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target point to achieve formation control. Artificial potential
field method [11] sets artificial potential field for the research
object's workspace, and the artificial potential function for the
research objects is set. It constructs the potential field forces of
robots, target points and obstacles in the workspace, and it
minimizes the individual potential field to reach the formation.
The information consistency method usually assumes that the
agent only interacts with its neighbors [12]. Therefore, the
advantage of the information consistency method is that it can
be applied to large-scale formation control. Compared with the
formation algorithm, the underwater target hunting strategy is
not mature, and the mainstream capturing algorithm and
mechanism have not been formed.
A neural network model based on bio-inspired neural
network is proposed to plan the path of each robot to search
for the target robot, but the discrete hunting work area is easily
limited by the actual environment [13]. Multi-robot hunting
model based on extended cooperative games is proposed [14].
An obstacle avoidance model and two kinds of target
searching strategies -– roaming search and regional search are
also proposed [15]. Non-formation movement is adopted in
the target hunting method [16]. Due to the characteristics of
different strategies for different situations, the number of
robots and the size of the area may cause different results. A
combination of dynamic adjustment method and multi-robot
task allocation auction algorithm is presented, which is an
efficient algorithm to solve task allocation problem of multirobot cooperative hunting [17]. But this method may make the
task assignment unreasonable due to the target's dynamic
movement and complex environment.
In this paper, quadrotor as the first perspective to observe
the state information of robots and dynamic targets [18]-[20].
The communication network publishes information to
different robots, which can effectively avoid the time delay of
information transmission between different robots and
improve the hunting success rate of dynamic targets. The
initial position of the robot is arbitrary, and a formation
pattern is gradually formed to surround dynamic targets,
preventing the target's escape behavior effectively [21].
The remainder of this paper is organized as follows.
Section II declares preliminary knowledge and describes the
state module and designs a target hunting protocol. Section III

Abstract - In order to realize the underwater functions of
amphibious spherical robots and complete the task in water, a
multi-robot cooperative hunting strategy is proposed. With the
global observation of the quadrotor, the robots and the target can
be found, which meets the conditions for modeling a composite
system. In the target hunting process, multiple robots converge
uniformly when they are hunting target, and they form a triangle
formation. The cost function evaluates the hunting efficiency and
energy consumption of the hunting strategy. Finally, the optimal
path of each amphibious spherical robot was calculated. The
simulation results show the effectiveness of this target hunting
method based on ROS/Gazebo simulation platform.
Index Terms - Amphibious spherical robot; Target hunting;
Quadrotor observation; Multi-robot cooperation

I. INTRODUCTION
The vast ocean contains abundant marine resources.
Under the trend of increasingly scarce land resources, human
can't wait to start exploring marine resources. The amphibious
spherical robot is able to explore on land and in the sea. It has
unique advantages compared with underwater robots and it is
the important means of understanding, developing and
utilizing the ocean. However, due to its own limitations, the
single robot's deficiencies are shown when performing tasks in
complex seas. The mutual cooperation of multiple robots can
quickly complete tasks that cannot be done by a single robot.
Therefore, multi-robot collaborative systems have become a
hot topic recently [1]-[4].
Multi-robot formation and target hunting are two
common underwater tasks. Traditional algorithms for multirobot formation generally include the leader-follower method,
virtual structure method, artificial potential field method and
consensus algorithm [5]-[8]. The leader-follower method sets
one leader in the formation, and the remaining members as
followers [9]. During the formation, the leader's role controls
the entire formation's travel route. The disadvantage is that if
the leader fails and the team shape will not be maintained. The
virtual structure method refers to determining the kinematics
and dynamic characteristics of the virtual structure [10], then
deriving the corresponding characteristics of the virtual target
point on the virtual structure, and finally designing appropriate
control laws to make the robot track the corresponding virtual
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formation definition and consensus control algorithm used in
shaping are presented. Section IV performs extensive
simulation to prove the efficiency and robustness. Finally,
conclusions are provided in Section V.

During the target hunting, when the target finds the
robot's hunting behavior, it may enter the state of alert and
implement the escape behavior. The escape process is rapid
and the movement trajectory is irregular, and it is difficult to
complete the round-up in this process. Therefore, it is
particularly important to determine the target alert area. When
the robot enters the nearby of the target alert area, multiple
robots track the target and keep the relative position.
Assuming the target alert area is smaller than the quadrotor
observation range. Define the target alert area as a circle,
which has a radius of r [25].
B. Strategy Design
Inspired by the wolf pack algorithm and the greedy
algorithm, we developed a set of multi-robot hunting
strategies for dynamic targets. We use three amphibious
spherical robots to hunt the target. When the amphibious
spherical robot closest to the target point is found, it is
regarded as the master, and the others are regarded as slaves.
The line segment formed by the master point and the target
point with the target's alert area to create an intersection point
(xh1, yh1).

II. TARGET HUNTING
A. Preliminaries
In this paper, the quadrotor is used as a tool, and the
projection point of the quadrotor on the horizontal plane is
taken as the origin to establish a three-dimensional coordinate
system. The entire multi-robot hunting process is performed
on the horizontal plane. The spheres of amphibious spherical
robots are painted with different colors to distinguish different
robot named i (i=1, 2, 3). Quadrotor uses KCF (Kernel
Correlation Filter) target tracking algorithm [22], [23] to
detect the position of robot and target within the visible range
R. (x0, y0) and (xi, yi) are the positions of target and hunting
robot i respectively. Here, we use the standard North-East
Down (NED) local coordinates to indicate the axes direction
of the body frame. The communication network of the entire
quadrotor-amphibious spherical robot system is distributed,
and the observing information of the quadrotor can be
published to each robot. The robots are all equipped with
inertial measurement units, which can feedback to the robot in
time.

 x = v cos 

 y = v sin 
 F =u


xh1 − x1 yh1 − y1
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( x − x ) 2 + ( y − y ) 2 = r 2
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0
 h1 0

(2)

where, the position of the intersection point can be obtained.

(1)

xh1 [min( x0 , x1 ), max( x0 , x1 )]
yh1 [min( y0 , y1 ), max( y0 , y1 )]

(3)

Furthermore, a triangle centered on the target point and
an intersection point a as the end point can be obtained, and
the triangle is an inward equilateral triangle in the guard area.
The remaining two rounding points (end points of the triangle)
evenly on the circle of the guard area are arranged, then the
coordinates of all hunting points are obtained.
The master moves towards the target point, the
intersection point a is the master hunting point; the remaining
two points b and c are allocated to the slaves according to the
cost function. The schematic diagram of target hunting is
shown in Fig. 2.

where, F is the force applied to the robot; u is the control input
of the robot; α is the heading angle.
The amphibious spherical robot is propelled under the
water by means of a water jet motor, and adopts double
closed-loop control of position-angle, the control scheme as
i

illustrated in Fig.1. pc is the current value of robot position,

pt is current value of target position. pei is the expect value of
robot position, it change into force and torque though PID
controller. Finally, the robot controlled by angle and force.
After satisfying the above prerequisites, the robot is able to
realize two-dimensional motion from one point to another
point.

Fig. 1 A double closed loop control
Fig. 2 The target hunting diagram
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The cost function is used to evaluate the efficiency and
energy consumption of the strategy. It is mainly affected by
the distance between the robot and the assigned hunting point,
and the difference between the actual heading angle and the
expected heading angle of the robot. The effect of the hunting
strategy can be measured according to the cost function, which
designs the overall optimal path. Define the cost function as:
3

3

i =2

i =2

J ( x, y, ) = w1 [( xhi − xi ) 2 + ( yhi − yi ) 2 ] + w2  |  hi − i |

the sides of the triangle, and the heading angle of the
formation.
1) The center of the triangle
The hunted object is selected as a virtual structure point
and located at the center of the triangle. When the object
moves, the triangle formation can track the object in real time,
completing the static rounding.
2) The length of the sides of the triangle
The length of the side of the triangle is determined by the

(4)

Pythagorean theorem is equal to 3r .
3) The heading angle of the formation
The formation yaw angle is related to the formation
forward direction and is determined by the target and master.
The target coordinate system is established with the
surrounded object as the origin, as shown in the Fig. 4.

where, w1, w2 are the weights of relative distance and heading
angle’s change value, w1+w2=1.
When the cost function is minimized, and the optimal
hunting path is calculated deadline. The detailed description of
the algorithmic process of the hunting strategy is shown in the
Fig. 3.

Fig. 4 The triangle formation for target hunting

The camera image coordinate system can be converted to
the world coordinate system through the Eyelet Imagery
Principle, the method copied the coordinate difference. With
the formation heading angle as the rotation parameter, the
displacement of the rounded object as the translation
parameter, and the coordinates of the object points is obtained
by the coordinate transformation.

X world = Rz X t arg et + Tt arg et − world

Fig. 3 The process of target hunting

(5)

where, Rz is rotation matrix, Ttarget->world is translation matrix.

III. FORMATION AND REORGANIZATION CONTROL

cos( yaw) − sin( yaw) 
Rz = 

 sin( yaw) cos( yaw) 

A. Formation Configuration
The formation in this paper is defined as a triangle, and
the implementation method is the virtual structure method.
The virtual structure method was first proposed by Tan. The
entire formation was regarded as a rigid structure, and the
virtual structure points are set. The formation movement is
restricted by the virtual structure points. The robot tracked the
virtual target points to achieve formation control according to
the control law.
The establishment of the triangle formation in this paper
needs three elements: the center of the triangle, the length of

Tt arg et − world = ( x0 , y0 )

(6)

(7)

B. Consensus Control Algorithm
During the trajectory tracking of the robot to the hunting
point, the robot position may accumulate errors over time, and
a consensus algorithm is added to estimate the center point
position to be consistent.
The hunting system consists of three amphibious
spherical robots. The network topology in the consensus
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algorithm is shown in Fig. 5. Each adjacent robot interacts
with information.

Fig. 6 A experimental environment in Gazebo

The simulation platform includes the amphibious
spherical robot model and a quadrotor model, as shown in
Fig.7 and Fig.8. The mechanical structure design of the
amphibious robot was completed using Solidworks2017
software. The robot model appeared in Gazebo though using a
conversion tool, which was modified and used in the Gazebo
simulation environment. Gazebo has a rich library of plugins
that can be used to configure binocular cameras, IMU, depth
gauge and other sensors for the robot model. The controller is
designed to control the joint motion and angular rotation of the
server motor. Applying torque to the water jet motor to
achieve the propulsion function. The model of the quadrotor is
equipped with a downward-looking camera, barometer, IMU
and other sensors. The control methods of the quadrotor
include attitude control method, position control method and
trajectory control method [26].

Fig. 5 A directed interaction topology

The topological graph of the algorithm is a directed
graph. The arrows represent the information flow direction. A
negative Laplacian matrix is generated according to the
topological graph, and the consensus algorithm is described as
follows.

 v1x

v2 x
 v3 x


v1 y 
 1 0 −1  x1

v2 y  =   −1 1 0   x2
 0 −1 1   x3
v3 y 

y1 
y2 
y3 

(8)

where, β is the convergence speed factor, which is an index of
how fast the team converges. The robot moves in the
constraints of its own control law and the consensus
algorithm. The consensus algorithm plays a significant role in
improving the speed of hunting, optimizing the tracking effect,
and maintaining the formation.
IV. SIMULATION AND RESULTS
A. Gazebo-based Simulation Platform
Aiming at the above-mentioned multi-robot hunting
strategy for dynamic targets using quadrotor location, the
multi-robot experimental preparation process is complex and
the experimental cost is huge. In this paper, a Gazebo-based
simulation platform is proposed to verify the effectiveness of
the hunting strategy. Gazebo is a 3D dynamic simulator that
can accurately and efficiently simulate robot swarms in
complex indoor and outdoor environments. Gazebo provides
high-fidelity physical simulation, which provides a full set of
sensor plugins, and a very user-friendly way to interact with
the program. In Gazebo simulation, an underwater simulation
environment is first constructed. The Blender software is used
to model the underwater world and the map imported into
Gazebo. Aerodynamic and hydrodynamic plugins are added to
set a constant air velocity and water velocity. The entire map
is shown in Fig. 6.

Fig. 7 The amphibious spherical robot model

Fig. 8 The quadrotor model
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Models and programs exchange information with the
help of ROS distributed network. The Gazebo simulation
platform framework is shown in Fig. 9.

Considering the robots into three circles, and ideally
analyzing whether the three circles can gradually reach a
stable position relative to the virtual center. Write MATLAB
program for simulation, and set the simulation iteration step
size. The simulation results are made to check whether the
robot arrive the desired point simultaneously and without the
error as shown in the Fig. 11.

Fig. 9 The Gazebo simulation platform framework

B.

Simulation Verification of target hunting strategy

Fig. 11 The consistency algorithm simulation result

Before the Gazebo simulation, we use the means of
MATLAB to simulate the hunting results, and this means is
helpful to correct the codes. When the robot model run in the
gazebo platform, it usually has a better performance. The
results display and prove the hunting strategy that can apply to
the Gazebo platform as shown in the Fig.10.

Apparently, the result of MATLAB simulation supports
our idea that the hunting strategy is useful in the process of
hunting target. Then the program run on the ROS/Gazebo
platform, quadrotor flies 7 meter above the ground. There is a
red cylinder that means target in the center of underwater
world. Three robots stay at (0,3), (4, -3), (-4, -2) respectively.
The radius of alert area is 1 meter. Quadrotor gets the data of
robots’ positions, the expected position is computed, after that
the nearest point is distributed to the a robot; therefore, robot
moves from starting point to ending point, finally the hunting
trajectory of robot forms. The robots approach the target when
the hunting strategy is applied as shown in Fig. 12 and Fig. 13.

Fig. 10 The results of hunting strategy based on MATLAB

Robots randomly appear in the three different position
(the different color circles take the place of the robots and
different lines display the whole motion process of three
robots). It can be seen from the results that the robots hunting
the target with the optimal path. Around the alert area, the
robots form the triangle formation. Starting points, ending
points and target point are labeled in the figure.

Fig. 12 The starting status of hunting process
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Fig. 13 The ending status of hunting process

V. CONCLUSIONS
In order to accomplish the multi-robot hunting tasks, this
paper researched the multi-robot cooperation method. The
quadrotor is used to detect and locate the robots and the static
target, and these robots complete the hunting task with the
help of the quadrotor. Based on the wolf pack algorithm and
the greedy algorithm, the master and slaves are determined,
the rounding radius of target is defined. Therefore, the hunting
points are determined, which can be assigned based on the
cost function. For each robot, it has an optimal path to hunting
point. When a robot reached the hunting point, a triangle
formation hunting is implemented so that the hunting method
successes. The consensus algorithm is to guide a single robot
to the hunting point without the error.
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