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This paper studies the consensus problem for a high-order multi-agent systems without or with delays. Consensus protocols,
which only depend on the own partial information of agents and partial relative information with its neighbors, are proposed
for consensus and quasi-consensus, respectively. Firstly, some lemmas are presented, and then a necessary and sufficient condition
for guaranteeing the consensus is established under the consensus protocol without delays. Furthermore, communication delays
are considered. Some necessary and sufficient conditions for solving quasi-consensus problem with delays are obtained. Finally,
some simulations are given to verify the theoretical results.

1. Introduction

In recent years, the consensus problem of multi-agent systems
has received a great deal of attention due to its broad
applications in formation control of unmanned air vehicles,
the design of sensor networks, the cooperative control of
mobile robots, and automated highway system. In a word, we
say all agents reach the consensus upon certain quantities of
interest if all agents agree on a common state eventually; the
precise definition will be introduced in the following sections.
Many researches have been devoted to the consensus problem
of multi-agent systems. In 1995, Vicsek et al. [1] proposed a
discrete-time model and concluded that all the headings of
the agents converged to a common value by simulations. In
2003, Jadbabaie et al. [2] provided a theoretical explanation
for Vicsek’s simulation results by graph theory. Gradually, the
consensus problem of multi-agent systems received a growing
attention. For example, Olfati-Saber and Murray [3] dis-
cussed consensus problems for networks of dynamic agents
with fixed and switching topologies under three cases. Ren
and Beard [4] considered the problem of information con-
sensus under dynamically changing interaction topologies

and weighting factors. Recently, the second-order consensus
problem of multi-agent systems has attracted more and more
researchers’ attention [5-14]. Different from [5-7, 10], Yu
et al. [9], Song et al. [11], and Wen et al. [14] all studied
the second-order consensus problem of multi-agent systems
with nonlinear dynamics. Compared with synchronization
in complex networks which are of nonlinear dynamics,
a generalized consensus was investigated. From a unified
viewpoint, [15] provided a novel framework for the consensus
of multi-agent systems and the synchronization of complex
networks. Viewed from the leader-following consensus, both
Song et al. [11] and Zhu and Cheng [12] considered the
consensus problem with a leader. In general, the second-order
consensus problem pays attention to whether the relative
position and velocity of each agent will converge to common
state.

At the same time, the high-order consensus problem of
multi-agent systems is also worth being studied. Generally
speaking, the first-order consensus problem of multi-agent
systems can be considered as a special case of the synchro-
nization of complex dynamic networks. Moreover, second-
order consensus problem of multi-agent system means that



the relative position and velocity of each agent will be
converged to common. However, the birds achieving the
consensus should be on the acceleration besides the relative
position and velocity for the flocks of birds [16], which means
that all the position, velocity, and acceleration will be con-
verged to common. Recently, there are more and more studies
on the high-order consensus or swarming problem (see [16-
20] and the references therein).

Motivated by the previously mentioned results, consensus
of high-order multi-agent systems is investigated in this
paper. A new consensus protocol which only depends on
the own partial information of agents and partial relative
information with its neighbors is proposed. In other words,
the consensus protocol in this paper does not need the global
information of agents and the global relative information. It
is convenient to be designed when the global information
states cannot be available. Furthermore, we consider the
quasi-consensus problem of high-order multi-agent systems
with a time-delay protocol. The delay is nonnegligible in the
information exchanges due to the limited transmission speed
or memory effect. Therefore, there are many papers focusing
on the consensus problem with delay [21-25]. It is worth
noting that Yu et al. [25] considered the quasi-consensus
problem of second-order multi-agent systems with delay
under the protocol

N
w ) =a Y Gy(x;(t)—x1)
j=Lj#i
(1)
N
—a Y Gy(x;t-1) - x,(t-1)).

j=Lj#i

This delay is caused by the fact that the agent needs some
memory to store the outdated information from its neigh-
boring agents. It found that this delay can induce quasi-
consensus; that is, all agents have the same velocity but keep
a distance from each other eventually. Therefore, the delay
in this sense looks very interesting. This paper considers
quasi-consensus of high-order multi-agent systems with the
delay in the sense of memory effect. Based on the Nyquist
stability criterion, some results on the quasi-consensus of
high-order multi-agent systems are obtained. It is worth
noting that the results on the consensus of high-order multi-
agent systems with a protocol of communication delay hold
similarly. Furthermore, some simulations are given to verify
the theoretical results.

Notations. Let R" denote the n-dimensional Euclidian space.
Let Oy and Iy be the N x N zero matrix and identity
matrix, respectively. If M is a matrix, then rank M and o(M)
denote the rank and the spectrum of M, respectively. Let
1 and 0 denote the N x 1 column vectors of all ones and
all zeros, respectively. The symbol ® denotes the Kronecker
product.
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2. Preliminaries and Model

Consider a multi-agent systems of N agents. The dynamics
of each agent is governed by the following general £th-order
integrator:

(0 1

El( ) _ 51( ),
2)

H(6-2 e-1

gl( ) _ 51( ),

E..(eil) = U.

i 4
wherei =1,2,...,N, £ > 1 is a positive integer and denotes
the order of the differential equations, Elgk) e R" k =
0,1,...,¢-1,are the states of agent i, u; € R™ is the consensus

protocol, and Ei(k) denotes the kth-order derivative of &;. The
initial state denotes &, = [£,(0),EM(0), ..., £V (0)].

We use the weighted undirected graph € to model the
interaction topology of the multi-agent systems; that is, each
vertex represents an agent of systems; each arc (edge) e
represents that there is a communication link from agent j
to agent i. @; > 0 is the weight of the communication link
ej;. One can see [26] for more details. Now, we propose the
following consensus protocol:

(k)
U =— Z &

keM,
. 3
z( 5 e (& —fﬁ-k’)),
j=1 keM,

where M = {0,1,2,...,€ — 1}. Let M;,M, C M be two
nonempty subsets such that M; UM, = M,M;, N M, = 0,
a is the coupling strength and y, > 0 is the feedback gain of
relative information. ¢ #0 & k € M,, otherwise, ¢, = 0 and
letq, = 0; 9. #0 © k € M,, otherwise, y, = 0 and let y, #0.
Let n, = minfk: k € M,}.

Let &0 = [EiO)T, gO)T,..., ES)T]T and EMD = EW 4 =
0,1,...,¢ — 2. By employing the consensus protocol (3), the
dynamics equations of all agents can be written as follows:

E'(O) E(O)

=(®eL,)| . | (4)
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where
O=A®Iy-aB®L, (5)
o1 0 --- 0
o0 1 --- 0
A = E >
0 0 O 1
0 -G G Ce-1 oxe
(6)
0 0 0
0 0 0
B=|: )
0 0 --- 0
Yo Vi Ye-1dexe

L = [£;] is the associated Laplacian of &; thatis £;; = )’ i G
¢;; = —a;;. It is easy to note that

O In Oy -+ Oy
Oy Oy Iy -+ Oy
e A )
O Oy Oy -+ Iy
—apl Ay =Dy - A,

where A = g Iy + ay L.

Definition 1. The multi-agent systems governed by (4) are
said to achieve consensus if limt_>00||£fk) t) - Ej.k)(t)ll = 0,
k=01,2,....,6 -1,i,j = 1,2,..., N, i # j, for any initial
values.

Remark 2. For convenience, we assume m = 1 in the
following discussion; however, all the results hereafter remain
valid for m > 1 by the Kronecker product.

3. Consensus Analysis

In this section, we consider the consensus problem defined
in the Section 2 for the multi-agent systems (4) with fixed
topology. To this end, we establish the following lemmas
which are needed for the main results.

DenoteI' = Ijy® A—aL®B. One has the following lemmas.

Lemma 3. ® is similar to T.
Proof. See the appendix. O

Lemma 4. Assume that © is defined in (5) and Ay, A5, ...,
Ay € o(L); then the characteristic polynomial of O is

N
det(uly, — @) = H (.”e + 61@—1!"6_1
i=1 (8)
+~-+8§‘u+(x/\iy0),
where 8}, = ¢ +ady k= 1,2,...,€-1,i=1,2,...,N.

Proof. See the appendix. O

Lemma 5. O has at least n, zero eigenvalues. It has exactly n,
zero eigenvalues if and only if L has a simple zero eigenvalue. If
L has a simple zero eigenvalue, then the geometric multiplicity
of the zero eigenvalue of ®© equals one. Moreover, the left and
right eigenvector of ® associated with eigenvalue zero are as
follows:

1
V= — [ @17,
Gy
€)
w,=——e ®1.
VN !
Proof. See the appendix. O

Based on the previous lemmas, here we give the main
result.

Theorem 6. Under the consensus protocol (3), the multi-agent
systems (4) achieve the consensus if and only if ® has exactly
n, zero eigenvalues and all of other eigenvalues are negative.

Proof (Sufficiency). If @ has exactly n, zero eigenvalues, then

@ has the Jordan canonical form Ji J ],where
2
010 ---0
001--0
S ] I (10)
000 ---1
000 ---0
1y Xng

], is the upper diagonal block matrix with diagonal entries
being the nonzero eigenvalues of ®. Moreover, one has

O = [wy,w,,..., W]

]l OnOX(NE—no)

LONe—ng)n, P

B4 1)

T
V2

T
LVen

where w; € R™,i = 1,2,...,¢N, can be chosen to be
the right eigenvectors or generalized eigenvectors of @, v; €
RN, i = 1,2,...,€N, can be chosen to be the left eigen-
vectors or generalized eigenvectors of ®. Without of loss

generality, assume that M, = {0,1,...,n, — 1} and M, =

{ng,ny + 1,...,€ — 1}. Let w;, = ’,o’,...,0"", w, =

[0",1",...,0"", .. ,w, =[05,0",...,17,0%,...,0"]"; one
My -n,

can verify that w;,w,,...,w, are a right eigenvector and
ny—1 generalized right eigenvectors of ® associated with zero
eigenvalue, respectively. Since ® has exactly n, zero eigenval-
ues, without loss of generality, one can denote them by y; =
pp =+ =, =0.By Lemma 5, we know that L has a simple



zero eigenvalue, which implies that there is a nonnegative vec-
tor p = (1/N)1 such that pTL =0, pTl = 1 by [16]. Then we

choose, v, = (1/cn0)[cn0pT,...,cg_lpT,pT,OT,...,OT]T,...,
ny—1
vy = (1/cn0)[0T,cn0pT,...,cg_lpT,pT,OT,...,OT]T,..., Vp, =

ny—2

(1/cno)[0T, ...,0%, cnopT, s Pl p"1T. Tt follows from
ny—1

Lemma 5 that they are n, — 1 generalized left eigenvectors

and a left eigenvector of @ associated with eigenvalue zero,

respectively. Moreover, viTwi =1,i=1,2,...,n, It is noted

that
@
e = [w, wy, ..., wpy]
v
T
% |: eht OnoX(NE—no)] V2
t >
O(Né’—ng)xno e’
T
Ven
(12)
r -1 ny—k—1
Cny+1 T g gkt "
1p” <—”° +t>1p ey M 1p
Ca, kZ::‘)Cn(, (ny —k-1)!
n=2 ny—k—=2
k
ON ]pT e Mt
,;) Gy, (Mg =k =2
On On 1p"
On UN UN
L Oy On Oy
Thus, we write @, by a compact form
[1p" ryO)1p" - 1, () 1p" - 1) 1p" ]
Oy  1p" 1, ()1p - () 1p"
On O+ lpT-- o (t) lpT , (15)
Oy Oy - Op - O
L Oy UN On Oy

s
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. Tt _ . .
where hmt'_woe = Ong_p, since the nonzero eigenvalues
have negative real parts and

[ i’2 tng—l
1 f — eve —
2! (ny — 1)!
1ny—2
01 ¢t t—
(g = 2)!
e]lt — . (13)
00 0 - t
00 0 - 1

L 4 nyxng

Therefore, for enough large t, the dominant terms of ™
denoted by @, is

Mo t”o—k tn"_ll T
S T
&, (ny — k)! Gy (1 —1)!
ny—1 c no—k—1 tno—zl T
T Z g+ 1p7 - p
&6, (ng—k=1)! Gy, (19 = 2)!
: (14)
Cn0+1 lpT lpT
Gy Gy
Oy On
On On o

where r;;(t), j > i is a polynomial of ¢ with degree j — i. It
follows from (4) that

col (o

0
£:<t> o s:<> | o
£ (¢) €61 (0)

that is, for enough large ¢,

E9 (1) = [E9 (10,69 1), E9 1))
= 1p"E® (0) + 1414 (1) 1p7EFV (0) (17)
to T O 1pTECV(0), k<ng -1,

which implies that Ei(k)(t) - EEk)(t) ast — oofork <ny—1.
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If k > ny, then f(k)(t) — 0ast — oo. Therefore,
Egk)(t) — E;k)(t) ast — oo, foralli#jk=0,1,...,6—-1.
This implies that the multi-agent systems achieve the consen-
sus.

(Necessity). By reduction to absurdity, suppose that the
sufficient condition dose not hold; then there are two cases
may be hold.

Case 1. ® has more than n, zero eigenvalues.

Case 2. O has exactly n, zero eigenvalues, but it has at least
one eigenvalue with nonnegative real part.

If Casel holds, then
rank(lim, _, .e"*) > ng.

If Case2 holds, then lim,_ e # One-n,» and
rank(lim, _, Ooeq)t) > rank(lim, _, OOeht) +rank(lim, _, OOelzt) >
n,. However, it follows from @, (the dominant terms of e®)

that if the consensus is achieved, then rank(lim, _, ..e®) < n,.
This is a contradiction. O

CDt) >

rank(lim, _, e

Remark 7. From Theorem 6, if (4) achieves the consensus,
then @ has exactly #, zero eigenvalues. Therefore, L has a
simple zero eigenvalue, which implies that the information
exchange topology & is connected.

Remark 8. Compared to the consensus protocols proposed
in [16-19], protocol (3) only depends on the own partial
information of agents and the partial relative states with its
neighbors, which does not need the global information of
agents or the global relative information. It is convenient to
design when global information states cannot be available.

To illustrate the previous result, we consider the following
example.

Example 9. Considering the following third-order system of
8 agents, where the dynamics of each agent are governed by

a; = u;, (18)
where x;, v;, a;, i = 1,2,...,8, denote the position, velocity,

and acceleration of agent i, respectively, let Laplacian matrix
Lbe

1 0 -1 0 0 0 0 07
0 2 -1 0 0 -100
-1-1 4 -1 0 0 -10
0 0 -1 2 -10 00
0 0 0-11 0 00 (19)
0 -1 0 0 0 1 00
0 0 -1 0 0 1 00O
L0 0 0 0 0 0 -1 1.

It follows from the L that the graph is connected. Moreover,
the eigenvalues of L are 0, 0.382, 0.6086, 1, 1, 2.2271, 2.618,
and 5.1642. If we choose & = 1,9, = 1,9, = 2,and ¢, = 2,
then n, = 2. Furthermore, ® has 2 zero eigenvalues and the
real parts of all other eigenvalues are negative. Let the initial
values be the x(0) = [10, 20, 30, 5, -10, —20, —30, —5], v(0) =

40 T T T T T

30 k

20 |

10

-10

-20

=30

0 5 10 15 20 25 30
t

FIGURE 1: The trajectories of x;,i = 1,2,...,8.

20

=20

0 5 10 15 20 25 30
t

FIGURE 2: The trajectories of v;, i = 1,2,...,8.

[2,-8,3,-3,-2,5,8,-5],a(0) = [-2,2,3,-3,5,-5,1,-1]. By
Theorem 6, consensus in dynamical multi-agent systems (18)
with network topology (19) can be achieved. Figures 1, 2, and
3 show the plots of x;, v;, a;,i = 1,2,..., 8, respectively.

4. Quasi-Consensus Problem with Delays

Because of the limited transmission speed or memory effect,
there exist nonnegligible delays in the communication pro-
cess. Therefore, it is necessary to consider the influence of
delays on the consensus. In [25], the authors considered the
delays in the sense of memory store by the fact that the agent
uses the memory to store the outdated information of its
neighbors. Such delays are so interesting that can deduce
quasi-consensus. In this section, we consider the consensus



20

10

a -10}

=20

-30 F

—40

0 5 10 15 20 25 30
t

FIGURE 3: The trajectories of a;,i = 1,2,...,8.

problem with the protocol of delays in the sense of memory
store as follows:

N
w3 i e, ¥ 0-800)

keM, j=1  keM,
+ Z Ckgfk) (t - T) (20)
keM,
& k k
—aYa; Y p (8- -8t -1),
j=1  keM,

where 7 > 0. Let 5, = [ffo),ffl)>---)f§e71)], n = [’71T”12T>

T1T
/N1
With the consensus protocol (20), the closed loop of
multi-agent systems (2) can be written as

N
0= A — An; (£ - 7) - “ZlijBWj
=

(21)

N

+ ochijan t-1),
=1
where A, B are defined as (5) and
0 0 0
0 0 0
A=lt oot (22)
0 0 0
0 - Co-1 Jexe
Therefore,
= (Iy®A)n-(Iy®A)n(t-1)

(23)

—a(l®B)n+a(lL®B)n(t-r1).

Discrete Dynamics in Nature and Society

Let J be the Jordan matrix associate with the L. Therefore,
there exists orthogonal matrix Q such that Q'LQ =7 =
diag{A,,A,,..., Ay} Then,

(Q"el)n ()
=(Q"e1,)[(Iy®A) -a(LeB)]n ()
-(Q"e1)[(Ily®A)-a(LeB)|nt-1)  (24)
=[(Iy®A)-a(®B)](Q" ®I)n ()
~[(Iy®A)-a(eB)](Q" &) n(t-1).

Let 0(t) = (QT ® I)n(t) = [07(£), 05 (t),...,05(t)]". Then, it
follows from (24) that

0(t)= [(Iy®A)-a(J®B)]0(t)
_ (25)
~[(Iye &) -a(J@B)|6(t-1);

that is

0;(t) = (A-a);B)6; (1)
(26)
- (Z— oc/\iB) 0,(t-1).

The characteristic equation of the multi-agent system (26) is
A+ ey + adiyp ] (1 - ef’\r) At
+o+ [q +aAi ] (1—e_AT))L (27)

+ad;y, (1 —e_/lr) =0, i=12,...,N.
Definition 10. The multi-agent systems (2) are said to achieve
quasi-consensus if

Jim 5 @) =& @) = o,
” (28)
Jim [ 1) -&° 0] = o,

for any initial conditions, where c;; are constants, for all k =

1,2,...,¢-1landi,j=1,2,...,N.

Theorem 11. Assume that € is connected. Quasi-consensus of
multi-agent systems (2) with protocol (20) can be achieved if
and only if each equation of (27) (i = 2,3,...,N) has only
simple zero root and the real parts of all other roots are negative.

Proof (Sufficiency). If & is connected, then L has only a
simple zero eigenvalue with associated right eigenvector q;, =
(1/VN)1, where Q'LQ = ], Q = [q:4p-.-»qn)s ¢ =
[qil,qiz,...,qiN]T, i = 1,2,...,N. If each equation of (27)
(i = 2,3,...,N) has only simple zero root and the real parts
of all other roots are negative, then the states in (26) converge
to some constants. It follows from the 8(t) = (Q! ® I)n(t)
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that 0,(¢) = (qiT ® In(t) = Zﬁil qijqj(t). Denote 0;(t) =
[0,6(1),6;,(£),...,60,_,(£)]"; then one has

N
0, (t) = Zq,.jsj.") ®), k=0,1,....,6-1.  (29)
j=1

Noting that 0, (t) = 0y,,(t), if one of the 6, (t),0,(t),
...»0;p_1(t) does not converge to zero, then lim, _, . [|10,,(¢)]| =
00. Therefore, lim, , 0, = 0,i = 2,3,...,N, k =
1,...,£—1. Moreover, one has #;(t) = Zﬁ\il qj,»Gj(t); therefore,

N
V1) =Ya0, ), k=0,1,....,6-1.  (30)
j=1

Thus,

lim
t— 00

&9 (1) - VLN CGRGINC (t)]T” =0, (31)

wherek =1,2,...,6-1, Gl(t) = A0, (t). Therefore, the quasi-
consensus is reached.

(Necessity). If the quasi-consensus can be reached, then
there exists o(t) = [oy(t),0,(t),... ,O-e_l(t)]T such that
lim, , ,IE®(t) - 1y ® 6, ()] = 0. Since G is connected, L
has only one zero eigenvalue with associated eigenvector g, =
(1/VN)1. Thus, 0 = Q"L1 = JQ"1 = [A,q/1,A,q 1,...,
/\NqLI]T; that is, qiTl = 0,i = 2,3,...,N. Therefore, it
follows from 0;(t) = gym,(t) + () + -+ + Gintin(t)
(qF ® I,)n(t) that

Jim 6, 0] = lim [ (¢/1) @0 0] =0, (32)

i=23,..,Nk=12,..,-1,0,) = A0,(t). By way of
contradiction, assume that the sufficient condition does not
hold; then there are two cases.

Case 1. Each of N-1 equations (27) (i = 2,3, ..., N) has more
than one zero roots.

Case 2. Each of N — 1 equations (27) (i = 2,3,...,N) has
simple zero root; however, there exists nonnegative real part.

If one of the previous two cases holds, then there exists a
1 < k < €-1such thatlim, _, 6, (t)| #0fori=2,3,...,N,
which contradicts formula (32). O

e can be expressed by Taylor expansion; therefore, (27)

can be rewritten as follows:
00 ¢ _Nkyk-11]¢-1 )
AHA[T—Z%] Yok=0.  (33)

k=2 k=0

Since T > 0 and 86 =ad;y, > 0,i=2,3,...,N,(33) has only
simple zero root for i = 2,3,...,N. When s #0, let F;(A) =
1 + G;(A), where

(1-¢™), i=23..,N. (9

Based on the Nyquist stability criterion, therefore, the real
parts of nonzero roots of (27) are negative if and only if G;(jw)
does not enclose the point (-1, jO) for w € R, where j is
imaginary unit.

Without loss of generality, assume that € is an odd
number. Denote S; = {0,2,...,¢-1}andS, = {1,3,...,€-2}.
By some calculations, one can obtain

-1 i Nk
5 ‘
Gi (jw) — k:Ok(gw) (I_e_]w‘r)
(jw)
-1 oi  k .k+t
o)
= Sk=0 k" J kng 25in e
(—w) 2

_ <<] Z 8! k(- 1)k D12 (35)

keS;

j((m-wt)/2)

keS,

. WT (e
x(—we) >Zsin 761((71 “nl2),

Let a _ Zkesz Siwk(—l)(k”)/z, b _

i k+e—
Zkes1 6;<wk(_1)( e,
Therefore,

. a+bi | w0t i
G, (jw) = —’_w;]Zsm 761((71 wn)/2)

s ’ 2 2
2sin ((UT/Z) ai + bi ej(((—n—wr)/2)+arctan b;/a;))

wt

(36)

Therefore, Theorem 11 is equivalent to the following
theorem.

Theorem 12. Assume that & is connected. Quasi-consensus of
multi-agent systems (2) with protocol (20) can be achieved if
and only if

: 2 2
2sin (0r/2) yai +b (w2 rarctan(t/a)

Gi (]w) = we

(37)

does not enclose the point (-1,j0) for i € {2,3,...,N}
and w € R, wherea, = Yoo S (-1)*O2

1
Zk s 5;;wk(—l)(k+€71)/2
€S, :

As the symmetric property of the Nyquist plot, we only
need to consider the case of w > 0. When w € (0, +00),



IG;(jw) < (2 Zi;(l) ;‘ka)/we is monotonously decreasing;
furthermore,

arg (G; (jw))

) wT
arctan - - — - —,

a;

Bl

wT
2nm < 7 < 2nm +

arctan —

a;

SIS

2
T wT
%, 2nn+n§7<2nn+2n,

(38)

where #n > 0 is the nonnegative integer.
When w € (0, +00), G;(jw) crosses the negative real axis
for the first time at w], one has

1

wir T
—— = arctan St
2 )
Y kes, Oh(@h)” )
i 2 ) kes, Ol
|Gi (lel)| < : i 4 ’
(w})
. .k
where ail = Zkgsz S () (-1)k+0/2, b,-l

Zkesl 5;;(w1i)k(_1)(k+€—l)/2‘
Therefore, one has the following result equivalently.

Theorem 13. Assume that & is connected. Quasi-consensus of
multi-agent systems (2) with protocol (20) can be achieved if
and only if

2Y 8 (0) < (o)) fori=23..N. (4
keS,

where w’i is defined by wiT/Z = arctan(bil/a}) +77/2.

Denote 0, = maxi)k(?;;. If all ! satisfy

2 Spn(@)) < (),

keS,

for i=2,3,...,N, (41)

then Theorem 13 holds.

Remark 14. If one considers consensus protocol with com-
munication delays as follows:

N
== ) 6 +aYa; Y n(E ©-§"0)

keM,; j=1  keM,

- Y g -1 (42)

keM,;
& (k) k
raday Y (-0 -8 e-0),
j=1 keM,
then the similar results can be obtained.

Example 15. Considering the multi-agent systems which is
similar to example 1, here we take (20) as the quasi-consensus
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FIGURE 4: The trajectories of x;,i = 1,2,...,8.
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FIGURE 5: The trajectories of v;, i = 1,2,...,8.

protocol. We take the same parameters; that is, the Laplacian
matrix L is also

r1 0 -1 0 0 0 0 07
0 2 -1 0 0 -1200
-1-1 4 -1 0 0 -10
0 0 -1 2 -1 0 00
0 0 0-11 0 00} (43)
0 -1 0 0 0 1 00
0 0 -1 0 0 1 00
L0 0 0 0 0 0 -1 1l

a=1,9 =19 =2and¢ = 2and n, = 2. Then, eigenvalues
of Lare A, = 0,1, = 0.382, A, = 0.6086, A, = A; = 1,
Ag = 22271, A, = 2.618, and Ay = 5.1642. By simulation,
Thax = 1.3224. Moreover, we choose 7 = 0.5. By Theorem 13,
one knows that the quasi-consensus can be reached. Figures
4, 5 and 6 show that the quasi-consensus is reached.
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5. Conclusions

When the global states of agents and global relative informa-
tion are unavailable, this paper designs a consensus protocol
which only depends on the own partial information of agents
and partial relative information with its neighbors. Under
the consensus protocol, a necessary and sufficient condition
for guaranteeing the consensus for a high-order integrator
multi-agent systems is established. Moreover, the consensus
protocol shows that the consensus can be reached when
the own states of agents are complementary to the relative
information with its neighbors; the consensus may not be
reached when there are only a few information exchanges.
Moreover, the paper also considers the quasi-consensus
problem under the protocol with the delays. It is interesting
that multi-agent systems can reach consensus without delays
and quasi-consensus with delays.

Appendix

Proof of Lemma 3. In fact, let

x=[@) @) ey (A1)

where & = [£,&,,...,&y]". Then % = ®x. On the other hand,
lety; = [El.(o),fi(l), . .,fi(e*l)]T and y = [, nL,...,n5]"; then

y=Ty. (A.2)

Noting that y is a rearrange of x, there exists a nonsingular
matrix P in which every row and every column has only
simple one such that y = Px, which together with (A.2)

X =P 'TPx; (A3)
that is, ® = P~'TP. Therefore, ® is similar to T. Moreover, T

and @ have the same characteristic polynomial and eigenval-
ues. O

Proof of Lemma 4. Let Q be a nonsingular matrix such that
Q 'LQ = J, where J is the Jordan matrix associated to L. Thus

det (uly, — @) = det (uly, - T)
= det[uly, - (Q'®1,)T (Q& L,)]

=det [uly, - Iy ® A+ o] ® B|

—-

det(ul, - A+ a);B)

1

—.

(W + 8+ + S+ adyy,y).

(A.4)
O

I;

]
—_

Proof of Lemma 5. 1t follows from (8) that there are #, zero
eigenvalues of ® that correspond to each zero eigenvalue of
L. In fact, for every zero eigenvalue A; of L; that is, A; = 0,

1

uoa T S Ay
=+ 8 T
+8) ™+ G U (A.5)

€-ny—1

= (T + 8y
+-ot 6n0+1‘u+cno)>

which implies that every zero eigenvalue of L corresponds to
n, zero eigenvalues of @. It is directly to see that L has at
least one zero eigenvalue with an associated eigenvector 1,
since L1 = 0. Therefore, ® has at least #, zero eigenvalues.
Moreover, It follows from (8) again that ® has exactly
n, eigenvalues if and only if L has exactly a simple zero
eigenvalues.

Next, by a similar method from [16], let s be an eigenvalue

of ® with associated eigenvector g = [p!, pL, ..., p;r]T, where
p;r, pZT, ces p; are N X 1 column vectors. Therefore,
oy Iy On N
On On Iy Oy
Pg = :
Oy Oy On eIy
—ay,L -4, -4, e AV
P P
y2) P>
X =s ,
Pe-1 DPe-1
Pe De
(A.6)
which implies that p, = sp;, ps = Spys--sPe = SPe_i>

—aYoLp, —cip, —ayLp, — -+ — o1 pp — Y Lpp = spes
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moreover, —« ZkeMz ykskLp1 - ZjeMl cjsjp1 = sepl. Letx =
Yiem, cjsj + st/ - O e, ;5% that is, « is an eigenvalue
of L with associated eigenvector p;. If L has a simple zero
eigenvalue, without loss of generality, suppose that x = 0,
then @ has a eigenvalue s = 0 (the algebraic multiplicity is #,),
SOp,=p3=-=pp,=0andg= [plT,OIT\,,...OL]T,whichis
only one linearly independent eigenvector for @ associated
with eigenvalue zero; that is, the geometric multiplicity of
zero eigenvalue of @ is one.
It is easy to note that

1
P—=e,®1=

= (4e1)® (1)

1
VN
b

i (Be,) ® (L1) = 0,

1 T
—([CI,...,Cg,1,1]®1 )(D (A7)
Gy
1
= —([ep o 1] A) @ (171
Gy
1
-—([ets-rc1p 1] B) ® (ITL) =0.
G
Therefore, we obtain
1
w, = \/_N[Lo,...,oﬁﬂ ®1,
] (A.8)
vi=—[cercpp1] @17,
Gy -
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