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Abstract

This paper investigates the flocking problem in multi-agent system with time-varying delay and a
virtual leader. Each agent here is subject to nonlinear dynamics. For the system, the correspond-
ing algorithm with time-varying delay is proposed. Under the assumption that the initial network
is connected, it is proved that the distance between agents is in the desired distance. The theore-
tical deduction shows that the stable flocking motion is achieved.
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1. Introduction

Flocking is a collective behavior of large number of interacting agents with a common group objective. Exam-
ples of these agents include birds, fish, penguins, ants, bees, and crowds. Many scientists from rather diverse
disciplines, including physics, mathematics, control engineering and biology, have been interested in flocking
problem [1]-[8]. The first well-known flocking model was proposed by Craig Reynolds [2]. Reynolds started
with a boid model to build a simulated flock and introduced three rules (i.e., separation, cohesion and alignment
rules) for flocking. Based on Reynolds’ three rules, flocking problems have been investigated from various
perspectives [9]-[15]. In [16], an artificial potential function is put forward and three algorithms are introduced.
It provides a theoretical framework for the designing of flocking algorithms. Multi-agent flocking under topo-
logical interactions is considered, which define a notion of hierarchical structure in the interaction graph that es-
tablish conditions building upon previous work on multi-agent systems with switching communication networks
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in [17]. Using structurally balanced signed graph theory and a specified potential function, a stable bipartite
flock formation is achieved for both virtual leader and leaderless situations in [18]. However, there is a common
assumption that virtual leaders guide the flocking behaviors of the group. In this paper, leader follower flocking
problem of multi-agent system is considered.

A flocking problem concerning multiple leaders in which followers use the position of flocking center to keep
their connections is studied in [19]. In [20], two leader-follower adaptive flocking algorithms are proposed with
the combination of consensus and attraction/repulsion function respectively to solve the cohesive flocking prob-
lem and the formation flocking problem. Aiming at the group of autonomous agents consisting of multiple lead-
er agents and multiple follower ones, a flocking behavior method with multiple leaders and a global trajectory
was proposed in [21]. Yu et al., [22] give a distributed leader-follower algorithm considering the group consist-
ing of one leader. In [23], for the circumstance with a virtual leader, the agents would follow the virtual leader
and achieve the same velocity asymptotically.

In practice, time delay is inevitable and would damage the stability of system. Jing et al. [23] investigate
flocking problem of multi-agent systems with time delay and discuss systems with homogeneous and inhomo-
geneous time delay. Yang et al. [24] proposed an adaptive flocking algorithm for multi-agent system with time
delay. It is proved that the distance between agents can be larger than a constant during the motion evolution by
using the flocking algorithm. The authors investigate the flocking problem of multi-agent systems led by one ac-
tive virtual leader with a directed topology containing time-varying coupling delays, which based only on the
three classical assumptions for flocking systems in [25]. Because of these problems, this paper will study the
flocking problems in the multi-agent system with a virtual leader and time-varying delay.

The rest of this paper is organized as follows. Some basic preliminaries and flocking algorithms are presented
in Section 2. Section 3 gives the nonlinear leader-following multi-agent models. Algorithms and main results are
presented in Section 4. Section 5 concludes the paper and offers suggestions for future work.

2. Preliminaries

In this section, some related preliminary knowledge are introduced. For any vector x, the symbol x" denotes
its transpose and x| denotes the Euclidean norm. Let G ={V,&, A} be a weighted undirected graph with the
set of nodes V= {1 2, } and the set of agents £ c V' x V.

Graphs with self- Ioops will not be considered in this paper. The weight adjacency matrix A —(a ) "
where g; € (o, 1] if (i,j)eé&, otherwise, a; =0. An edge denoted by the pair (j,i) represents a coanu-
nication Iink from node j to i. A path 'H from node i to node j is a sequence of edges,
H={(i.k),(k.k;),-. (K, j)} =€ in which all nodes k=121 are distinct. An undirected graph is
called connected if there is a path between each pair of distinct nodes. D = diag(dl,dz,---,dN) is the degree
matrix whose diagonal elements are defined by d, = Z ;- The Laplacian matrix of graph G is
L= [I ] =D-AeR" . Thenithas followmg propertles [26],

1) The. elgenvalues of Lsatisfy 0=4(L)<A,(L)<---<A,(L). Ifthegraph G isconnected, there is

(L) = m|n A > 0.

e

2) The Laplacian matrix L is a positive semi-definite matrix that satisfies the following sum-of-squares prop-
erty:

Zau( J-)Z,ZGR".
|Je£

Lemma 1. [4] Suppose that G is an undirected graph of order N, and G is a graph generated by adding
some edges into the graph G. Then 4,(L(G))=4,(L(G)), where L(G) and L(G,) are the symmetric
Laplacian matrices of graphs G and G,, respectively.

Lemma 2. For any vectors x,y e R", the following matrix inequality holds: 2x"y <x"x+y'y.

3. Problems Formulation

Consider the multi-agent system described by



F.L.Sunetal

X(t):VI (t)’ (1)
v (t) = (v (t)+u (t),

where i=12,---,N,x, €R",v, e R" are the position and velocity states of i agent, respectively.

f (v4 (t)) e R" is the nonlinear dynamic of agentiand u, € R" is the control input. Denote

Xj =X — Xj, (i, j) e &, as the relative distance between agent i and agent j.

For the systems with virtual leader available, the dynamics of virtual leader is described as

X, (t) =V, (t)'
{v; (0)= 1 (4 (1)), @

where g, eR™, p, e R",u, e R™ represent the position, velocity and control input vector of the virtual leader.
Assumption (A): There exists a positive constant o satisfying

|t ()-f(z)|<pl|a-2| ¥ 2.2,eR" ?3)

Supposed that all agents have the same sensing radius R > 0. Then the neighboring set of agent i is denoted
as N;(t)=1{] ||xi t)-x, (t)" <R,(i,j)e&}. Since the size of agent cannot be ignored usually that a minimum
allowable distance r (collision distance) is considered in the model.

Definition 1: Given a constant ¢ (0,R), G(t) is called a dynamic undirected graph with a time-varying
setof links £(t)={(i, j)[i, jeV} suchthat

1) Initial links are generated by £(0)= {(l j)‘r < ||xij (O)” < R};

2) If (i,j)2£(0) and ||xij (t)"s R—¢, then (i, j) isanew link to be added £(t). Itis called hysteresis
effectand » isthe hysteresis distance, which is crucial in preserving connectivity of the network;

) IF |x; ()]=R. then (i,j)e&(t).

The neighboring set of agent i is divided into four regions, named collision region, separation region, align-
ment region and attraction region, in which R>R-¢>d,>d, >r. If d; <||xij (t)||< d,, agentsiand j are in
desired distance.

Definition 2. ¢(-) isabounded function with respectto ze(r,R) between agents i and j, which satisfies

1) #(z)<0 when ze(r,d,);

2) #(z)>0 when ze(d,,R);

3) #(z)=0 otherwise.

Definition 3. The pairwise bounded potential function y (z):

(
.[dzl¢(s)ds, ze(
[
(

v(z)=10, ze , 4)

Id:qﬁ(s)ds, Ze

which satisfies

1) w(z) decreases with the increase of zwhen ze(0,d,).

2) w(z) is increasing on (d,,o0). Obviously, the potential function y(z) reaches its minimum value 0
when ze(d,,d,).

According to conditions, ¢(z) can be constructed as follows:

(bs-en)

aflal-d)e > . pofe(ra
=] e o e e

0, otherwise.

where the parameters a,,b;,a,,b, are positive constants. There are (r)>Q,,,. (R)> Q.. and

Quix = Qo +(N (N =2)2=my )y (R - &)

max !

O,
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4. Algorithms and Main Results
For system (1) with virtual leader (2), the flocking algorithm can be described by

== 2 9 =% Ol (O (b (=% O e (=2 (v (1) -v (1)
—-C Z IJ( ( ) r(t)_vi (t_r(t))-H/f (t_T(t)))’

]eN
where c,c,,c, are posmve constants. Denote & (t)=x (t)—x,(t), £ (t)=Vv;(t)—v,(t), respectively. Then
the system can be described by
{ééi (t) =g (t)'

G ()= (v) = F(ve)+u (b).

The control input (6) can be equivalently rewritten as

Y=- 3 ol 0)-& Olm©-co(la O (0-csO-c X a (604 (- 1) O

jeNj(t)

®)

(6)

Denote g(t):[ff,ig,---,g‘”T,§(t)=[§1T!§zT,"',§HT-

Definition 4. Flocking motion with a virtual leader is said to be achieved asymptotically for systems (1) and

(2), if for any initial state, there is d, < lim ||xi (t)-x (t)” <d,, d,<lim % (t)=x ()] < d,,
!LrQ”v (t)||=0, vi=12,-,N
To demonstrate the validity of control protocol (7), the following positive semi-definite function is constructed
i N t
Q=32 S ([ 0])+ 324 (V4052 m[0(0)+ 3 £ ()4 ()es. )

where ¢, (t)=¢ (t)—§j (t).
Theorem 1. Consider a multi-agent system modeled by dynamics (1) and (2), driven by control protocol (5).
Suppose that the network is initially connected and Q, = Q(cj(O),;(O)) is bounded.When

2p—C,—CA, +1+%ck/1N +1c/1N

#(t)<1- ” 2 , then following statements hold,

1) G(t) isconnected forall t>0;

2) No collision occurs among agents for all t>0;

3) Flocking mation with a virtual leader is achieved asymptotically.

Proof: Denote the topology switching time sequence as t,,k € Z. Without loss of generality, assume t, =0.
Taking the time derivative of the Lyapunov function Q on te[ty,t,) gives

Q=347 3 o(la ) (06347 9l O (037 (040
(e (06 (0)-(1-#0)47 (=r ()4 (t=5()
=-3(& (06 (0)-(1-# () (- (1) (t-+(0)
350 1= 100- 3 offs -0 0-sefle . 0

e ¥ 4606 <t—r(t>))}
L(T 06 (1) -2 ()¢ (-2 (D)4 (-7 ().

()
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From Lemma 2, there is
Q=20 (O e ¢ OF ez (L] O +5ea (L O
+2en, (¢ (e-r @) +elF - (- (- o)
For a positive constant k, one has |¢ (t—z(t))] <k ¢ (t)], thus
Q=20 (O e J¢ OF ez (L] O +5ea (L O
+ 2ok (L) O +l¢ OF - @) (- )

2p—C,—C4, +1+%ckﬂN +lc/1N

Assume that z(t) satisfy 7(t)<1- " 2 , there is

Q<0,Vte[t,t,),

which implies that
Q(t)<Q, <o, Vtelty,t,).

By definition (2), one has w (||R]) = Q.. Therefore, no edge distance will be tend to R for Vtet,,t,),
implying that no existing edges will be lost before time t, . Hence, new edges must be added into the network at
t, . For a system consists of N agents, there are at most N (N —1)/2 edges. At the initial instant t,, the system
consists of m, edges, then

Q(tk)SQO*'(N(N ‘1)/2_m0)'/’("R_5"):Qmax

Hence there is no edge lost. In addition, from the definite of potential function, one has  (||r])= Q.
Therefore, no collision occurs during [to,tl) .
Similar to the above analysis, taking the time derivative of Q(t) on every [tk_l,tk ). By lemma 1, there is

2p—c, —¢4,(L(0))+1+cAy (L(0))k L 2P —cA, (L(t))+1+cay (L(t))k |
k k

one has Q(t)<0, which implies Q(t)<Q(t,, )<, Vte[t,,t). Thus no edge distance will tend to R for
[t,s:t. ), implying that no edge will be lost before time t, and Q(t,) is finite. Since G(0) is connected
and noedge in E(0) islost, G(t) will be connected for all t>0. This completes the proof of part (1).

Similarly, from v (|[r|) = Q. deducing that no edge distance will tend to r, for all t>0. Thus collision is
avoided during the whole process. This completes the proof of part (2). To proof part (3), assume that there are
m, new edges being added to the evolving network at time t, . As no edges are lost for t>0, and
m, <N (N -1)/2—my <(N -1)(N —2)/2. Therefore, the number of switching times of the system (1) is finite,
which implies that the evolving network G(t) eventually becomes fixed. Denote the last topology switching as
t, . Then Q is continuous and monotonously decreasing for t e[t,,«). Hence the set

0:={¢eD,¢ eRV[Q(£.£)=QY,

#(t)<1-

is positively invariant, where

{f RV §U|| [mln( (Qmax)),max(y/’l(Qmax))],(i,j)eg(t),te[tk,oo)},

and & =(&y, & G §NN)
Since G(t) is connected for all t>0 one has ||§,J||< (N-1)R, forall (i,j)e&(t). As Q(t)<Quu,O0N

has ¢¢ <2Q,,, - thus ||§I ||<1/2QmaX Therefore, the set Q is compact. It follows from LaSalle’s invariance

principle that if the initial condition lies in Q, then the corresponding trajectories will converge to the largest in-

)
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variant set inside the region

s={¢eR"™ ¢ eR[Q(£,¢)=0}.
From(8), Q=0 ifandonlyif v, =---=v, =v,, which implies that the velocities of all agents will converge to
that of the virtual leader asymptotically.
Since v, =---=v, =V, , thereis {ji =0 forall i=12,---,N. From (6), one has

£ )= 1 () 1 ()40 1)
= T ol -5 W) 0l (0% O )
- 0.

Thus, unless the inital configuration of the agents is close enough to the global minimum, almost every final
configuration locally minimizes each agent’s global potential. which implies

||xi —xj"e[dl,dz];
[ = x|« [d.d, ]

Then the flocking is achieved. This completes the proof of part (3), thus Theorem 1 hold.
Remark 1. If 7(t)=7 isthe constant delay, from the deduction above, Theorem 1 is also hold.

5. Conclusion

This paper mainly discusses the flocking problem of multi-agent system with a virtual leader and time-varying
delay. Unlike most existing flocking algorithms, each agent here is subject to nonlinear dynamics. The corres-
ponding algorithms with the time-varying delay are proposed. Under the assumption that the initial network is
connected, the theoretical deduction is made. The related topic over the directed network or the jointly con-
nected network will be studied in future.
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