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Consensus of Hybrid Multi-agent Systems

Yuanshi Zheng, Jingying Ma, and Long Wang

Abstract

In this paper, we consider the consensus problem of hybrilti-ayent system. First, the hybrid
multi-agent system is proposed which is composed of coatiattime and discrete-time dynamic agents.
Then, three kinds of consensus protocols are presented/oidimulti-agent system. The analysis tool
developed in this paper is based on the matrix theory andhgitagory. With diferent restrictions of
the sampling period, some necessary arfllgent conditions are established for solving the consensus
of hybrid multi-agent system. The consensus states areoaksined under dierent protocols. Finally,

simulation examples are provided to demonstrate ffectveness of our theoretical results.

Index Terms

Consensus, hybrid multi-agent system, discrete-timetimoous-time.

|. INTRODUCTION

The investigation of multi-agent coordination has regylattracted contributions from math-
ematicians, physicists and engineers over the two decd&lassic multi-agent coordination
of interest includes consensus [1], flocking [2], containteontrol [3], formation control[]4],
coverage control 5], and distributed estimatioh [6]. Mucterest is focusing on dynamic models

of agents. Examples include the study of distributed coatibn of first-order, second-order,
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continuous-time and discrete-time dynamic agents. Byguie matrix theory, the graph theory,
the frequency-domain analysis method and the Lyapunovadetdtct., lots of results about multi-
agent coordination have been obtained [7], [8], [8]. [10].

As a fundamental problem of distributed coordination, emssis means that a group of agents
reach an agreement on the consistent quantity of interedebigning appropriate control input
based on local information. Vicsek et al. [11] proposed earéi®-time model ofn agents
all moving in the plane with the same speed and demonstratesinbulation that all agents
move to one direction. By virtue of graph theory, Jadbabaial.g12] explained the consensus
behaviour of Vicsek model theoretically and shown that eossis can be achieved if the union
of interaction graphs are connected frequently enough. #izing the pre-leader-follower
decomposition, Wang and Xia6_[13] studied the state consen$ discrete-time multi-agent
systems with bounded time-delays. Second-order consensliscrete-time multi-agent systems
was considered in [14] with nonuniform time-delays. Gosdgorithms[15] and broadcast gossip
algorithms [16] were also used to analyze the consensudegonolespectively. For continuous-
time dynamic agents, Olfati-Saber and Murray/[17] congdehe consensus problem of multi-
agent systems with switching topologies and time-delays @rtained some necessary gnd
suficient conditions for solving the average consensus. RerBaadd [18] extended the results
given in [17] and presented some more relaxable conditionsdlving the consensus. Xie and
Wang [19] studied the second-order consensus of multitagyestems with fixed and switching
topologies. Ren[[20] investigated the second-order cansemf multi-agent systems in four
cases.

Hybrid systems are dynamical systems that involve the asten of continuous and discrete
dynamics. As a class of classic hybrid systems, switchesyshave received a major research
[21]. For multi-agent systems, lots of references were eomed with consensus problem under
switching topologies[[17],[[22]. However, Zheng and Wah@][2onsidered the consensus of
switched multi-agent system that consists of continuaus-tind discrete-time subsystems. They
proved that the consensus of switched multi-agent systesalN@ble under arbitrary switching.
Zhu et al. [24] studied the containment control of such gttt multi-agent system. In the
practical systems, the dynamics of the agents coupled veithh ®thers are fferent, i.e., the
dynamics of agents are hybrid. In general, hybrid meangdgda@eous in nature or composition.

Different from the previous study, Zheng et al.|[25] considehedconsensus of heterogeneous
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multi-agent system which is composed of first-order and sg@der dynamic agents. The
consensus criteria were obtained undéfedent topologies [26]/[27]. Finite-time consensus and
containment control of the heterogeneous multi-agentegsyswere also studied in [28], [29],
respectively.

To the best of our knowledge, however, the existing resdltsoasensus analysis are on the
homogeneous and heterogeneous multi-agent systemsali.éhe agents are continuous-time
or discrete-time dynamic behavior at the same time. In tla werld, natural and artificial
individuals can show collective decision-making. For epéenautonomous robots were used to
control self-organized behavioral patterns in groupalivcockroaches [30]. When the continuous-
time and discrete-time dynamic agents coexist and intew#tt each other, it is important to
study the consensus problem of such hybrid multi-agenesysOwing to the coexistence of
continuous-time and discrete-time dynamic agents, itfiscdit to design the consensus protocol
and analyze the consensus problem for hybrid multi-agestery. Up to now, it is not found any
approach to analyze the consensus of multi-agent systethsdifierent time-scale. The main
objective of this paper is to design the consensus protamads obtain the consensus criteria
of hybrid multi-agent system in flerent topologies. The main contribution of this paper is
threefold. First, we propose the hybrid multi-agent systamd give the definition of consensus.
Second, three kinds of consensus protocols are presentéglldod multi-agent system. Finally,
by utilizing of the graph theory, some necessary arfiigent conditions are obtained for solving
the consensus of hybrid multi-agent system.

The rest of this paper is organized as follows. In Sectibnm, present some notions in
graph theory and propose the hybrid multi-agent systemebti@([1Il, three kinds of consensus
protocols are provided for solving the consensus of hybridtiragent system. In Sectidn ]V,
numerical simulations are given to illustrate theeetiveness of theoretical results. Finally, some
conclusions are drawn in Sectibn V.

Notation: Throughout this paper, the following notations will be us@ddenotes the set
of real numberR" denotes then—dimensional real vector spacé,, = {1,2,....m}, 7,/ =
{m+1,m+2,...,n}. For a given vector or matriX, X" denotes its transposgX|| denotes the
Euclidean norm of a vectof, E(X) denotes its mathematical expectation. A vector is norninega
if all its elements are nonnegative. Denotelpyor 0,) the column vector with all entries equal to

one (or all zeros)l,, is ann—dimensional identity matrix. didg;,a,--- , a,} defines a diagonal
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matrix with diagonal elements beirgy,a,---, a,. Let ¢ denote the canonical vector with a 1

in thei-th entry and O’s elsewhere.

[l. PRELIMINARIES
A. Graph theory

A weighted directed graply/(«7) = (7¥,&, <) of order n consists of a vertex set” =
{s1,%,---,S), an edge se = {e; = (S.Sj))} € ¥ x ¥ and a nonnegative matrix/ =
[aij]nxn. The neighbor set of the agents .4 = {j : &; > 0}. A directed path between two
distinct verticess and s; is a finite ordered sequence of distinct edgesdofnith the form
(S, Sa)s (Sqs Sw), - (Sq- Sj)- A directed tree is a directed graph, where there existsreexe
called the root such that there exists a unique directed frath this vertex to every other
vertex. A directed spanning tree is a directed tree, whiahsists of all the nodes and some
edges irn¢. If a directed graph has the property thgt §;) € & < (s;, s) € &, the directed graph
is called undirected. An undirected graph is said to be cciedeif there exists a path between
any two distinct vertices of the graph. The degree ma#ix [di;].«n iS a diagonal matrix with
di = Xj.sex &; and the Laplacian matrix of the graph is defineds= [lijjJnn = 2 — 7. Itis
easy to see tha¥”’1, = 0.

A nonnegative matrix is said to be a (row) stochastic matfrialli its row sums are 1. A
stochastic matri¥P = [pij]nxn is called indecomposable and aperiodic (SIA) if lim P* = 1yT
, Wherey is some column vectof? is said the graph associated wihwhen @, s;) € & if and
only if p; > 0. The following results propose the relationship betweestoghastic matrix and
its associated graph.

Lemma 1:([18]) A stochastic matrix has algebraic multiplicity edjt@ one for its eigenvalue
A = 1 if and only if the graph associated with the matrix has a spantree. Furthermore,
a stochastic matrix with positive diagonal elements hasptoperty that|d] < 1 for every
eigenvalue not equal to one.

Lemma 2:([18]) Let A = [a;j].n be a stochastic matrix. If A has an eigenvalue 1 with
algebraic multiplicity equal to one, and all the other eigdnes satisfy1| < 1, thenA is SIA,
that is, limy.., A™ = 1,v", wherev satisfiesATy = v and 1'v = 1. Furthermore, each element

of v is nonnegative.
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Based on Lemmal1l and Lemrha 2, we give the following result whidl be used in the
next content.

Lemma 3:Let H = diagh;,hy,...,h,} and O0< h; < d_l.. i € In. Then, I, - HZ is SIA,
i.e., limo e [ln— HZ]¢ = 107, if and only if graph¥ has a spanning tree. Furthermore,
[I,-HZ]"v=v, 1lv = 1 and each element ofis nonnegative.
Proof. (Sufficiency) Let P = I,, - H.Z. From the definition ofZ, we haveP = K + H.«/ where
K=1,-HZ. It follows from h; € (O, di) that K is a positive diagonal matrix. Consequently,
it is easy to obtain thaP is a stochastic matrix with positive diagonal entries. @bgly, for
all'i,j e 7, i # J, the (, j)-th entry of P is positive if and only ifa; > 0. Then,¥ is the
graph associated witR. Combining Lemmdll and Lemnid 2, we have when gr&has a
spanning tree, lif,., P¢ = 1,y wherev is a nonnegative vector. MoreoversatisfiesPTy = v
and1lv = 1.

(Necessary) From Lemmdll, i4 does not have a spanning tree, the algebraic multiplicity of
eigenvaluel = 1 of P is m> 1. Then, it is easy to prove that the rank of Jimg, P¥ is greater

than 1, which implies that lig,. P¢ # 15, m

B. Hybrid multi-agent system

Suppose that the hybrid multi-agent system consists ofimemtis-time and discrete-time
dynamic agents. The number of agents,ibelled 1 througim, where the number of continuous-
time dynamic agents is1 (m < n). Without loss of generality, we assume that agent 1 through

agentm are continuous-time dynamic agents. Then, each agent badytramics as follows:
Xi(t) = u(t), i € I,

Xi(tk+1) = Xi(tk) + Ui(tk),tk = kh, ke N, S In/Im,

(1)

whereh is the sampling periodg € R anduy, € R are the position-like and control input of
agenti, respectively. The initial conditions arg(0) = Xo. Let X(0) = [X10, X20, - - * » Xno] " -

Each agent is regraded as a vertex in a graph. Each eglgg) (¢ & corresponds to an
available information link from agentto agentj. Moreover, each agent updates its current state
based on the information received from its neighbors. Ia gaper, we suppose that there exists
communication behavior in hybrid multi-agent systdm (18,,ithere are agentand agentj

which makea;; > 0.
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Definition 1: Hybrid multi-agent system[]1) is said to reach consensuifany initial
conditions, we have
Jim 1% (t) - xj(tJll =0, for i, j € In, (2)

and
lim [1x%(0) - Ol =0, for i,je I 3)

I1l. M AIN RESULTS

In this section, the consensus problem of hybrid multi-agsstem [(IL) will be considered

under three kinds of control inputs (consensus protocelspectively.

A. Case 1

In this subsection, we assume that all agents communicdtetaeir neighbours and update
their control inputs in the sampling tintg Then, the consensus protocol for hybrid multi-agent
system[(ll) is presented as follows.

n
W = > a5t - % (1), te(total, i€lm,
j=1
n 4)
Uit = h > &t — %(tJ), i€ Io/Im,
j=1

wheres/ = [g;]n«n IS the weighted adjacency matrix associated with the g#dh= t;.,1—t, > 0

is the sampling period.

1
maXer, (dii} *

Then, hybrid multi-agent systerhl (1) with protocbl (4) carveoconsensus if and only if the

Theorem 1:Consider a directed communication netwéfkand suppose thdt <

network¥ has a directed spanning tree. Moreover, the consensusstgtg0), where.Z v, =
0.
Proof. (Sufficiency) Firstly, we will prove that equatiori{2) holds. From (4), weokv that
n

X(t) = X(t) + (= 1) D (4t = X(t), t€ (toterl, i€Tm,
o (5)

Xi(tie) = X(t) + N > & (xi(t) = % (t), i € Io/Tn.

j=1
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Therefore, it follows that

X(ter) = X (8) + h ) & ((6) = % (8), i€ Tn. (6)
j=1

Let X(t) = [X1(tk), X2(ty), ..., X2(t)]". Then, equation{6) can be written in matrix form as
X(tks1) = (In — hZ)x(k). (7)

According to Lemmdl3, sinc& has a directed spanning tree ahd< —+—, we have

maXer,{dii}’

liMso(ln — h2) = 101, where (, — h.?)"vy = v1. Thus, it is easy to obtain
tlkl_r)rgo X(tk) = iLrEL('n — h.2)*x(0) = 1,v1 x(0)
and Z"v, = 0. As a consequence, equatidh (2) holds. Moreover,
tlkl_rEO () = vix(0), for ie I,
Secondly, we have
[1(t) = X OI < 11Xi(t) — X Il + 11X (te) — X (Il + 11X (te) — X; (DI

From [B), it is easy to know that
n
() = X8l < h > alixi(t) — (Bl for te (t tal.
i=1

whent — oo, we havety — «. Thus,
lim (8 = (@l =0, i€ Lm
Moreover,
tIim xi(t) = tIim x(t) =v'x(0), ieIn,
—00 K—©00
which implies that equatiori {3) holds.
Therefore, hybrid multi-agent systein (1) with protoddl ¢4n solve consensus probem with
consensus statg x(0), where.ZTy; = 0.
(Necessity) From Lemma B, we have lim. (I, — h-Z)¢ # 1,v] when¥ does not have a

directed spanning tree. Therefore, equatldn (2) does ndt adich implies that hybrid multi-

agent systenf{1) can not reach consenmus.
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B. Case 2

In this subsection, we still assume that the interactionragraments happens in sampling time
t.. However, diterent from Case 1, we assume that each continuous-time dyregant can
observe its own state in real time. Thus, the consensusquiotor hybrid multi-agent system
(@) is presented as follows.

n
(M) = > a0t - (M), te (toteal, i€ln,
j=1
n (8)
Ut = h > a0t — %(tJ), i€ Io/Im,
j=1

whereZ = [a]nxn IS the weighted adjacency matrix associated with the g#adh= t,.;—t, > 0
is the sampling period.

Theorem 2:Consider a directed communication netwéfkand suppose thdt < 1

MaXery/rmldi} "

Then, hybrid multi-agent systerql (1) with protocbl (8) carfveoconsensus if and only if the

network¥ has a directed spanning tree. Moreover, the consensusssiat€0), where.Z " Hy =
1 elenflamjh

_ . l_e’z?zlaljh _ =
O,H_dlag{ e hh}

j=181j

Proof. (Sufficiency) Firstly, we will prove that equatiori{2) holds. Solving hidbmulti-agent
system[(lL) with protocol{8), we have

1 _ e_ ZT:l aij (t_tk) n

x(t) = x(te) + ST a Z ;i (X(te) — Xi(t), te (b, tisa], 1€y,
=14 j=1
. ’ 9)
Xi(tier) = (8 + h > 35 (x5(t) — % (t), i€ Io/In
Accordingly, at timety,,, the states of agents are
= aih )
X(tr) = () + e Z a;(Xi(t) = % (), i€ Tm,
j= 1a” j=1
(10)
X (tien) = % (t) + hZ a5 (%) (t) — %i(), i€ Io/Tn
Hence, [[ID) can be rewritten in compact form as
X(tkr1) = (In — HL)x(t), (11)
. o2 ajh o Zj13mjh
where x(t) = [X(t), Xe(t), ... (], H = dlag{%ﬁ h, h}
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-3 . aih
—e “j=17 1 . i
Y MaXe 7 7m{di}’ we have O< hy < di

for H. From Lemmad.[3, becausé has a directed spanning trdg—~ H.Z is an SIA matrix, i.e.,
liMise(ln = HA)K = 107, where (, - H.Z)Tv = v. Hence,

It is easy to know tha < g i €Iy Owing toh <

Jim x(t) = lim (I - H.2)*x(0) = 1,v" x(0),
k—?OO — 00

which means that
Jim xi(t) = v x(0), for ieI,.
k—?OO

Obviously, equation{2) holds. Moreover, it follows from), € H.Z)Ty = v that ZTHv = 0.
Secondly, we know from{9) that

n
aijlIx;(t) = xi(W)ll, te (ttwa], 1€
STia 2% al 1€ Zn

1% (1) = X (Il <
Sincety, — co whent — oo,
lim [1i(t) = % (tll = O.

Thus, we have lim,., x(t) = v'x(0), i€ I, Consequently, equatiofl(3) holds.

Therefore, from Definitiohll, hybrid multi-agent system {di}h protocol [8) reaches consen-
sus. Moreover, the consensus state'ig(0).

(Necessity) Similar to the proof of necessity in Theordmh 1, we know thathié directed
communication network4 does not have a directed spanning tree, then hybrid mudtiag
system[(lL) can not achieve consenais.

Remark 1:Compared with the restriction of sampling peribdn Theorem ]l and Theorem
[2, it is easy to find thah is only related to the out-degrees of discrete-time dynaagients if

each continuous-time dynamic agent can observe the realitifarmation.

C. Case 3

In this subsection, we assume that all agents interact with ether in a gossip-like manner.
Some assumptions are given as follows.

(A1) The communication network of hybrid multi-agent systéiniglundirected, i.e&; = a;;
foralli, je I,

(A2) At time t,, two agents and j (i < j) satisfying &, s;) € & are chosen with probability
pij, wherep;; € (0,1) andz(s,sj)%@ P = 1.
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When agents and j are chosen, their interplay follows the below situationsiere h =

ty.1 — tx > 0 is the sampling period.
. If i andj are continuous-time dynamic agents, iiej,€ 7, they will communicate during

(tx, tes1]. The control inputs of two agents are
ui(t) = a;(x(t) = x(), te (ot 1€l

upt) = a;i(x ) - x), te(totvl, jelm

. If i is continuous-time dynamic agent apds discrete-time dynamic agent, i.es 7, | €

(12)

I,/I, the control inputs of two agents are
ui(t) = a;j (xj(t) — xi(t)), S

Uj(tkes) = Xj(t) + hayi (Xi(te) — xj(t)), ] € In/Im.

. If i and | are discrete-time dynamic agents, ik} € 7,/I, the control inputs of two

(13)

agents are
Ui(tee1) = Xi(te) + haj (x;(t) — xi(t)), i€ In/Im, (14)
Uj(tke1) = Xj(te) + hayi (%i(t) — X;(t)), ] € Zn/Im.
For eachr € 7,/{i, j}, it keeps static, i.e.,
ul’(t):O7 r E‘Z-I"I’\’
(15)

U(ty) = %(tk), reln/Im
Theorem 3:Consider an undirected communication netw@kAssume that (A1)—-(A2) hold
andh < %a”} Then, hybrid multi-agent systerfal (1) with control input)3@3) can solve

maX,jern

consensus in mean sense if and only if the netwérls connected.

Proof. (Sufficiency) It suffices to prove that
Jim Elxi(t) - xj(t)ll = 0, for i, j e Iy, (16)
Kk—©00

and
lim Elxi(t) - xj@®lIl =0, for i,je Im, (17)

hold for any initial states.
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Firstly, we will show that equatiori_ (16) holds. From (12)8)1if agentsi and j are selected

to interplay at timety, the states of all agents at tinhg; are three cases:
_ @2gjh

X(ted) = X0 + T 5040 - X(W), i€ T

O Xj(trn) = Xi(t) + “GTM(M (t) - (k). j€lm (182)
X (ter1) = X% (t)s re In/fi, ji,
Xi(ti1) = % (t) + (L= €8N (Xi(t) = %), i€ Im,

(n Xi(trn) = X;(6) + a(6(6) ~ X(t). € Zo/Zm, (18b)
X (t:1) = % (8, reZo/ti. J},
X(tier) = X(t) + hay () = % (). € Io/Tm,

(i) Xi(tsr) = Xi(6) + hay (6(6) = Xi(®). | € Zn/Im. (18c)
Xe(tsn) = % (4 e Iu/li.J)

Note that [[IB) can be rewritten in the following compact foam

X(tr1) = DijX(te),

where
1_e_2ajjh T -
<I>ij=ln—T(a—ej)(a—ej) , ] €I,
D =ly—(1-e®Me(e —e)" —hajee;—e), i€lmjeln/Im (19)
®;; = I, - haj(e - g)(e —¢)’, i,j€ln/ITn

According to (A2), it is not hard to know thdk(ty)} is a stochastic linear system

X(tir1) = PeX(te), P(Dy = Dyj) — Pij -

Therefore, it follows that
E(X(tk+1)) = E(PEX(t))- (20)

Due to 0< h < L, we havel&"= € (0, 1), 1- e®" € (0,1) andha; € (0,1). Thus,
®;; is a stochastic matrix with positive diagonal entries. M, the {, j)-th and (, i)-th entries
of ®;; are positive, while all other non-diagonal entries are gettence, noticing that

E(®) = Y ®pj,

(s.8))€8
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12

we know thatE(®y) is a stochastic matrix satisfying
. all diagonal entries are positive;
. the (, j)-th and (,i)-th entries are positive if and only if§( s;) € &.
Consequently¥ is the graph associated wi{®y). Since¥ is connected, combining Lemma
I and Lemma&l2, we have
lim (E(®))* = 1
From [20), we have
tIim E(X(t)) = i!im (E(Dy))*x(0) = 1,v x(0),
K—©00 —00
which implies that equatior (16) holds.

Secondly, at time € (i, tx,1], the state of eache I, follows the below three scenarios:

. if i is selected to communicate with its continuous-time dymraimeighbourj € 7,

1 + e—Zaj(t—tk) 1 _ e—Zaj(t—tk)
i(tk) +
> Xi(t) 2

. if i is selected to communicate with its discrete-time dynammeaghbourj e 7,/1,,

x(t) = Xj(t);
xi(t) = € W%(t) + (1 — e W) (t);

. if i is not selectedy;(t) = x;(ty).

Thus, we have

E(x(1) = [1 -y pij]E(m (t))

e (21)
+ Py [BIBO6()) + (L= B)EOG())], te (o teaal,
e
where Liemiw
— s jeTln
Bij =
e—aij(t_tk), jeTn/Im

Sincety — oo whent — oo, it is easy to obtain fron{{21) that
tIim E(x(t)) = tIim E(x(t)) = 1,V X(0)
—00 K—>00

holds for alli € 7,,, which means equatio (1L7) holds.
Therefore, hybrid multi-agent systef (1) with control itgp{I2)-{15) can solve consensus

problem in mean sense.
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(Necessity) When ¢ is not connected, similar to the proof of necessity in Theoi we
know that hybrid multi-agent systerl (1) can not reach cosisem

Remark 2:Note that hybrid multi-agent systeinl (1) presents a unifiachéwork for both the
discrete-time multi-agent system and the continuous-timéti-agent system. In other words, if
m = 0, hybrid multi-agent systemil(1) becomes a discrete-timii+agent system. And ifn = n,

hybrid multi-agent systeni (1) becomes a continuous-tim#ifagent system.

V. SIMULATIONS

In this section, we provided some simulations to demorestheg éfectiveness of the theoretical
results in this paper.

Suppose that there are 6 agents. The continuous-time dgregents and the discrete-time
dynamic agents are denoted by 1-3 and 4-6, respectivelelriotlowing, all networks with
0-1 weights will be needed. Le(0) = [-13,14,3,-9,-3,6]" andh = 0.2.

Fig. 1. A directed grapl¥;.

Example 1:The communication networ¥; is shown in Fig[lL. It can be noted th@ has

a directed spanning tree. It is easy to calculate that theplsagnperiodh < mmfl e By using
=14

consensus protocoll(4), the state trajectories of all trensgare shown in Fid. 2, which is

consistent with the dficiency of Theoreni]l.

Example 2: Assume that the communication netwao¥k is shown in Fig[B. It is easy to
know that¥, has a directed spanning tree. By calculation, the samplnggh < W By
using consensus protoc@l (8), the state trajectories dhallagents are shown in Fig. 4, which
is consistent with the results in Theoréin 2.

Example 3:Suppose that hybrid multi-agent systelm (1) runs with contuts (12)-{(15).

The communication network is depicted in Fig. 5. It is showattthe sampling perioth <

ma)fl e At time t, each edgeq s;) € & is chosen with probability%. The state trajectories
=1t
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Fig. 2. The state trajectories of all the agents with consemsotocol [#) and communication netwatk.

Fig. 3. A directed grapl?,.
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Fig. 4. The state trajectories of all the agents with consemsotocol [B) and communication netwatk.
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15

of all the agents are drawn in Fig 6. Obviously, the simulatiesults is consistent with the
suficiency of Theorenl3.

Fig. 5. An undirected grap#s.

15
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o
10}
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0

Fig. 6. The state trajectories of all the agents with consemsotocol [IR)£(115) and networks.

V. CONCLUSIONS

In this paper, the consensus problem of hybrid multi-aggstesn which is composed of
continuous-time and discrete-time dynamic agents wasidersl. First, we assumed that all
agents communicate with their neighbours and update thdtegies in the sampling time.

When the sampling period © h < , we proved that the hybrid multi-agent system can

1
maXery {dii}
achieve the consensus if and only if the communication nétwias a directed spanning tree.
Then, we further assumed that each continuous-time agardlzserve its own state in real time.

L. Finally, a

MaXery/rm{di

The consensus of hybrid multi-agent system can be solvdd Qvt h <

February 26, 2018 DRAFT



16

gossip-like consensus protocol was proposed. The negeardrstiificient condition was also

given for solving the consensus problem ik < %%} The future work will focus on the

maxX jern

second-order consensus of hybrid multi-agent system,ecsos of hybrid multi-agent system
with time-delays etc.
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