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Abstract

In the last decade considerable research efforts have been spent to the motion of flocking of multi-agent. Special attention has been put
in the applications, especially for those operations in real environment where a high degree of safety as well as self-diagnostics
capabilities are required. The development of effective strategies of fault diagnosis for flocking of multi-agent is a critical research
task. In this paper, the flocking motion of multi-agent with a leader is studied. When flocking in the real environment, it is inevitable
for agents to occur faults. The faults occurred in different agent will lead to different effects for flocking. According to the variety of
the velocity of agents, the fault types are classified. A fault agent avoidance method is proposed and implemented in a multi-agent
flocking system. The simulation results show the method can help the agents to avoid the fault agent.
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1 Introduction

As advancing the research of flocking of multi-agent, the
flocking motion is asked for higher requirements on its
safety and reliability [1-5]. In reality, it is inevitable that
some faults may happen to agents during the motion of
flocking. It is the challenge that the research of flocking of
multi-agent has to face. During the motion, multi-agent
cannot form a stable formation and will continue
unpredictably and erroneously, if the fault agent cannot be
detected or other functional agents cannot avoid the fault
agent in time. As a result, the flocking cannot complete the
scheduled tasks successfully. Or more possibly, more
serious damages may occur.

During the motion of flocking of multi-agent, once one
of the agents has failure, the caused chain reaction will lead
to the malfunctions happening to other agents. Therefore,
the foundation of the application of flocking of multi-agent
in real life is to analyze the effects of fault agent imposing
on other agents, timely obtain a complete knowledge of the
fault agent and correctly handle it, and guide other agents
to continue the motion. But the existing literatures about
flocking of multi-agent seldom focus on the problem of
handling fault agents in flocking of multi-agent [6-9].

The fault in different agents of flocking will play
distinct effects on the motion of flocking. Selecting the
most effective approach to solve problems based on the
natures of the fault agents is a good way for the flocking to
accomplish the tasks.

This paper focuses on classifying and analysing the
fault agents according to their roles and importance in the
motion of flocking, and proposes a systemic approach for
the multi-agent to avoid the fault agent.

2 Flocking of multi-agents with a leader
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The topology structure of multi-agent system is
represented by the neighbouring graph G =(V,E) [9-11].
And the neighbouring graph is defined to be an undirected
graph consisting of a set of vertices V ={n,,n,L ,n.},
whose elements represent agents in the group, and a set of
edges E={(n;,n;) eV -V |n; ~n;} containing unordered
pairs of vertices that represent neighbouring relations at

time t. Considering N agents, the motion of each agent is
denoted as,

h=vi .
{. ’ | :1121 va
v, =\,

where, 1, € R® is the position vector of Agent i. v, e~ R’

M

is the velocity vector of Agent i. u, e~ R is the control

G =6-r

input acting on Agent .
difference vector.

In order to describe the spatial order of the desired
configuration of flocking in a proper analytical framework,
to avoid collision with other agents, each agent should
keep a safety distance from its neighbours. Then, we define

the coupling constraints as that for agent i and j [12, 13],

@

where, |||| is the Euclidean norm. We assume that the

is the position

”ri_rJ":d’

relative distance between agents will be d. The speed and
direction of movement of each agent will approach the
same.

The fundamental idea of flocking with leader-
followers model is that, in a group of multiple agents, one
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is assigned as the leader and others are followers. The task
of leader is to lead the entire formation to the destination.
The task of follower is to reach the destination following
the leader. The goal is that the follower tracks the leader
with a desired distance and a desired relative speed. In this
paper, one leader agent with 5 follower agents based
formation is considered as indicated in Figure 1.
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FIGURE 1 Flocking of multi-agent with a leader

Figure 1 shows the flocking model. A1 (Agent 1) is the
leader agent, and moves in a predefined trajectory. A2
(Agent 2) and A3 (Agent 3) are the follower agents. A2
employs SBC strategy, so it only maintains its separation
and bearing with respect to A1, A3, A4, A5 and A6 employ
SSC strategy, maintaining its separation from A1, A2 or A3
[14-16]. The following and controlling relationship of the
6 agents is as following: A2 <— Al (A2 is controlled by

Al
Al), A3<—{A2 (A3 is controlled by Al an A2),

A4<—{ A5<—{ A6<—{

The dynamic equation of Agent 1 is given as follows,

A2
A5’

A2
A3’

A3
A5’

X, =V, c086,
y, =v,sing, , 3
‘91 =

where, [xi,yl,é’l] is the position of Agent 1, v, is the

linear speed , @, is the angular speed of Agent 1.
The dynamic equation of Agent 2 is given as follows,

l, =v,C08y, —v,CcoS@, +dw,siny,

P, =l {vising, —v,siny, +de, cosy, 1,0},

(4)

0, =w,

where, 7, =0,-9, -6, , [l,,¢,.6,] is the position of
Agent 2. v, isthe linear speed, @, isthe angular speed of
Agent 2.

The dynamic equation of Agent 3 is given as follows:
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l, =v,c08y, —v,C0S@,; +dm,siny,

l,; =v,c08y, —Vv,C0s@,, +dw,siny, ,

®)

6, = w,

where, 7, =60, —@,, —6,, [l5,9,.6,] is the position of

Agent 3. v, is the linear speed, @, is the angular speed of

Agent 3. The dynamic equations of other agents can be
deduced by analogy.

3 Fault types in flocking of multi-agent

The velocity and position of each agent are vitally
important in the motion of flocking. In this paper, faults
are classified by the difference of the velocity of each
agent. According to Figure 1, there are two types of agent,
leader fault and follower fault. We classify the faults into
two situations, leader fault and follower fault.

The definition of the two situations is explained as
follows.

3.1 FAULT OF LEADER

In the motion of flocking, the task of leader is to lead the
entire formation to the destination. Once the leader
malfunctions, it will not be able to fulfil the task. The
threshold value range of normal movement velocity of

agent is set to be [51,52] . Then, three fault types are

discussed according to the linear velocity of leader as
follows.

1) 0<vf <g , where v} is the linear velocity of

leader. v, =0 represents two possible cases. One case is

the malfunction of the communication module of leader.
Since other agents cannot receive the motion information
of leader, they will consider the velocity of leader to be 0.
Other case is the malfunction of the mechanical module,
which will bring leader to a stop. In both cases, other
agents will follow leader to a stop. This will cause the task
to fail.

0<vf <e& represents that the velocity of leader is

below the normal range. Other agents will not be able to
reduce the speed to follow leader, and leader will obstruct
the motion of other agents. In this case, leader is
considered to be faulty, and be the obstacle of other agents.

2) & <vy <&,. In this case, although the velocity of

leader is different from the normal one, it still in the
threshold value range. In order to fulfil the task, other
agents will adjust their motion speed to follow leader.

3) v¥ < &,. Inthis case, the velocity of leader is beyond

the threshold value range. Other agents cannot follow
leader to move in so high speed. So, the leader is
considered to be faulty. However, if the direction of
motion is remained unchanged, the leader will not obstruct
the motion of other agents.
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3.2 FAULT OF FOLLOWER AGENT I (1=2,3,4,5,6)

1) 0<vf<eg , where v =0 represents two possible
cases. One case is the malfunction of the communication
module of Agent i. Since other agents cannot receive the
motion information of Agent i, they will consider the
velocity of Agent i to be 0. Other case is the malfunction
of the mechanical module, which will bring Agent i to a
stop. In both cases, Agentj (j <i) will not be affected by
Agent i and keep moving, and Agent k (k > i) will
obstructed by Agent i.

0<vy <g represents that the velocity of Agent i is

below the normal range. Leader and other agents will not
able to reduce the speed, and Agent i will obstruct the
motion of other agents. In this case, Agent i is considered
to be faulty, and be the obstacle of other agents.

2) & <v, <&,. In the case, although the velocity of

Agent i is different from the normal one, but it still in the
threshold value range. Since Agent i is one of the
followers, Agent j (j < i) can continue moving at the
normal speed, while Agent k (k > i) need to adjust the
motion speed affected by Agent i. Then difference motion
speed will caused the dismiss of flocking. So Agent i is set
to be a obstacle in this paper.

3) v\ <&, represents the velocity of Agent i is beyond

the threshold value range. Other agents cannot follow
Agent i to move in high speed. So, the Agent i is
considered to be faulty. Owing to the high speed, Agent i
will crash into the front Agents. And Agent i is set to be a
obstacle for other agents in this case.

4 Fault agent diagnosis and avoidance

According to the above analysis, the fault agent avoidance
method is given as follows.

1) When the leader has been faulty, the flocking will
not be able to continue due to the loss of the leader. So the
top priority is to select new leader in the remains. This
paper uses the shortest distance approach to choose new
leader to continue the motion of flocking, such as Agent 2
in Figure 2 as a new leader. After the selection of new
leader, the follow strategy has to make a change
correspondingly to maintain the shape of flocking, shown
in Figure 2.
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FIGURE 2 Flocking model of multi-agent with a new leader and a fault
leader

Compared with Figure 1, Figure 2 shows a
modification of the follow strategies on Agent 2 and Agent
3. Agent 4, 5 and 6 do not have any change. Shortly after
the new leader and the new follow strategies have defined,
the focus of flocking is to avoid Agent 1. There already
have lots of literatures about the methods of avoiding
obstacles. In terms of the complexity of routes of the
flocking, different methods can apply.

2) When Agent i has malfunctions, it will affect the
agents that have follow relations with Agent i. It is
necessary to modify the follow strategy. Take an example
of Agent 2 with malfunctions, as shown in Figure 3. As it
can be seen from the comparison of Figures 1 and 3, the
follow strategies of Agent 3 and Agent 4 need a quick
modification when malfunctions occur in Agent 2. Agent
5 and 6 do not need a change of the strategies. When the
new model of the flocking is defined, the flocking will start
the avoidance process of Agent 2 by following the leader.

SSC

SSC

FIGURE 3 Flocking model with fault Agent 2
In summary, the algorithm of the fault agent diagnosis

and avoidance for flocking of multi-agent is shown in
Table 1.
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TABLE 1 Fault diagnosis and obstacle avoidance algorithm of multi-agent

Initialization
Set the follow strategy as SBC (A, A,,l,,¢,,) and scc (A, A ALl L) Gik=23456)
% Fault diagnosis and obstacle avoidance algorithm of Leader
for k=1 to maxsteps
fori=1
ifO<v) <g
Set leader(Agent 1) to be faulty and be a obstacle
Choose Agent 2 to be the new leader

Update follow strategy SBC (A,, A, L3, 055) scC (A, A ALl L)
New leader leads followers to avoid the collision with the agent1.

else if &, < Vlk <ég,
Update V; for Agent i (i=2,3,4,5,6)

else if Vlk >e,
Choose Agent 2 to be the new leader
Update follow strategy SBC (A,, A, Lz, 5) .scC (AL AL AL )
New leader guides followers to move on
end if
end if
end if
end
%Fault diagnosis and obstacle avoidance of followers
fori=2to 6
ifO<V <ég
Set Agent i to be faulty and be a obstacle
ifi=2
Update follow strategy of agent i+1 as SBC (/-\1, AL Il(i+l) ) ¢1(i+1))

else update follow strategy of agent i+1as SCC (A1, Ajs Ac iy i i)

end if
Other agent moves on with avoiding agent i

elseif g < Vik <&,
Update V; for Agent i (i=2,3,4,5,6)
else if Vik >&,
Set Agent i to be faulty and be a obstacle
if i=2
Update follow strategy of agent i+1 as SBC (A, A1, b,y s Puivgy)
else update follow strategy of agent i+1 as SCC (A, AJ- A |(i+1)]- ) |(i+1)k )

end if
Other agent moves on with avoiding agent i
end if
end if
end if
end

 Simulation and results multi robots in the flocking can move with uniform
The simulation model of 6 amigo mobile robots is prepared  velocity until reaching the destination. Considering two
using the Matlab/Simulink environment. Each robot is  flocking motion modes, one is linear motion, the other is
regarded as an agent. It is assumed that the multi robots  linear motion with 45 degrees. The desired trajectory is
move with uniform velocity. Under normal condition, the ~ shown in Figure 4.
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EXPERIMENT 1: LEADER FAULT
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b) linear motion with 45 degrees of flocking
FIGURE 4 The desired trajectory of the motion of flocking

According to the fault agent diagnosis and avoidance

algorithm shown in Table 1, Agent 2 is set to be new leader

ons of A1~A6 are [25,30], [15,40],

flocking is to move 100s. Leader is set to stop at t=10s.
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c) Agent 2 lead the motion of flocking when t=25s
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e) Locations of all the agents when t=40s
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to guide other agents. The obstacle avoidance of flocking
is shown in Figure 5.
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d) Locations of all the agents when t=30s
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f) Locations of all the agents when t=100s
FIGURE 5 The motion of flocking with fault leader
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As shown in Figure 5a shows the original position of 6
Agents. In Figure 5b, the location of the leader being faulty
is marked at the time of t = 10s. The failure is simulated
through setting the velocity of leader as zero. In Figures 5¢
and 5d, the location of other agents are marked when t =
25s and t = 30s respectively. Detecting the fault leader,
Agent 2~Agent 6 choose Agent 2 as the new leader. And
the new leader will guide other agents to avoid the fault
leader. Figures 5e and 5f present the location of Agent
2~Agent 6. The results shows that the flocking of multi-
agent can re-choose new leader quickly, and can continue
the motion with avoiding the fault leader under the
guidance of new leader.
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a) The locations of all agents when t=15s
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c) The locations of all agents when t=50s
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5.2 SIMULATION EXPERIMENT 2: AGENT 2 FAULT

In this experiment, the flocking moves along a linear
motion with 45 degrees. The normal motion trajectory is
shown in Figure 4b. The original positions of Agentl to
Agent 6 are [160, 30], [150, 40], [170, 20], [140, 50], [160,
30], [180, 10]. The requirement of flocking is that leader
should turn at the position of Y=130 and move along a
diagonal direction, until to the position of X=160.

Agent 2 is set to be faulty when t=15s. Its velocity
decreases. The results of avoidance of Agent 2 are shown
in Figure 6.
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b) The locations of all agents when t = 35s
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d) The whole trajectory of the leader
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FIGURE 6 The motion of flocking with fault agent 2

Figure 6 shows that the flocking avoids the Agent 2
successfully and accomplishes the task. In Figure 6a, the
location of the Agent 2 being faulty is marked when t =
15s. The speed of Agent 2 is assumed to be 1 dm/s in the
experiment. Figure 6b shows the locations of all agents
when t = 35s. Additionally, the agents successfully avoid
the malfunction agent and start to move along a diagonal
direction. Figure 6¢ shows the locations when t = 50s.
Figure 6d presents the whole trajectory of the leader. It
shows that when t = 15s, the leader is at the location of
[130, 60]. At the same time, Agent 2 becomes faulty. The
leader cannot move along the diagonal direction, as Agent
5 will collide with Agent 2. As a result, the leader starts to
modify the motion direction to avoid the obstacles, and
will not resume their original diagonal-direction motion
until the completion of the obstacle avoidance.
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6 Conclusions

In this paper, we introduced the motion of flocking of
multi-agent with a leader. According to the velocity of
agent, we classified the fault agent into six types, three for
leader and three for follower agents. The fault agent
diagnosis and avoidance is implemented by the method
proposed in this paper. The simulation results confirm that
the proposed method has good fault diagnosis and obstacle
avoidance effect.

In reality, more agents will be faulty and more
complicated fault types will occur in the motion of
flocking. We plan to further investigate more fault types in
flocking of multi-agent. Also we plan to study different
algorithm to improve the fault agent avoidance efficiency.



COMPUTER MODELLING & NEW TECHNOLOGIES 2014 18(9) 109-115

Acknowledgments

This work is supported by the Ningbo Natural Science
Foundation (Grant No. 2012A610010), the Science and

Technology Innovation Team of Ningbo (Grant
References
[1] Tan M, Wang S 2013 Research progress on robotics Acta Automatica

sinica 39(7) 963-72

Yang Y, Souissi S, Defago X 2011 Fault-tolerant flocking for a group
of autonomous mobile robots The Journal of Systems and Software
84(1) 29-36

Suissi S 2007 Fault resilient cooperation of Autonomous Mobile
robots with unreliable compass sensors JAIST Japan

Wander A, Forstner R 2013 Innovative fault detection, isolation and
recovery on-board spacecraft: study and implementation using
cognitive automation Control and Fault-Tolerant Systems 336-41
Canepa D, Gradinaiu M 2007 Stabilizing flocking via leader election
in robot networks INRIA France 52-66

Guifen S, Huajing F 2005 Fault tolerance of multi-robot formation
based on adjacency matrix Huazhong Univ. of Sci.& Tech. (Nature
Science Edition) 33(3) 39-42

Naixue X, Jing H, Yan Y, et 2010 A Survey on decentralized
flocking schemes for a set of autonomous mabile robots Journal of
communications 5(1) 31-7

Martin A, Emami M R 2013 A fault-tolerant approach to robot
teams.Robotics and Autonomous Systems 61(12) 1360-78

Hui Y, Yongji W, Lei C 2005 Control of stable flocking motion of
multipy-agent with a leader .Huazhong Univ. of Sci.& Tech.(Nature
Science Edition)(in Chinese) 33(8) 56-8

[2]

(3]
(4]

(5]
(6]

(7]

(8]
(]

Liu Yutian, Hu Junjie

N0.2012B82006), the Science and Technology Innovation
Team of Ningbo (Grant N0.2013B82009), and Zhejiang
Provincial Educational Commission Foundation (Grant
No. Y201122103).

[10] Olfati-Saber R 2006 Flocking for multi-agent dynamic systems:
Algorithms and Theory IEEE Transactions on Automatic control
51(3) 401-20

[11]Moshtagh N, Jadbabaie A, Daniilidis K 2005 Vision-based
distributed coordination and flocking of multi-agent systems
Robotics: Science and Systems 41-8

[12] Antonelli G, Arrichiello F, Chiaverini S 2010 Flocking for multi-
robot systems via the Null-Space-based Behavioral control Swarm
Intelligent 4 37-56

[13]Su H, Wang X, Lin Z 2009 IEEE transactions on automatic control
54(2) 293-307

[14] Daige M, Koutsoukos X 2007 IEEE Transactions on Robotics 23(2)
353-69

[15] Deshpande P, Menon P, Edwards C 2011 Formation control of multi-
agent systems with double integrator dynamics using delayed static
output feedback IEEE Conference on Decision and Control and
European Control Conference 11 3446-51

[16] Desai J P, Ostrowski I, Kumar V 1998 Controlling formation of
multiple mobile robots IEEE International Conference on Robotics
and Automation 2864-9

Liu Yutian, born on August 8, 1980, Zhejiang, China

Publications: 12 papers.

Hu Junijie, born on October 16, 1965, Ningbo, China

Publications: 5 papers.

Current position, grades: lecturer Faculty of Electronic and Information Engineering, Zhejiang Wanli University.
University studies: PhD on control theory and control engineering at Zhejiang University.
Scientific interest: obstacle avoidance, fault diagnosis and intelligent control.

Current position, grades: lecturer, Faculty of Electronic and Information Engineering, Zhejiang Wanli University.
University studies: M.S. degree on computer and application at Hangzhou Dianzi University.
Scientific interest: intelligent control, nonlinear system, and computer network.

115

Computer and Information Technologies



