command center assigns search tasks
of different sub areas to the unmanned vessels, so as to realize the cooperation of multi-USV

system.

The task assignment scheme for multi-USV cooperation based on global information is not
flexible, and the shape of obstacles and the navigation route of USVs are fixed, so it is unable to
complete the search task in complex environment. Therefore, in order to meet the practical
application requirements of the search task in complex environment, the multi-USV adaptive
search system must be based on its own real-time perception of local information, as well as part
of the environment information obtained by real-time interaction with other USVs, so that each
USV can adaptively plan the route, and achieve the functions of collision avoidance, obstacle

avoidance and target search.

The rest of this paper is organized as follows: In Section 2, we formulate the problem and
then define the sensing area of USV and the function of the sensing ability. The adaptive
searching method was presented in section 3. The control law of driving force and repulsion force
based on potential field method are given to make the coverage operation feasible in complex
environments in the presence of unknown obstacles. Section 4 demonstrates the effectiveness and
feasibility of the proposed approach via computer simulations, performed on a team of USVs.

Section 5 summarizes the paper and draws some conclusions.

2 Problem formulation

This paper studies the problem of detecting underwater target in a fixed water area by
cooperation of multi-USV under ideal conditions .Therefore, the following assumptions are given:

Assumption 1. The total number of USVs is Nand iel, = {1,2,3,U N } The communication of

multi-USV system is fully connected.

Assumption 2. The water surface is smooth, and every USV moves on a plane.

Assumption 3. The detection probability of the on-board sensor is 100%, that is, the detection
probability of the sensor detection equipment has no effect on the results.

Assumption 4. The sensing range of each agent is a limited circular area, the divergence angle of

detector is 91 , the detection depth is 4; then the sensing radius is R;, as shown in figure 1.

Fig. 1 Diagram of the circle sensing region
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The sensing area model of agent 4, can be specifically described as follows:

Q,(4,.0)={geS:|g-4| <R (D

Where g S represents the point within,_the sensing range Q. of the ith USV, S represents the

given area to be covered on OXY plane.

Assumption 5. Within the sensing range of the agent, the perceptual ability of all points is

constant ¢, , for points outside the perception range, the perceptual ability of the agent is 0.
0 p percep g percep y g

¢ ~q€€,
0 ,q¢Q,

gi(hivq)z{ 2

Since the information accumulation of a point in the fixed area obtained by USV using the
sensor increases with time, that is, the level of effective coverage of a point in the area increases
with time, for any point ¢ € Q,, the effective coverage of USV 4, from the initial time =0 to

t is defined as follows:

(.0 = g h.q)d
7(g,0)= [ g (h,q)dr .

3 Adaptive Control Law

The rationale of adaptive control law is to drive each agent to move towards the direction of
low coverage level by establishing the potential energy function about the error between the
expected coverage level and the actual coverage level, so as to complete the coverage task.

Gradient descent method is often used to design control laws for agent.

3.1 optimum coverage velocity

Let C* be the desired attained effective coverage at all points ¢ € S . The goal is to attain a

network coverage of y, (g,7)= C” for all points ¢ € S at some time t. y ,, means the summation

of the coverage of each USV. Consider the following error function:

J(0) = [M(C" =y, (g,0))g )
Where Ah(x) is a penalty function, which is twice differentiable, positive definite and strictly
convex in the interval (0,C*], That is ,(x) > 0,4'(x) > 0, A"(x)>0,Vxe (O,C *]. And that satisfies

h(x)=h'(x)=h"(x)=0 forall x<0.When J(f) = 0, it means that the coverage task in the

sensing area €2; is completed.
To guarantee the coverage of the entire domain S with an effective coverage of C* under

appropriate assumptions, USV has to move toward the area where 7, (g,t)<C " In order to
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improve the coverage efficiency, the area coverage problem can be described as the optimization
problem of seeking the minimum J(¢) in formula (5) [16][17]:

Minimize J(f) = Lh(c* =7, (g,0))dg, qeQ, (5)

The gradient descent method can be used to solve (5) to obtain the optimal coverage speed of

the USV. Therefore, the optimal coverage speed of the USV can be designed as follows:
dJ(t)
dt
=—k.- [ W(C" =y,(a.0)g(z).9)q

vi(t)z_kc
(6)

Where k>0 is the fixed coverage velocity adjustment gain.

Since the optimal coverage speed of the USV is based on local information, when the points
in the perception area of the USV are effectively covered, the USV will tend to be stationary. If
the whole area has not been covered effectively at this point, a traction speed is required for the
USV to avoid to get stuck in a local minimum.

Firstly, the points in the task area that are not covered effectively are defined as the following
set:

Q.(1)={geS:0<y, (¢.)<C"} (M
Set Q,(r) represents a set of points that are not effectively covered in the area S at time .
Let Q () be the closure of set Q_(¢). For agent 4, ,let Q!(r) be the set of points with the

shortest distance from ¢,(f) inset Q (¢), thatis

QL) =1{q" € Q) : ¢ = argmin, 5, | 4, — q II} (8)

A rule can be set to choose a unique point from the set to calculate the speed of the USV at

the next moment. The traction speed \Lis of the agent can be designed according to the artificial
potential field method[19][20] as follows :

u uoou
v.=—k (q,—q,), k >0 9)
Where k, >0 is the traction velocity adjustment gain, 51. is the position vector of the USV

u
projected on the OXY plane, and ¢,, is the position vector of point ¢, €S on the OXY

plane.

In summary, the expected optimal coverage velocity of each USV in multi-USV system is:

https://mc.manuscriptcentral.com/ijdsn
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V. = t
i D — *
k- (q.—q.), Uy, =C and J(t)#0

3.2 Repulsion

We now return to the fully connected network of multi-USV system. To avoid collision, it’s
necessary to consider a control strategy that ensures that the distances between two USVs or
between USV and obstacle are not too close.

In order to ensure the safety of the USV navigation mission, local obstacle avoidance path
planning algorithm is used for autonomous obstacle avoidance. The avoidance process of USV
can be divided into the following steps:

(1) Identify obstacles within the perception range by sensors;

(2) Calculate the relative distance and speed between the USV and the obstacle;

(3) Establish a local coordinate system and determine if it is in a dangerous area;

(4) If it is in a dangerous area, take corresponding measures to avoid collision; otherwise, continue
to navigate.

The main idea of collision avoidance algorithm is to measure the relative distance and
speed of other nearby USVs and itself through the sensors carried by the USV. When the relative
distance is less than the safe distance, calculate the velocity vector difference between the other
USVs and itself, and determine whether it is in the dangerous area where collision may occur. If it
is in the dangerous area, change its own velocity vector to get away from the dangerous area, so as

to achieve the purpose of collision avoidance..
u u
Assume two USVs navigate with velocity )/, and V, respectively. The relative velocity

u

Vg = I;A —153. R is the radius of a disc centered at the USV’s location in which other USVs and
obstacles can be detected. r is the smallest safe distance between USV and other object. Let
a=tan"'(r/R), p isthe angle between relative velocity I;AB and X axis. And «, f €(0,27].
The collision avoidance area division of USV is shown in figure5.

~

A i
Y \
= _7_1-'_7 y \I
— ;"

| LI

Y

——

Fig. 5 the diagram of dangerous area
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The orange area and the blue area in figure 5 respectively represents the different
types of dangerous area that means the collision would take place without velocity
change. For local repulsion, we choose a simple half-spring model[21], that is, a
linear distance-dependent central velocity term with a cutoff at a maximum

interaction range. For collision avoidance, the repulsion law was designed as follows

u u
k,-(R-d )22, r<d,<R&|fl<a
I .
V.= kr'(r_dAB)rA L > d;p <t an
dAE
0 , otherwise

u u u
Where V. is the repulsion velocity. 7, is the position vector of the USV 4. r; is the position

TR
vector of obstacle B or another USV. d :|rA —rB| is the distance between USV A and

obstacle B.
According to the above content, the pseudo-code of the adaptive control law of the
multi-USV system is presented as follows:

Algorithm1: adaptive control law of fixed area with unknown obstacles covered by multi-USV

Input: coverage area S, initial state of multi-USV system, control gain parameters;

Output: Output the optimal trajectory of each USV;

1: Initialization: establishing an USV object, and inputting initial position information and initial speed information
of the USV; Gain parameters of control rate, etc:

2: Build a task area model:

3: Calculating respectively the motion state information of each USV 4;, i € [y, and setting the initial time k = 1
4: while J(?) > 0 do

5: Foreach USV do

6 If H(y) #0;

7: Calculate the expected optimal speed of USV 4;, i € [y according to (6);

8 else

9 Calculate the expected optimal speed of USV 4;, i € [y according to (9);

10: End

11:  Calculate the repulsion velocity according to (11);

12:  Calculate the total velocity of USV;

13:  Use (11) to calculate the acceleration U; of USV 4;;

14:  Calculate the actual speed of USV 4; at this time;

15:  Calculate the position information X;(%k+1) of the USV 4; at the next moment;

16: End
17 k=k+1;
18: End

https://mc.manuscriptcentral.com/ijdsn
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4 Simulation Results

In this section, we provide simulation results for the fully connected network case. Assume

oNOYTULT D WN =

that task area S is a square region of side length d = 20km. Let the desired effective coverage C*
9 be 60. The initial velocity of each USV is Om/s. To amplify the process of collision avoidance, Let
10 the sensing radius of a USV R is 2km, the safe radius » is 1km. There are 6 USVs with initial

12 deployment as shown in table 1.

Table 1. Initial conditions of agents

15 Agents Initial conditions(km)

Al (1.2,0.2)

18 A2 6, 1)

20 A3 (72,1.2)

A4 (1, 19)

23 A5 (19, 18)

A6 (19, 1)

27 The trajectories of these USVs at different times are shown in Figure 3.

2 6 0 )
Xgkm) X{km)

(a) trajectory of agents at t=Imins (b) trajectory of agents at t=20mins
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20 0 2 4 6 8 10 1z
X(km)

(c) trajectory of agents at t=40mins (d) trajectory of agents at t=56.88mins

Fig.3 trajectory of agents at different time

The coverage of the whole task area at different times is shown in Figure 4.

(a) Coverage effect at t=Imins (b) Coverage effect at t=20mins

(c) Coverage effect at t=40mins (d) Coverage effect at t=56.88mins

Fig.4 diagram of area coverage at different time

It can be seen from the trajectory of USVs at different times in Figure 3 that there is no one
USV collides with the obstacles or go through the obstacles. each USV can keep a safe distance
from obstacles and other USVs. And all USVs can do their searching mission without beyond the

boundaries. Clearly, as can be seen from figure 4, the domain is completely covered in the limited

https://mc.manuscriptcentral.com/ijdsn
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time, which shows that the adaptive control law is feasible and effective in controlling the
multi-USV system to complete the searching task of the designated area.

5 Conclusion

This paper studies the rationale behind multi-USV adaptive searching system under the
complex environment with unknown obstacles. The adaptive control law is given. The feasibility
and effectiveness of the law are verified by numerical simulation. Firstly,the sensing area of a
single USV was defined. And then, the driving force of USV was designed by the error function
between actual coverage in the sensing area of USV and the effective coverage. Therefore, each
USV in the searching system was driven to the area with lower coverage. Secondly, the repulsion
law of USV was designed to avoid collision with other objects. To improve the searching
efficiency, the dangerous area was divided into 2 different parts in order to reduce total times of
avoidance of the multi-USV system.

In conclusion, compared with the existing control law based on the global information, the
adaptive searching law of multi-USV is more adaptive to execute the task in the complex
environment with unknown obstacles. USV can automatically navigate and avoid the collision
based on the local information in the sensing area of USV. Therefore, the multi-USV system with
adaptive control law will be the trend of development in the application of searching task under

the complex environment.

Funding: This research was funded by the Scientific Research Staring Foundation of Shantou

University (No: NTF19028).
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Manuscript entitled “Adaptive coverage control for multi-USV system in complex environment with unknown
obstacles” is an interesting paper and the structure of the paper is well organized. This reviewer has the following
comments:

(1) The name of the system should be the same in paper. There are many different names, such as: “multi-USV”,

“multi-USV”, “multi-USV".

2)« 6 should be change to 91 ” in assumption 4 and figure 1.

(3) the Qi is the sensing area of Ai , so the Si ” should be change to Qi ” in formula (1).
(4) The “q € €2 in the sentence beneath the formula (1) should be change to the “g € S”.
(5) The “ €2 ” in the sentence beneath the formula (1) should be change to the “ Qi 7.

(6) The OXY plane should be presented in the figure 1.

(7) The ** g ” should change to “ g, in formula (2) and (3).

(8) The definition of “ €2 > in formula (2) is not presented.

(9) The “ €2 ” should change to Qi ” in formula (4) and the paragraph above.

(10) In addition, there are some mistakes about format. Please check carefully.

(11) What is Vi, (q,l‘) and ¢, respectively in formula (5)?

(12) The Q_(¢) should be change to the ﬁe (¢) ” in the sentence above the formula (8).

(13) What is the definition of “k;” in formula (9).
(14) What does the “q,,” mean in formula (9)?
(15) The two conditions in formula (10) are contradictory.

(16) The case that the coverage of the task area is finished is missing in formula (10).
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Reviewer: 1

11 (1) The “q € Q7 in the sentence beneath the formula (1) should be change to the “g € S”.

14 Q,4,.0)=lgeS:§-G|<R} (

16 Where g eS8 represents the point within the sensing range €3, of USV. § represents the given

17 area to be covered on OXY plane.

20 (2) The definition of “€2” in formula (2) is missing.

23 The correct expression is not “ €2 but “ €. that means the sensing area of the ith USV.

27 Where geS represents the pomt within the sensing range 03, of the ith USV. 5 represents the

given area to be covered on QXY plane.

Assumption 5. Within the sensing range of the agent. the perceptual ability of all points is

31 constant ¢, . for points outside the perception range, the perceptual ability of thejagent is 0.

¢ g€,
(h.q)=4" ¢ (2)
34 g.(h.q) {0 Gen

(3) Typos should be corrected in the paper. Please check carefully throughout the manuscript.

Yes, the manuscript have been checked carefully.
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Reviewer: 2

This paper addresses an important and interesting problem - autonomous path planning. The
article is well organized and its presentation is good. However, some minor issues still need to be
improved before publication:

(1) The name of the system should be the same in paper. There are many different names, such as:

“multi-agent”, “multi-USV”, “multi-vessel”.

The manuscript has been checked carefully in order to make the name of the system be the same.

monitoring. Therefore, the problem of regional reconnaissance and monitoring 1is essentially a
At present, the research on regional coverage control of marine environment has been widely
valued m both military and civilian areas. In the military aspect, area coverage control can be used

for multi-USV seabed topographic mapping. mine detection, ete. [7][8][9]. In the civil aspect, it

(2) “0 ” is not proper in assumption 4 and figure 1.

Assumption 4. The sensing range of each agent is a limited circular area, the divergence angle of

detector is 8, . the detection depth is h; then the sensing radius is Ry, as shown in figure 1.

Fig. 1 Diagram of the circle sensing region

(3) the €; is the sensing area of A;, so the “S; ” should be change to “ Q; ” in formula (1).

Q4.0 =1geS:|i-d4|<R} (n

Where g eS8 represents the point within the sensing range €3, of USV. § represents the given

area to be covered on  OXY plane.
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Reviewer: 3
(1) The “q e €7 in the sentence beneath the formula (1) should be change to the “q € S”.

Q,(4,.0)=1geS:|i-G|<R} "

Where geS represents the point within the sensing range Q, of USV. § represents the given

area to be covered on  OXY plane.

(2) The “€2” in the sentence beneath the formula (1) should be change to the “ €. .

Q4.0 =1geS:|i-4|<R} n

Where g€S represents the point within the sensing range €, of USV. § represents the given

area to be covered on  OXY plane.

(3) The OXY plane should be presented in the figure 1.

Fig. 1 Diagram of the circle sensing region
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Reviewer: 4

(1)“0” is not right in assumption 4 .

Assumption 4. The sensing range of each agent 1s a limited circular area. the divergence angle of

detector is @, . the detection depth is /; then the sensing radius is R;. as shown in figure 1.

(2)The “g” is not right in formula (2) and (3).

The “g” was revised to “g,” to describe the perceptual ability of the ith USV.

c g€,
0 ,qeQ,

g,(h,-,q)={ (2)

Since the information accumulation of a point in the fixed area obtained by USV using the
sensor increases with time, that is, the level of eftfective coverage of a point in the area increases
with time. for any point g € €, . the effective coverage of USV 4, from the initial time =0 to
¢ is defined as follows:

(@.0= g,(h.q)d
7(a.0 = g(h.q)de o

(3)The definition of “Q” in formula (2) is not presented.

The correct expression is not “ €2 ” but “ €, ” that means the sensing area of the ith USV.

Where g eS represents the point within the sensing range Q, of the /th USV. S represents the

given area to be covered on OXY plane.

Assumption 5. Within the sensing range of the agent, the perceptual ability of all points is

constant ¢, . for points outside the perception range. the perceptual ability of thejagent is 0.

Co 95
0 .geQ

(4)The “Q” is not right in formula (4) and the paragraph above.

The “Q” was revised to “S”.

Let €7 be the desired attained effective coverage at all points g €S . The goal is to attain a

network coverage of y, (g,/)=C for all points g € S at some time t 7, means the summation

of the coverage of each USV. Consider the following error function:

J(t)=[(C =y, (q.0Mq 4)
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(1) What does the “g,,” mean in formula (9)?

ﬁv:_kr.(ql_gm)’ kl>0 (L))
Where k, >0 is the traction velocity adjustment gain, ¢, is the position vector of the USV

projected on the QXY plane. and @, is the position vector of point g, €S onthe OXY

plane.

(2) The two conditions in formula (10) are contradictory.

In summary. the expected optimal coverage velocity of each USV in multi-USV system is:

- 520 s 0 2yl
=y ) (10)
R AT =T, 7 y,=C and J(1)#0

(3) The case that the coverage of the task area is finished is missing in formula (10).

The mistake was revised as above.
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