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In order to control the multi-agent system, the
communication between each agent needs to be continuous.
However, from the perspective of resource utilization, this
control method has obvious defects, which will cause the
waste of computing resources and communication resources.
On the contrary, only when the state error satisfies the
designed triggering condition, will the state of agent be sent to
its neighbors. Therefore, event trigger mechanism is regarded
as a substitute for traditional time sampling mechanism of a
kind of control method. Due to the advantages of event-driven
control, there is a lot of research on event-driven control [7],
[8]. Dimarogonas et al. adopted centralized and distributed
event triggering strategies to analyze the consistency of multiagent systems [9]. Garcia et al. studied the consistency of the
next order of multi-agents triggered by events and proposed a
decentralized control and communication protocol [10]. Guo
et al. analyzed the distributed sampling consistency of
multiple agents under the directed graph and proposed a
distributed event [11]. Zhu et al. studied a general linear
multi-agent system with directed topology [12]. Based on the
idea of optimal control theory, a consistency algorithm based
on event trigger is proposed. Many researchers have studied
the possible problems of delay and noise in event-driven
communication [13], [15].
In addition, there are a lot of researches on the practical
event-driven methods. The researchers studied the eventdriven control strategy of practical application from the
aspects of energy consumption and communication delay [16][18]. Some researchers have studied event-driven control
strategies for UAVs [19]-[21]. In recent years, some
researchers have proposed an event-driven control algorithm
for vehicles [22].
However, most of the above research on event-driven
control is limited to theory. The application of event-driven
control algorithm in multi-robot system is very few, and the
research in amphibious multi-robot system is even less.
Therefore, the distributed edge-based event-driven consensus
formation control strategy for multiple amphibious spherical
robots was proposed in this paper. In the traditional control
strategy, in order to maintain the stable control of the system,
the multi-robot system needs to be controlled in a fixed period.
By adopting an edge-based event-driven control strategy, the

Abstract –In order to complete tasks efficiently, multiple
robots are usually required to cooperate with each other. This
leads to many requirements for the control strategy of multiple
robots. In response to these needs, an edge-based event-driven
consensus formation control strategy is proposed in this paper.
The proposed formation control strategy merges virtual linkage
formation control algorithm, edge-based event-driven consensus
control algorithm and artificial potential field algorithm
together. The virtual linkage formation control algorithm mainly
controls the formation of multiple robot formations. The edgebased event-driven consistency control strategy is used to
maintain the formation of multiple robots and increase energy
utilization. The artificial potential field method is used to ensure
the safe distance of each robot. The simulation experiment results
prove that the proposed formation control strategy can realize
the formation of multiple robots.
Index Terms - Event-driven consensus control; Amphibious
spherical robot; Distributed formation control.

I. INTRODUCTION
With the development of littoral environment more and
more frequently, the demand for littoral exploration
technology and equipment is increasing. Autonomous
amphibious robots are becoming increasingly popular in
Marine engineering [1], [2]. Because they can perform flexible
operations in complex amphibious environments that humans
cannot reach on their own. However, individual underwater
autonomous robots have their own limitations, especially in
complex marine environments. These deficiencies limit the
application of individual underwater autonomous robot. In
order to explore the ocean more efficiently, the cooperative
mechanism and algorithm strategy are used to control multiple
underwater autonomous robots to accomplish tasks in a
cooperative manner [3]-[5]. In this way, the deficiency of
individual ability can be avoided and more complex ocean
exploration tasks can be completed. As a new control
algorithm in recent years, event-driven control has more
obvious advantages than time-driven sampling control in
saving the limited resources of the system and relieving the
pressure of data transmission bandwidth. In recent years, the
use of event-driven control algorithm to control multi-agent
systems has attracted more attention [6].
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state information is updated only when the difference between
two robots is greater than the threshold value. This control
strategy can effectively reduce the driving frequency of the
amphibious spherical multi-robot. In addition, on the basis of
event-driven algorithms, virtual linkage formation control
algorithms and artificial potential field algorithms are
introduced to help multi-robot systems realize formation.
The rest of this paper is organized as follows. Section II
presents a brief introduction about our new generation
amphibious spherical robot. Section III presents the
preliminaries and the edge-based event-driven consensus
formation control strategy for multiple amphibious spherical
robots. Experiments and results are provided in Section IV in
order to assess the performance of the proposed approach.
Section V provides a conclusion of the whole paper.

parts. The upper part contains the main control board NVIDIA
Jetson TK1, the drive circuit, Power module, IMU and
pressure sensors. It is mainly responsible for the control and
perception of the robot. The difference is that the 8-eye
amphibious spherical robot uses NVIDIA Jetson TX2 to
enhance computing power. The lower part of the robot
consists of four mechanical legs and waterproof battery
housing. The end of each mechanical legs is equipped with a
water jet thruster, which can push the robot to move in the
water. In addition, each machine leg is also equipped with
three waterproof servo motors, which can help the robot crawl
like a turtle on land. In the underwater environment, the
amphibious robot can swim with vector water spray. The
maximum speed of this amphibious robot in the water can
reach 0.6 m/s, and the maximum dive depth can reach 1000 m.

II. THE STRUCTURE OF THE AMPHIBIOUS SPHERICAL ROBOT

III. DISTRIBUTED EDGE-BASED EVENT-DRIVEN CONSENSUS
FORMATION STRATEGY

In this section, we give a brief introduction about our new
generation amphibious spherical robot and sensors mounted
on the robot.
On the basis of the robot mentioned in the references
[23]-[26], a new generation of amphibious spherical robot is
developed with more perfect performance, whose structure is
shown in Fig.1. There are two kinds of amphibious spherical
robots. Both of them can work in an amphibious environment.
The only difference between them is the number of cameras
mounted on the robot. The robot carried two binocular
cameras is called 2-eye amphibious spherical robot, which is
shown in Fig.1(a). The robot carried four binocular cameras is
called 8-eye amphibious spherical robot, which is shown in
Fig.1(b). This 8-eye amphibious spherical robot has stronger
perception than 2-eye amphibious spherical robots.

In this section, an edge-based event-driven consensus
formation control strategy for small amphibious spherical
multi-robot system is proposed to meet the three requirements
of formation control:
1) Form a formation of defined shapes;
2) Internal collision avoidance;
3) Reduce drive frequency.
Firstly, consider a multi-robot systems composed of n
amphibious spherical robots. According to the characteristics
of amphibious spherical robots, the holonomic kinematic
models of a team of robots are reduced to a first-order model.
So, the holonomic kinematic models of each amphibious
spherical robot i is given as
𝒑̇ 𝑖 (𝑡) = 𝒖𝑖 (𝑡), 𝑖 = 1,2, … , 𝑛
(1)
where 𝒑𝑖 (𝑡) and 𝒖𝑖 (𝑡) are the state and the control input of
robot i, respectively. The 𝒑𝑖 (𝑡) is the position of robot i, and it
can be expressed as 𝒑𝑖 (𝑡) = [𝑥𝑖 (𝑡) 𝑦𝑖 (𝑡) 𝑧𝑖 (𝑡)]𝑇 ∈ R3 .
𝑥𝑖 (𝑡), 𝑦𝑖 (𝑡) and 𝑧𝑖 (𝑡) represent the coordinates of robot I at
time t respectively. 𝒖𝑖 (𝑡) is also a vector, which can be
expressed as 𝒖𝑖 (𝑡) ∈ R3 .
According to the requirements of formation control, the
formation control strategy combines several common
algorithms to meet the above requirements. Consider the
control input for a robot i in the team.
𝑓
𝒖𝑖 (𝑡) = 𝜔𝒖𝑖 (𝑡) + (1 − 𝜔)𝒖𝑎𝑖 (𝑡), 𝑖 = 1,2, … , 𝑛 (2)
𝑓
where 𝒖𝑖 (𝑡) and 𝒖𝑎𝑖 (𝑡) respectively represent formation
𝑓
control and internal collision avoidance control. 𝒖𝑖 (𝑡) is
obtained by the virtual linkage formation control algorithm
and the edge-based event-driven consensus control algorithm.
The virtual linkage formation algorithm is used to control the
formation of multiple robots. The edge-based event-driven
consensus control algorithm is used to reduce driving
frequency and maintain formation. 𝒖𝑎𝑖 (𝑡) is obtained by the
artificial potential field method, and its function is internal
collision avoidance. 𝜔 is the weight, which is used to adjust
𝑓
the internal ratio of the formation algorithm. Both 𝒖𝑖 (𝑡) and
𝑎
𝒖𝑖 (𝑡) are vectors, and they can also be regarded as forces.
𝑓
Therefore, the parallelogram rule is used to merge 𝒖𝑖 (𝑡) and

Fig. 1. The structure of proposed spherical robot amphibious spherical robot.
(a) 2-eye amphibious spherical robots. (b) 8-eye amphibious spherical robot.

The structures of the two kinds of robots are very similar.
The shape of the whole robot is a sphere. It consists of two
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vertical plane is defined as 𝛼𝑗 . The length of the virtual link j
is defined as 𝛽𝑗 . So the state of the virtual linkage is defined as
𝑳𝑗 (𝑡) = [𝛼𝑗 (t) 𝛽𝑗 (𝑡)], 𝑗 = 1,2, … , 𝑛 − 1
(3)
By adjusting 𝛼𝑗 (t) and 𝛽𝑗 (𝑡) in equation (3), the shape of
the formation can be changed. The coordinates 𝒑𝑖 (𝑡) of the
virtual joint corresponding to the virtual linkage j can be
expressed as
𝑥𝑖 (𝑡) = 𝑥́ 𝑖 (𝑡) + 𝜑𝛽𝑗 (𝑡)sin(𝛼𝑗 (t))
{ 𝑦𝑖 (𝑡) = 𝑦́ 𝑖 (𝑡) − 𝛽𝑗 (𝑡)cos(𝛼𝑗 (t)) , 𝑗 = 1,2, … , 𝑛 − 1 (4)
𝑧𝑖 (𝑡) = 𝑧́𝑖 (𝑡)
where 𝒑́ 𝑖 (𝑡) = [𝑥́ 𝑖 (𝑡) 𝑦́ 𝑖 (𝑡) 𝑧́𝑖 (𝑡)]𝑇 represents the coordinates
of the virtual joint corresponding to the upper level of the
virtual link j, and 𝜑 represents the left and right sides of the
virtual link. When the virtual linkage j is the left link, 𝜑 =-1,
and when the virtual linkage j is the right link, 𝜑 =1. Through
equation (4), we can convert the coordinates obtained by the
virtual linkage formation control algorithm into the target
coordinates of the robot 𝒑𝑒𝑖 (𝑡) = [𝑥𝑖𝑒 (𝑡) 𝑦𝑖𝑒 (𝑡) 𝑧𝑖𝑒 (𝑡)]𝑇 .

𝑓

𝒖𝑎𝑖 (𝑡) . The relationship between 𝒖𝑖 (𝑡) , 𝒖𝑖 (𝑡) and 𝒖𝑎𝑖 (𝑡) is
shown in Fig. 2.

𝑓

Fig. 2. The relationship between 𝒖𝑖 (𝑡), 𝒖𝑖 (𝑡) and 𝒖𝑎𝑖 (𝑡)

A. Virtual Linkage Formation Control Algorithm
The formation control strategy controls the shape of the
formation through the virtual linkage formation control
algorithm [27]. Compared with other formation control
algorithms, the virtual linkage formation control algorithm has
many advantages. It is not only easy to change the formation,
but also has lower requirements for communication. In
addition, the status information of the virtual linkage can be
easily obtained by the camera. Virtual connecting mechanism
is defined as a virtual structure connected by virtual linkages
through virtual joints. The virtual link refers to a rigid body
composed of several elements. In the multi-robot formation,
the virtual link is an edge formed by two robots. Virtual joint
refers to a kinematic pair that connects two virtual linkages
and imposes constraints on the two virtual linkages. Virtual
joints are generally composed of a robot. Fig.3 is a schematic
diagram of a virtual linkage mechanism. By adjusting the
rotation angle of the virtual joint and the length of the virtual
linkage, the linkage mechanism presents different shapes.

B. Edge-based Event-driven Consensus Control Algorithm
The edge-based event-driven consensus algorithm is used
to maintain the formation and reduce the driving frequency
[28]. Compared with other event-driven algorithms, the edgebased event-driven algorithm is more suitable for amphibious
spherical robots. Because the state of the edge can be easily
obtained from the camera equipped on the amphibious
spherical robot. Then, the edge-based event-driven consensus
algorithm will be briefly introduced.
We model the communication topology among the n
robots by an directed graph G = {V, E}, where vertex set V ≜
{1,2, … , 𝑛} represents the set of n nodes in the graph, and E ≜
{ 𝑒𝑖𝑗 : 𝑖 = 1,2, … , 𝑛, 𝑗 ∈ 𝒩𝑖 } is the set of directed edges
connecting nodes, where the dynamic neighbor set 𝒩𝑖 of robot
i is defined by
𝑗 ∈ 𝑉: robot 𝑖 receive information
𝒩𝑖 ≜ {
}
(5)
from robot 𝑗, 𝑖 ≠ 𝑗
Suppose there are m directed edges in graph G, labeled 1
to m. For convenience, we replace i and j with l. Directed edge
l, assuming that its head node is robot i and its tail node is
robot j, implies that node robot i can receive information robot
j. The state of the edge can be expressed as 𝒆𝑙 (t) ∈ 𝐸, which
is defined as 𝒆𝑙 (t) = 𝒑𝑖 (𝑡) − 𝒑𝑗 (𝑡). Then, the target state of
edge l is 𝒆𝑒𝑙 (t) = 𝒑𝑒𝑖 (𝑡) − 𝒑𝑒𝑗 (𝑡). In contrast to 𝑳𝑗 (𝑡) in the
virtual linkage formation control algorithm, 𝒆𝑙 (t) is detected
in real time and changes with time. For amphibious spherical
robots, the edge state 𝒆𝑙 (t) is obtained by the binocular
camera equipped on the amphibious spherical robot.
The adjacency matrix of the directed graph is A = [𝑎𝑖𝑗 ],
where aij =1, if 𝑒𝑖𝑗 ∈ 𝐸, otherwise aij=0. The incidence matrix
of the directed graph D = [𝑑𝑖𝑙 ], where dil = −1, if robot i is the
tail node of edge l, dil = 1 if robot i is the head node of edge l,
otherwise dil = 0.In this paper, it is assumed that graph G
contains at least one directed spanning tree. Let in-incidence
̅ be a matrix containing only the head node in D. Then
matrix 𝐷
̅ 𝐷𝑇 .
the Laplacian matrix L can be defined as 𝐿 = 𝐷

Fig.3. The schematic diagram of a virtual linkage mechanism

Considering that the formation has m virtual joints, then
there are m-1 virtual links. Generate virtual main joints
according to environment needs. Taking the virtual main joint
as the boundary, the virtual link mechanism is divided into a
left virtual link mechanism and a right virtual linkage
mechanism. The angle between the virtual link j and the
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where 𝜂 is the repulsion coefficient; r is the radius of the
robot; dij is the shortest distance from the robot i to other robot
j; d0 is the protection distance. According to the equation (10),
when the distance 𝑑𝑖 between two robots is close to 𝑑0 , 𝒖𝑎𝑖𝑗 (𝑡)
approaches 0, which can make the robot move more smoothly.
When the distance 𝑑𝑖 between the two robots decreases,
𝒖𝑎𝑖𝑗 (𝑡) approaches infinity, which can make the robot avoid
collisions between. The relationship between 𝒖𝑎𝑖𝑗 (𝑡) and di is
shown in Fig. 5.

The event-driven moment of edge l is denoted as {𝑡𝑘𝑙 |𝑘 =
0,1, …}. We hope that the state of each edge in the robot
formation can reach the expected value, namely 𝑙𝑖𝑚 ∆𝑒𝑙 =
𝑡→∞
̂ 𝑙 (𝑡) represent the state of
lim 𝒆𝑙 (𝑡) − 𝒆𝑒𝑙 (𝑡) = 0 . Let ∆𝑒
𝑡→∞

difference l at the nearest event time before the current time t,
𝑙
̂ 𝑙 (𝑡) = ∆𝒆𝑙 (𝑡𝑘𝑙 ), 𝑡 ∈ [𝑡𝑘𝑙 , 𝑡𝑘+1
namely ∆𝒆
), k=0,1,…. The error
between the state at the moment of the most recent event and
the state at the current moment can be expressed as 𝜹𝑙 (t) =
̂ 𝑙 (𝑡) − ∆𝒆𝑙 (𝑡).
∆𝒆
Each robot in the system is equipped with the eventdriven algorithm. For the edge l, l = 1, 2, · · · ·, m, the
following edge-based event-driven conditions are proposed:
𝑓𝑙 (𝑡, 𝜹𝑙 (t)) = |𝜹𝑙 (𝑡)| − 𝜎𝑙 𝜹−𝛾𝑡 < 0
(6)
𝑅𝑒(𝜆𝑖 )

where 0 < 𝜎𝑙 , 0 < γ ≤ max {
2≤𝑖≤𝑛

2

} . 𝜆𝑖 , 𝑖 = 1,2, … , 𝑛 be the

eigenvalues of the Laplacian matrix L. As long as the edge
state error |𝜹𝑙 (𝑡)| exceeds the exponential decay threshold
𝜎𝑙 𝑒 −𝛾𝑡 , the controller of the head node of the corresponding
edge state is updated. So the next edge event moment is
𝑙
𝑡𝑘+1
= inf{𝑡 > 𝑡𝑘𝑙 |𝑓𝑙 (𝑡, 𝜹𝑙 (𝑡)) ≥ 0}
(7)
Under edge-based event-driven conditions (6), for
individual robot i, i = 1, 2, ···, n, The control protocol is
designed as
𝑓
̅ ̂
𝒖𝑖 (𝑡) = − ∑𝑚
(8)
𝑙=1 𝑑𝑖𝑙 ∆𝒆𝑙 (𝑡)
The proposed event-triggered control schematic for robot
i is shown in Fig. 4. The state of the edges is monitored by
each corresponding robot continuously. By detecting the state
of the edge, the algorithm determines whether to update the
state of the individual controller of robot i according to the
event-driven condition (6).

Fig.5. The relationship between 𝒖𝑎𝑖𝑗 (𝑡) and di

The block diagram of the entire proposed formation
algorithm is shown in Fig.6. First, determine the target state of
each edge in the formation by using the virtual link algorithm.
Next, the state of each edge is monitored by sensors.
Determine whether to trigger the event according to equation
(6). If the event is triggered, the state of the edge is updated
and a new control input component is generated. Otherwise,
the control input remains the same. At the same time, the
collision avoidance control input component is generated by
using the artificial potential field method. Finally, the two
control input components are added and input to the robot.

Fig.4.The block diagram of edge-based event-triggered control

C. Artificial Potential Field Algorithm
In addition, in the formation algorithm the artificial
potential field method is used to avoid robot collision. The
formula is given as
𝒖𝑎𝑖 (𝑡) = ∑𝑛𝑗=1,𝑗≠𝑖 𝒖𝑎𝑖𝑗 (𝑡)
(9)
𝑎
where 𝒖𝑖𝑗 (𝑡) indicates that robot i is exerted by the collision
avoidance potential force from robot j, which can be defined
as
𝒖𝑎𝑖𝑗 (𝑡) = {

𝜂

1

𝒑𝑖 (𝑡)−𝒑𝑗 (𝑡)

(𝑑𝑖𝑗 −𝑟)2

𝑑𝑖𝑗

, 𝑑𝑖 ≤ 𝑑0

Fig.6.The block diagram of the entire proposed formation algorithm

The flow of the formation algorithm will be briefly
introduced. The state of the robot refers to the coordinates of
the amphibious robot, and the control input of the system
refers to the speed of the amphibious robot. The shape of the
formation is determined by the virtual linkage algorithm, as
shown in equation (3). The control goal of proposed formation

(10)

0, 𝑑𝑖 ≥ 𝑑0
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control algorithm for the amphibious multi-robot system is
given as:
lim 𝒆𝑙 (𝑡) − 𝒆𝑒𝑙 (𝑡) = 0
(11)

amphibious spherical robots, the detection of edge state is
realized by the binocular camera equipped on each robot.

𝑡→∞

where 𝒆𝑒𝑙 (𝑡) is the target state of edge l, which is determined
by the virtual linkage algorithm. The control algorithm of the
system is shown as Table I.
TABLE I
EDGE-BASED EVENT-DRIVEN CONSENSUS FORMATION STRATEGY

Algorithm: Execution Process of Robot 𝑖
Result: ‖𝒆𝑙 (𝑡) − 𝒆𝑒𝑙 (𝑡)‖ = 0
Input: The state 𝑳𝑗 (𝑡) of the edge corresponding to robot 𝑖
1 Calculate the parameters σ, γ and 𝒆𝑒𝑙 (𝑡)
2 while ‖𝒆𝑙 (𝑡) − 𝒆𝑒𝑙 (𝑡)‖ ≠ 0 do
3 Check if received new data from neighbors;
4 if received new data from neighbors at 𝑡𝑘𝑙 then
5
Update states:
̂ 𝑙 (𝑡) = ∆𝒆𝑙 (𝑡𝑘𝑙 )
6
∆𝒆
7 else
̂ 𝑙 (𝑡) = ∆𝒆
̂ 𝑙 (𝑡)
8
∆𝒆
9 end
10 Calculate the state 𝒆𝑙 (𝑡), ∆𝒆𝑙 (𝑡) and 𝜹𝑙 (t);
𝑓
11 Calculate control input component 𝒖𝑖 (𝑡) by (8);
𝑎
12 Calculate control input component 𝒖𝑖 (𝑡) by (9);
13 Calculate control input 𝒖𝑖 (𝑡) by (2);
14 Execute control input 𝒖𝑖 (𝑡) to the robot;
15 Check the event trigger condition (6);
16 if 𝑓𝑙 (𝑡, 𝜹𝑙 (t)) ≥ 0 then
17
Send ∆𝒆𝑙 (𝑡𝑘𝑙 ) to the neighbors;
18
Update states:
̂ 𝑙 (𝑡) = ∆𝒆𝑙 (𝑡𝑘𝑙 )
19
∆𝒆
20 else
21
Continue;
22 end
23 end

Fig.7. The communication topology of amphibious multi-robot system

In the simulation, according to the communication
topology diagram of fig. 7, each robot can only receive
information of the corresponding robot. The results of the
simulation are shown in fig. 8, where the red, green and blue
lines represent robot1, robot2 and robot 3, respectively, and
the black line represents the target robot. At the beginning of
the simulation, the three robots are placed in the lower left
corner and the target robot is placed in the upper right corner.
The target state of each virtual edge is set to
3𝜋
𝜋
𝜋
[√2 ] , [1 ] , [√2 ] , [1 0], which makes three robots form
4
2
4
a triangle formation. As can be seen from the results, although
the motion trajectory is jittery, in the end, multiple robots form
a triangle formation.

IV. SIMULATION AND RESULTS
The amphibious multi-robot system can accomplish many
complex tasks through robotic collaboration. However, the
energy of the small amphibious robot is limited. So the
distributed edge-based event-driven consensus formation
strategy is applied to our amphibious multi-robot system to
reduce the drive frequency and increase energy utilization. In
this section, simulation experiments are used to demonstrate
that the proposed formation strategy can not only form multirobot formations but also reduce driving frequency. Then, the
feasibility of the algorithm is verified by simulation
experiment.
In simulation, the structure of the whole system is shown
in the Fig. 7. Our small amphibious multi-robot system
consists of four robots. Robots 1 ~ 3 form a robot formation,
and they can communicate with each other. Robot 4 is
regarded as a target, and it cannot communicate with other
robots. Robot 1 is different from other robots. It is the 8-eye
amphibious spherical robot, so it can simultaneously detect
robots in the formation and target robot. Robots in the rear can
only receive messages sent by the previous robot. For

Fig.8. The state trajectories of the four robots

Fig.9. The event-driven moment of each edge

Fig. 9 shows the event-driven moment of each edge. The
driving frequency of robot 1, 2 and 3 has been reduced by
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38%, 79.8% and 61.8% respectively. It can be seen from the
results in Fig. 8 and Fig. 9 that the proposed formation control
strategy not only realizes the formation control of multiple
robots, but also reduces the driving frequency of each robot.
V. CONCLUSION
Aiming at the current low energy efficiency of multirobots, an edge-based event-driven consistent formation
control strategy is proposed to make it suitable for our
amphibious spherical multi-robot system. The simulation
verifies the performance of the formation control strategy.
Compared with traditional control algorithms, the edge-based
event-driven consensus formation control strategy can not
only achieve formation control of multiple robots, but also
avoid collisions between robots. In addition, it can effectively
reduce the driving frequency of the robot. This algorithm
improves the energy utilization efficiency of the amphibious
spherical robot and improves the battery life of the robot.
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