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ABSTRACT In this paper, the weighted group consensus for a kind of discrete heterogeneous multi-agent
systems (HMASs) with packet loss in cooperative-competitive networks based on self-adaptive controller is
studied. Based on self-adaptive controller, packet loss and cooperative-competitive relation, a novel control
protocols have been designed for this system without satisfying the in-degree balance of the vertex. Some
sufficient conditions have been obtained for the weighted group consensus of this kind of HMASs, by using
graph theory, matrix analysis and complex frequency method. Based on weighted parameters, control
parameters, packet loss rate and cooperative-competitive relation, the upper bound of the input time delay
can be calculated. Finally, some simulation experiments are listed to show the effectiveness of the derived

results.

INDEX TERMS Group consensus, heterogeneous, multi-agent systems, self-adaptive controller, time delay,

packet loss, cooperative-competitive relation.

I. INTRODUCTION

Multi-agent systems (MASs) have great promising appli-
cation in many practice systems, such as UAV formation
control [1], distributed sensor networks [2], satellite forma-
tion control [3], robot formation control [4]. Consensus, as the
key problem of MASs, is a hot research topic. Therefore,
many scholars have investigated the issue of consensus in
the past years [5], [6], [7], [8], [9], [10] and a lot of results
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have been obtained [8], [11], [12], [13], [14], [15]. In [8], the
consensus for a class of discrete-time heterogeneous multi-
agent systems is studied. By applying algebraic graph theory
and matrix theory, some sufficient conditions for consensus
of heterogeneous multi-agent systems are obtained. In [11],
the group consensus for HMASs composed of discrete-time
first-order and second-order agents is investigated. Some suf-
ficient conditions are derived for consensus of the systems
with directed communication topology by applying matrix
theory and graph theory. In [12], the leader-following H
infinity consensus for discrete-time nonlinear multi-agent
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systems with delay and parameter uncertainty is investigated.
On the basis of Lyapunov function technology and the linear
matrix inequality method, some new sufficient conditions
are derived. In [13], the weighted couple-group consensus
of continuous-time heterogeneous multiagent systems with
input and communication time delay is investigated. By using
graph theory, general Nyquist criterion and Gerschgorin disc
theorem, the time delay upper limit that the system may
allow is obtained. In [14], the group consensus of het-
erogeneous multi-agent systems with fixed and switching
topologies are investigated. Some sufficient conditions are
obtained by using graph theory, matrix theory and Lyapunov
theory. In [15], an output sign-consensus of multiagent sys-
tems over directed signed graphs are investigates. In [16], the
leader-following output consensus for a class of uncertain
nonlinear multiagent systems with unknown control direc-
tions has been investigated. A novel two-layer distributed
hierarchical control scheme is proposed, which can be used
to increase the flexibility of controller. Note that the states
of all agents only converge to the same consensus value in
most of the aforementioned works. However, the consensus
values may be different for agents in different subgroups with
different environments or tasks. Group consensus is a special
case of consensus, which deserves investigation.

However, most existing research on group consensus of
MASSs is based on homogeneous multi-agent systems [17],
[18]. In homogeneous multi-agent systems, all agents can
only exchange information in the same subgroup. This is
obviously out of line with the actual situation. In fact, almost
each agent will be disturbed by the external environment, so it
has its own dynamic characteristics. Therefore, there are no
identical two multi-agent systems. On the other hand, agents
between different subgroups can also exchange information
with each other in order to archive consensus. Hence, it is
necessary for us to investigate heterogeneous multiagent sys-
tems. In [19], the pinning scheme is used to analyze the group
consensus of HMASs with first-order agents and second-
order agents under fixed and switching topologies. Sufficient
conditions are deduced by applying graph theory and the Lya-
punov stability approach. In [20], the consensus of HMASs
with second-order linear and non-linear agents are investi-
gated. Some sufficient conditions are obtained by using graph
theory, Lyapunov technique, Lasalle’s invariance principle
and other mathematical method. In [21], a robust hierarchical
pinning control scheme is used to realize the coordination
control for a special nonlinear heterogeneous multi-agent
system. In [22], the output formation containment of het-
erogeneous linear systems with different dimensions and
dynamic interaction has been studied. A distributed hybrid
active controller is designed by using the discrete-time infor-
mation of neighbors.

It is worth pointing out that most of the aforementioned
works only considered a single cooperation or competi-
tion relation between agents. And all agents of the whole
complex systems have only the same dynamical behaviors.
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In many practical systems, cooperative and competitive rela-
tion can also coexist. Therefore, it is necessary for us to
study the consensus or group consensus of MASs with a
cooperative-competitive relation [23], [24], [25]. In [23], the
swarming behavior of multiple Euler-Lagrange systems is
investigated with cooperation-competition interactions and
uncertain parameters, where agents can cooperate or compete
with each other. A distributed consensus tracking of the con-
sidered multi-agent systems with cooperation-competition
interactions and uncertain parameters is studied by using
pinning control strategy. In [24], couple-group consensus
problems for a class of discrete-time heterogeneous systems
consisting of first-order and second-order agents under the
influence of communication and input time delays are inves-
tigated by utilizing cooperative and competitive interactions
among agents. Based on frequency domain analysis and
matrix theory, some sufficient conditions are derived and the
upper bound of input time delays are consequently estimated.
In [25], the bipartite consensus of multi-agent linear systems
with cooperative-competitive relation is studied.

On the other hand, there are two kinds of time delay in
every real MASs: input and communication time delays.
Communication time delays will occur when the agents com-
municate with each other. Input time delays will occur when
the agents are influenced by external disturbances. Both kinds
of delays will affect the stability and coordination of the
system. Therefore, when studying group consensus of the
multiagent system, the input time delay and communication
time delay are the main parameters to be considered [26],
[271, [28]. In [26], the average-consensus of networked multi-
agent systems with heterogeneous time delays is studied. the
necessary and sufficient condition for the average consensus
is derived. In [27], the leader-following consensus problem
of multi-agent systems in discrete-time with time-varying
delays is studied. Consensus conditions for multi-agent sys-
tems with a delay-dependent cyclic switching signal have
been obtained. In [28], the consensus of fractional-order
Takagi-Sugeno fuzzy multi-agent systems with time delay is
studied.

As we know, packet loss is a common phenomenon of
many complex systems. In many real situations, random
noise, radio interference, network congestion and other com-
munication failures will all cause packet loss. Packet loss
is one of the main factors of system stability. Therefore,
it is very necessary for us to investigate the group consensus
of MASs with packet loss [29], [30], [31]. In [29], forma-
tion tracking for heterogeneous multi-agent systems with
loss of multiple communication packets is investigated using
the iterative learning control (ILC) method. Convergence
conditions are given based on frequency-domain analysis
using the general Nyquist stability criterion and Gerschgorin
disk theorem. In [30], the consensus problem is studied
for a class of multi-agent systems with sampled data and
packet losses, where random and deterministic packet losses
are considered. A Bernoulli-distributed white sequence and
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a switched system with stable and unstable subsystems is
employed separately to model packet dropouts, such that
linear multi-agent systems with sampled data and packet
losses can reach consensus. In [31], consensus of nonlinear
mixed delay multi-agent systems with random packet losses
and time delay is studied. Sufficient conditions are obtained
by utilizing the Lyapunov-Krasovskii functional.

However, external interference caused by uncertain factors
always exists, they will also lead to the instability of the
system. The agent needs to adjust its own behavior to adapt to
the changes in the external environment. Therefore, it is rea-
sonable and necessary to design an appropriate self-adaptive
controller to achieve group consensus [32], [33].

In the existing literature, researches have been conducted
on one or several main factors that can affect the consensus
of MASs. However, in many practical applications, due to
internal or external reasons, there are many factors which
can affect the consensus of MASs, such as heterogeneous,
position, velocity, packet loss, time delay, coupling strength
and cooperative-competitive relation, etc. All these can lead
to slow convergence or make the system malfunction. There-
fore, it is necessary for us to study the consensus of MASs
under the influence of these factors.

Inspired by above analysis, this paper will investigate
weighted group consensus for a kind of discrete HMASs
with packet loss and time delay in cooperative-competitive
networks based on self-adaptive controller. There are the
main triple contributions in this article. First, a novel
weighted group consensus protocol and self-adaptive con-
troller are proposed for this discrete HMASs. Second, in this
novel protocol, heterogeneous, position, velocity, packet
loss, time delay, coupling strength between agents, and
cooperative-competitive relation are all considered. Thirdly,
graph, matrix, stability and complex frequency theories are
used to obtain some sufficient conditions for the group con-
sensus of this HMASs. From the proof process, it is not
necessary to demand that the topology of this system is
strong connective or contain a spanning tree. Finally, some
simulation examples have been given to show the validity of
the obtained results.

The rest of this paper are organized as follows. Section II
introduces the related symbols, graph theory, definitions,
lemmas, and discrete time HMASs model. In Section III,
anovel weighted group consensus protocol with self-adaptive
controller is proposed and the proof of main results is given.
In Section IV, several simulation experiments are given to
prove the correctness of the obtained results. In Section V,
conclusions are concluded.

Il. PRELIMINARY KNOWLEDGE AND MODEL
DESCRIPTION

In this part, the relevant theoretical knowledge needed in the
process of analyzing the group consensus for multi-agent sys-
tems will be introduced first, such as Mathematical symbols,
graph theory, Gershgorin disk theory, HMASs model, some
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TABLE 1. The mathematical symbols.

symbols meaning
R real number set
Ryn N-dimensional real matrix set
C complex set
7 complex
R (2) real part of complex Z
1,(Z) imaginary part of complex Z
A matrix
I, n-dimension identity matrix
N dimension
A4 (4) the i" eigenvalue of matrix 4
det( A) the determinant of matrix A

laplacian matrix
in-degree matrix
adjacency matrix of G

n o~

definitions and lemmas. The mathematical symbols involved
in this article are shown in Table 1.

A. GRAPH THEORY

A weighted directed digraph G = (V G), EG), A) with
m + n nodes can be used to represent a discrete HMAS.
There is no self-circulation in G. The vertex set V (G) =
Vi, va, Vs Vit 1, * - - Vin+n ) denotes the m + n agents of
this system. E (G) € V x V denotes the edge set of G.
A = (aj) € Rintnyx(m+n is the adjacency matrix of G.
If agent i could receive information from agent j directly, then
we have e¢; = (v,-, vj) € E(G) and q; > 0. Otherwise
(vi, vj) ¢ E(G). N, = {vj cv \eij cE (G)} denotes the
neighbor set of v;. d; = deg (v;) = > a;j denotes the degree

=1

of vertex v;. D = diag{d,, ds, - -- ,ZZm, dmp+1,+ » dpn} 18
the degree matrix of G. L = D — A is the laplacian matrix of
G. It can be defined as

—ajj, i #j

m+n

L=
> aji=j ijeo
j=1

B. HMASs

In this part, a kind of discrete heterogeneous multi-agent
system with m + n agents will be introduced. In these m + n
agents, m agents have second-order dynamics, and the other
n agents have first-order dynamics. The dynamic model of
this system can be described as the following equations (1)
and (2):

xi(k+1) = x; (k) +v; (k) )
vitk+1)=v;jk)4+u k), ie€o
xitk+1D=xik)+u k), i€o )
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where o1 = {1,2,--- ,m},op = {m+1m+2, --,
m+n}.o =01Uoy, 01 Noy = ¢.x; (k) € RVv; (k) € RV,
u; (k) € RN are the state, velocity and input control of the i
agent, respectively.

Remark 1: To simplify the calculation, this paper only
considers one-dimensional systems, thatis N = 1. It is worth
noting that, if N > 1, similar results can be obtained by using
the Kronecker product of matrix for n-dimensional systems.

This discrete-time heterogeneous multiagent system (1)
and (2) composes of first-order and second-order agents. The
first-order neighbors of agent can be represented as N; 1, the
second-order neighbors of agent i can be represented as N; ».
Hence, the neighbor node set of agent i can be represented
as N; = N; 1 UN; 2. Then the adjacency matrix G of discrete
HMAS:s (1) and (2) can be described as following matrix:

A= [Azz Az }

A An
where A € Ry« represents the adjacency matrix of
second-order agents. A1 € Rjx, represents the adjacency
matrix of first-order agents. Ay € Ry,x, represents the adja-
cency matrix from second-order agents to first-order agents.
A2 € Ryxn represents the adjacency matrix from first-order
agents to second-order agents. A1 and A1; also represents the
coupling strength between first-order agents to second-order
agents.

The Laplace matrix L of HMASs (1) and (2) can be
expressed as the following matrix:

L=D-A
_|L2+Dan  —Ax
—Aip Lii+Dp2

_ |:D22 — Ay + Dy —Aj ]

B A1 Diy —An +Dn

where Lp; and Lj; represent the Laplace matrix of
second-order agents and first-order agents, respectively.
D> and Dq; represent the degree matrix of second-order
agents and first-order agents, respectively. D1 represents the
in-degree weight matrix from second-order agents to first-
order agents. D1, represents the in-degree weight matrix from
first-order agents to second-order agents. D2, D>y, D11 and
D> can be written as the following formula:

Dyy = diag { > ajjeort,
JENi 1

Dy = diag { > ajjeort,
JENi2

Doy = diag { > ajjeot,
JENi 1

D>y = diag Z aj,j€oyg.
JENi2
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Definition and lemma:

Definition 1: In graph G, V (G) is the vertex set, E (G)
is the edge set. If V (G) can be divided into two mutually
disjoint vertex subsets V; (G) and V5 (G), and the two vertices
v; and v; associated with edge e;; belong to Vi (G) and V> (G)
separately, G is called a bipartite graph.

(1) The vertex V of graph G can be completely divided into
two subsets V;, V;:

ViUV =V, ViNnV, =¢.

(2) If edge e;; = (V;, V;) belongs to E, then V; belongs to V
and V; belongs to V5.

Definition 2: The heterogeneous multi-agent systems (1)
and (2) is called asymptotically group consensus, if (1)
and (2) hold for any initial position and velocity values Vi, j €
o1 Uop.

() lim ||lxi (k) —xj (k)| =0, ¢ = ¢;

k—o00

lim |x; (k) —x; (k)| # 0, €& # ¢

k—o00
() kl_i)rglo [vi (k) —v; ()| =0, ¢ = ¢;

lim |v; (k) —v; (b)| # 0. €& # ¢

k— 00
Definition 3: If a subgraph of a connected graph G is a
tree containing all vertices of G, the subgraph is called the
spanning tree of G.

Lemma 1: [34] Given a Laplacian matrix L € Ry«
and vector k = [ki k2 -+ ky |, ki € Rithen the following
conditions are equivalent:

() For A; (L) ,i € { 1,2, -, m+n } every eigenvalue
has a positive real part except the zero eigenvalue;

(2) Ly = 0 denotes thatk = [k ky -+ ku |;

(3) The system asymptotically achieves consensus if the
system k = —Ly is stable at the zero.

(4) The directed graph with L contains one or more directed
spanning trees.

Lemma 2: [34]If G =< V, E > is a connected bipartite
graph, then zero is the unique simple eigenvalue of D + A,
rank(D + A) = n — 1, all the nonzero eigenvalues of G have

positive real part, D and A are the degree and adjacency matrix
of G.

IIl. RESULTS

In this section, a weighted group consensus of discrete
HMASSs (1) and (2) will be discussed. Influence on system
consensus, such as dynamic control parameter, packet loss,
input and communication time delay, interaction between
agents and cooperative—competitive relations are all consid-
ered. The following content will design and analyze a novel
control protocol for the fixed topology. Based on the litera-
tures [32], a novel consensus protocol is proposed as follows:

;i (k)
> ajegp [x; (k) — x; (k)]
— . JESi
~ - 3 v b 0+ x o)
JEd;
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> agigip [vi (k) — vi (0]

) JESi .
+h = > ageup [y 0 + o] [ ®

jed;

> agjeip [x (k) — x; (k)]
wi (k) =yiq "<
-2 aij&iip [XJ (k) + x; (k)]

Jedi

2. aijEip [xj (k) — x; ()]
ik+1)=¢; Jesi

v = — 2 ajEp [x] (k) + xi (k)]

JEd;

+w; (k) ,i € oy

+ w; (k)

“

where w;(k) is the novel self-adaptive controller. o; > 0, §; >
0,yi > 0,¢; > 0 represents the variable control parame-
ters. g;; represents the cooperative or competitive interaction
intensity between agent i and agent j. p € (0, 1] represents
packet loss rate. s; represents the neighbor set of agent i in
the same group, they are cooperative with i. d; represents
the neighbor set of agent i in the different group, they are
competitive with i. x; (k) — x; (k) and x; (k) + x; (k) represent
the cooperative and competitive relation between agent i and
agent j, respectively. v; (k) —v; (k) and v; (k) +v; (k) have the
same meaning of the agents’ speeds.

According to the control protocols (3) and (4), systems (1)
and (2) can be rewritten as follows (5) and (6):

[ xi (k + 1) = xi (k) + v; (k)
> ajeip [x; (k) — x; (k)]

ik+1) =vi(k) 4o ] I
ik D =vid) +o Zalja,/p[xj ) +x; (0)]
Jed;
> ajegp [vi (k) —vi (k)]
+Bi jesi
Z aii&ip [Vj (k) +v; (k)]
Jjed;
i1 €0
(5)
2. aijEp [xj (k) — x; (k)]
i+ D) =x (k) +yiq I
kD =x0+y = % ageqp [ () + 3 (0]
Jed;
+w; (k)
2. aijEp [xj (k) — x; (k)]
i(k+1) = ¢; Jesi
witk+h=¢ = % agegp [ () + 3 ()]
Jed;
+w;(k),i €0
(6)

Furthermore, due to the agent’s situation and external
interference, almost all multi-agent systems have input and
communication time delay inevitably. Therefore, systems (5)
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and (6) can be described as follows (7) and (8).

x;i (k + 1) = x; (k) +v; (k)
vi(k 4+ 1) =v; (k)

> ajeqp [x (k — ) — xi (k —17)]
+(¥i JESi
- Z aijeijp [XJ (k - th/') + xi (k — Ti)]
| Jjed;
> ajegp [vi (k — ) —vi (k — )]
+8; 1 /€ Ji€eo
b — z ajjeiip [Vj (k — 'L’ij) + v (k — ‘L'l')] !
| Jedi
@)
[x; (k+ 1) = x; (k)
> aip [x (k — ) —xi (k — )]
+riy S +wi (k)

— X agegp [x; (k — ) +xi (k — )]

JEdi
Z al-jeijp [)Cj (k — ‘L’,’j) — X (k — ‘L',')]
ik +1) = ¢ JESE
wi )= ¢ — > ajEp [xj (k — r,-j) +x; (k — t,-)]

J€d;

i €0y
®

In systems (7) and (8), the current position and velocity,
sampling location and speed are all considered.

Using z-transformation, graph theory and complex
frequency-domain method, some sufficient conditions of
group consensus for system (5) and (6) with undirected
bipartite graph topology have been given in Theorem 1.

Theorem 1: Group consensus of heterogeneous MASs (7)
and (8) with undirected bipartite graph topology can be
achieved asymptotically under the control protocols (3)
and (4) if the input delay t; satisfies formula (9), shown at
the bottom of the next page, when i € o1, or the input delay
7; satisfies formula (10), shown at the bottom of the next page,
when i € o».

where d; = > aj,i€o01Uon.

vi€N;
Proof: Do z-transform for equations (7) and (8), we have
following equations (11) and (12).

zxi (z) = xi (2) +vi (2)
> ajegp [x @27 —xi (2) 2]
iR =a; ] . .
Z aiieijp [xj @ +x()z ’]
J€d;
> ajep [vi (@27 = vi(2)277]
+ﬂ JESi
l Z aij&iip [V] @z +vi(2)z r,]
Jjed;
+v; (2),i € o1

(11
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[ 2xi (2) = xi (2)

E ai&iip | Xi (Z)Z T’Y—xi (Z)Z K
Thg’} /
JEsi

-2 ajj&ip [xj (@727 +xi (2) Z_T’]
Jjed;

> agip % (@) 27 — xi (2) 27|
wi(2) =i I
l - > agep [% (@) 7% + x; (2) 27 %]

Jjed;
+w;i(2),i € 02

+vi +w; (2)

12)

where x; (z), vi (z) and w; (z) represent the z-transform of
xi (k) ,vi (x) and w; (x), respectively. Then we have equa-
tions (13) and (14).

D aijEip [Xj ()77 —x; (2) z—fz‘]
JEsi
Z aij&iip [x] @774+ x()z ft]

JEd;

:ai

> ageip [ () 27 = xi (2) 2]

_ . JEsi
e D = 2 ayeip [ () T+ (9277

Jjedi
i € o (15)
G-1D’x@=@c-1D

> aiep [ (@ 27 = xi () 277

JESi
Vi . .

| -3 aep [xj (@) 275 + xi (2) 27 %]
Jedi

+E@—=Dwi(2

(= Dxi @) =i > ajep % (@) 2 —xi (@) 277]
o . z— Dw;i(@=¢;{ '
> aiep [ (@) 27 = xi (1) 277] G hm@=n > agep [x (@) 27 +x; (1) 7]
@=Dvi@=ay ' . . e
l | - 2 agEip [ @7 4 xi @27 i€
jed;
' (16)
> ajjeip [Vj @) z7% —v; (2) Z—fi] To simplify the calculation, we define
. JEsi .
s ajeap [ @ +vi@z] [ 2@ =x@. 2@, . 5@,
jed; X1 @) = Pt (@) X2 (@) 2+ Xngm (D17
13
(13) The z-transform L of graph G is defined as follows:
S aiep [ @) e —xi (@) <] L
@E=Dx@=yy "L _ —ayz i #J,
EZ ajjeip [x; (@) 277 + x; (2) 274 L=z(L)= Zaijz_ria i=j iLj€o,
Jed; .
EN;
i here z (L) € R j
oo [ (2) 7T — x: (2) 7= where z (L) € Kantn)x (m+n)-
€= 1w (D=0 I.EZS aijeip [xj (@) = xi (@) 7] Then the matrix L can be rewritten as follows:
7 — w; (2) =¢; t —~ ~
l l — 2 ajEp [x/ @z +xi(2)z Ti] L= Lo+ Do —Ax
. jed; —App L+ D2
L€ _ | Pn2—An+Dy _ —Agi
(14) —Ap D11 — Ay + Do
After some calculations, equations (13) and (14) can be
rewritten as following equations form (15) and (16). where
- D*x @) Ap = (—ajz™™), .+ JENi2 i€
4(B: —
< ——— — (fi — o — .o #E B
(@esp)? Bi (Bi — o) + 4 + deygp (Bi — i) | (deyp)” B (s — B + 4at? o
1
T -, o = B
l peidiBi i=h
4(h; —
T < — 5 — (¢l — > ) Yi # ¢i
(disip)” ¢i (¢i — v)* + 4vi + digip (di — Vi) \/ (diegp)” &} (vi — ¢i)? + 4y (10)
[ 1
i< |/, — b
i Pgijdi(bi Vi = i

VOLUME 12, 2024
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Ay — (—peir—Tif i g
Ay = ( a;jz )mxn, JEN;1,i €0
Ain — (o Tij : a3
Ap = ( a;jz )nxm, JEN2, i€
Ao — (e Tij : S
A]]—( aijz )nxn’ JENL],ZGO'Q

Dy, = diag { Z ajz i€ oy
JENi2

D> = diag { z ajz i€ oy
JENi1

D> = diag { Z ajz i€ o

JENi2

D1 = diag { Z ajz i€ o
JENI 1

After some calculations, systems (7) and (8) can be written
as equation (17):

(= 1?x0 () = — [wiggp + Bigip (2 — 1]
(Lo2 + Da1) x22 (2)
— [eigiip + Biggp (z — D] Azix11 2) i € oy
(= D?x11 @) = = [yiggp + digip (2 = D] Apxin @)
— [vigiip + digip = — 1] (Lii + D) xn (2) i€ o
(17)

Letx (z) = [x22 (2), x11 (z)]T, equation (17) can be rewrit-
ten as matrix form (18)

E-1D’x@=1@x@ (18)

where, as shown in the equation at the bottom of the page.
Therefore, the characteristic equation of (17) is

C (z) = det ((z— 1)21—n(z)) (19)

According to the Lyapunov stability principle, if C (z) = 0,
the roots of equation (19) is z = 1 or in the unit circle of the
complex plane, then the couple group of HMASs (7) and (8)
can be realized.

Ifz # 1,let C(z) = det({ + Q(z)) = 0, we can get the
following equation (20).

0@®@

1 (z)

@—1)?

[wiegp+Bicip(z—1D](La2+Da1) [igip+Bicipz—1)]Aa
- @-1D* G-

[vigip+disipz—1)]A12 [vigip+dicipz—1)](L11+D12)
z—1)? (—1)?
(20

If z = 1, then det (z— 1?1 —n (@) = (aeyP)""™"
det (L). According to Lemma 1, it is obvious that 0 is a
characteristic value of L, so z=1 is the roots of equation (17).

Let z = ¢/ (j is an imaginary unit). According to Lemma 1
and Nyquist criterion, if the point (—1, jO) is not surrounded
by Nyquist curve Q; (ej“’) , then the characteristic roots of
equation (19) will be located in the unit circle (Q;, i € o1Uo?)
of the complex plane. Then the couple groups of HMASs (7)
and (8) can be realized. In this case, using Gerschgorin circle
theorem, it has

r(e(e”)) e t@niconuignica)
If i € 0y, then

peijlaitpi(e—1)]e % 3 ay

. _ JeN;
A R (@1 1)
l' =
< z V1+¢1 )]psljal] 7]&)1’,,
jeN; (elo— l)

The center of the disk (21) is
[oi + Bi (¢ = 1) ] e7ipey; 3 ay

o ()= (0 — 1) @

Letd; = > ajj, i € oy, applying the Euler formula to (22),

VjeN;

one has

o(#)-

Suppose that wj, is the first intersection point of Q; (ej “’) on
the real axis, equation (24) can be obtained from equation (23)

d; i€ijp [(a; — Bi) cos (wTi + w) + Bicoswt]
+jdigiip [(Bi — i) sin (0T + w) — B sinw;]
2(cosw — 1)

(23)

digiip [(Bi — i) sin (wioTi + wio) — P sin wioTi]

2 (coswjp — 1)

=0 (24

dieiip [(Bi — o) sin (wioT; + wio) — Bisinwiori] =0 (25)
If o; # Bi, one has
sin (Qioti + wjp) _ Bi 26)
sin wjoT; (Bi — o)

Applying the Taylor formula to equation (26), the follow-
ing equation (27) can be obtained.

sin @it +o0) _ | @ oo
Sin w;oT; 2 wioT;
| — a)_lzo [ _ ,31'
2wt Bi—a;
2(Bi —
T = (,Bl l) (27)

2a; + wiy (Bi — o)

n(z)z[_
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[aieip + Biggp (z — D] (L2z + Dy)
— [vigip + dicip . — D] Anz

[algyp + Bigyp (z — 1)]A21 i|
— [yvieiip + digiip @ — D] (L1 + D)
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In addition, the first intersection point wio of Q; (/) on the
real axis is in the unit circle, combining with equation (23),
the following equation (28) can be obtained.

1
Efegjp[(otﬁﬂ,-) cos(wti+w)+pBi cos a)r])2 2
<1

‘Qi (e/w)‘ _ ( - 2(cos'w71) ' R
digijpl(Bi—ai) sin(wti+w)—pi sin wt;]
+ ( 2(cosw—1) )

(28)
After some calculations, one has
wiHdiegpBi) (@i — Bi) wiy — (digyp)” (i — Bi)* — B7 > 0
(29)
On the basis of equation (29), we get (30), as shown at the
bottom of the next page.
According to (27) and (30), we have (31), as shown at the
bottom of the next page.
Thus, if ¢; = B; and y; = ¢;, we know that the point
(=1, jo), ¥ = 1 isnot be enclosed in Q, i € o1, one has
o _ Lot Bi(e” = 1)] pdieye
(=17
[)/i + ¢ (e]w — 1)]p8ijaij e—jwr,-j
(e =1)’

(32)

>

JEN;

By Applying Euler formula, we obtain (33) and (34), as
shown at the bottom of the next page.
After some calculations, we have

peijdi i cos wT;

92+ >0 (35)

cosw — 1
Because ¢ > 1, inequality (35) can be rewritten as inequal-

ity (36). Combining with the Taylor formula, we obtain the
following form (36).

2 1
1:[-2 > — - = (36)
o°  peidipi
If ps__; 5 > 72, inequality (30) holds. Then, the follow-
jeipPi

ing (37) can be obtained.

1
peidiBi

Note that inequality (37) is one of the necessary insufficient
conditions of (30).

Therefore, when i € o1, we can compute the upper bound
of the time delay in the following form (38), as shown at the
bottom of the next page.

When i € o», we can obtain the following inequality (39).
[rpei+owes (€2 =1)] 3 aye

JEN;

(1)’

T <

37)

x:xeC|lx—

Qi =

=2 [yipeij-+eipey (1) |e i

o~ JOTjj
(17 a;je T

JEN;
(39)
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Thus, the center of the disk (21) is computed as follows.
[vipeij + dipeij (¢ — 1)] 3 aje 1%
. =
0; () = ___ w0)
(¢ —1)

Define d = > ajj, applying the Euler formula, the fol-
VjeN;
lowing equation (41), as shown at the bottom of the next page,
can be obtained. '
Suppose that wj, is the first intersection point of Q; (/)
on real axis, combining with (41), we can get equation (42).

diieip (i — i) sin (wioT; + w) — ¢; sin W]
2 (coswjp — 1)

=0 (42)

where Zi\isijp [(¢i — yi) sin (wT; + w) — ¢;isinwt;] =0
Similarly, if y # ¢, after some calculations, we have
_ 2(¢i — vi)

2y; + W (61 — 7))
In addition, the first crossover point wjp of Q; (¢/) on the

real axis is located int the unit circle, the following inequal-
ity (44) can be obtained.

(43)

Ti

digpl(yi—¢1) cos(@Ti+w)+e; cos wt] )2

digiip[(¢pi—yi) sin(wTi+w)—¢; sin ;]
+ ( 2(cosw—1) )
(44)

After some calculations, the following inequality (45), as
shown at the bottom of the next page, can be obtained.

Combining with (45) and (42), one has, (46), as shown at
the bottom of the next page.

If y; = ¢, the point (=, jo), ¥ > lisnotinthe Q,i € oy,
then it cannot be enclosed in the Nyquist curve. Thus, the
following inequation (47) can be obtained.

[vi + ¢i (¢ — 1)] pdieyje 7

—9 =
e 1)
. Z [Vi + ¢i (e]w — lz]Pgijaij eIt (47)
‘ Jjo _ 1)
JEN; (e
After some calculations, one has
: (48)
T < =
l peidiBi

Note that the inequation (48) is one of the necessary insuf-
ficient conditions of inequation (45).

Therefore, when i € o7 the upper bound of the delay is
(49), as shown at the bottom of the next page.

where d; =a7l-UEl\,-= > ajicoUoy

V;EN;

To sum up, the proof ojf Theorem 1 is completed.

Remark 1: The variable weighting coefficient «;, B;, i, @i
of the control protocols (7) and (8) are designed to make the
state of agents converge to any target state. The controller
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designed in this paper has strong flexibility, adaptability, and
can speed up the grouping consensus of the system.

Remark 2: When i € o1, according to equation (24)
and Gerschgorin disc theory, we can get equation (22).
If o; # Bi, according to the Euler formula, equation (24)
and (27), we can get equation (31). If o; = B; according to
equation (32) and Euler formula, we can get (37). According

to the analysis of the above results, the formula (9) can
be obtained. When i € o9, according to similar methods,
formula (10) in can be obtained.

Remark 3: From Theorem 1, we can know that the control
parameters (o, Bi, ¥i, ¢i), €; and p are the key factors for
the multi-agent systems achieving weighted group consensus.
The system tolerance can be improved and control costs can

2

(iegpbi) (Bi — o) + | iegpBi)? (i — B)* + 4(dieyp)? (@i — Bi) + B)
>

i > (30)
4 .y
0 < _ _ (Bi — i) _ 31)
4ot + (@ieipBi) (Bi — i)+ @ieypBi? (o — B + 4(iegp)? (o — B + BD) (Bi — )
~ [ + Bi (cosw + jsinw — 1)] (cos wt; — jsin wt;)
-0 — pejid; — 5
(cosw +jsinw — 1)
. . isinw — 1
> Z DEijdij Lvi + ¢ (cosa.)—.}—]sma) 5 ! (cos wTjj — jsin wr,;;) (33)
N (cosw +jsinw — 1)
_p _ PeidiBicosoti  Bipeydisinwri| > gipeija; @
2 (cosw — 1) 2 (cosw — 1) . 2 (cosw — 1)
JEN;
4(Bi — i)
T < — > — P l = > .o #E P
(Fiesp)” B (Bi — o + A + desp (B — )y (Fiegp) B (i — B + 4o 58
1
T < =, a; = B
l \ peijdiBi e
W\ _ diggp [(vi — ¢) cos (oT; + ) + yicos oT] + jdiegp [(¢ — v) sin (0T + w) — ¢y sin o]
0i (ef )= (41)
2(cosw — 1)
(diep) b i — i g..\/g.. 2 04 (e — )2 + A2
5 i sz) &i (vi — ¢i) + digijp ( lgljp) o (vi — o))" +4y;
wiy > 45)
2
4 P
5 < - (@i — vi) . (46)
(diegp)” ¢i (vi — 9> + 4yi + digiip (di — i) \/(di8sz) o (vi — #1)* + 4y
4 (i — vi)
T < — 5 — o Vi — 2 , Vi 7é o
(@ieip)” 91 @5 = 10 +4yi + dieip @ — v (@) oF 0 — 607 + 477 )
1
T < _—, Vi = ¢)
U peydigi e
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FIGURE 1. Bipartite digraph topology of the heterogeneous multi-agent
system.
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Velocities of agents
&
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ts

(b) Velocities of agents

FIGURE 2. The state trajectories of the agents under undirected topology
in Figure 1 with different input time delays where p = 0.5, ¢;; =1,
71 =0.6, 79 = 0.2, 713 = 1.6, 74 = 0.1, 75 = 0.05, 75 = 0.1.

be reduced if we have set control parameters reasonably
for information interactions between agents. Meanwhile, the
communication time delay t; has no fundamental impact
on weighted group consensus of the multi-agent systems.
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(a) Positions of agents
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n
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(&)

-20 4

-25 1

30 . L L .
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(b) Velocities of agents

FIGURE 3. The state trajectories of the agents under undirected topology
in Figure 1 with different input time delays where p =1, ¢j; =1, 7y = 0.3,
73 =0.2,73=0.5, 74 = 0.2, 75 = 0.1, 7 = 0.15.

Yet, the input time delay t; has impact on weighted group
consensus of the multi-agent systems.

Remark 4: In order to achieve weighted group consensus
of discrete heterogeneous multi-agent systems, many con-
trol protocols based on cooperation or competition relation
between agents have been proposed, while the protocols
based on competition-cooperative relation are relatively rare.
At the same time, the control parameters (c;, Bi, Vi, ¢i), &
and p setting under the novel protocol are strict, and the
setting values also affect the group consensus of the systems.
If the above problems can be handled effectively, the system
can achieve group consensus.

IV. SIMULATIONS

In this section, we will verify the correctness and effective
of the weighted group consensus for discrete-time hetero-
geneous multi-agent systems in the cooperative-competitive
network with time delays.

A heterogeneous multi-agent system under the bipartite
digraph topology which has a spanning tree is designed as
Figure 1. The system has eight agents which are divided into
two subgroups G and G;. Agents 2,4 and 6 are second-order
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FIGURE 4. The state trajectories of the agents under undirected topology
in Figure 1 with different input time delays where p = 1, ¢;; = 0.1,
7=1.1, 75 = 0.45, 13=2, 74 = 0.2, 75 = 0.15, 75 = 0.3.
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FIGURE 5. The state trajectories of the agents under undirected topology
in Figure 1 with different input time delays where
p=0.5,s,-i =1,a;=8;=1.6,y;=¢; =07 1=1.

agents. Agents 1,3 and 5 are first-order agents. Thus, the
system is a heterogeneous multi-agent system.
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FIGURE 6. The state trajectories of the agents under undirected topology
in Figure 1 with different input time delays where
p=0.5,€ii =1a;=0=07,y,=¢;=161=1.

For simplicity, we assume each edge in the bipartite
digraph to be a5 = 1,i,j = (1,2,3,4,5,6). The
initiate state of the system (7) and (8) is x;(0) =
[8, 13,6, -8, 11, —ll]T. Considering that the control
parameters are dynamic, we set different values for them.

Example 1: Assume o # B8, y # ¢,

{oel, o, a3, 04, A5, a6}={0.9, 0.2, 0.25, 0.6, 2.9, 0.4}
{B1. B2 B3. Bar Bs. Bs} ={2. 0.8, 1.7, 0.8, 3.5, 0.6}
{)/1, Y2, V3, V4, V5, )/6}={0.35, 0.8, 0.2, 1.5, 1.9, 2.3}
{61, 62, #3. ¢u. ¢5. 6} = {1.1.2,08, 2, 2.4, 33}

(1) Let p = 0.5 and ¢;; = 1, according to Theorem 1, we can

get

0<1 < min{0.766, 1.62} ,0< 1 < min{0.36, 2.58},

0<13 < min{ 1.7, 2.28},0 <17y < min{0.29, 0.32},

0<15 < min{0.17, 0.229},0 <16 < min{0.27, 0.47}.

Let

{rl, 1, 173, T4, 15, ‘176}2{0.6, 0.2, 1.6, 0.1, 0.05, O.l}.
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FIGURE 7. The state trajectories of the agents under undirected topology
in Figure 1 with different input time delays where
p= l,sij =1la;i=4;=1.6,y; =¢; =077 =0.5.

The simulation results are shown as follows:

(2) Letp =1 and ¢;; = 1, we can get
O<r1 < min{0.397, 0.97 }
0<n< min{0.39, 1.63},0 <3< min{0.54, 1.89} R
O0<1y < min{0.24, 1.55 } ,0< 15 <min{0.13, O.]9}and
O0<t < min{0.16, 0.45 }

Let

{‘L’l, 7, 13, T4, T5, 756} = {0.3, 0.2, 0.5, 0.2, 0.1, 0.15}.

The simulation results are shown as follows:
(3) Letp = 1 and ¢;; = 0.1, we can get

0<1 < min{ 1.15, 1.79},0 <m< min{0.49, 2.89},
0<13 < min{2.3, 5.18},0 <17y < min{0.33, 3.03},
0 < 75 < min { 0.20, 0.26 } and 0 < 76 <min { 0.40, 0.49 } .

Let
{r1, . 13, . 15, 6 } = { 1.1, 045, 2, 0.2, 0.15, 0.3 } .
The simulation results are shown as follows:
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FIGURE 8. The state trajectories of the agents under undirected topology
in Figure 1 with different input time delays where
P= I,sij =0.1,¢!i =ﬂ,' =1.6, Yi =¢i =0.7r=2.

Example 2: Assume o = 8, y = ¢.

() Letp = 0.5, &jj = l,aj = Bi = 1.6,y = ¢i = 0.7,
wecan get 0 < T < min{1.12, 1.68}. Let T = 1. The
simulation results are shown as follows:

2)Letp = 0.5, &jj = lL,a; = i = 0.7,y = ¢; = 1.6,
wecanget 0 < 7 < min{ 1.12, 1.69}. Let t = 1. The
simulation results are shown as follows:

3) Letp = 1,8,‘j =l,a0; = B = 1.6,y; = ¢; = 0.7,
we can get 0 < 7 < min{0.79, 1.2}. Let T = 0.5.The
simulation results are shown as follows:

@ Letp=1,65 =01, 0, =B =16,y; = ¢ =07,
wecan get) < T < min { 2.5, 3.78 } according to the upper
bound calculated, we assume T = 2. As can be seen from
Figure 8, the system is divergent at this time.

V. CONCLUSION

This paper has studied the weighted group consensus for
discrete-time heterogeneous multi-agent systems. An adap-
tive controller is designed for this system and a grouping
consensus protocol is proposed. For the systems composed
of first-order and second-order agents with cooperative-
competitive relation, a novel weighted group consensus
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protocol is designed to promote the multi-agent systems
to achieve weighted group consensus. The effects of time
delays, packet loss, cooperative-competitive relation and cou-
pling strength between agents are considered. We derived
the sufficient conditions for the group consensus by using
Graph theory, Matrix theory and complex frequency domain
methods. Finally, simulation examples have been presented
to demonstrate the performance of the proposed protocol.

Our

future work will extend to more complex group con-

sensus issues for heterogeneous multi-agent systems. For
example, we will consider group consensus under switching
topologies.
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